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ABSTRACT 

The effects of denervation, non-weight bearing (unloading) or 

immobilization on hindlimb muscle growth, protein and amino acid metabo

lism were studied. In the first 3 days after denervation or unloading, 

atrophy of the soleus was caused by a suppression of protein synthesis 

and an acceleration of protein degradation. Thereafter, further 

atrophy, up to 6 days was due to depressed protein synthesis only. The 

changes in both protein synthesis and degradation in the first three 

days accounted for 69% and 65%, respectively, of the total loss of 

protein and mass in 6 days of unloaded or denervated soleus. Over the 

6-day period, denervated soleus lost more mass and protein than the 

unloaded muscle owing to the earlier onset and greater extent of proteo

lysis. In denervated soleus, both lysosomal and non-lysosomal proteo

lysis may be enhanced, whereas in the unloaded muscle possibly only 

non-lysosomal proteolysis was enhanced. In both cases non-lysosomal 

proteolysis may be mediated by Ca2+-activated neutral protease, 

partially as a result of Ca2+ release from sarcoplasmic reticulum. 

Possibly due to the lack of lysosomal proteolysis, the insulin receptor 

did not show apparent increased turnover with unloading, as suggested 

by increased insulin sensitivity of in vitro protein turnover in the 

unloaded soleus. In contrast, denervated soleus showed a normal 

response to insulin for in vitro protein turnover. These findings 

suggested a mechanistic difference of unloading and denervation atrophy 

of soleus. Adecreased ratio of glutamine/glutamate in fresh muscle 

ix 



x 

suggested that the synthesis of glutamine in soleus may be diminished 

by denervation just as by unloading. This diminution of glutamine syn

thesis was probably due to reduced availability of ammonia, as evidenced 

by the slow disappearance of ATP in incubated denervated soleus. 

Similar to unloading, denervation led to a decrease in aspartate concen

tration. This decreased concentration apparently resulted in decreased 

rather than increased utilization of aspartate. Effects of stretch on 

unloaded soleus were particularly pronounced in the first two days. 

Thereafter, in the stretched, unloaded soleus protein degradation 

increased to nearly the same extent as did protein synthesis. Hence 

after two days, stretch seems to lose its effectiveness in mitigating 

the effects of unloading so that it may not be an adequate preventive 

measure of muscle wasting under non-weight bearing condition. 



CHAPTER 1 

DISUSE ATROPHY AND ADAPTIVE GROWTH 
OF SKELETAL MUSCLE 

Skeletal muscle is not only involved in body posture, locomotion 

and physical work but also enables the body to adapt metabolically to 

several conditions, including varying amounts of nutrient supply 

(Goldberg and Chang 1978, Sandler 1986). The breakdown of skeletal 

muscle proteins to supply amino acid precursors for gluconeogenesis 

during starvation shows an example of the contribution of muscle to 

whole body metabolic adaptation (Ruderman 1975, Goldberg and Chang 

1978). In mature adult mammals, muscle is the most abundant tissue, 

constituting about 40-45% of the body mass (Munro and Young 1980). 

It is believed that after differentiation, the muscle cell is incapable 

of undergoing further cell division. Hence upon stimulation, muscle 

undergoes hypertrophy instead of hyperplasia (Vandenburgh and Kaufman 

1981). The increase in DNA ~nd RNA in hypertrophied muscle has been 

attributed to the proliferation of connective tissue (Jablecki et al 

1973, Fleckman et al 1978). Conversely, muscles undergo atrophy upon 

the elimination of their normal functions (Sandler 1986, Goldspink and 

Lewis 1987). It is now generally accepted that muscle is one of the 

highly adaptive tissues in the body. 

As a consequence of increased activity, muscle shows adaptation 

not only of its contractile protein content, but also of its metabolic 

pathways, to be better suited for its new functional requirement. 

1 



For instance, in response to isometric exercise, muscle fiber diameters 

increase so that a rapid, high force output can be generated, whereas 

in response to endurance or dynamic exercise, their oxidative capacity 

increases to enhance fatigue resistance (Holloszy and Booth 1976, 

Sandler 1986, Goldspink and Lewis 1987). Because of its ability to 

adapt in size, function and metabolism according to physiological 

demands, muscle has been used extensively in studies focused on iden

tification of cellular and molecular mechanisms involved in tissue 

growth, atrophy and protein turnover. 

Muscle Fiber Composition 

2 

Based on their contractile and oxidative characteristics, muscle 

fibers have been classified into three types (Close 1972), namely, slow 

oxidative (SO) or type I, fast oxidative glycolytic (FOG) or type IIa, 

and fast glycolytic (FG) or type lIb. These three fiber types are 

histochemically distinct (Edgerton and Simpson 1969, Burk et al 1971). 

Most muscles are composed of different proportions of these three types 

of fibers (Ariano, Armstrong and Edgerton 1973). Usually one type of 

fiber predominates, thereby giving rise to the muscle's contractile and 

metabolic profiles. A decrease in contraction by denervation, as well 

as, an increase in contraction by either electrostimulation (Salmons and 

Sreter 1976, Brown, Salmons and Whalen 1983), or exercise (Salmons and 

Henriksson 1981, Sandler 1986) leads to a transformation of muscle fiber 

composition. Analysis of human muscle biopsies revealed that type I 

fibers predominate in weight lifters, whereas type II fibers are more 

prominent in longo-distance runners (Sandler 1986). 



3 

Models of Muscle Disuse 

Studies on muscle adaptive responses to reduced activity have 

been accomplished through the use of several experimental models 

including denervation, tenotomy, cage restraint, bone fracture and immo

bilization in a shortened position. Recently, another reduced use model 

called suspension or unloading has been developed to simulate the 

conditions of muscle under weightlessness in space (Musacchia et al 

1980, Morey-Holton and wronski 1981, Jaspers and Tischler 1984, 

Templeton et al 1984a, b). This model is designed such that muscle 

contractile activity is reduced (hypokinesia) while muscle mechanical 

loading is diminished (hypodynamia). The hypokinesia and hypodynamia 

model simulates not only the conditions of weightlessness but also that 

of prolonged bedrest. ~hile use of unloading models has occurred 

recently, the denervation model has been in use for a long time to study 

decreased muscle contractile activity. With the exception of denerva

tion and tenotomy, other models allow recovery to be studied. 

Effects of Denervation 

An in vitro study by Goldspink (1976) revealed that denervation 

atrophy involves alterations in both protein synthesis and degradation. 

As compared to the extensor digitorum longus (EDL). denervated soleus 

showed a more rapid onset of atrophy, probably due to an earlier 

decrease in protein synthesis. In the soleus, protein synthesis 

decreased as early as 12 hours after denervation and was followed by 

an increase in protein degradation which remained increased throughout 

ten days of study. However, 7 days after denervation, protein synthesis 

in soleus and EDL appeared to be higher than the innervated control. 



In a subsequent study (Goldspink 1978), the increased protein synthesis 

in 7-day denervated EDL was found to be partly due to passive stretch 

which possibly resulted from dragging of the denervated limbs. 

4 

Another study (Goldberg 1969a) showed decreased protein synthesis and 

increased protein degradation and a marked loss of myofibrillar proteins 

in 10-day denervated soleus. 

Histochemical studies (Jaweed, Herbison and Ditunno 1955, 

Niederle and Meyer 1978) provided evidence that fiber compositions 

of the soleus and EDL were altered by denervation. In soleus, dener

vation led to an increase in type II fiber. Consequently the denervated 

soleus became more like the normal EDL (Jaweed, Herbison and Ditunno 

1955). In the EDL, in contrast, denervation led to the loss of type II 

fibers. As a result, denervated EUL became more like the normal soleus. 

This phenomenon is known as dedifferentiation of muscles by denervation 

and provides an explanation the opposite responses in the soleus and EDL 

to denervation. For example, after a short period of denervation 

(2 days) soleus showed a decrease in glucose uptake whereas the EDL 

showed an opposite response. At a later time (between days 4 and day 7) 

the difference in rates of glucose uptake in soleus and EDL was 

abolished. With chronic (>14 days) denervation, the soleus showed the 

response of 2 day-denervated EDL, whereas the EDL showed the response of 

2 day-denervated soleus (Shoji 1986). 

Following denervation, the sensitivity of muscle to glucocor

ticoids may be increased, probably through an increase in the number 

of receptors for this hormone (DuBois and Almon 1981). Because the 

increase in glucocorticoid binding preceded the atrophy of denervated 



gastrocnemius, and because glucocorticoids decrease protein synthesis 

but increase degradation of muscle protein <Odera, Bates and Millward 

1983), atrophy of muscle induced by denervation might be a result of 

increased glucocorticoid sensitivity (DuBois and Almon 1981). An 

earlier study noted that administration of cortisone induced a greater 

loss of protein in denervated soleus than in normal muscle (Goldberg, 

1969a). This greater sensitivity to cortisone of denervated soleus may 

be brought about by an increase in cortisone binding. 

5 

Another characteristic of denervated muscles studied previously 

was the insulin response. Following 24 or 72 hours of denervation, 

soleus and epitrochlearis exhibited resistance to insulin for glucose 

uptake and glycogen synthesis (Smith and Lawrence 1985). Similar 

results were observed in soleus and EDL after 6 or 24 hours of denerva

tion (Burant et al 1984). This insulin resistance of denervated muscles 

is likely due to a post-binding defect because in these muscles insulin 

binding capacity and receptor tyrosine kinase activity were unaltered 

(Burant et al 1984, Smith and Lawrence 1985, Burant, Treutelaar and Buse 

1986). 

Denervation of soleus also leads to increased activity of 

phospholipase A2 and the production of prostaglandin E2 (Turinsky 1985). 

An increase in phospholipase A2 activity probably can be attributed 

to the increased level of Ca++ in muscles following denervation (Joffe, 

Savage and Isaacs 1981). One study on muscle proteolysis (Rodemann, 

Waxman and Goldberg 1982) indicated that prostaglandin E2 ( PGE2) 

increased muscle proteolysis by stimulating lysosomal enzymes. Although 

inhibition of PGE 2 production can lead to slower proteolysis (Rodemann, 
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Waxman and Goldberg 1982), in denervated soleus the inhibition of PGE 2 

production did not decrease proteolysis (Turinsky 1986). Therefore, 

enhanced proteolysis in denervated soleus may not involve a PGE2 

sensitive pathway of protein degradation or else the sensitivity of the 

degradation pathway to PGE2 may be lost upon denervation. Furthermore, 

the activity of lysosomal proteases, such as cathepsin D, increases in 

denervated soleus (Libelius et al 1981). More work is required to 

establish the role of the lysosome in enhanced proteolysis of denervated 

muscles, and to determine if the lysosome of denervated muscle is no 

longer sensitive to PGE2 • 

Of further interest are studies showing that proteolysis in 

denervated soleus seemed to be responsive to the beta2-agonist, 

clenbuterol (Maltin et a1 1986, Zeman, Ludeman and Etlinger 1987). 

This beta2-agonist was found to retard or prevent denervation atrophy 

of soleus probably by decreasing proteolysis (Reed et al 1986). 

However, the exact mechanism of this effect on proteolysis in denervated 

muscle is yet to be determined. 

Effects of Unloading 

Unloading affects, in particular, slO\1 oxidative fibers and the 

muscles that have antigravity or load-bearing function (Morey-Holton and 

Wronski 1981). The soleus is composed mainly (84%) of slow oxidative 

fibers and is an antigravity muscle. Consequently, it is the most 

responsive to unloading. The EDL, on the other hand, shows little or no 

response because it is a postural or non-load bearing muscle and is also 

composed mainly of fast glycolytic fibers (59% FOG and 38% FG). 

The gastrocnemius and plantaris contain a higher proportion of fast 



glycolytic fibers than the soleus, although they are functionally 

similar. Accordingly, the gastrocnemius and plantaris show interme

diate responses. 

Unloading atrophy of soleus may be caused by both enhanced 

protein degradation and decreased protein synthesis (Jaspers and 

Tischler 1984, Goldspink et al 1986, Loughna, Goldspink and Goldspink 

1986, Jaspers et al 1987). In line with an enhanced proteolysis in the 

unloaded soleus, an apparent increase in lysosomal protease activities 

was observed (Templeton et al 1984, Goldspink et a1 1986). As a conse

quence of an increase in lysosomal activity, insulin receptors in the 

unloaded soleus should have undergone an increased net turnover, since 

these receptors are degraded in the lysosome (Horuk and Olefsky 1985). 

Hence the number of insulin receptors should have been decreased as 
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the soleus underwent atrophy. However, unloading did not lead to an 

increase in net turnover of insulin receptors, since the unloaded soleus 

exhibited a hi~her insulin binding capacity than the control (Henriksen, 

Tischler and Johnson 1986). This observation indirectly indicated that 

the lysosome may not be primarily important in the enhanced proteolysis 

of unloaded soleus. Indeed, the apparent increased lysosomal activity 

can be explained by a decrease in muscle myofibrillar protein mass 

without a concomitant loss of lysosomal enzymes. 

Further study is needed to clarify the role of lysosomes in 

unloading atrophy. Furthermore, several other proteases in muscle 

cytosol, including Ca++-activated enzymes (Dayton et a1 1976a, b), 

amino and dipeptidase activities, casein-degrading (Pluskal and 

Pennington 1973) and insulin degrading enzymes (Brush 1970), have not 



been considered. Enhanced degradation in the unloaded soleus may be 

mediated by some or all of these non-lysosomal proteases. 
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Following unloading of the hindlimbs by harness suspension, the 

sensitivity of muscle to glucocorticoids may be increased due to an 

increase in glucocorticoid receptor number (Steffen and Musacchia 1982). 

Increased binding of glucocorticoid hormones was observed in soleus, 

gastrocnemius and plantaris but not in the EDL. The extent of the 

increase in glucocorticoid binding in these muscles was differential 

and corresponded to their responsiveness to unloading. Additionally, 

an increase in circulating glucocorticoids was observed in harness

suspended animals (Popovic, Popovic and Honeycutt 1982). However ,the 

changes in the level of glucocorticoids and the sensitivity of unloaded 

muscles to these hormones appeared not to be prime factors inducing 

atrophy of the unloaded muscles, because adrenalectomy did not prevent 

atrophy of the soleus (Jaspers and Tischler 1986). Presumably, atrophy 

caused by unloading is a direct function of reduced activity. 

Unloading leads to changes of in vitro metabolism of several 

amino acids (Jaspers, Jacob and Tischler 1986). These metabolic changes 

include increased production of alanine and tyrosine, decreased utiliza

tion of glutamate and aspartate, and decreased production of glutamine. 

Under unloading conditions, ammonia was found to be a limiting factor 

for glutamine synthesis in soleus. Fresh-frozen, unloaded soleus showed 

increased concentrations of tyrosine and glutamate but decreased concen

trations of glutamine and aspartate. The in vitro degradation of branch 

chain amino acids of soleus was increased by unloading as well, but may 

result, in part, from an effect of glucocorticoids (Jaspers 1984). 



Adaptive Growth of Skeletal Muscle 

Experimentally, hypertrophy of skeletal muscle has been induced 

by tenotomy of a synergistic muscle (Goldberg 1967), stretching of the 

muscles by immobilization in a lengthened position (Go1dspink 1977a, b) 

or by attachment of a spring-loaded device (Holly et a1 1980). The 

hypertrophy of muscle following tenotomy of a synergist is a result of 

increased workload. Normally soleus, gastrocnemius and plantaris act 

synergistically in an extension of the ankle. By selectively tenoto

mizing the gastrocnemius, the remaining two muscles within the group 

of synergists are functionally overloaded and undergo compensatory 

growth. Muscle hypertrophied by increased workload shows some charac

teristics of stretch responses which are different from increased 

contraction responses induced by exercise or electrical stimulation 

(Williams and Go1dspink 1973, Freeman and Luff 1982). It seems likely 

that the compensatory growth in the overloaded muscles initially is 

stimulated by passive stretching (Go1dspink and Lewis 1987). 

Passive stretching may also cause a transient hypertrophy of 

denervated hemidiaphragm, since contraction of the innervated half 
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may passively stretch the denervated side (Go1dspink 1978). The hyper

trophy of denervated hemidiaphragm was a result of a rapid increase in 

protein synthesis (Turner and Garlick 1974). Similarly, overloading and 

stretch-induced hypertrophy were characterized by a rapid increase in 

protein synthesis (Goldberg 1969b, Go1dspink 1977a, b). However, there 

appears to be inconsistent responses of protein degradation. The 

studies on work-induced hypertrophy indicated a suppression of protein 

degradation (Goldberg 1969b), while immobilization studies suggested 
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the enhancement of protein degradation (Go1dspink 1977a, Go1dspink et a1 

1986, Loughna, Go1dspink and Go1dspink 1986, Jaspers et a1 1987). One 

recent study on work-induced hypertrophy also indicated an increase 

in protein degradation (Go1dspink, Garlick and McNur1an 1983). 

The decrease in protein degradation of work-induced hypertro

phied muscle observed in early studies (Goldberg 1967, 1969b) was based 

on the decay of pre labeled proteins. Despite an attempt to minimize the 

reuti1ization of tracer amino acids by chasing with a large dose of 

unlabeled amino acids, the estimation may be subject to error due to 

rapid reuti1ization of tracer amino acids and the non-exponential 

decay of the label in mixed proteins (Go1dspink and Lewis 1987). 

The increased protein degradation observed in stretched or overloaded 

hypertrophied muscles was thought to be involved in tissue remodelling 

or in the process of muscle growth, such as splitting of the fibers 

(Laurent and Millward 1980, Go1dspink and Lewis 1987). Also, it seems 

possible that such enhanced proteolysis may be simply due to an 

inactive state of the immobilized-stretched muscles (Goldspink, 1983). 

Characteristics of Hypertrophied Muscles 

Increase of skeletal muscle mass induced by elevated work load 

differs from developmental growth because it does not require pituitary 

hormones, insulin or adequate diet (Goldberg 1979). Stretch-induced 

hypertrophy increases both the diameter and length of the myofibrils 

(Williams and Go1dspink 1978, Ashmore 1982). It is believed that an 

increase in myofibril length by addition of new sarcomeres allows the 

overlap between actin and myosin filaments so that tension can be 

generated (Go1dspink and Lewis 1987). Stretch-induced hypertrophy of 
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muscle is associated, as well, with alterations of Z-bands (Khan 1986), 

and a greater susceptibility of proteins to degradation in overloaded 

hypertrophied soleus (Go1dspink, Garlick and McNurlan 1983). The latter 

characteristic was revealed by comparison of rate and magnitude of 

protein loss in normal and overloaded soleus following denervation. 

Denervation caused more rapid loss of protein from the previously over

loaded hypertrophied soleus than from normal soleus. In hypertrophied 

muscle, the newly synthesized proteins may be more labile and conse

quently more susceptible to degradation after denervation (Hink et al 

1974). In hypertrophied muscles, the changes in activities of enzymes 

involved in energy metabolism were small while the activities of lyso

somal hydrolytic enzymes were increased markedly (Bass et al 1984). 

Molecular Basis for Stretch-Induced Muscle Growth 

Our knowledge of the mechanism of stretch-induced muscle growth 

is still limited. To facilitate the study of molecular mechanisms, 

methods of stretching muscles in vitro have been developed (Vandenburgh 

and Kaufman 1979, Palmer et al 1981). One in vitro study showed that 

intermittent stretching of rabbit forelimb digit extensor muscles led to 

significant increases in the synthesis of collagen and total muscle 

proteins (Palmer et a1 1981). Such an increase in protein synthesis 

correlated with the release of prostaglandin-F2 (PGF2), since 

synthesis was slower in the absence Ca++, which is necessary for the 

phospholipase A2 activity which generates PGF2 precursors or in the 

presence of meclofenamate and indomethacin wh~~h prevent the formation 

of PGF2 precursors (Palmer et al 1983, Smith, Palmer and Reeds 1983, 

Palmer, Bain and Reeds 1985). 
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A study using myotubes showed that passive stretch increased both 

the uptake of amino acid and then incorporation into total proteins and 

myosin heavy chains (Vandenburgh and Kaufman 1981). These stretch

induced changes in myotubes correlated with the activation of Na+/K+ 

ATPase. An earlier study showed that passive stretch led to an 

increased metabolic ra·te of muscles (Feng 1932). Since a large propor

tion of cellular energy is used by Na+/K+ ATPase in establishing the 

concentration gradient of Na+ and K+ (Baker 1972), the activation of 

Na+/K+ ATPase may be responsible for the increase in metabolic rate in 

stretched muscle. In contrast to the increased proteolysis of muscles 

stretched in vivo, stretching of myotubes led to a decrease in protein 

degradation (Vandenburgh and Kaufman 1981). 

Another factor which may be of importance for stretch-induced 

growth of muscle is the electrical potential. One study (Hnik et al 

1985) showed that, although immobilization of soleus and EDL in a 

shortened position caused atrophy and led to a marked reduction in the 

electric potential, immobilization of the same muscles in a stretched 

position was without effect on the electrical potential. Hence the 

growth promoting effect of stretch was not mediated by enhancement of 

the electric potential. 

Aim of the Study 

This study concerns atrophy of rat hindlimb muscles produced by 

reduced use, as well as stretch-induced hypertrophy of these muscles 

under non-weight bearing conditions. Its main focus is the comparison 

of the responses of soleus to unloading and denervation. The res

ponses of other hindlimb muscles to these two conditions and to 
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immobilization are considered as well. Because denervation deprives 

the muscle of electrical and neurotrophic influences, the responses of 

muscle to denervation may be induced by either or both of these factors. 

In contrast, unloading decreases contractile activity of muscle while 

the nerve remains intact. Therefore, unloading offers an opportunity to 

study the response of muscles to reduced contractile activity in the 

presence of neural factors. The comparison of muscle responses to 

denervation and to unloading may allow identification of the response 

which is specific to reduced activity or to the lack of neurotrophic 

agents. Hence, the role of innervation on muscle hypertrophy or atrophy 

may be elucidated. This study is composed of four parts. The first part 

involves an evaluation of inactivity or stretch-induced changes in mass, 

total protein, and myofibrillar and sarcoplasmic proteins. The second 

part examines the responses of amino acids to denervation, in comparison 

with responses to unloading and immobilization, which have been studied 

previously. The third part is concerned with the effect of chronic 

inactivity or stretch on the response of protein turnover and amino acid 

uptake to insulin. The fourth part analyzes the time courses for the 

effects of unloading, denervation or unloading with stretch on growth 

and in vivo protein metabolism in the soleus. 



CHAPTER 2 

RESPONSES OF HINDLIMB MUSCLE MASS AND PROTEIN 
TO DENERVATION, UNLOADING OR IMMOBILIZATION 

Introduction 

Unique characteristics of skeletal muscle responses to reduced 

contraction and force generation (hypokinesia and hypodynamia) have been 

reported. After a 6-day period of unloading by tail-casted suspension 

(Jaspers and Tischler 1984) or after a 7-day period of unloading by 

harness suspension (Musacchia et al 1983), soleus undergoes atrophy, 

whereas gastrocnemius and plantaris show slower growth than the weight 

bearing muscles. In contrast, growth of tibialis anterior and the EDL 

are unaffected by 6 or 7 days of unloading. To a lesser extent than 

the other muscles, growth of the EDL was decreased by a 12-day period 

of unloading of hindlimbs (Jaspers and Tischler 1984, Go1dspink et al 

1986). 

In an attempt to ameliorate the unloading effect, soleus was 

held passively stretched simultaneously with unloading (Goldspink 1986, 

Loughna, Goldspink and Goldspink 1986, Jaspers et a1 1987). After 6 

days of unloading with stretch, soleus underwent hypertrophy instead of 

atrophy. However, a less pronounced effect of stretch was observed in 

the soleus unloaded with stretch for 3 days by harness suspension. This 

study (Loughna, Goldspink and Go1~spink 1986) showed that stretch only 

reduced the extent of atrophy without causing hypertrophy. The promo-

tion of growth by stretch in the unloaded soleus revealed by these 
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studies provide evidence that passive stretch is potentially effective 

in mitigating effects of unloading. 
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These findings also imply that the ability of stretch to promote 

muscle growth is not limited to only the muscles under weight bearing 

conditions. Besides its effects on growth of muscles under these condi

tions, the effects of stretch on growth of denervated muscles has been 

reported. The ability of passive stretch to promote muscle growth even 

in the absence of nerve supply suggests that the effect of stretch is 

myogenic. One study lending support to this myogenic characteristic of 

stretch showed that stretch led to a similar increase in sarcomere 

number in both denervated and innervated cat soleus muscles (Goldspink 

et al 1974). Stretch promoted protein synthesis and growth in the EDL 

despite the absence of intact nerve supply (Goldspink 1976). In 

addition, innervation was not essential for stretch to induce hyper

trophy of the chicken anterior lattissimus dorsi muscles (Sola and 

Christensen 1973). 

It seemed possible that innervation might not be crucial for 

stretch to promote growth in unloaded muscles. This study was carried 

out to characterize further the effect of stretch on unloaded muscles, 

as well as to compare the effects of various methods of reduced 

activity, including, denervation, unloading, and immobilization in 

a shortened position on growth of hindlimb muscles. 

Materials and Methods 

Animals 

Growing (90-l00g) female Sprague-Dawley rats were used. Six days 

prior to killing, animals were subjected to tail casting, suspension, 
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denervation or limb casting. After the treatments, animals were caged 

individually at 250C, with a 12 hour-1ight/12 hour-dark cycle 

(7:00-19:00 hr), and were provided Wayne Lab-B10x (Allied Mills, Inc., 

Chicago, IL) and water ad libitum. To achieve comparison of unloading, 

denervation and immobilization effects, the following 5 groups of 

animals were established. 

Group A: Weight bearing, one limb sham-operated. 

Group B: Weight bearing, one limb denervated. 

Group C: Unloaded, one limb denervated. 

Group D: Unloaded, one limb with ankle casted in dorsiflexion. 

Group E: Unloaded, one limb denervated, the other 

limb denervated and casted (as in Group D). 

Previous studies showed that food consumption of suspended or 

limb-casted animals was not different from weight bearing animals 

(Jaspers and Tischler 1984, Jaspers et a1 1987). This was also true for 

suspended and denervated animals. Therefore, paired feeding of these 

experimental animals was not necessary. 

Denervation, Suspension and Limb Casting Procedures 

Animals were subjected to denervation, unloading or immobil

ization after they were anesthetized with Innovar-Vet (10 u1/100g B.W.). 

Denervation of the hindlimb muscles was accomplished by sectioning 

of 0.5-0.8 mm of the sciatic nerve at the middle of the thigh. This 

procedure ensures that reinnervation is not possible. 

Unloading of hindlimb muscles was produced by tail-cast suspen

sion (Jaspers and Tischler, 1984). The procedure involves surrounding 

the base of the rat tail with a loose loop which is formed at one end of 



a paper clip. The loop is then embedded in Hexcelite orthopaedic tape 

and Dow Corning Silas tic 382 medical grade elastomer (Factor II, 

Lakeside, AZ). The other end of the paper clip is attached to an 

overhead runner such that the hindlimbs are elevated and can not be 

used. Animals use their forelimbs for moving, feeding, and grooming. 

Hindlimb immobilization was achieved by casting the ankle of 
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one limb in a dorsiflexed (30 0 _400 ) position. The other limb of animals 

remained freely moving. The limb cast was composed of the same 

materials as the tail casts. This immobilization results in stretching 

of posterior muscles and shortening of the anterior muscles. The 

limb-casted animals were also suspended. 

Muscle Preparations 

Animals were killed between 8 a.m. and 10 a.m.. Muscles were 

excised and trimmed of connective tissue and weighed. The muscles were 

separated into two fractions, namely sarcoplasmic and myofibrillar (plus 

stromal) fractions, according to Perry (1976). The muscles were 

homogenized in 3.0 ml of 10 mM Tris-HCl buffer, pH 7.4. The homogenates 

were centrifuged at 40 C for 15 minutes at 10,000x~ and the sllpernates 

were collected. The pellet was washed 3 times with 2.0 ml of the buffer. 

All of the supernates were pooled (total volume of 9.0 ml for one muscle 

sample). To the supernates, 1.0 ml of 100% (w/v) trichloroacetic acid 

(TCA) was added. The protein precipitates and pellets were washed with 

10% (w/v) TCA and were dissolved in 1.0 ml of 1N NaOH. The amount of 

protein in these samples were determined, using bovine serum albumin as 

a standard (Lowry et al 1951). 



Statistical Analysis 

Statistical significance of differences between muscles from 

different animals was determined by unpaired Student's t test. 

Significance of differences between the contralateral muscles were 

determined by paired Student's t test. Wilcoxen sum rank test was 

used to test the significance of difference between the ratios of 

myofibrillar/sarcoplasmic proteins. 

Kesults 

Animal Growth 
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In the first 2 days, the denervated, weight bearing animals 

gained little weight (Figure 1). Thereafter, they showed similar growth 

rate as those of control animals (weight gain of 4.0-4.5 g/day). All 

suspended animals lost weight (1.4-5.5 g/day) during the first two days. 

From day 2 to day 4, the suspended/denervated animals and the 

suspended/immobilized animals resumed growth with a weight gain of 

3-4 g/day. After the first 2 days, the suspended/denervated/immobilized 

animals gained weight at 1 g/day throughout. 

Muscle Mass and Protein Content 

Responses to 6-Day Denervation, Unloading or Unloading with Denervation 

With the exception of the plantaris, the hindlimb muscles from 

denervated, weight bearing animals showed corresponding loss of mass 

and proteins (Tables 1 and 2). The denervated plantaris, however, 

showed a decrease in mass but showed no loss of proteins so that the 

fall in mass of the plantaris must have been due to fluid loss. Hence, 

denervation for 6 days of weight bearing hindlimbs caused growth 
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Table 1. Effects on muscle weights of 6-day denervation or unloading 

with or without denervation 

Values for the weights of soleus and EDL are means + SE for 16 animals 

per group. Values for the weights of other muscles are means + SE for 

4 animals per group. ap<0.05 compared to weight bearing. bp<0.05 

compared to the contralateral. cp<0.05 compared to denervated, weight 

bearing. 

Muscles 

Soleus 

Plantaris 

Gastrocnemius 

Extensor digitorum 

longus 

Tibialis anterior 

Weight 

bearing 

38 + 1 

86 + 3 

525 + 17 

40 + 1 

193 + 7 

Denervated Unloaded 

Innervated Denervated 

limb 

mg wet wt/lOOg body weight 

Posterior muscles 

26 + 2a 29 + la 

74 + 4a 84 + 4 

363 + l7 a 482 + 11 

Anterior muscles 

36 + la 

138 + 7a 

41 + 1 

203 + 8 

limb 

26 + la,b 

55 + 2a ,b,c 

359 + l7 a ,b 

38 + 2a ,b,c 

156 + 8a ,b 
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Table 2. Effects of 6-day denervation or unloading with or without denervation on weights and 

protein contents of hindlimb muscles 

Values for the initial weights were calculated from the average initial body weight and the 

following relationships between muscle weight and body weight for female rats weighing 90-100 

grams. Where X = body weight, the equations for muscle weight are: soleus = .41X - 1.5; 

plantaris = .97X - 7; gastrocnemius = 5.5X - 9; extensor digitorum longus = .5X - 3; tibialis 

anterior = 1.9X + 6 (Jaspers and Tischler, 1984). Values for weight of soleus and EDL were 

the average of 16 animals. Values for weights of other muscles were the average of 4 animals. 

Values in parentheses are protein contents which were calculated from the average muscle 

weights and total protein concentration (Table 5). 



inhibition of plantaris and varying degrees of atrophy of soleus 

gastrocnemius, tibialis anterior and EDL. These denervated muscles 

were 10-32% smaller than the innervated controls and lost 13-27% 

and 8-27% of their initial mass and proteins, respectively. 
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When the hindlimbs were both denervated and unloaded, the plan

taris atrophied. Unlike the plantaris, unloading did not change dener

vation responses of the other muscles. Loss of mass and proteins of 

posterior muscles of the unloaded hindlimbs was double that of the 

denervated anterior muscles. 

In response to 6 days of unloading, the gastrocnemius and 

plantaris failed to grow while the tibialis anterior and EDL maintained 

nearly normal growth. In contrast, the response to unloading of soleus 

was particularly marked. The unloaded soleus was 26% smaller than the 

weight bearing soleus and lost 25-26% of its initial mass and proteins. 

In this muscle, denervation caused about 7-9% greater loss of mass and 

protein than did unloading. 

Responses to In Vivo Stretching 

Under the influence of stretch, the innervated, unloaded soleus 

showed additional growth and became 38% larger than the soleus from 

weight bearing animals (Tables 3 and 4). The other two posterior 

muscles also grew faster than the contralateral unloaded, non-stretched 

muscles. The responses to stretch of the unloaded posterior muscles 

were not apparent or were diminished in the absence of intact nerve 

supply. Therefore, the prevention by stretch of muscle atrophy and 

growth arrest due to unloading required muscle innervation. 



Table 3. Effects of 6-day ankle dorsiflexion on weights of innervated 

or denervated muscles of unloaded hindlimbs 

Values for the weights of soleus and EDL are means + SE for 18 animals 

per group. Values for the weights of other muscles are means + SE for 

5 animals per group. ap<0.05 compared to the contralateral. 

Muscles Innervated Limbs Denervated limbs 

Freely- Immobilized Freely- Immobilized 

moving moving 

mg wet wt/100 g body weight 

Posterior muscles 

Soleus 30 + 1 52 + 2a 26 + 1 28 + 1a 

Plantaris 79 + 4 93 + 3a 60 + 3 81 + 7a 

Gastrocnemius 448 + 19 525 + 29 a 340 + 21 358 + 15a 

Anterior muscles 

Extensor digitorum 

longus 41 + 1 34 + 1a 34 + 1 32 + 1a 

Tibialis anterior 186 + 9 171 + 7a 147 + 8 135 + 9a 
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Table 4. Effects of 6-day ankle dorsiflexion on weights and protein contents of innervated or 

denervated muscles of unloaded hindlimbs 

Values for the weights of soleus and EDL muscles were the average of 18 animals. Values for 

the other muscles were the average of 5 animals. Values for protein contents were calculated 

from the average muscle weights and total protein concentrations (Table 8). 

Muscles Innervated limbs Denervated limbs 

Freely-moving Immobilized Freely-moving Immobilized 

mg wet weight (mg protein) 

Soleus 30 ( 5.2) 53 ( 7.4) 25 ( 4.6) 27 ( 4.7> 

Plantaris 81 (15.0) 95 (17.5) 55 (10.2) 74 (11.7> 

Gastrocnemius 457 (83.3) 356 (97.7> 309 (56.3) 326 (51.8) 

Extensor digitorum 

longus 42 ( 7.3) 35 ( 6.0) 33 ( 5.7> 31 ( 5.3) 

Tibialis anterior 190 (32.8) 174 (30.0) 134 (23.1) 123 (22.3) 

N 
J:-
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Response to In Vivo Shortening 

As suggested by data on mass and protein contents (Tables 1 

and 2), unloading per se did not affect growth of the tibialis anterior 

or EDL. However, when the two anterior muscles were shortened during 

unloading of the hindlimbs, they atrophied (Tables 3 and 4). 

The shortened EDL was 17% smaller than the EDL from the contralateral 

freely-moving limb and lost 17-18% of its initial mass and proteins. 

Denervation induced further loss of proteins and mass in these shortened 

muscles. Also, in relation to the denervated muscles from the contra

lateral freely-moving limb, the denervated, shortened tibialis anterior 

and EDL both showed greater mass and protein loss. In these two 

muscles, therefore, the effects of shortening and denervation 

intensified each other. 

Total Protein Concentration and Distribution of the Proteins in Sarco

plasmic and Myofibril1ar Fractions 

Responses to Denervation or Unloading with or without Denervation 

Atrophy of soleus by unloading, denervation, or unloading and 

denervation was associated with an increase in the sarcoplasmic protein 

concentration (Table 6), but no change in either total protein or myofi

brillar protein concentrations (Tables 5 and 6). Hence the ratio of 

myofibril1ar to sarcoplasmic (MIS) proteins was decreased under all of 

these conditions (Table 6). The decreased MIS ratios in these muscles 

indicated the greater loss of myofibrillar than sarcoplasmic proteins. 

Responses to reduced activity of total proteins, sarcoplasmic 

and myofibril1ar proteins in other hindlimb muscles were variable 

(Tables 5-7). For instance, denervation of the tibialis anterior and 
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Table 5. Effects on total protein concentration of 6-day denervation or 

unloading with or without denervation 

Values are means + SE for 4 animals per gruop. ap<0.05 compared 

to weight bearing. bp<0.05 compared to the contralateral. 

Huscles Weight Denervated Unloaded 

bearing Innervated Denervated 

limb limb 

mg/g muscle 

Posterior muscles 

Soleus 145 + 8 161 + 2 165 + 1 162 + 8 

Plantaris 160 + 5 172 + l a 204 + 12a 189 + 2a 

Gastrocnemius 168 + 4 194 + 13a 197 + 13 196 + 13 

Anterior muscles 

Extensor digitorum 

longus 170 + 2 168 + 3 179 + 2a 160 + 2a ,b 

Tibialis anterior 160 + 4 171 + 6 167 + 6 158 + 7 
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Table 6. Effects of 6-day denervation or unloading with or without 

denervation on concentrations of sarcoplasmic and myofibrillar 

proteins in posterior hindlimb muscles. 

Values are means ~ SE for 4 animals per group. ap<0.05 compared to 

weight bearing. bp<0.05 compared to denervated, weight bearing. 

Proteins 

Myofibrillar 

Sarcoplasmic 

MIS ratio 

Myofibrillar 

Sarcoplasmic 

MIS ratio 

Myofibrillar 

Sarcoplasmic 

MIS ratio 

Weight 

bearing 

96 + 5 

49 + 3 

1.94 + .05 

98 + 4 

61 + 3 

1. 75 + .01 

107 + 2 

61 + 2 

1. 75 + .02 

Denervated 

mglg muscle 

Soleus 

Unloaded 

Innervated 

limb 

Denervated 

limb 

99 + 2 100 + 5 94 + 7 

61 + 1a 65 + 6a 68 + 1a ,b 

1.62 + .05a 1.54 + .06a 1.40 + .09a 

Plantaris 

108 + 2 

64 + 2 

1.68 + .08 

Gastrocnemius 

135 + 8a ,b 117 + 3a 

68 + 5 72 + 2a ,b 

2.00 + .10 1.58 + .06 

130 + 3a 138 + 11a 125 + 10 

64 + 1 59 + 2 71 + 4 

2.03 + .08a 2.32 + .12a 1.76 + .12 
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Table 7. Effects of 6-day denervation or unloading of hindlimbs with or 

without denervation on concentrations of sarcoplasmic and 

myofibrillar proteins in anterior hindlimb muscles. 

Values are means ~ SE for 4 animals per group. ap<0.05 compared to 

weight bearing. bp <0.05 compared to the contralateral. cp<0.05 

compared to the denervated, weight bearing. 

Proteins 

Myofibrillar 

Sarcoplasmic 

MIS ratio 

Myofibrillar 

Sarcoplasmic 

MIS ratio 

Weight 

bearing 

116 + 3 

56 + 1 

2.06 + .07 

103 + 3 

57 + 1 

1.82 + .05 

Denervated Unloaded 

Innervated Denervated 

limb limb 

mglg muscle 

Extensor digitorum longus 

104 + 6 

64 + 4 

1.65 + .18 

Tibialis 

113 + 4 

58 + 3 

1.86 + .03 

111 + 2 

68 + 2a 

1.64 + .06a 

anterior 

103 + 4 

65 + 2a 

98 + 2a ,b 

62 + 2a 

1.58 + .06a 

96 + 4 

62 + 3 

1.59 + .03a ,c 1.55 + .03a ,c 
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EDL of loaded hindlimbs caused no change in any of these parameters, 

but denervation of the tibialis anterior and EDL of unloaded limbs 

reduced the MIS ratios. In the denervated EDL of unloaded limbs, total 

protein and myofibrillar protein concentrations were decreased, and a 

decreased MIS ratio resulted from a decreased myofibrillar protein 

concentration coupled with an increased sarcoplasmic protein concen

tration. The denervated tibialis anterior of unloaded limbs, on the 

other hand, showed no change in total protein concentration but a 

reduction of myofibrillar protein concentration resulting in a 

decreased HIS ratio. 

Response to In Vivo Stretching 

Relative to the unloaded, innervated, freely-moving soleus, the 

contralateral stretched muscle showed reduced total protein concentra

tion, but no change in the MIS ratio (Tables 8 and 9), because both 

myofibrillar and sarcoplasmic protein concentrations were lowered by 

stretch (Tables 8 and 9). Reduction of total protein concentration by 

stretch was observed, as well, in other denervated, unloaded muscles 

despite the weak effect of stretch in preventing mass and protein loss 

of these muscles. These reductions in concentration must reflect a 

retention of muscle water. 

Response to In Vivo Shortening 

Shortening atrophy of innervated tibialis anterior and EDL of 

unloaded limbs was associated with no change in total protein, myofi

brillar or sarcoplasmic protein concentrations (Tables 8 and 10). Since 

these muscles atrophy, shortening must induce a proportionate loss of 

myofibrillar and sarcoplasmic proteins. The proportional loss of 



Table 8. Effects of 6-day ankle dorsiflexion on protein concentration 

of innervated or denervated muscles of unloaded hindlimbs 
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Values are means + SE for 5 animals per group. ap<0.05 compared to 

inner~ated, freely-moving. bp<0.05 compared to innervated, immobilized. 

cp<0.05 compared to the contralateral. 

Muscles 

Soleus 

Plantaris 

Gastrocnemius 

Extensor digitorum 

longus 

Tibialis anterior 

Innervated Limbs Denervated Limbs 

Free1y

moving 

170 + 5 

184 + 5 

172 + 7 

177 + 4 

177 + 9 

Immobilized Free1y

moving 

mg/ g muscle 

Posterior muscles 

139 + 6c 188 + 5a 

182 + 3 188 + 8 

192 + 4 183 + 4 

Anterior muscles 

185 + 3 167 + 2 

171 + 3 170 + 6 

Immobilized 

176 + 7b 

158 + 1a ,b 

159 + 4b ,c 

163 + 10 

181 + 6c 



Table 9. Effects of 6-day ankle dorsiflexion on concentrations of 

sarcoplasmic and myofibrillar proteins in innervated or 

denervated, unloaded posterior hindlimb muscles. 

Values are means + SE for 5 animals per group. ap<0.05 compared to 

innervated freely-moving. bp<0.05 compared to innervated, stretched. 

c p<0.05 when compared to contralateral. 

Proteins 

Myofibri11ar 

Sarcoplasmic 

MIS ratio 

Myofibril1ar 

Sarcoplasmic 

MIS ratio 

Myofibrillar 

Sarcoplasmic 

MIS ratio 

Innervated Limbs Denervated Limbs 

Freely

moving 

107 + 4 

63 + 1 

1.69 + .08 

118 + 3 

66 + 3 

1.81 + .06 

106 + 5 

66 + 2 

1.61 + .04 

Stretched Freely

moving 

mg/g muscle 

Soleus 

86 + 2c 114 + 4 

53 + 5 74 + 2a 

1.67 + .14 1.56 + .03 

Plantaris 

116 + 3 113 + 6 

66 + 2 75 + 4 

1. 75 + .08 1.55 + .09 

Gastrocnemius 

120 + 4c 106 + 4 

72 + 4 77 + 3a 

1.67 + .12 1.37 + .05a 

Stretched 

102 + 7b 

74 + 2b 

1.38 + .10 

87 + 1b ,c 

71 + 1 

1.21 + .04c 

84 + 1b ,c 

74 + 3 

1.15 + .03b ,c 
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Table 10. Effects of 6-day ankle dorsiflexion on concentrations of 

sarcoplasmic and myofibri11ar proteins in innervated or 

denervated anterior muscles of unloaded hind1imbs. 

Values are means ~ SE for S animals per group. ap<O.OS compared to 

innervated freely-moving. bp<O.OS compared to innervated, shortened. 

cP<O.OS compared to the contralateral. 

Proteins Innervated Limbs Denervated Limbs 

Freely-moving Shortened Freely-moving Shortened 

mglg muscle 

Extensor digitorum longus 

Myofibrillar 113 + 1 124 + 2 lOS + 2a 104 + Sb 

Sarcoplasmic 64 + 3 61 + 3 62 + 2 S9 + 3 

MIS ratio 1. 78 + .07 2.04 + .04 1.69 + .07 1. 74 + .07 

Tibialis anterior 

Myofibrillar 112 + 7 104 + 3 104 + 3 118 + 4 

Sarcoplasmic 6S + 2 67 + 3 67 + 4 63 + 4b ,c 

MIS ratio 1.71 + .OS 1.S8 + .10 1.S7 + .08 1.88 + .0Sb,c 
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myofibrillar and sarcoplasmic proteins was observed, as well, in soleus 

following 7 days of shortening (Miyazawa et al 1983). In shortened, 

denervated EDL, but not in tibialis anterior, a similar response was 

observed. In the latter muscle, total protein concentration was 

decreased in relation to the contralateral denervated, freely-moving 

muscle. 

In summary, changes in mass and protein of hindlimb muscles were 

examined in growing rats subjected to a 6-day period of hindlimb 

unloading, denervation or immobilization. Denervation of weight bearing 

hindlimbs led to growth failure of plantaris and atrophy of soleus, 

gastrocnemius, tibialis anterior and extensor digitorum longus (EDL). 

With the exception of the plantaris, denervation responses of these 

muscles were not altered by unloading. In the unloaded hindlimbs, 

denervated soleus, gastrocnemius and plantaris lost 50% more mass and 

protein than the denervated tibialis anterior and EDL. In soleus, 

denervation caused 7-9% more mass and protein loss than unloading. 

Effects of denervation on tibialis anterior or EDL were intens

ified by shortening. Unloading of innervated hindlimbs, led to atrophy 

of soleus, decreased growth of gastrocnemius and plantaris, and normal 

growth of tibialis anterior and EDL. The effects of unloading on growth 

of these posterior hindlimb muscles were not apparent when the muscles 

were maintained in a stretched position, suggesting that stretch may 

abolish unloading effects. In the presence of stretch, innervated, 

unloaded soleus, which otherwise atrophied, underwent hypertrophy and 

was 38% larger than the soleus from weight bearing animals. Atrophy of 

. soleus induced by either unloading or denervation was associated with a 



a greater loss of myofibrillar proteins than of sarcoplasmic proteins. 

Atrophy of tibialis anterior and EDL by shortening was a result of a 

proportionate loss of proteins in the two fractions. 

Discussion 

In this study body growth and changes in hindlimb muscle mass 
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and proteins in response to various treatments of the hindlimbs were 

examined. The growth of all experimental animals (Figure 1) were 

affected to varying extents. Therefore, growth deficit or atrophy of 

the hindlimb muscles, which otherwise grew in parallel with animal body 

weight, must reflect specific responses of muscles to tested treatments. 

Qualitatively, the responses of hindlimb muscles to unloading 

(Tables 1 and 2) agree with a previous report (Jaspers and Tischler, 

1984) even when the responses were examined in animals with one limb 

denervated (Group B). Denervation of one limb, therefore, did not seem 

to affect the responses to unloading of the muscles in the other limbs. 

Also similar differential responses to stretch of posterior muscles 

(Tables 3 and 4) were observed. As compared to gastrocnemius and 

plantaris when stretched, soleus showed a greater hypertrophy response. 

It appeared that denervation or shortening caused loss of mass 

and proteins in the tibialis anterior and EDL to the same extent 

(Tables 3 and 4). Shortening of denervated tibialis anterior or EDL 

led to further loss of mass and proteins. In line with this finding, 

one study showed that shortening attenuated the effectiveness of elec

trical stimulation in preventing disuse atrophy (Eccles, 1944). Also 

shortening intensifies the responses to unloading of gastrocnemius and 

plantaris (Jaspers, Fagan and Tischler 1985). These findings together 
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suggest that the response of muscle can be influenced by passive tension 

of the muscles. Hence, the deprivation of tension development by 

keeping denervated muscles in a shortened position led to further 

atrophy. The possible important role of passive tension in muscle also 

was indicated by a recent in vitro study showing that proteolysis in 

soleus and EDL was reduced when the muscles were simply maintained at 

their resting lengths during incubation (Baracos and Goldberg 1986). 

The failure of passive stretch to promote significant growth 

in unloaded, denervated soleus was quite unexpected. As previously 

reported, the effect of stretch were observed not only in the loaded, 

denervated muscles (Sola and Christensen 1973, Go1dspink et a1 1974, 

Goldspink 1976), but also in unloaded, innervated muscles (Goldspink 

et al 1986, Loughna, Goldspink and Goldspink 1986, Jaspers et a1 1987). 

The ability of stretch to promote growth in denervated muscle under 

weight bearing but not under non-weight bearing conditions may reflect 

the disappearance of other factor(s) caused by unloading. Some studies 

indicated that growth of denervated muscles correlated with the develop

ment of spontaneous fibrillation, as well as some other changes in elec

trical and mechanical properties (Thesleff 1963, Lewis 1972). It is 

possible that other factor(s) besides stretch might be essential for the 

promotion of growth in denervated muscle under non-weight bearing 

conditions. Stretch in combination with electrical stimulation might 

be able to imitate the condition in denervated, loaded muscles and may 

result in a better response. A study, using work-induced model of muscle 

hypertrophy, found also that hypertrophy effect of increased workload 

in the soleus muscle required intact nerve supply (Hofmann 1980). 
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Unlike plantaris or gastrocnemius, responses to unloading of 

soleus were not altered by shortening (Jaspers, Fagan and Tischler 

1985). Soleus, which is a slow-twitch muscle, also appeared to be more 

responsive than other hindlimb muscles to the treatments of reduced 

activity including denervation (Goldspink 1976, Goldspink and Lewis 

1987), immobilization (Goldspink 1977a, Miyazawa et al 1983) and 

unloading (Musacchia et al 1983, Jaspers and Tischler 1984, Tables 1 

and 2). Fast-twitch muscles, on the other hand, are more responsive 

than slow-twitch muscles, like soleus, to the treatments unrelated to 

activity such as administration of excessive amounts of glucocorticoids 

(Goldberg 1969a, Kelly and Goldspink 1982, Kelly et al 1986). 

Lack of activity likely has more pronounced effects on normally 

very active muscles than on the less active muscles. Possibly, the 

difference in the extent of functional deprivation may contribute to the 

differential response of various muscles to the state of inactivity. 

Accordingly, the particularly high sensitivity of soleus to a reduction 

in activity level is partly related to its function. Soleus, an anti

gravity muscle involved in ankle extension, is recruited more frequently 

than the other muscles. Consequently, it must respond correspondingly 

to the imposed level of activity, and undergoes rapid atrophy or hyper

trophy upon removal of activity or with increased work load, respec

tively. However, soleus seemed to respond differently to reduced 

activity imposed by different treatments. The shortened soleus showed 

proportionate loss of myofibri11ar and sarcoplasmic proteins with the 

preservation of MIS ratio (Miyazawa et al 1983). In contrast, the 

denervated or unloaded soleus showed a decrease in MIS ratio in 
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association with its atrophy, thereby suggesting a marked loss of myofi

brillar proteins. It seems possible that atrophy of soleus caused by 

shortening, denervation or unloading occurs via different mechanisms. 

Compared to unloading, denervation induced greater atrophy of 

soleus (Tables 1 and 2). A possible explanation for this difference is 

the greater response of proteolysis to denervation. There are some 

other differences between denervated and unloaded muscles, particularly 

for insulin binding capacity and glucose uptake and oxidation which 

suggest a mechanistic difference of denervation and unloading atrophy 

(Burant et al 1984, Smith and Lawrence 1985, Henriksen, Tischler and 

Johnson 1986). In the following chapters, the differences between 

unloaded and denervated soleus are considered further. 

In conclusion, studies described herein showed that various 

treatments of reduced contractile activity induced variable extent of 

muscle atrophy. Denervation seemed to induce greater atrophy than the 

other methods, implying the presence of non-activity-related factor(s) 

which can slow the decrease in muscle mass and protein content. Because 

of the lack of both such factor(s) and activity, denervated muscles 

atrophied more extensively than the muscles which lost only activity. 

Also the differing degree of possible residual contractile activity in 

innervated muscles may contribute to these various degree of muscle 

atrophy induced by different models of reduced used. The hypertrophy 

effect of stretch which was abolised by denervation suggested that both 

neurogenic and myogenic factors were required for such effect of stretch 

on soleus under non-weight bearing condition. 



CHAPTER 3 

ALTERATION IN CONCENTRATION OF AMINO ACIDS AND 
HIGH ENERGY PHOSPHATES IN HINDLIMB MUSCLES 

Introduction 

Skeletal muscles release a considerable amount of glutamine and 

alanine as a part of their normal metabolic function (Odessey, Khairal-

lah and Goldberg 1974, Ruderman and Berger 1974, Chang and Goldberg 

1978a, b). These two amino acids are synthesized de ~ in the muscles 

and can be used as precursors of gluconeogenesis or as a direct energy 

source by some other tissues (Fe1ig et al 1970, MacDonald et al 1976, 

Chang and Goldberg 197~a, b, Goldberg and Chang 1978, Snell and Duff 

1980). The synthesis and release of glutamine and alanine by muscles 

are affected by the level of muscle activity (Ruderman and Berger 1974, 

Goodman and Lowenstein 1977, Meyer and Terjung 1979). In keeping with 

this idea, reduction of muscle activity by unloading caused a marked 

decrease of glutamine synthesis in vitro (Jaspers, Jacob and Tischler 

1986). This slow rate of glutamine synthesis was associated with a low 

level of tissue ammonia and was reversed by the provision of ammonia. 

Hence, unloading can cause decreased glutamine production in soleus by 

limiting availability of ammonia (Jaspers, Jacob and Tischler 1986). 

Besides diminishing of glutamine synthesis, reducing muscle 

activity by unloading of hind1imbs seemed to affect metabolism of some 

other amino acids including aspartate, glutamate, alanine and tyrosine. 

Relative to weight bearing muscle, 6-day unloaded soleus showed faster 
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in vitro production of alanine and tyrosine, and slower utilization of 

aspartate and glutamate. In fresh-frozen unloaded soleus, the concen

trations of aspartate and glutamine were decreased, but the concentra

tions of tyrosine and glutamate were increased. 
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In light of these findings, this study was carried out to compare 

amino acid concentrations in denervated posterior muscles (soleus, 

gastrocnemius and plantaris) with innervated, unloaded hind1imbs 

(Jaspers, Jacob and Tischler 1986). Since the effects of shortening 

on growth of anterior muscles (tibialis anterior and EDL) were enhanced 

by denervation (Chapter 2), amino acid concentrations in shortened and 

denervated muscles were compared with muscles only shortened or 

denervated. 

This study also ascertained whether passive stretch might 

overcome effects of unloading or denervation on amino acids in posterior 

muscles. Amino acid concentrations measured in fresh-frozen muscles 

of these various hind1imbs included tyrosine, aspartate, alanine, 

glutamine and glutamate. 

Materials and Methods 

Animals 

Female Sprague-Dawley rats weighing 100-115 g were subjected to 

hindlimb denervation, unloading or immobilization as previously 

described in Chapter 2. As a control group, rats weighing 70-85 g were 

used so that control and experimental muscle size would be similar. 

Whenever a paired comparison was required, some animals were suspended 

only and some animals were subjected to bilateral denervation. 
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Muscle Preparation 

Animals were killed 6 days after unloading or denervation between 

8 a.m. and 10 a.m.. Muscles were dissected and immediately frozen in 

liquid nitrogen. The muscles were homogenized in ice-cold 0.2M HCI04 

(12-20 mg tissue/ml). The homogenates were centrifuged (10 minutes, 

5000x~, 40 C). The supernates were neutralized to pH 6-7 ·with 

Z.5 M KOH and 0.1 M piperazinediethane sulfonic acid. To remove the 

potassium perchlorate precipitate, the muscle extract was centrifuged 

(10 minutes, ZOOOx~, 4°C). The protein pellets were washed once 

with 10% trichloroacetic acid and then twice with ethanol: ether (1:1). 

The pellets were solubilized in 1 N NaOH (10-Z0 mg/ml). Protein 

content was assayed by the Lowry method using bovine serum albumin as 

a standard (Lowry et al 1951). The acid soluble extract was stored at 

-ZOoC until assayed. Glutamate (Bernt and Bergmeyer 1974) and glutamine 

(Lund 1974) were assayed on the same day samples were prepared. Other 

amino acids measured included tyrosine (Waalkes and Udenfriend 1957), 

alanine (Williamson 1974) and aspartate (Williamson and Corkey 1969). 

The concentrations of amino acids were expressed as nmole of amino acid 

per mg of muscle protein. 

Muscle Incubation 

To measure muscle metabolism of aspartate and malate in vitro, 

as well as the levels of ATP and phosphocreatine, muscles were incubated 

for 30 minutes in 3.0 ml of Krebs-Henseleit buffer, pH 7.4, equilibrated 

with 95% OZ: 5% COZ. Also included in the buffer were glucose (5mM), 

tyrosine, alanine, glutamine, glutamate, valine, isoleucine and leucine 

at the same concentration as in rat plasma. After incubation, one 
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muscle from each animal was frozen in liquid nitrogen. The contralateral 

muscles were transferred to 3.0 ml of fresh medium and incubated further 

for 2 hours. Incubation was te!minated by removing the muscles and 

freezing them in liquid nitrogen. The medium was heated in boiling 

water for 3 minutes and centrifuged at 2000x~ for 10 minutes. Acid 

soluble extracts of the muscle were prepared as described above. ATP 

and phosphocreatine were assayed by spectrophotometry (Lamprecht and 

Trautchold 1974, Lamprecht et al 1974). Aspartate in the medium, and 

aspartate and malate in tissue extracts were assayed by spectrofluoro

metry (Williamson and Corkey 1969). 

In vitro metabolism of aspartate was expressed as net production 

or utilization obtained by the summation of release of aspartate into 

the medium and the change in muscle concentration of aspartate during 

the2-hour incubation. A negative value indicated net utilization 

whereas a positive value indicated net ~roduction. 

Statistical Analysis 

Statistical significance of differences between concentration of 

amino acids in muscles from different animals was tested by unpaired 

Student's t test. Significance of difference between amino acid concen

trations in the contralateral muscles was tested by paired Student's t 

test. Significance of difference between the ratios of glutamine to 

glutamate was tested by WilcoxenSum Rank test. 

Results 

Amino Acid Concentrations and Gln/Glu Ratio in Soleus (Table 11) 

Responses to Denervation: Effects of Unloading 

Denervation of weight bearing soleus led to an increased glutamate 



Table 11. Amino acid concentrations in fresh-frozen soleus 

Values for weight bearing animals are the average for muscles of 20 rats. Values for other 

animals are the average of muscles from 5 rats. ap<O.OS compared to innervated, weight 

bearing. bp<O.OS compared to the contralateral muscle. cP<O.OS compared to innervated, 

stretched. Unless specified the difference between groups was not sigificant. 



Table 11. Amino acid concentrations in fresh-frozen soleus 

Condition Tyrosine Alanine Aspartate Glutamine 

nmol/ mg protein 

Innervated, weight bearing 1.09+0.04 1B .5+1.1 20.6+0.B 56.5+2.4 

Denervated. weight bearing 1.17+0.04 19.6+0.6 2.6+0.3a 33.2+0.8a 

Suspended 

Innervated 0.85+0.05 a 20.5+1.2 4.8+1.0a 34.2+1. 7a 

Denervated 1.04+0.0B b 19.B+0.B 2.B+0.4a ,b 2B.4+2.0a 

Suspended, Limb-casted 

Innervated, Freely-moving 1.21+0.08 23.0+1.8 7.9+2.3 22.4+4.7 

Innervated. Stretched 1.15+0.14 35.9+1.6 b 12.1+1.8b 40.5+5.7 b 

Denervated, Freely-moving 1.63+0.17 25.3+2.2 4.1+0.5 36.8+6.3 

Denervated, Stretched 1.B7+0.20c 28.5+1.2 4.1+0.3c 32.7+3.8 

Glutamate 

2B.6+1.1 

33.8+0.8a 

31.4+1.6 

32.5+1. 2a 

40.4+3.1 

45.5+3.8 

47.7+2.9 

48.3+3.4 

G1n/G1u 

2.02+0.09 

0.98+0.06a 

1.13+0.lOa 

0.88+0.06a 

0.57+0.12 

0.88+0.08 

0.76+0.09 

0.67+0.05 

~ 
N 
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(+18%) concentration but to decreased glutamine (-41%) and aspartate 

(-87%) concentrations. These changes produced lower ratio of gln/glu. 

Tyrosine and alanine concentrations were not affected by denervation. 

Unloading did not change the effect of denervation on these amino acid 

concentrations and gln/glu ratio. Concentrations of aspartate and 

glutamine and ratio of gln/glu ratio were affected similarly by denerva

tion and unloading. 

Responses to Unloading: Effects of Denervation 

In the suspended, innervated soleus the ratio of gln/g1u and the 

concentrations of aspartate, glutamine and tyrosine were decreased 

relative to innervated, weight bearing. Denervation with unloading of 

soleus led to higher tyrosine and even lower aspartate concentration 

than in the contralateral unloaded, innervated muscle. Hence denerva

tion altered only the response of tyrosine concentration to unloading. 

The responses of soleus aspartate and glutamate levels and the ratio of 

gln/glu to unloading agree with a previous study (Jaspers, Jacob and 

Tischler 1986). However, this study showed no change in glutamate and 

a decrease in tyrosine instead of increase in their concentrations as 

shown previously (Jaspers, Jacob and Tischler 1986). 

Responses to Stretching: Effects of Denervation 

Concentrations of alanine, aspartate and glutamine increased in 

the unloaded, stretched soleus, relative to the contralateral muscle of 

the innervated, freely-moving limbs. Since aspartate and glutamine 

concentrations of soleus were decreased by unloading, relative to 

weight bearing, but were increased in unloaded, stretched muscle, 

stretching must diminish the effects of unloading on these amino acid. 
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The gln/g1u ratio was decreased by unloading and stretch did not 

change this response. The unloaded, denervated, stretched soleus had a 

much lower aspartate concentration than the innervated, stretched 

muscle, suggesting that denervation abolished the effect of stretch on 

aspartate concentration. The denervated, stretched soleus also showed 

higher concentration of tyrosine than did the innervated, stretched 

muscle. 

Responses to Denervation with Unloading: Effects of Stretching 

In the denervated, unloaded soleus, stretch showed no effect on 

amino acid concentration or on the gln/glu ratio. Therefore, passive 

stretch failed to abolish or diminish any of the changes in amino acid 

concentration or gln/g1u ratio induced by denervation. 

Amino Acid Concentrations and Gln/Glu Ratio in Plantaris (Table 12) 

Responses to Denervation: Effects of Unloading 

Relative to innervated, weight bearing muscle, the denervated 

weight bearing plantaris showed increases in tyrosine, alanine and 

glutamate concentrations, but a decrease in glutamine concentration, 

which resulted in a lower gln/glu ratio. Concomitant unloading and 

denervation of the plantaris led to decreases in alanine, aspartate, 

glutamine and glutamate concentrations relative to the denervated, 

weight bearing. Unloading abolished effects of denervation on alanine 

and glutamate concentrations, since the concentrations of alanine and 

glutamate in suspended, denervated muscle and the weight bearing muscle 

were similar, but differed from those in the denervated, weight bearing 

muscle. 



Table 12. Amino acid concentrations in fresh-frozen plantaris 

Number of animals as in Table 11. ap<O.05 compared to innervated, weight bearing. 

bp<O.05 compared to contralateral. c p<O.05 compared to innervated, stretched. 

dp<O.05 compared to denervated, weight bearing. ep<O.05 compared to innervated, 

freely-moving. Unless specified the difference between groups was not significant. 



Table 12. Amino acid concentrations in fresh-frozen plantaris 

Condition Tyrosine Alanine Aspartate Glutamine 

nmo1e/mg protein 

Innervated, weight bearing 1.07+0.05 17.2+0.6 4.3+0.4 52.2+2.3 

Denervated, weight bearing 1. 51+0.05a 25.6+1.0a 3.9+0.2 34.0+1.5a 

Suspended 

Innervated 0.91+0.0B 19.5+0.B 2.4+0.2a 19.5+2.2a 

Denervated 1.20+0.05 b 1B.9+0.9 d 2.0+0.2a ,d 1B.3+2.2a ,d 

Suspended, Limb-Casted 

Innervated, Freely-moving 1.01+0.05 24.2+1.7 3.0+0.5 28.5+2.1 

Innervated, Stretched 1.05+0.09 25.5+1.6 4.4+1.0 56.1+5.6 b 

Denervated, Freely-moving 1.44+0.13e 21.1+2.2 2.7+0.4 26.2+1.6 

Devervated, Stretched 1.35+0.11 20.7+0.7c 3.3+0.4 33.7+3.1c 

Glutamate G1n/G1u 

17.6+0.7 2.B5+0.14 

22.7+1.2a 1.53+0.16a 

14.3+1.6 1.42+0.21a 

15.0+0.Ba ,d 1.22+0.14a 

12.5+0.6 2.33+0.26 

15.6+1.9 3.B5+0.63 b 

1B.9+1.Be 1.53+0.23 

1B.9+1.4 1.B7+0.31c 

..,. 
l.11 
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Responses to Unloading: Effects of Denervation 

In response to unloading, the concentrations of aspartate and 

glutamine and the ratio of gln/glu in plantaris were decreased relative 

to innervated, weight bearing muscle. Denervation did not alter these 

responses in the suspended animals, but led to an increased concentra

tion of tyrosine. 

Responses to Stretching: Effects of Denervation 

Relative to the innervated, freely-moving muscle, the contra

lateral stretched muscle showed increased concentration of glutamine and 

of the ratio of gln/glu. Denervated, stretched plantaris showed lower 

concentrations of glutamine and ratio of gln/glu than the innervated, 

stretched muscle. Hence, the effects of stretch on glutamine concentra

tion and gln/glu ratio in the unloaded plantaris were abolished by 

denervation. Moreover the denervated, stretched muscle had a lower 

alanine concentration than the innervated, stretched muscle. 

Responses to Denervation with Unloading: Effects of Stretching 

Tyrosine and glutamine concentrations in denervated, freely

moving plantaris were greater than in the innervated, freely-moving. 

These effects of denervation on tyrosine and glutamine were not 

diminished by stretching, because the concentration of these two amino 

acids in the denervated, freely-moving and the contralateral denervated, 

stretched muscles also were similar. The concentration of other amino 

acids and the ratio of gln/glu in the denervated, freely-moving and 

denervated, stretched plantaris were similar, indicating that stretch 

had no effect on the amino acid concentration or gln/glu in unloaded, 

denervated plantaris. Therefore, innervation was essential for the 



responses to stretch of amino acid concentrations and gln/glu ratio in 

unloaded plantaris. 

47 

Amino Acid Concentrations and Gln/Glu Ratio in Gastrocnemius (Table 13) 

Responses to Denervation: Effects of Unloading 

As for the plantaris, denervation of weight bearing gastrocnemius 

led to increases in tyrosine, alanine and glutamate concentrations but 

decreases in glutamine concentration and of the gln/glu ratio. 

Unloading did not change the responses to denervation of tyrosine, 

alanine, or glutamine concentrations or of the gln/glu ratio, but led to 

a decreased aspartate concentration, and abolished the effect of dener

vation on glutamate concentration. Also unloading led to even lower the 

concentration of glutamine, since the denervated, suspended 

gastrocnemius showed a lower concentration of glutamine than in the 

denervated, weight bearing muscle. 

Responses to Unloading: Effects of Denervation 

Relative to innervated, weight bearing muscle, the innervated, 

unloaded gastrocnemius showed decreased aspartate and glutamine concen

tration and gln/glu ratio. Denervation did not alter the response of 

these amino acids to unloading, but also led to increased tyrosine 

concentration. 

Responses to Stretching: Effects of Denervation 

Relative to the contralateral, innervated, freely-moving muscle, 

stretch led to increased concentrations of alanine, aspartate, glutamine 

and ratio of gln/glu. Since the innervated, suspended gastrocnemius had 

lower aspartate and glutamine concentrations and gln/glu ratio, relative 

to weight bearing muscle, in the unloaded, stretched muscle these 



Table 13. Amino acid concentrations in fresh-frozen gastrocnemius 

Condition Tyrosine Alanine Aspartate Glutamine 

nmole/ mg protein 

Innervated, weight bearing 1.16+0.04 17.7+0.6 4.4+0.3 42.6+1.3 

Denervated, weight bearing 1. 68+0.06a 26.1+0.5a 4.2+0.5 27.2+0.9a 

Suspended 

Innervated 1.03+0.05 21.4+1.1 2.3+0.1a 25.1+3.6a 

Denervated 1.54+0.12a ,b 22.8+0.9a 1.7+0.1a ,d 20.0+1. 3a , d 

Suspended, Limb-Casted 

Innervated, Freely-moving 1.29+0.15 21. 9+0.6 2.5+0.1 19.2+1.9 

Innervated, Stretched 1.18+0.04 26.7+1.-2 b 7.5+0.1 b 54.3+3.1 b 

Denervated, Freely-moving 1.79+0.24 22.0+2.3 2.3+0.2 25.3+1.5e 

Denervated, Stretched 1. 50+0.06c 20.4+2.3 2.9+0.4c 22.6+3.2c 

Number of animals as in Table 11. Superscripts as defined in Table 12. 

Glutamate 

17.1+1.0 

23.4+1.0a 

14.2+1.1 

16.6+1.4 d 

13.4+0.4 

18.2+1. 7 

7.2+1.4 

18.7+2.2 

Gln/Glu 

2.60+0.13 

1.17+0.06a 

1.75+0.15a 

1.24+0.09a 

1.45+0.18 

3.03+0.24 b 

1.51+0.15 

1.28+0.29c 

+:-
00 



responses must have been abolished. In this muscle all of unloading 

effects on amino acids were abolished by stretch. When the stretched, 

unloaded muscle also was deneravted, these effects of stretch dis

appeared as reflected by the lower concentrations of aspartate and 

glutamine and the ratio of gln/g1u in the denervated, stretched than 

in the innervated, stretched muscle. Also tyrosine concentration was 

greater in the denervated than in the innervated, stretched muscle. 

Responses to Denervation with Unloading: Effects of Stretching 
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No effect of stretch on amino acid concentrations or gln/g1u ratio 

was observed in denervated, unloaded gastrocnemius, suggesting that 

innervation was crucial for the responses to stretch of these amino 

acids in unloaded gastrocnemius. 

Amino Acid Concentrations and Gln/G1u in Tibialis Anterior (Table 14) 

Responses to Denervation: Effects of Hindlimb Unloading 

Relative to innervated, weight bearing muscle, aspartate 

concentration increased while glutamine concentration decreased in the 

tibialis anterior of denervated, weight bearing limbs. These responses 

of aspartate and glutamine were observed also in denervated tibialis 

anterior from denervated, suspended limbs. The responses to denervation 

of other amino acids and gln/g1u ratio in denervated tibialis anterior 

from weight bearing and unloaded limbs differed. For instance, in the 

denervated tibialis anterior of unloaded limbs, the concentrations of 

tyrosine and glutamate were lower than those in denervated tibialis 

anterior of weight bearing limbs. These differences in responses of 

amino acid concentrations in denervated muscle from weight bearing and 

unloaded hind1imbs may be due to a stretch effect resulting from the 



Table 14. Amino acid concentrations in fresh-frozen tibialis anterior 

Condition Tyrosine Alanine Aspartate Gl utamine Glutamate Gln/Glu 

nmolel mg protein 

Innervated, weight bearing 1.07+0.04 19.7+0.5 2.1+0.1 41.4+1.0 13.4+0.8 3.25+0.23 

Denervated, weight bearing 1.48+0.06a 23.9+1.2a 3.7+0.2a 33.3+1. 7a l6.7+0.4 a 1.99+0.08a 

Suspended 

Innervated 0.91+0.04 22.0+1.2 1.8+0.3 36.1+4.8 10.4+0.7a 3.46+0.32 

Denervated 1.18+0.04b ,d 21.9+1.6 3.0+0.4a 34.7+4.4a 13.1+0.9 d 2.62+0.25 

Suspended, Limb-Casted 

Innervated, Freely-moving 1.11+0.12 22.5+1.1 1.49+0.3 41. 3+4.6 9.3+1. 2 4.60+0.48 

Innervated, Shortened 1.28+0.12 25.3+2.4 2.2+0.4 31.5+5.7 9.1+1.6 3.62+0.58 

Denervated, Freely-moving 1. 48+0.15 23.1+2.4 4.0+O.6e 42.7+3.5 15.6+0.ge 2.78+0.30 

Denervated, Shortened 1. 42+0.14 18.7+1.2c 2.1+0.2 28.5+1.0 b 14.2+1.1c 2.02+0.12 

Number of animals as in Table 11. Superscripts as in Table 12, except cp<0.05, compared to 

innervated, shortened. 

U1 
o 



animal dragging their denervated limbs. A previous study suggested 

that such effects are possible in denervated anterior muscles 

(Goldspink 1978). 

Responses to Unloading of Hindlimbs 

With the exception of decreased glutamate concentration, the 

concentrations of all other amino acids and the ratio of gln/glu in 

tibialis anterior of weight bearing and suspended, innervated limbs 

were similar. Since the tibialis anterior is a non-weight bearing 

muscle, the decrease in glutamate concentration following unloading 
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of hindlimbs was unlikely due to a direct effect of unloading on 

tibialis anterior. The differences in the length or tension of tibialis 

anterior which was caused by the postural changes of hindlimbs when they 

were unloaded or weight bearing, may be responsible for this response. 

Also, possibly the response may be mediated by the increased level of 

circulating glucocorticoids or some other systemic factors. 

Responses to Shortening: Effects of Denervation 

Relative to the innervated, freely-moving muscle, the contra

lateral shortened tibialis anterior showed no change of any amino acid 

concentrations or of the gin/glu ratio. The denervated, shortened 

tibialis anterior showed a decrease in alanine concentration and an 

increase in glutamate concentration, relative to the innervated, 

shortened muscle. Since shortening alone did not affect the concentra

tion of any amino acids or gln/glu ratio, but the combined shortening 

and denervation produced effects on glutamine, alanine and glutamate 

concentrations, the alterations of glutamate and alanine likely were 

caused by denervation. 



52 

Responses to Denervation: Effects of Shortening 

In the tibialis anterior of denervated, freely moving limbs 

the concentrations of aspartate and glutamate were higher than in the 

innervated, freely-moving limbs. Shortening did not affect these 

responses to denervation of glutamate and aspartate, but also decreased 

glutamine concentration. Hence, a combination of denervation and 

shortening affected these amino acids more so than denervation alone. 

Amino Acid Concentrations and Gln/Glu Ratio in EDL (Table 15) 

Responses to Denervation: Effects of Hindlimb Unloading 

Denervated EDL of weight bearing limbs showed increased glutamate 

concentration but decreased aspartate and glutamine concentration and 

lower gln/glu ratio, relative to innervated, weight bearing. Hindlimb 

denervation with unloadin5 led to lower tyrosine concentration but 

greater aspartate concentration than in the weight bearing, denervated 

muscle. Like the tibialis anterior, the postural change of the animal 

or increased glucocorticoids may be responsible for the responses which 

were observed only in the denervated EDL of unloaded hindlimbs. 

Responses to Unloading of Hindlimbs 

Unloading of the hindlimbs led to decreases in tyrosine, 

aspartate and glutamate concentrations and an increase in gln/glu ratio 

of the EDL, relative to the muscle in the weight bearing limbs. 

As compared to tibialis anterior, unloading of the hindlimb affected 

more so the concentrations of amino acids in EDL. Like the tibialis 

anterior, removal of load bearing from the hindlimbs did not cause any 

change in the EDL, likely because the EDL is normally non-load bearing. 

The response observed in the EDL following unloading of the hindlimbs 



Table 15. Amino acid concentrations in fresh-frozen extensor digitorum longus 

Condition Tyrosine Alanine Aspartate Glutamine Glutamate 

nmole/ mg protein 

Innervated, weight bearing 0.94+0.05 20.3+1.1 2.3+0.3 52.6+1.8 13.8+0.6 

Denervated, weight bearing 1.04+0.05 23.1+1.4 1.2+0.2a 35.6+2.1a 17.4+0.6a 

Suspended 

Innervated 0.67+0.04 a 18.6+.08 1.3+0.3a 53.4+2.6 9.3+0.4a 

Denervated 0.84+0.04b ,d 25.2+1.1a ,b 2.9+0.4b ,d 41.2+3.3a ,b 14.4+0.8 b 
- -

Suspended, Limb-Casted 

Innervated, Freely-moving 0.82+0.07 21.9+1.5 2.0+0.3 36.3+2.0 9.6+1.0 

Innervated, Shortened 0.86+0.08 21.5+0.8 2.1+0.4 28.0+2.3 5.0+0.8 b 

Denervated, Freely-moving 1.42+0.05e 29.8+1. 7e 4.1+0.6 42.1+1.6 18.4+1.6e 

Denervated, Shortened 1.43+0.12c 26.7+2.6 2.6+0.3 31.1+2.3 b 15.6+1.7c 

Number of animals as in Table 11. Superscripts as defined in Table 14. 

Gln/Glu 

3.86+0.13 

2.1O+0.18a 

5.82+0.33a 

3.03+0.27 b 

4.24+0.41 

5.99+0.89 

2.36+0.23 

2.25+0.36 

U1 
W 
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seemed to be brought about by other factors such as the difference in 

the amounts of passive stretch due to the change in position of limbs by 

unloading or the increased level of glucocorticoids. A previous study 

(Jaspers 1984) also noted decreases in glutamate and asparagine concen

trations in EDL of unloaded hindlimbs. 

Responses to Shortening: Effects of Denervation 

Relative to the contralateral freely-moving muscle, the inner

vated, shortened EDL showed only a lower concentration of glutamate. 

The denervated, shortened EDL showed higher concentrations of tyrosine 

and glutamate than in the innervated, shortened. Since shortening alone 

had no effect on tyrosine, the increased concentration of tyrosine in 

denervated, shortened muscle likely was due to denervation effect. 

Denervation abolished the effect of shortening on glutamate concentra

tion, because glutamate concentration was decreased in the innervated, 

shortened muscle, but was increased in denervated, shortened muscle. 

Responses to Denervation: Effects of Shortening 

Tyrosine, alanine, and glutamate concentrations were greater in 

the denervated, freely-moving than in the innervated, freely-moving EDL. 

When these muscles were shortened as well, the denervated muscle still 

showed greater tyrosine and glutamate. Hence, shortening did not alter 

the effects of denervation on these amino acids. The concentration 

of glutamine in the denervated muscle was reduced further by shortening. 

In Vitro Metabolism of Aspartate and Malate (Tables 16 and 17) 

In vitro metabolism of aspartate in soleus was measured to 

determine if the normal degradation of aspartate was affected by dener

vation or unloading. Since in the muscle, malate can be formed from 



Table 16. Effect of 6-day unloading or denervation on in vitro metabolism of aspartate 

in soleus muscle 

Values are means + SE for 5 animals per group. Muscles were incubated for 30 min or 150 min, as 

described in the Methods. 

Condition Tissue content of asp asp release into medium Net production 

nmol/ mg protein nmol/ mg protein/ 2h or utilization 

nmol/ mg protein/2h 
30 min. 150 min. 

Weight bearing 10.42 + 1.09 5.01 + 0.55 0.09 + .04 -5.32 + 0.78 

Denervated 3.68 + 0.20 6.08 + 0.32 0.10 + .02 +2.50 + 0.28 

Suspended 

Innervated 5.60 + 0.35 8.02 + 0.32 0.64 + .01 +2.48 + 0.24 

Denervated 3.61 + 0.13 7.73 + 0.52 0.57 + .01 +4.18 + 0.45 

111 
111 



Table 17. Effect of 6-day unloading or denervation on in vitro 

metabolism of malate in soleus 

Values are means + SE for 5 animals per group. Muscles were incubated 

as in Table 16. 

Condition Tissue content Difference 

ornoll mg protein 

30 min. 150 min. 

Weight bearing 1.97 + .43 0.92 + .06 -1.04 + .44 

Denervated 0.28 + .08 0.49 + .19 +0.21 + .18 

Suspended 

Innervated 0.37 + .10 0.57 + .13 +0.20 + .13 

Denervated 0.30 + .08 0.40 + .10 +0.10 + .04 

56 
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aspartate (Lowenstein and Goodman, 1978), in vitro metabolism of malate 

was studied as well. In the unloaded or denervated soleus, aspartate 

showed net production whereas in the weight bearing soleus, aspartate 

showed net utilization (Table 16). Similar results were obtained for 

in vitro metabolism of malate (Table 17). Although net production 

of aspartate is comprised of both de ~ synthesis and liberation 

during net protein breakdown, aspartate from the latter source is 

relatively small. Therefore, denervation or unloading of soleus 

abolished the utilization of aspartate and malate in vitro and instead 

led to their net production. This shift may be a result of lowered 

concentrations of aspartate and malate which would not favor their 

in vitro utilization. In this muscle, the concentration of aspartate 

was decreased by 87% and 77% by denervation or unloading, respectively 

(Table 11). 

High Energy Phosphate Level (Figure 2) 

Denervation, like unloading, diminishes muscle contraction, 

thereby decreasing the use of ATP which could lead to a high energy 

state of the muscles. To study this possibility the change in concen

trations of high energy phosphates (ATP and phosphocreatine) in 

denervated muscles during incubation was determined. 

During 2 hours of incubation the weight bearing soleus lost ATP 

and phosphocreatine (Figure 2) as shown previously (Jaspers, Jacob and 

Tischlerl986). Both unloaded and denervated soleus showed little loss 

of the ATP. The loss of phosphocreatine in unloaded soleus (-23%) was 

considerably less than in the weight bearing muscle (-42%) and the 

denervated muscle showed no loss of phosphocreatine. Unlike the 
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Each point represents mean for 5 muscles. One muscle from each 
animal was incubated for 30 minutes and the contralateral muscle 
was incubated for additional 120 minutes. The concentrations of 
the metabolites in 30-min. and lSD-min. incubated muscles 
correspond to the concentration at 0 and 2 hour, respectively. 
Panels A and C show ATP concentration. Panels Band D show 
phosphocreatine concentration. 



unloaded or denervated soleus, the denervated EDL of either weight 

bearing or unloaded limbs showed a considerable loss of high energy 

phosphates. 
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All denervated hindlimb muscles studied (soleus, gastrocnemius, 

plantaris, tibialis anterior and EDL) showed decreased ratios of gln/glu 

just as did unloaded soleus, gastrocnemius and plantaris (Tables 11-15). 

The synthesis of glutamine in these muscles may be affected by denerva

tion, since the decreased ratio of gln/glu is indicative of reduced 

glutamine synthesis (Jaspers, Jacob and Tischler 1986). Reduced 

activity by unloading diminishes glutamine synthesis in soleus probably 

by limiting the availability of ammonia which normally is formed by deami

nation of AMP. The formation of ammonia by this reaction is inhibited by 

high energy state of the tissue reflected by the energy charge 

([ATP+1/2[ADPJ/[ATP]+[ADP]+[AMP]) which is close to one (Coffee and 

Solano 1977, Manfredi and Holmes 1984). In good agreement with this 

concept, the unloaded soleus maintained its energy charge at 0.934-0.931 

during 2-hour incubation and showed decreased glutamine synthesis 

(Jaspers, Jacob and Tischler 1986). The denervated and unloaded soleus 

both maintained ATP level during incubation (Figure 2). Therefore, the 

decreased ratio of gln/glu as a result of decreased glutamine synthesis 

in denervated soleus may be caused by the inhibition of ammonia forma

tion through the maintenance of high energy state. 

In summary, amino acid concentrations in fresh-frozen muscles 

of denervated, unloaded or immobilized hindlimbs were evaluated. 

Soleus, gastrocnemius, plantaris, tibialis anterior and EDL of 6-day 

denervated, weight bearing hindlimbs showed a decreased concentration of 
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glutamine and of the ratio of glutamine to glutamate (gln/glu), which 

qualitatively reflects the extent of glutamine synthesis. Only in the 

denervated, weight bearing soleus, was the concentration of aspartate 

decreased markedly(-87%). Aspartate concentration in plantaris and 

gastrocnemius were unaltered by denervation alone, but were decreased by 

denervation combinded with unloading. Denervated EDL of weight bearing 

limbs showed a decreased concentration of aspartate. Unlike in the 

other hindlimb muscles studied, the concentration of aspartate in 

tibialis anterior was increased by denervation. The denervated gastroc

nemius, plantaris and tibialis anterior,but not soleus or EDL, showed 

increased concentrations of alanine and tyrosine. 

Shortening of anterior hindlimb muscles led to no change in amino 

acid concentrations in tibialis anterior, but decreased the concentra

tion only of glutamate in EDL. Denervation with unloading led to a 

decrease in glutamine concentration in these two anterior muscles. The 

low level of aspartate in denervated soleus, just as in the unloaded 

muscle, probably allows the net production of aspartate instead of its 

utilization during incubation. The use of ATP in incubated soleus was 

diminished by denervation, as well as by unloading. This maintenance of 

ATP may limit the production of ammonia by AMP deaminase in denervated 

soleus. Consequently, the synthesis of glutam~ne by soleus was 

diminished by denervation. 

In soleus, passive stretch diminished the effects of unloading on 

aspartate and glutamine concentrations, whereas in the gastrocnemius and 

plantaris stretch abolished effects of unloading on the concentration of 

glutamine and the ratio of gln/glu. These effects of stretch were not 



apparent when the muscles were both unloaded and denervated. These 

findings suggest that innervation was essential for these alterations 

of amino acid concentrations in unloaded muscles. 

Discussion 

Response of Glutamine/Glutamate Ratio 

The ratio of gln/glu appeared to be responsive to denervation 

and unloading but not to shortening. Following 6 days of denervation, 

all five hindlimb muscles studied (soleus, gastrocnemius, plantaris, 

tibialis anterior and EDL) exhibited a decrease in the ratio of 

61 

gln/glu (Tables 11-15). Following unloading, decreased gln/glu ratios 

were observed in only the posterior muscles whose growth also were 

affected. Therefore, reduced muscle activity by unloading, as by dener

vation, was associated with a decreased gln/glu ratio. However, atrophy 

of anterior muscles due to shortening seemed to be quite distinct, since 

the ratio of gln/glu was not altered (Tables 14 and 15). 

The decrease in gln/glu ratios observed in fresh-frozen muscle 

suggested that denervation, like unloading, might diminish the synthesis 

of glutamine in soleus in vivo (Jaspers, Jacob and Tischler 1986). 

In unloaded soleus, the diminution of glutamine synthesis was sho\ffi 

to be probably caused by decreased ammonia which resulted from the 

suppression of AMP deaminase activity by high energy charge (Jaspers, 

Jacob and Tischler 1986). Maintenance of high energy phosphates in the 

denervated muscle suggests a similar inhibition of AMP deaminase should 

occur as in the unloaded muscle (Figure 2). 

Response of Alanine Concentration 

Besides glutamine, alanine is synthesized and released by the 



muscle in large quanties as a means to export nitrogenous waste 

(Felig et al 1970, MacDonald et a1 1976, Chang and Goldberg 1978a, b, 

Goldberg and Chang 1978, Snell and Duff 1984). Under conditions in 

which muscle exhibits net protein breakdown, the intrace1lar pool of 

amino acids and synthesis of glutamine and alanine would be increased 
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to remove excess nitrogen resulting from the protein breakdown. Of the 

denervated muscles studied, only gastrocnemius, plantaris, and tibialis 

anterior showed increased levels of alanine. Since the lower gln/glu 

ratios in these muscles suggested slower glutamine synthesis, the 

increase in the level of alanine might be due to a shift in glutamate 

metabolism towards alanine synthesis. Unloading, however, led to no 

change in the concentration of alanine in soleus despite increased 

protein breakdown and the diminu~ion of glutamine synthesis. A previous 

study (Jaspers, Jacob and Tischler 19ti6) also showed no change in the 

alanine concentration in fresh soleus after unloading. The in vitro 

production of alanine in unloaded soleus was increased presumably due 

to faster net protein breakdown. 

Response of Tyrosine Concentration 

The level of tyrosine can be used as an indicator of changes in 

net protein breakdown, since this amino acid is neither synthesized nor 

degraded by the muscle (Fulks, Li and Goldberg 1975). Accordingly, the 

concentration of tyrosine would be expected to generally be increased 

in atrophied muscles. Increased tyrosine concentration was observed 

in denervated gastrocnemius, plantaris and tibialis anterior. Despite 

the atrophy caused by denervation, the denervated soleus and EDL showed 

no change in the concentration of tyrosine. This lack of response of 
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tyrosine concentrations in these two muscles could be due to changes 

in other parameters such as transport of tyrosine. One study showed 

that tyrosine uptake of the EDL was decreased by denervation and that 

during incubation, denervated soleus showed increased uptake of tyrosine 

while the concentration of tyrosine in the tissue pool remained 

unaffected (Go1dspink, 1978). A possible explanation for the 

maintenance of tissue tyrosine pool despite an increase in its uptake 

is a concomitant increase in the rate of tyrosine efflux. A previous 

unloading study showed that the production of tyrosine of unloaded 

soleus during incubation was fatser than in the weight bearing muscle 

(Jaspers, Jacob and Tischler 1986). 

Response of Aspartate Concentration 

The denervated, weight bearing soleus showed a decrease in 

aspartate concentration while neither denervated, weight bearing gas

trocnemius nor plantaris showed any change. The aspartate concentration 

in gastrocnemius and plantaris were decreased only with concomitant 

denervation and unloading of the hind1imbs. The levels of tyrosine were 

also increased following denervation with unloading, indicating muscle 

net protein degradation. In these two muscles the decrease in aspartate 

levels probably were even more remarkable because the concentrations of 

these amino acids would be supplemented with those from protein degarda

tion. In response to denervation, EDL of weight bearing limbs showed 

decreased aspartate concentration (Table 15). This response was 

abolished when the denervated limbs were unloaded simultaneously. The 

response to denervation of aspartate in tibialis anterior differed from 

other muscles. The concentration of aspartate from both weight bearing 
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and unloaded limbs was increased instead of decreased as with other 

muscles. 

In muscle, aspartate is the nitrogen source for the purine 

nucleotide cycle to convert IMP to AMP in the restoration of the energy 

level (Meyer and Terjung 1979, 1980). In chronically inactive muscle 

(e.g., denervated or unloaded soleus) the requirement for aspartate must 

be less. This idea was supported by the data for in vitro metabolism 

of aspartate (Table 16) which indicated that unloaded or denervated 

soleus produced aspartate rather than using it as in the weight bearing 

soleus. This lack of use of aspartate in either denervated or unloaded 

soleus may be caused by the low level of aspartate in the muscles 

(Table 11). 

Additionally, aspartate can be used in anap1erotic synthesis of 

malate (Lowenstein and Goodman, 1978). In muscles having reduced 

activity the slower synthesis of ~lutamine leads to decreased removal of 

tricarboxylic acid cycle (TCA) intermediates. As a consequence, the 

muscle requirement of anap1erotic reactions to replenish TCA interme

diates or of disappearance of these intermediates would be reduced under 

these conditions. Accordingly, neither aspartate nor malate was 

utilized by denervated or unloaded soleus (Tables 16 and 17). 

The changes in amino acid concentrations in fresh muscles from 

hind1imbs shown in this study revealed that reduction of muscle use 

either by denervation or unloading affected both amino acid metabolism 

and protein content (Chapter 2). However, reduction of muscle contrac

tion by immobilization in B shortened position tended to affect less 

amino acids than denervation or unloading. 



CHAPTER 4 

RESPONSES OF IN VITRO PROTEIN TURNOVER 
AND AMINO ACIDIUPTAKE IN SOtEUS AND EDL 

Introduction 

As a first approximation growth or atrophy of skeletal muscle, 

like all other tissues, is determined by changes in rates of protein 

synthesis and/or degradation. Both in vitro and in vivo studies 

have demonstrated that unloading atrophy apparently is associated with 

decreased protein synthesis in combination with increased protein 

degradation (Jaspers and Tischler 1984, Go1dspink et a1 1986, Loughna, 

Go1dspink and Go1dspink 1986, Jaspers et a1 1987). Similar responses of 

protein synthesis and degradation were observed in soleus and EDL 

following immobilization (Go1dspink 1977a). Denervation atrophy of 

gastrocnemius and plantaris also were accompanied by decreased in vivo 

protein synthesis coupled with accelerated protein degradation (Goldberg 

1969a). Stretching, on the other hand, promotes muscle growth primarily 

by increasing protein synthesis (Go1dspink 1977a, Laurent and Sparrow 

1977, Ashmore and Summons 1981, Go1dspink et a1 1986, Loughna, Go1dspink 

and Go1dspink 1986, Jaspers et a1 1987). 

In support of the accelerated proteolysis observed in muscles 

subjected to reduced activity, increased activity of lysosomal enzymes 

has been demonstrated in various muscles following denervation (Libe1ius 

et a1 1981), immobilization (Witzmann and Fitts 1982, Miyazawa et a1 

1983) and unloading (Templeton et a1 1984, Go1dspink et a1 1986). 
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Furthermore, some studies suggested that alteration in protein turnover 

of inactive muscles may result from changes in sensitivity or respon

siveness of muscle to circulating hormones such as glucocorticoids. 

In keeping with this idea, a selective increase in glucocorticoid 

receptor number in gastrocnemius following shortening or denervation was 

demonstrated (DuBois and Almon 1980, 1981). An increase in glucocor

ticoid binding capacity has been detected as well in unloaded hindlimb 

muscles (Steffen and Musacchia, 1982). 

Besides glucocorticoids, insulin is another well-known regulator 

of muscle protein metabolism (Goldberg et a1 1980, Tischler 1981). 

It stimulates protein synthesis and suppresses proteolysis in the muscle 

(Fulks et al 1975, Frayn and Maycock 1979, Stirewalt and Low 1983). 

Neither insulin binding capacity nor affinity was affected by 

denervation, while resistance to insulin of glucose uptake and glycogen 

synthesis was observed in denervated soleus and EDL (Burant 1984, Smith 

and Lawrence 1985). This insulin resistance was attributed to a post

receptor defect of the process. Denervation may cause a post binding 

change of insulin control of protein turnover leading to the observed 

alterations of protein turnover in denervated muscles. Therefore, the 

sensitivity and responsiveness of protein turnover to insulin in dener

vated soleus was studied. Unlike denervation, unloading leads to 

increased insulin binding capacity (Henriksen, Tischler and Johnson 

1986). This increased insulin binding could cause increased sensitivity 

of protein turnover to insulin in unloaded soleus and thus might con

tribute to slower atrophy of unloaded soleus compared to denervated 

soleus. This study explored this possibility as well. 
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Increased insulin binding in unloaded soleus also suggested that 

lysosomal proteolysis might not be important in atrophy of unloaded 

soleus. Since the degradation of the insulin receptor occurs in lysosome 

(Heidenreich and 01efsky 1985, Horuk and 01efsky 1985), maintenance 

of the receptor pool might indicate that unloading does not promote 

net breakdown of receptors, suggesting a lack of involvement of 

lysosomal proteolysis. Instead, atrophy of unloaded soleus may be 

mediated by other cytosolic proteases, such as Ca2+-activated protease, 

which is ubiquitous and evolutionarily conserved (Ishiura 1981, Murachi 

1983, Ohno et al 1984, Suzuki 1987). The role of this enzyme in myofi

bri1lar protein turnover in muscle under normal or pathological condi

tions remains unclear. The possible role of this enzyme and lysosomal 

proteolysis in the enhanced proteolysis of protein degradation of 

denervated and unloaded soleus was tested. 

Materials and Methods 

Animals 

Female Sprague-Dawley rats weighing 70-85 g or 95-110 g were 

used as control and experimental animals, respectively. Controls were 

smaller to obtain similar size soleus muscles. Animals were subjected 

to various treatments as described in Chapter 2. 

Muscle Preparation 

Animals were killed between 8 a.m. and 10 a.m.. The muscles were 

dissected, blotted and weighed. Subsequently, the muscles were treated 

according to each specific protoco~ as follows. 

In Vitro Synthesis and Degradation of Total Muscle Proteins 

Synthesis of total proteins was measured as follows. The muscles 



were preincubated for 30 minutes at 370 C in 3 ml of Krebs-Henseleit 

buffer, pH 7.4 (Krebs and Henseleit 1932) equilibrated with 
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95% O2 :5% CO2 • Also included in the buffer were glucose (0.5 mM), 

phenylalanine (0.5 mM) and 15 other amino acids at normal rat plasma 

concentration (Mallette, Exton and Park, 1969). Glutamine, glutamate, 

alanine and tyrosine were omitted. Tyrosine is deleted to permit its 

measurement for protein turnover, and the other amino acids are produced 

in large quantities by the muscle. When protein turnover was measured 

in the presence of insulin, bovine serum albumin (1%) was included in 

the buffer, as well, to prevent binding of insulin to the flasks. 

Following preincubation, the muscles were transferred to 3.0 ml of fresh 

medium and incubated further in a shaking water bath for 2 hours. This 

incubation medium was similar except for the addition of [U_14C]phenyl

alanine (0.1 mCi/mmol; ICN, Irvine, CA). At the end of 2 hours of 

incubation, muscles were taken from the medium and blotted before 

homogenization in 3.0 ml of 10% trichloroacetic acid. Protein pellets 

obtained following centrifugation of homogenates were washed 3 times 

with 10% trichloroacetic acid and twice with 95% ethanol: diethyl ether, 

1:1. The pellets were dissolved in 0.05 ml water and 0.25 ml Protosol 

(New England Nuclear, Boston, MA) and counted in 5 ml Cytoscint (West 

Chern Products, San Diego, CA) using a Beckman LS 250 liquid scintil

lation counter. 

The incubation medium not containing bovine serum albumin 

was heated for 3 minutes in boiling water and centrifuged at 2000 g for 

10 minutes. The medium containing bovine serum albumin was acidified 

by addition of 0.33 ml 100% (w/v) trichloroacetic acid (final 
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concentration, 10%) to precipitate protein prior to centrifugation. The 

supernates were analyzed for tyrosine (Waa1kes and Udenfriend, 1957). 

To determine protein synthesis and degradation simultaneously, 

protein synthesis was measured as the incorporation of 14C-phenylalanine 

into muscle proteins. This flux was converted to tyrosine equivalents 

using a measured factor of 0.77 for the ratio of tyrosine/phenylalanine 

incorporated into muscle proteins (Tischler, Desautels and Goldberg 

1982). Since tyrosine is neither synthesized nor degraded by muscle, 

its net release correlates with net protein breakdown (Fulks, Li and 

Goldberg 1975). Therefore, protein degradation is calculated as the 

summation of synthesis and net protein breakdown (tyrosine release into 

the medium). Changes in tissue tyrosine are negligible relative to its 

appearance in the medium. 

To determine proteolysis alone, tyrosine release into the medium 

was measured during the incubation of muscles in the presence of a 

protein synthesis inhibitor to block reutilization of tyrosine. Proteo

lysis in one muscle was measured in the presence of a tested agent 

(chloroquine, leucine methyl ester, methylamine, mersalyl, or TMB-8). 

Proteolysis in the contralateral muscle was measured in the absence of 

any tested agent. Muscles were incubated for 30 minutes in 3.0 ml of 

medium containing Krebs-Henseleit buffer, glucose (5 mM), cycloheximide 

(0.5 mM) and amino acids at normal rat plasma concentrations, except 

for omission of tyrosine, alanine, glutamine and glutamate. After 

transfering to fresh media, the muscles were incubated for an additional 

2 hours. At the completion of incubation, muscles were removed and the 

medium was heated for 3 minutes in boiling water and then centrifuged 



at 2000x~ for 10 minutes. Tyrosine in the supernates was assayed 

fluorometrically as above. Proteolysis determined by this method and 

by the summation of protein synthesis and tyrosine release into the 

medium were similar. 

In Vitro Synthesis of Myofibrillar and Sarcoplasmic Proteins 

Muscles were preincubated and incubated in the manner 
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described above. At the completion of the 2 hour incubation, the 

muscles were blotted and homogenized in ice-cold 10 mM Tris-HCl buffer, 

pH 7.4, containing cycloheximide (0.5 mM) to prevent cell-free protein 

synthesis. The subsequent steps for the separation of myofibri1lar and 

sarcoplasmic proteins were identical to those described in Chapter 2. 

For determination of radioactivity, an aliquot from each sample was 

added to 5 ml of ACS and counted in a Beckman LS 250 liquid scinti1la-

tion counter. 

Amino Acid Uptake 

Muscles were preincubated for 30 minutes at 37°C in 3.0 ml of pre

incubation medium consisting of Krebs-Henseleit buffer, glucose (10 mM), 

alpha-aminoisobutyric acid (0.1 mM) and bovine serum albumin (1%). After 

preincubation, muscles were further incubated at 37°C for 2 hours 

in fresh incubation medium (3.0 ml) containing in addition alpha

[methyl-3H] aminoisobutyric acid (AlB; 1 mCi/mmol, ICN) and 

[carboxyl-14C] inulin (0.01 uCi/ml, ICN). Glucose was omitted 

from this incubation medium since it can inhibit amino acid uptake in 

the absence or presence of insulin (Kipnis and Noall 1958, Maroni, 

Karapanos and Mitch 1986). After the incubation was completed, muscles 

were blotted and then solubilized in 0.5 ml of 1.0 N sodium hydroxide. 



The radioactivity in the solubilized muscles was counted in 5 m1 ACS 

(Amersham Corp. Arlington Heights, IL) in a Beckman 5801 scintillation 

counter, which corrected the double label counts to DPM. 

This experiment was designed to compare results by paired 

analysis. Therefore, contralateral muscles from each animal were 

incubated without or with insulin. Inulin was used to correct for the 

extracellular space and non-specific uptake of a1pha-aminoisobutyric 

acid (Libelius et a1 1978, Libe1ius, Josefsson and Lundquist 1979). 

Statistical Analysis 
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Significance of difference of values obtained from different 

animals was tested by unpaired Student's t test. Significance of 

difference of values obtainded from contralateral muscles was tested by 

paired Student's t test. 

Results 

Effect of Insulin on In Vitro Synthesis and Degradation of Total 

Proteins in Isolated Soleus (Table 18) 

Basal (absence of insulin) protein synthesis in weight bearing 

soleus was unaffected by 6 days of denervation. Insulin increased 

protein synthesis in denervated, weight bearing soleus to a greater 

extent (+59%) than in the innervated, weight bearing (+34%) muscle. 

A previous study (Go1dspink, 1976) also reported faster protein 

synthesis in 7-day denervated soleus and EDL when protein synthesis was 

measured in the presence of insulin. This faster protein synthesis in 

the denervated soleus of weight bearing limbs might have been caused by 

some other factor such as passive stretch generated as a result of limb 

dragging. In support of this idea, protein synthesis in the denervated, 



Table 18. Effects of insulin on protein synthesis and degradation in isolated soleus 

Values are means + SE for muscles from 8-10 animals per group. Insulin was 10-3 units Im1. 

Groups were treated as indicated for 6 days. a p<0.05 compared to innervated, weight 

bearing. bp<0.05 compared to denervated, weight bearing. c PO <.05 compared to the 

contralateral muscle. dp<0.05 compared to innervated, freely-moving. ep<0.05 compared 

to innervated, stretched. NS means the effect of insulin was not significant. 



Table 18. Effects of insulin on protein synthesis and degradation in isolated soleus 

Condition Synthesis Degradation 

- Insulin + Insulin % Change - Insulin + Insulin % Change 

nmole tyrosine/g protein/2h nmole tyrosine/g protein/2h 

Innervated, weight bearing 1.04 + .10 1.39 + .06 +34 2.14 + .13 2.17 + .14 NS 

Denervated, weight bearing 1.02 + .07 1.62 + .08a +59 3.78 + .08a 3.45 + .21a -9 

Suspended 

Innervated 0.81 + .04 1. 54 + .16 +90 3.36 + .10a 2.93 + .25a -13 

Denervated 0.84 + .07 1.17 + .12b ,c +39 3.57 + .10a 3.30 + .29a -8 

Suspended, Limb-Casted 

Innervated, Freely-moving 0.66 + .02 1.01 + .05 +53 2.85 + .19 2.69 + .35 NS 

Innervated, Stretched 1.02 + .07c 1.16 + .06 +14 2.66 + .17 2.54 + .18 NS 

Denervated, Freely-moving 0.55 + .03 0.99 + .06 +80 3.29 + .10 d 2.50 + .10 -24 

Denervated, Stretched 0.71 + .02c 1.14 + .04 +61 3.66 + .14e 2.83 + .04e -23 

...... 
N 



suspended soleus in the presence of insulin was not faster than for 

the control muscle. 
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Basal protein synthesis in innervated or denervated unloaded 

soleus were similar. Insulin increased basal protein synthesis in the 

innervated, unloaded soleus to a greater extent than in denervated, 

unloaded or in innervated weight bearing muscle. Thus, in the presence 

of insulin protein synthesis in the innervated, unloaded muscle was 

faster than in the denervated unloaded and innervated, weight bearing 

muscles. This slower protein synthesis in denervated compared to 

innervated, unloaded muscle in the presence of insulin suggested less 

insulin response with denervation than following unloading. 

Innervated, unloaded, stretched soleus showed faster basal 

protein synthesis than in the contralateral, innervated, freely-moving 

muscle. Insulin increased basal protein synthesis in unloaded soleus to 

a much greater extent (+53%) than in the unloaded, stretched mucles 

(+14%). Consequently, the difference in basal protein synthesis of 

these muscles was abolished. Since innervated, unloaded soleus showed 

greater response to insulin for protein synthesis than the unloaded, 

stretched muscle, concomitant stretching abolished the effect of 

unloading on insulin sensitivity of protein synthesis in soleus. 

The basal protein synthesis of denervated, unloaded soleus was 

increased (+29%) by stretch. In the presence of insulin this effect of 

stretch was not apparent, which may account at least in part, for the 

failure of stretch to prevent atrophy of denervated, unloaded soleus 

(Tables 3 and 4). 
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Following 6 days of denervation, the soleus from either weight 

bearing or unloaded limbs showed increased protein degradation (+67% to 

77%). Insulin did not retard this accelerated proteolysis. Denervation 

of the unloaded, or unloaded, stretched soleus led to increased (+15% 

and 38%, respectively) basal protein degradation. With or without 

insulin, stretching showed no effect on protein degradation of unloaded, 

innervated or denervated soleus. This lack of stretch effect coincides 

with the failure of stretch to prevent atrophy of unloaded, denervated 

soleus (Tables 3 and 4). 

In all of these muscles, effects of insulin on protein degra

dation were not apparent. Such problems are often encountered when not 

using maximal amounts of insulin (>10-2 units/ml). Therefore, to assess 

better the insulin sensitivity and responsiveness of both protein syn

thesis and degradation, a dose response study was conducted for 

unloaded, denervated and weight bearing soleus (Figures 3 and 4). 

Insulin Dose-Response of Protein Turnover in Soleus 

At insulin concentrations of 10-5 to 10-3 units/ml, the responses 

to protein synthesis in denervated and control soleus were comparable 

(Figure 3). At an insulin concentration of 10-2 units/ml, in denervated 

soleus the response of protein synthesis was increased further whereas 

in the control soleus the response of protein synthesis decreased. This 

dose-response curve of control soleus was similar to that of cultured 

skeletal muscle cells (Airhart et a1 1982) and the reason for this 

decrease at the highest concentration of insulin (>10-3 units/ml) 

remains unclear. At all insulin concentrations tested (10-5 to 10-2 

units/ml), responses of protein degradation in the denervated and in the 
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Figure 3. Insulin dose-response of protein synthesis in soleus 

Each point represents mean ~ SE for 8-10 animals per group. One 
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muscle from each animal was incubated with various concentrations of 

insulin. The contralateral muscle was incubated without insulin. 

Protein synthesis was determined as the incorporation of l4C-phenyl-

alanine into muscle proteins during 2 hours. The % stimulation was 

calculated as; 100 x (the difference in the synthesis in the presence 

and absence of insulinl the synthesis in the absence of insulin). 
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Figure 4. Insulin dose-response of protein degradation in soleus 

Each point represents mean ~ SE for 8-10 animals per group. Muscles 

were incubated as in Fig. 3. Protein degradation was determined as 

the summation of tyrosine incorporated into muscle proteins and 

released into the medium during 2 hours. The % inhibition was 

calculated as; 100 x (the difference in protein degradation in the 

absence and presence of insulin/ the degradation in the absence of 

insulin). 
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control soleus were in parallel (Figure 4). These data indicated that 

denervation did not result in insulin resistance of protein turnover in 

soleus. 

The responses of protein synthesis in innervated, unloaded soleus 

were greater than those of weight bearing or denervated soleus at any 

concentrations of insulin greater than 10-5 units/mI. The responses 

of protein degradation in innervated, unloaded soleus were greater than 

weight bearing or denervated muscle at insulin concentrations higher 

than 10-4 units/mI. Therefore, to produce a differential response 

to insulin in the unloaded soleus requires a higher concentration of 

hormone when analyzing protein synthesis than when measuring protein 

degradation. The greater responses to insulin of both protein synthesis 

and degradation suggested increased insulin responsiveness of protein 

turnover in the innervated, unloaded soleus. 

Effect of Insulin on In Vitro Synthesis of Proteins in Myofibrillar and 

Sarcoplasmic Fractions in Isolated Soleus (Table 19) 

Responses of protein synthesis in myofibrillar and sarcoplasmic 

fractions can be differential. For instance in response to starvation 

or administration of glucocorticods the synthesis of myofibrillar 

proteins was affected to a greater extent than of sarcoplasmic proteins 

(Bates and Millward 1983, Kelly et al 1986). The responses of protein 

synthesis in the two fractions to reduced activity might also differ 

as suggested by the changes in M/S ratio along with muscle atrophy. 

Hence, the synthesis of proteins in myofibrillar and sarcoplasmic 

fractions was determined in isolated soleus and EDL. 



Table 19. Effect of 10-3 units insu1in/m1 on protein synthesis in myofibri11ar and sarcoplasmic 

fractions in isolated soleus 

Values are means + SE for muscles from 5 animals per group. Groups were treated as shown for 

6 days. a p<0.05, compared to innervated, weight bearing. bp<0.05, compared to denervated, 

weight bearing. c p<0.05, compared to the contralateral muscles. dp<0.05, compared to the 

innervated, stretched. 



Table 19. Effect of 10-3 units insulin/ml on protein synthesis in myofibrillar and sarcoplasmic 

fractions in isolated soleus 

Condition - Insulin + Insulin 

Myofibrillar Sarcoplasmic Myofibrillar Sarcoplasmic 
fraction fraction fraction fraction 

nmole phenylalanine/ g protein/ 2h 

Innervated, weight bearing 1.52 + 0.06 1.53 + 0.06 1.90 + 0.02 2.26 + 0.16 

Denervated, weight bearing 1.37 + 0.11 1.49 + 0.03 2.68 + 0.26a 2.72 + O.13a 

Suspended 

Innervated 0.82 + 0.02a 0.77 + 0.03a 2.86 + 0.26a 2.11 + 0.03 

Denervated 0.84 + 0.14a ,b 0.79 + 0.03a ,b 1.99 + o.nb,c 1.99 + 0.38 

Suspended, Limb-Casted 

Innervated, Freely-moving 0.97 + 0.30 0.83 + 0.11 1.84 + 0.07 1. 75 + 0.10 

Innervated, Stretched 1.21 + 0.13 1.72 + 0.15c 1.57 + 0.16 1. 72 + 0.13 

Denervated, Freely-moving 0.84 + 0.07 0.81 + 0.18 1.21 + 0.08 1.18 + 0.08 

Denervated, Stretched 1.09 + 0.12 0.76 + 0.04 d 1.20 + 0.08 1.22 + 0.12 

-...J 
<Xl 
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Denervation of weight bearing soleus led to no change in basal 

myofibrillar or sarcoplasmic protein synthesis. As for total proteins, 

insulin-stimulated protein synthesis of the two fractions was higher in 

the denervated than in the innervated, weight bearing muscle. The 

denervated, unloaded soleus showed slower basal protein synthesis in 

both fractions than innervated or denervated, weight bearing muscle. 

The difference in basal protein synthesis in the sarcoplasmic fraction 

was abolished by insulin. Insulin-stimulated myofibrillar protein 

synthesis of denervated, unloaded soleus was slower than in the weight 

bearing, denervated muscle. 

Innervated or denervated unloaded soleus showed similar basal 

protein synthesis in both sarcoplasmic and myofibrillar fractions. 

Insulin increased myofibrillar protein synthesis in the innervated, 

unloaded soleus to a greater extent than in the contralateral, dener

vated, unloaded muscle leading to faster protein synthesis in myofi

brillar fraction in the former than in the latter muscle. In contrast, 

insulin increased the synthesis of protein in sarcoplasmic fraction in 

innervated, or denervated, unloaded soleus to the same extent. With or 

without insulin there was no difference in the synthesis of sarcoplasmic 

proteins in innervated or denervated, unloaded soleus. Therefore, 

the response of myofibrillar protein synthesis to insulin may require 

innervation. 

Innervated, unloaded, stretched soleus showed faster protein 

synthesis in the sarcoplasmic fraction than in the contralateral, 

unloaded, freely-moving muscle. Therefore, stretching increased only 

basal protein synthesis of sarcoplasmic proteins. Insulin increased 
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protein synthesis in both fractions in unloaded, freely-moving soleus 

but was without effect on the synthesis of proteins in unloaded, 

stretched muscle. Consequently, the effect of stretch on basal protein 

synthesis in the sarcoplasmic fraction was abolished in the presence of 

insulin. In the denervated, unloaded soleus, stretch did not affect 

basal synthesis of sarcoplasmic proteins. Therefore, the response to 

stretch of basal sarcoplasmic protein synthesis in unloaded muscle 

required an intact nerve supply. 

Effect of Insulin on In Vitro Synthesis and Degradation of Total 

Proteins in Isolated EDL (Table 20) 

The EDL of denervated, weight bearing limbs showed no change in 

either basal or insulin-stimulated protein synthesis. The basal protein 

synthesis of the denervated EDL of unloaded limbs was 24% greater than 

the denervated EDL of weight bearing limbs. Unloading of hindlimbs for 

6 days resulted in no change in basal or insulin-stimulated total 

protein synthesis of this muscle. Hence, insulin sensitivity of protein 

synthesis in EDL of innervated, unloaded limbs was normal. Protein syn

thesis in the denervated EDL of weight bearing limb showed a normal 

response to insulin. However, concomitant denervation and unloading of 

the hindlimbs led to decreased sensitivity to insulin of protein syn

thesis in the EDL (118% vs. 47%). Shortening of the EDL led to no 

change in insulin sensitivity of its protein synthesis, relative to the 

contralateral muscle in the innervated, freely-moving limbs. 

With or without insulin the denervated EDL of either weight 

bearing or unloaded limbs showed faster proteolysis than the innervated, 

weight bearing. Since denervation of EDL did not seem to decrease 

- --- - --------------------------------



Table 20. Effects of insulin on protein synthesis and degradation in isolated EDL 

Same conditions as in Table 18. Superscripts as in Table 18, except e p<0.05 compared 

to innervated, shortened. 



Table 20. Effects of insulin on protein synthesis and degradation in isolated EDL 

Condition Synthesis Degradation 

- Insulin + Insulin %Change - Insulin + Insulin %Change 

nmole tyosine/g protein/2h nmole tyrosine/g protein/2h 

Innervated. weight bearing 0.68 + .04 1.23 + .04 +81 1.45 + .06 1.51 + .08 NS 

Denervated. weight bearing 0.61 + .02 1.33 + .11 +118 2.91 + .06a 2.58 + .19a -11 

Suspended 

Innervated 0.60 + .03 1.23 + .11 +105 1.55 + .09 1.60 + .11 NS 

Denervated 0.74 + .04 b 1.09 + .08 +47 2.73 + .08a •c 2.49+.18a •c -9 

Suspended. Limb-Casted 

Innervated. Freely-moving 0.65 + .02 1.00 + .07 +54 1.51 + .03 1.49 + .08 NS 

Innervated. Shortened 0.56 + .03 0.85 + .16 +52 1. 68 + .11 1. 38 + .06 -18 

Denervated. Freely-moving 0.63 + .03 1.07 + .08 +70 2.83 + .08 d 2.51 + .15 d -11 

Denervated. Shortened 0.57 + .02 0.90 + .06 +58 2.88 + .14e 2.32 + .1Oe -19 

ex> 
I-' 
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protein synthesis but increased protein degradation, atrophy of dener

vated EDL may be brought about primarily by enhanced protein degra

dation. Denervation of either the freely-moving or shortened EDL of 

suspended animals led to enhanced protein degradation in the absence or 

presence of insulin. This faster protein degradation may account for 

the greater atrophy of the denervated, shortened EDL than of the 

innervated, shortened muscle. 

Effect of Insulin on In Vitro Synthesis of Proteins in Myofibrillar and 

Sarcoplasmic Fractions of Isolated EDL (Table 21) 

Consistent with the total protein synthesis data, the basal and 

insulin-stimulated synthesis of proteins in myofibrillar and sarco

plasmic fractions of EDL were not affected by denervation. The lack of 

denervation effect on protein synthesis of EDL was observed in both 

denervated EDL of weight bearing and unloaded limbs. Innervated EDL of 

the unloaded limbs showed decreased basal protein synthesis in both 

fractions, relative to EDL of innervated, weight bearing limbs. These 

differences in basal synthesis in the two fractions were not apparent 

in the presence of insulin. Shortening of denervated, suspended EDL 

led to decreased basal protein synthesis in the myofibrillar fraction. 

This effect of shortening in the denervated EDL was abolished by 

insulin. 

Chronic Effect of Denervation or Unloading of Hindlimbs on Amino Acid 

Uptake in Isolated Soleus and EDL (Table 22) 

Amino acid transport in skeletal muscle is mediated by specific 

integral membrane proteins some of which are regulated by insulin (Riggs 

and Mckirahan 1973). Since insulin responses of protein turnover in 



Table 21. Effect of 10-3 units insu1in/m1 on protein synthesis in myofibri11ar and sarcoplasmic 

fractions of isolated EDL 

Same conditions and superscripts as in Table 20. 



Table 21. Effect of 10-3 units insulin/ml on protein synthesis in myofibrillar and sarcoplasmic 

fractions of isolated EDL 

Condition - Insulin + Insulin 

Myofibrillar Sarcoplasmic Myofibrillar Sarcoplasmic 
fraction fraction fraction fraction 

nmole phenylalanine/ g protein/ 2h 

Innervated, weight bearing 1.03 + 0.09 1.04 + 0.09 1.80 + 0.10 1.82 + 0.07 

Denervated, \.,.eight bearing 0.83 + 0.01 0.84 + 0.09 1.71 + 0.01 1.66 + 0.09 

Suspended 

Innervated 0.86 + 0.05a 0.68 + 0.03a 1.82 + 0.12 1.60 + 0.07 

Denervated 0.96 + 0.04 1.03 + 0.06c 1.58 + 0.16 1.47 + 0.11 

Suspended, Limb-Casted 

Innervated, Freely-moving 0.86 + 0.06 0.75 + 0.09 1.48 + 0.09 1.34 + 0.05 

Innervated, Shortened 0.71 + 0.09 0.69 + 0.05 1.60 + 0.14 1.23 + 0.07 

Denervated, Freely-moving 1.13 + 0.09 0.80 + 0.13 1.17 + 0.06 1.08 + 0.06 

Denervated, Shortened 0.72 + 0.06c 0.54 + 0.05 0.97 + 0.05 0.95 + 0.05 

CXl 
W 
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soleus seemed to be affected by reducing muscle activity with unloading, 

responses of amino acid transport to insulin in these muscles might be 

affected as well. This study determined insulin responsiveness of amino 

acid uptake by measuring the uptake of alpha-aminoisobutyric acid (AlB) 

in the absence or presence of insulin (10-4 units/ml). AlB was used, 

since it is not metabolized and is transported by the same mechanism as 

glycine, alanine and proline (Yuri, Arimura and Kipnis 1962). 

Insulin responsiveness of AlB uptake in soleus was unaffected by 

4 days of unloading, although there was a lower (38-45%) basal AlB 

uptake. In 4-day unloaded soleus, there was no evidence of a change in 

insulin responsiveness even though it had been observed for glucose 

uptake (Henriksen, Tischler and Johnson 1986) and protein metabolism 

(Fig. 3 and 4). In contrast denervation for 4 days of soleus led to 

insulin resistance of AlB uptake. Similar values for basal AlB uptake 

were observed in soleus unloaded or denervated for 4 days. 

In the 4-day denervated EDL, basal AlB uptake was higher than 

the control and was also accompanied by a decreased response to insulin. 

Unloading for 4 days of the hindlimbs led to no change in either basal 

AlB uptake or the sensitivity of AlB uptake to insulin of the EDL. 

Acute Effect of Denervation or Unloading of Hindlimbs on Amino Acid 

Uptake in Isolated Soleus and EDL (Table 23) 

To determine whether denervation or unloading effects on the 

basal AlB uptake and the sensitivity of the process to insulin occurred 

acutely, the uptake of AlB in th~ absence or presence of insulin was 

measuredd after only 4 hours. Following 4 hours of unloading or dener

vation the soleus already showed decreased basal AlB uptake but no 



Table 22. Response to 10-4 units insu1in/m1 of in vitro a1pha-aminoisobutyric acid uptake by 

muscles from 4-day unloaded or denervated hind1imbs 

Values are means + SEe Number in parenthesis represents the number of animals. ap<0.05, 

compared to weight bearing. bp<0.05, compared to suspended, innervated. 

Condition Soleus EDL 

-Insulin +Insu1in % Change -Insulin +Insu1in % Change 

nmo1/ g musc1e/ 2h 

Weight bearing (14) 108 + 6 168 + 8 +66 + 9 86 + 4 132 + 10 +54 + 9 

Suspended 

Innervated (5) 60 + 2a 107 + 5a +81 + 12 75 + 2 108 + 5 +45 + 9 

Denervated (10) 68 + 7a 75 + 5a ,b +16 + 10 108 + 4a ,b 138 + 5 +28 + 2 

(Xl 

U1 
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change yet in insulin responsiveness of AlB uptake. Hence, the effect 

of 4-hour denervation and unloading on AlB uptake of soleus was similar 

unlike after 4 days. 

Denervation or unloading for 4 hours of the hindlimbs led to no 

change in insulin sensitivity but to a decreased basal AlB uptake 

(28-35% lower than the control value) in the EDL as with soleus. Since 

the 4-day denervated EDL showed increased basal AlB uptake, the 

decreased basal AlB uptake observed at 4 hours must have been subse

quently reversed. Hence prolonged denervation also reversed the acute 

effect on basal AlB uptake. This reversed response of basal AIB uptake 

in denervated EDL was reported previously (Bombara and Bergamini 1967). 

Sites of Proteolysis 

Proteolysis in isolated denervated soleus was generally higher 

(+34-50%) than in unloaded soleus. To test if this difference might be 

mediated by lysosomal proteolysis inhibitors of lysosomal proteolysis 

were used. Chloroquine and methylamine are weak bases which raise 

intralysosomal pH, thereby lowering the activity of lysosomal proteases 

(Wibo and Pool 1974). Leucine methyl ester when cleaved yields products 

which do not readily leave the lysosome and thus cause swelling which 

inhibits lysosomal proteolysis (Long et al 1983). A fraction of the 

accelerated proteolysis in denervated soleus was reduced by these 

lysosomotropic agents (Tables 24 and 25). Unlike the denervated soleus, 

the accelerated proteolysis in unloaded soleus was not diminished by any 

tested inhibitors. 

Since inhibitors of lysosomal proteolysis only partially reduced 

proteolysis in denervated soleus and were without effect in unloaded 



Table 23. Response to 10-4 units insulin/ml of in vitro alpha-aminoisobutyric acid uptake by 

muscles from 4-hour unloaded or denervated hindlimbs. 

Values are means + SEe Number in parenthesis represents the number of animals. a p<0.05, compared 

to weight bearing. bp<0.05, compared to the suspened,innervated. 

Condition Soleus EDL 

-Insulin +Insulin % Change -Insulin +Insulin % Change 

nmol/ g muscle/ 2h 

Weight bearing (14) 103 + 4 168 + 8 +66 + 9 86 + 3 132 + 6 +55 + 6 

Suspended 

Innervated (5) 57 + 6a 79 + 5a +45 + 9 56 + 6a 85 + 9a +53 + 11 

Denervated (5) 61 + l a 89 + 3a +46 + 5 62 + l a 95 + 5a +53 + 7 

00 
'-.I 



Table 24. Effect of chloroquine on enhanced in vitro proteolysis in 

unloaded and denervated soleus 

Values are means + SE for 5 muscles. The effect of the tested agent 

was paired tested; one muscle from each animal was incubated with the 

agent and the contralateral muscle was incubated without the agent. 
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The degradation was estimated as the release of tyrosine into the medium 

within 2 hours in the presence of cycloheximide (0.5 mM). Chloroquine 

was added to the concentration of 0.1 mM. 

Control 

4-Day Unloaded' 

2-Day Denervated 

4-Day Denervated 

- Chloroquine + Chloroquine 

(nmo1 tyrosinel mg musc1el 2h) 

0.232 + 0.008 0.194 + 0.004 

(percent difference from control) 

+41% 

+75% 

+73% 

+49% 

+57% 

+52% 



Table 25. Effect of lysosomal proteolysis inhibitors and mersalyl on 

enhanced in vitro proteolysis in unloaded and denervated 

soleus 
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Values are means + SE for 5 muscles and were determined as in Table 24. 

The concentrations of methylamine, leucine methyl ester (LME) were 

10 mM. The concentration of mersalyl was 0.2 mM. 

None 

Control 0.334+0.009 

4-Day Unloaded +18 + 6 

4-Day Denervated +68 + 7 

twlethy1amine LME Mersalyl 

(nmo1 tyrosine/ mg musc1e/ 2h) 

0.299+0.019 0.294+0.009 0.348+0.020 

(percent difference from control) 

+20 + 10 

+33 + 10 

+20 + 6 

+27 + 6 

-2 + 9 

+41 + 7 
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muscle, mersalyl, an inhibitor of cytosolic thiol proteases was tested. 

This reagent decreased only partially the accelerated proteolysis in 

denervated soleus, but abolished the enhanced proteolysis in unloaded 

soleus (Table 25). Since the additional proteolysis in denervated 

soleus was reduced by lysosomal protease inhibitors and mersalyl, both 

an increase in activity of lysosomal proteases and possibly of cytosolic 

thiol proteases (e.g, Ca2+-activated neutral protease ;CANP) accounts 

for this accelerated process with denervation. In the unloaded soleus, 

the additional proteolysis only was abolished by mersalyl, suggesting 

that accelerated proteolysis with unloading possibly may be mediated 

exclusively by CANP. 

Following denervation or unloading, CANP may have been activated. 

This could result from increased amounts of enzyme or from activation of 

existing CANP oy Ca2+. Since decreasing the uptake of exogenous Ca2+ 

could not retard the enhanced proteolysis in unloaded soleus (Tischler 

et al 1987), abolishin5 the release of Ca2+ from sarcoplasmic reticulum 

by TMB-8 was tested (Table 26). TMB-8 partially reduced proteolysis in 

denervated and unloaded soleus incubated in medium containing no Ca2+. 

Therefore, CANP in either denervated or unloaded soleus may be activated 

by the leakage of Ca2+ from sarcoplasmic reticulum. 

In summary, effects of denervation, unloading or immobilization 

on in vitro protein turnover, and on insulin sensitivity of protein 

turnover and amino acid uptake were studied in isolated soleus and EDL. 

Increased sensitivity to insulin of protein turnover but normal insulin 

response of alpha-aminoisobutyric acid (AlB) uptake were observed in 

soleus following unloading. This increased response to insulin of 



Table 26. Effect of TMB-8 on in vitro proteolysis in unloaded and 

denervated soleus 

Values are means + SE for 5 muscles and were obtained as in Table 24. 

the concentration of TMB-8 was 50 uM. 

Weight bearing 

4-Day Unloaded 

4-Day Denervated 

Control + TMB-8, - Ca2+ 

(nmol tyrosine/ mg muscle/ 2h) 

0.390 + .017 0.378 + .017 

(percent difference from control) 

+47% 

+75% 

+23% 

+51% 
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protein turnover in unloaded soleus may be a result of increased insulin 

binding capacity. In contrast, in denervated soleus insulin sensitivity 

of protein turnover was normal, while AIB uptake showed insulin 

resistance likely a result of post binding alteration and possibly the 

lack of neurotrophic factor(s). 

Simultaneous stretching of unloaded soleus abolished increased 

sensitivity to insulin of protein turnover. The denervated EDL of 

weight bearing hindlimbs showed a normal response while the denervated 

EDL of unloaded limbs showed a decreased response to insulin of its total 

protein synthesis. Denervation may cause atrophy of the EDL mainly by 

increasinB protein degradation. Also in the EDL, shortening did not 

lead to altered insulin response of protein turnover. As compared to 

unloading, de nervation caused 34-50% more in vitro proteolysis in 

the soleus. 

Use of inhibitors of lysosomal proteolysis showea that this 

greater proteolysis in denervated soleus was mediated by lysosomal 

proteases. Mersalyl, which inhibits thiol proteases, such as Ca2+_ 

activated neutral protease (CANP), reduced only partially the proteo

lysis in denervated soleus, but abolished the enhanced proteolysis in 

the unloaded muscle. Furthermore 3,4,5-trimethoxybenzoic acid B-(di

ethyl amino) octyl ester (TMB-B) which inhibits the release of Ca2+ from 

sarcoplasmic reticulum attenuated proteolysis in denervated and unloaded 

soleus. Therefore, enhanced proteolysis in unloaded soleus likely is 

brought about only by a selective increase in activity of CANP and 

possibly other neutral proteases with the sarcoplasmic reticulum being a 

possible source of Ca2+ for its activation. The enhanced proteolysis 



in denervated soleus likely involves activation of both lysosomal and 

cytosolic proteases. 

Discussion 

Insulin Responses of In Vitro Protein Turnover and Amino Acid Uptake 
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Unloading of the soleus increases its binding capacity for 

insulin (Henriksen, Tischler and Johnson 1986). This increased insulin 

binding leads to enhanced insulin stimulation of uptake and oxidation of 

glucose, and of glycogen synthesis (Henriksen, Tischler and Johnson 

1986). The increase in the sensitivity to insulin for protein turnover 

in the unloaded soleus (Table 18, Figures 3 and 4) also might be a 

consequence of this increased insulin binding. This increased sensiti

vity of protein turnover to insulin was detected in the soleus, but not 

in the EDL, from the same limbs, suggesting that the response was a 

consequence of reducea weight bearing. This is true because EDL is a 

non-load bearing muscle and therefore, is unresponsive to unloading 

(Musacchia et al 1983, Jaspers and Tischler 1984, Tables 1 and 2). 

If the responses were initiated by some systemic factor{s), the 

responses likely would have been observed in both soleus and EDL. 

Unlike unloading, denervation leads to changes in neither insulin 

binding capacity nor affinity (Burant et al 1984, Smith and Lawrence 

1985). Accordingly, protein turnover in 6-day denervated soleus showed 

a normal response to insulin at almost all concentrations (Table 16, 

Figures 3 and 4). In contrast, the amino acid uptake in 4-day dener

vated soleus was resistant to insulin (Table 22), likely due to a post

receptor alteration. In contrast, in 4-day unloaded soleus, the 

response of amino acid uptake was normal while that of protein turnover 



was enhanced. Possibly some post receptor alteration for control of 

amino acid transport offset the expected increased sensitivity to 

insulin of this transport system, as occurred for glucose transport. 
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Acutely (4 hours), soleus showed similar responses to unloading 

and to de nervation as reflected by a similar decrease in basal amino 

acid uptake with no loss in insulin sensitivity (Table 23). At a later 

time (day 4), the AlB uptake in denervated, but not in unloaded, soleus 

showed loss of 1nsulin sensitivity (Table 22). These data suggested 

that reduction in basal AlB uptake following 4 hours of unloading or 

denervation may be caused simply by diminished contraction. However, 

it is unlikely that the loss of responsiveness to insulin of the AlB 

uptake in 4-day denervated soleus was due to reduced contraction, 

because unloading, which decreases muscle contraction just as denerva

tion, led to no loss of insulin responsiveness of the AlB uptake. 

Apart from abolishing contractile activity, denervation prevents 

delivery of neurotrophic factors to the muscle. Since only denervated 

soleus showed insulin resistance of AlB uptake, the resistance possibly 

was due to the absence of neurotrophic influences. Hence maintenance 

of the sensitivity of amino acid uptake to insulin in soleus muscle may 

require neurotrophic factors. 

In summary, the data show that unloading led to increased sensi

tivity or responsiveness of soleus to insulin for protein turnover 

but not for amino acid uptake and that denervation led to resistance of 

soleus to insulin for amino acid uptake but not for protein turnover. 

Therefore, it is possible that the action of insulin on these various 

processes must be independent. Some immobilization studies also have 



provided evidence in support of this idea. Following 24 hours of 

immobilization, gastrocnemius and soleus showed resistance to insulin 

for glucose uptake and glycogen synthesis (Seider, Nicholson and 
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Booth 1982), but showed normal response to insulin for protein synthesis 

(Butler and Booth 1984). Hence models of muscle disuse such as 

unloading or immobilization may prove to be useful in the study of the 

mechanism of action of insulin. 

Proteolysis in Unloaded and Denervated Soleus 

Increased lysosomal enzyme activities have been found in conjunc

tion with reduced contractile activity including denervated hindlimb 

muscles (Libe1ius et a1 1981) and unloaded soleus (Templeton et al 1984, 

Goldspink et a1 1986). However, an involvement of lysosomal proteases 

in enhanced proteolysis of unloaded soleus was not substantiated by the 

studies reported here, since the proteolysis in the unloaded soleus was 

insensitive to inhibitors of lysosomal proteases (Tables 24 and 25). 

The apparent increased lysosomal protease activity reported by others 

may reflect a concentrating effect, because the net turnover of these 

enzymes may not increase as for other muscle proteins. 

It is possible that loss of proteins in unloaded soleus may be 

exclusively mediated by CANP or possibly by other neutral proteases, 

since complete degradation of myofibril1ar proteins is possible 

without the involvement of 1ysosomes (Lowell, Ruderman, Goodman 1986). 

Additionally, CANP degrades several contractile components including 

Z-line, troponin, tropomyosin and myosin heavy chains (Dayton et a1 

1976a, b, Ishiura et a1 1979, 1980, Sugita et a1 1980). 
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As compared to lysosomal proteases, CANP is more selective since 

this enzyme does not degrade actin, M-protein or myosin light chain 

(Dayton et al 1976a, b, Schwarz and Bird 1977, Sugita et al 1980). It 

seems possible that the increase in concentration of proteins in the 

sarcoplasmic fraction observed in unloaded soleus (Table 6) may result 

from selective degradation of myofibrillar proteins by CANP. In the 

denervated soleus, activation of both CANP and lysosomal proteases also 

was associated with a preferential degradation of myofibrillar proteins. 

Consequently, more myofibrillar proteins were degraded than sarcopl:lsmic 

proteins. 

In conclusion, this study revealed difference between denervated 

and unloaded soleus in term of their ability to respond to insulin for 

protein metabolism and amino acid uptake. In addition, data were 

presentd that protein degradation in denervated soleus was enhanced to 

a greater extent than unloaded muscle and seemed to be mediated by both 

lysosomal and cytosolic proteolytic systems. The higher sensitivity of 

protein metabolism to insulin and the less extensive proteolysis in 

unloaded soleus probably accounted for the less atrophy of unloaded 

soleus than denervated muscle. 



CHAPTER 5 

TIME COURSE OF IN VIVO PROTEIN METABOLISM 
IN THE SOLEUS:rN RESPONSE TO UNLOADING, 

DENERVATION OR PASSIVE STRETCH 

Introduction 

Although studies in vitro (Jaspers and Tischler 1984) and in vivo 

(Go1dspink et a1 1986, Loughna, Go1dspink and Go1dspink 1986, Jaspers 

et a1 1987) have shown that unloading atrophy of hindlimb muscles may 

involve a suppression of protein synthesis as well as a stimulation of 

protein degradation, these studies utilized only one time-point after 

unloading. Such, a random choice of a single time-point permits only an 

identification of biochemical parameters altered at that time. 

To characterize further the possible changes in protein turnover, a time 

course of responses of protein synthesis and degradation was studied 

in vivo over the 6-day period of unloading. Similar time course 

analysis was applied to denervated and stretched, unloaded soleus 

as well. Such a study permitted 1) characterization of mass and protein 

loss with respect to the magnitude of the change in protein synthesis 

and degradation, 2) determination of the onset of the suppression and/or 

stimulation of soleus protein synthesis and degradation in vivo, 

3) comparison of soleus atrophy due to unloading and denervation and, 

4) evaluation of the effectiveness of stretch in preventing atrophy of 

muscle during unloading. 
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Materials and Methods 

Animals 

Female Sprague-Dawley rats (110-135 g) were suspended, limb

casted and/or denervated bilaterally using the procedures described in 

Chapter 2. The control animals remained freely walking and vrere tail

casted to control for any effect of tail casting. After the treatments, 

they were caged individually and provided Wayne Lab-Blox (Allied Mills, 

Inc., Chicago, IL) and water ad libitum. 

In Vivo l1uscle Protein Synthesis 

Muscle protein synthesis in vivo was determined by the phenyl

alanine flooding technique (Garlick, McNurlan and Preedy 1980, Jepson 

et al 1985). Intraperitoneal injection of a phenylalanine solution 

(2.0 ml/100 g B.W.; 150 mM; 20 uCi [side chain-3H], ICN) was conducted 

shortly after the animals were tranquilized with Innovar-Vet 

(10 ul/100 g B.W.). Fifteen minutes after injection, animals were 

killed by cervical dislocation. Muscles were excised and frozen in 

liquid nitrogen prior to homogenization in 2.5 ml of ice-cold 2% (w/v) 

HCl04 and centrifuged at 2800x~ for 15 minutes at 4oC. The resulting 

supernates were neutralized with saturated tripotassium citrate and 

centrifuged (2800x£, 15 minutes) to remove potassium percholorate 

precipitates. The protein pellet was washed 3 times with ice-cold 

2% ("vI/V) HCl04 and solubilized in 0.3 M NaOH. A 1.0 ml aliquot of this 

solubilized protein was removed and assayed for protein (Lowry et al 

1951). The remaining protein was precipitated with 20% (w/v) HCl04 0 

The precipitates were washed twice with 2% HCl04 before hydrolysis in 

6 M HCI at Ii00C for 24 hours. 
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The neutralized supernates and the hydro1ysates were incubated 

overnight in a tyrosine decarboxylase suspension to convert phenyl

alanine into beta-phenethy1amine. The beta-phenethy1amine was extracted 

and counted for radioactivity in 5 ml ACS on a Beckman 5801 liquid 

scintillation counter. Another aliquot of supernate and hydrolysate was 

analyzed f1uorometrica11y for total phenylalanine. The fractional rate 

of protein synthesis was calculated as Sb/(0.9Si)(t) where; 

Sb = specific activity of protein bound phenylalanine 

= d.p.m. in the hydro1ysate/nmo1e phenylalanine 

Si = specific activity of free phenylalanine 

= d.p.m. in the supernate/nmole phenylalanine 

0.9 = a factor to correct for the time lag between injection and 

an increase in concentration of phenylalanine in muscles. 

Muscle Growth and Fractional Rate of Protein Degradation 

The fractional growth rate of muscle was calculated as percent 

change in mass and protein content of muscle within 24 hours. 

To estimate the initial (day 0) value for protein content of each 

muscle, the relationships between animal body weight and muscle mass 

and/or proteins were determined as shown in figures 5 and 6. This 

approach has been described previously (Jaspers and Tischler 1984). 

The equations for the estimation of muscle mass and protein were; 

mass = (0.42 x body \'/eight) - (4.4); protein = (0.062 x body \'/eight) 

- (0.36). Fractional rate of protein degradation was calculated as the 

difference between protein synthesis and growth rates. This calculation 

of the average rate of muscle protein degradation is valid, because the 

rates of protein synthesis and deposition show little diurnal variation 
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in rats allowed free access to adequate diet (Reeds et al 1986). 

Results 

Protein Turnover and Growth of Weight Bearing Soleus 

After 24 hours of tail casting, soleus showed little growth due 

to faster (32%) protein degradation (Table 27). This may represent the 

response of the animal to the stress caused by tail casting. Over the 

subsequent 3 days, protein degradation rates fell to restore a normal 

growth rate. 

Atrophy Due to Unloading 

Mass and protein loss in the first 2 days accounted for 21% of 

the total for the 6-day period (Table 28), and was caused primarily by 

a decrease in protein synthesis (Tables 29 and 30). During this time 

the average daily rate of protein synthesis diminished by 8.6%/day 

(Table 30), while the rate of protein degradation increased by only 

3.1%/day. The following day, further suppression of protein synthesis 

(-3.3%/day) and acceleration of protein degradation (+4.6%/day) 

contributed to the largest daily loss of mass and protein for the 6-day 

study. The loss of mass and protein on successive days after day 3 was 

retarded dramatically because the rates of protein degradation over the 

last 3 days fell below the control value, while the rate of synthesis 

remained slow. 

Atrophy Due to Denervation 

Similar to the unloaded soleus, more than half (65%) of the total 

mass and protein loss in the 6-day denervated soleus occurred in the 

first 3 days (Table 28). Loss in the first 24 hours was caused by a 

lower (-4.7%/day) average rate of protein synthesis (Table 31) with a 



Table 27. Growth and in vivo protein metabolism of soleus from 

tail-casted, weight bearing animals 
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aAverage of values from 10 animals and based on changes in body weight, 

muscle mass and protein. bAverage of day 0 and day 1. CAverage for 

the successive 24 hour periods fro~ day 1 to day 4 which were similar. 

c Va1ues for growth and synthesis were obtained from 44 and 15 animals, 

respectively. dStatistical analysis was not possible since it was based 

on mean growth rate and protein synthesis rate. 

Period 

(days) 

0-1 

1-4 

Growth Synthesis Degradationd 

(% fractional rate/ day) 

17.1 

13.0 



Table 28. Time course of unloading, denervation and passive stretch 

effects on growth of the soleus 

104 

Values are means + SE for 20-25 animals per group and based on changes 

in muscle mass and protein. 

Period 

(days) 

0-1 

0-2 

0-3 

0-4 

0-5 

0-6 

Unloaded 

-0.3 + 1.6 

-5.6 + 1.4 

-18.8 + 1.4 

-21.4 + 1.2 

-24.3 + 1.3 

-27.2 + 1.9 

Stretched-Unloaded Denervated 

(% fractional rate for period) 

+10.0 + 2.1 -1.1 + 1.3 

+19.8 + 1.7 -14.6 + 1.6 

+22.7 + 1.9 -21.8 + 1.8 

+24.0 + 2.4 -24.9 + 1.3 

+30.7 + 2.5 -28.7 + 1. 3 

+27.0 + 2.1 -33.7 + 1. 7 



Table 29. Effects of unloading, denervation and passive stretch on 

daily rates of in vivo protein synthesis in the soleus 

Values are means + SE for 10-15 animals per group and were measured 

at 24 hour intervals. 

Day Unloaded 

1 12.7 + 0.7 

2 8.9 + 0.9 

3 6.0 + 0.6 

4 5.5 + 0.5 

5 7.3 + 0.7 

6 5.6 + 0.8 

Stretched-Unloaded 

(% fractional ratel day) 

23.6 + 1.5 

23.8 + 0.9 

24.3 + 1. 7 

27.8 + 1.9 

27.5 + 4.2 

32.0 + 2.0 

Denervated 

9.9 + 0.9 

8.9 + 1.3 

8.0 + 0.8 

7.4 + 1.2 

5.7 + 0.3 

6.5 + 0.9 
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Table 30. Effect of unloading on average daily rates of growth and 

in vivo protein metabolism in the soleus 

Values for protein synthesis rates are the average of successive 

24-hour time points calculated from the data in Table 29. Growth 

data were calcalated from the results in Table 28. 

Period 

(days) 

0-1 

1-2 

2-3 

3-4 

4-5 

5-6 

Growth 

-0.3 

-5.3 

-13.2 

-2.6 

-2.9 

-2.9 

Synthesis Degradation 

(% fractional ratel day) 

16.0 16.3 

10.8 16.1 

7.5 20.7 

5.8 8.4 

6.4 9.3 

6.5 9.4 
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Table 31. Effect of denervation on average daily rates of growth and 

in vivo protein metabolism in the soleus 
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Values for protein synthesis and growth were ca1u1ated as in Table 30. 

Period Growth Synthesis Degradation 

(days) (% fractional ratel day) 

0-1 -1.1 14.7 15.8 

1-2 -13.5 9.4 22.9 

2-3 -7.2 8.5 15.7 

3-4 -3.1 7.6 10.7 

4-5 -3.8 5.7 9.5 

5-6 -5.0 6.1 11.1 
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small increase (+2.8%/day) in the rate of protein degradation. Between 

day 1 and day 2, the loss of protein comprised 407. of the total over 6 

days caused by a further suppression (-5.3%/day) of protein synthesis 

concomitant with an increase (+7.l%/day) in protein degradation. After 

day 2, further atrophy was due to continued suppression of protein syn

thesis, since degradation gradually fell to less than control values. 

Growth of Unloaded Soleus Due to Stretching 

About 73% of the total growth of 6-day unloaded-stretched soleus 

occurred during the first two days of stretching (Table 28) because of 

faster protein synthesis in and a suppression of protein degradation on 

the first day only (Table 32). After day 2, the growth rates declined 

as a result of a marked increase in protein degradation. 

In summary, time course of the response of protein turnover in 

soleus to denervation, unloading or unloading with stretch was studied 

in vivo over a 6-day period. Growth rate of the muscle was based on 

the change in muscle mass and protein content. The fractional rate of 

protein synthesis was measured by the phenylalanine flooding technique 

and the fractional degradation rate was calculated as the difference 

between protein synthesis and growth. 

Probably as a consequence of stress, soleus of tail-casted, 

weight bearing animals showed little growth in the first 24 hours due to 

increased (+32%) protein degradation, but thereafter they grew at a 

fractional rate of 6.4%/day. The loss of mass and protein in the first 

three days of unloading or denervation accounted up to 69% of the total 

loss for six days. Protein synthesis in unloaded soleus fell progres

sively over the first three days from a rate of 19.3% to 6.0% and 



Table 32. Effects of stretching the unloaded soleus on average daily 

growth and in vivo protein metabolism 
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Values for protein synthesis and growth were calculated as in Table 30. 

aAverage of data for days 3 to 6 which were similar. 

Period 

(days) 

0-1 

1-2 

2-3 

3_6a 

Growth 

+10.0 

+9.8 

+2.9 

+1.4 

Synthesis Degradation 

(% fractional rate/ day) 

21.5 

23.7 

24.1 

27.9 

11.5 

13.9 

21.2 

26.5 
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remained as low as 31% of the control, thereafter. Protein degradation 

in unloaded soleus showed no reSponse to unloading in the first 24 hours 

but increased from a rate of 16.3% to 20.7% over the following 2 days. 

On day 3, a sharp fall in protein degradation was observed, which 

coincides with the time when increased sensitivity to insulin of 

in vitro protein turnover appears. After 24 hours, in the denervated 

soleus protein synthesis was decreased while protein degradation was 

unchanged. Over the following 5 days, protein synthesis gradually 

decreased further. Protein degradation in denervated soleus was greater 

on days 2 and 3 by 76% and 21%, respectively, above control. However, 

after day 3 protein degradation diminished to 17-27% slower than the 

control, but remained faster than in the unloaded muscle. 

In the first 24 hours, stretched, unloaded soleus showed much 

greater growth than the control (+10%/day) as a result of both increased 

protein synthesis (+15%) and decreased protein degradation (-33%). 

Growth of the unloaded, stretched soleus in the first two days accounted 

for 73% of the total growth over 6 days. This initial rapid growth 

accounted for the hypertrophy of stretched, unloaded soleus observed 

on day 6. During days 1 to 6, protein synthesis of stretched, unloaded 

soleus remainded higher than the control, but protein degradation was 

increased as well after day 2. As the increase in protein synthesis by 

stretch was opposed by an increase in protein degradation, after day 2 

the stretched, unloaded soleus showed little growth. Thus, under non

weight bearing conditions, the hypertrophy effect of stretch was 

attenuated so that passive stretch, by itself, may not sufficiently 

compensate for the effects of unloading. 
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Discussion 

Since tail casting affects animal and muscle growth (Jaspers and 

Tischler 1984), a tail-casted weight bearing animal was used to control 

for responses induced by tail casting per see To eliminate the complica

tion of differential growth rates between suspended and denervated 

weight bearing animals (Figure 1), the denervated animals also were 

tail-casted and suspended. Other studies have shown that this is a 

suitable denervation model, since denervation supercedes effects of 

unloading (Tischler et al 1987). This model permitted a direct compar

ison of the extent of muscle atrophy in these two groups, since the two 

groups showed similarities in both rates and patterns of growth. Also 

unloading of the denervated hindlimbs, permitted the study of denerva

tion effect in the absence of passive stretch. When animals remain 

freely-walking, there is a tendency for passive stretch to occur by 

dragging of the denervated limbs. 

Response of Muscle Protein Synthesis to Reduced Activity 

As compared to protein degradation, protein synthesis in soleus 

was far more responsive to reduced activity induced either by denerva

tion or unloading. A rapid fall in protein synthesis was observed, 

as well, in the immobilized gastrocnemius (Tucker, Seider and Booth 

1981). This immobilization study showed that a fall in protein synthe

sis was detected as early as 6 hours following immobilization and that 

protein synthesis remained at that low level throughout the 7-day period 

of immobilization. Moreover the total loss of mass and protein in the 

immobilized gastrocnemius can be totally accounted for by the decrease 

in protein synthesis, thereby suggesting that protein degradation may 

-----------------------
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not be enhanced by immobilization. 

It appears, therefore, that the control mechanism for muscle 

protein synthesis is highly responsive to decreased contractile 

activity. Such a control mechanism seems to involve changes in both 

muscle ribosomal efficiency and capacity. One denervation study showed 

that ribosomes isolated from denervated soleus incorporated less labeled 

amino acids and that the amount of total RNA was decreased after dener

vation (Pluskal and Pennington 1976). A reduction in ribosomal activity 

and capacity was observed, as well, in unloaded hindlimb muscles 

(Goldspink et al 1986, Loughna, Goldspink and Goldspink 1986). 

Response of Muscle Protein Degradation to Reduced Activity 

Unlike protein synthesis, protein degradation in soleus responded 

differently to reduced activity imposed by different methods. For 

instance, in the denervated soleus the onset of marked protein degrada

tion occurred 24 hours earlier than in the unloaded muscle (Tables 30 

and 31). This earlier onset of increased protein degradation of dener

vated soleus may in part have contributed to the greater atrophy of 

denervated soleus than the unloaded muscle (Table 28). Although degra

dation in the denervated muscle fell after day 2, this decline was 

gradual so that the level of protein degradation on day 3 still remained 

higher than the control (Table 31). In contrast, in the unloaded soleus 

protein degradation fell rapidly to less than control after day 3 

(Table 30). 

Coincidently, this sharp fall in the degradation occurred at 

the time when increased insulin sensitivity of protein metabolism 

in vitro is first detected in the unloaded soleus (Tischler and 
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Eisenfe1d, unpublished observations). It is possible that this response 

represents an increased sensitivity in vivo to insulin of protein degra

dation in the unloaded soleus. This study also showed increased 

sensitivity to insulin for protein degrada~ion in vitro of 6 day 

unloaded soleus (Figure 4). One recent study using muscle unloading 

model found that unloaded soleus regained some electrical activity after 

2 days of unloading, although it showed little electrical activity in the 

first 2 days (Alford et al 1987). However, it was not known if muscle 

electrical activity would result in muscle contraction. The fall of 

protein degradation after day 3 reported in this study, therefore, 

coexisted with muscle electrical activity and increased insulin 

sensitivity. 

Since neither insulin binding capacity nor affinity is altered 

by denervation (Burant et a1 1984, Smith and Lawrence 1985), it is 

unlikely that the decline in degradation in the denervated soleus 

(Table 32) was due to an increased response to insulin. The stretched, 

unloaded soleus, whose response to insulin for protein turnover 

decreased (Table 18), showed instead a marked increase in protein 

degradation rate after day 2 (Table 32). Hence in some way stretching 

prevented the fall after day 3 of proteolysis in the unloaded muscle, 

perhaps by abolishing changes in the insulin receptor. 

In conclusion, the muscle unloading model may be useful for 

elucidating in vivo effects of insulin on muscle protein degradation. 

The study of in vitro protein synthesis and degradation (Chapter 4) 

suggested that the greater loss of mass and protein in denervated than 

in the unloaded soleus might be due to a difference in proteolysis 
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rather than in protein synthesis. Accordingly, faster in vivo protein 

degradation can explain the greater atrophy with denervation. Hence in 

vitro protein turnover reflected qualitatively the consequence of in 

vivo perturbations. 

Sensitivity of In Vivo Protein Synthesis to Insulin 

The increased sensitivity to insulin of the unloaded soleus for 

protein synthesis observed in vitro (Table 18, Figure 3) was not evident 

in vivo since the fractional rate of protein synthesis did not increase 

after day 3. In line with this finding, an in ~ study showed that 

acute hyperinsulinemia primarily inhibited muscle protein degradation, 

rather than stimulating protein synthesis (Gelfand and Barrett 1987). 

The lack of insulin effect on in vivo muscle protein synthesis may be 

accounted for by the different dose-response curves for protein syn

thesis and degradation. At physiological concentration of insulin 

protein synthesis probably is maximally activated so that it is 

unresponsive to acute hyperinsulinemia. Protein degradation, on the 

other hand, probably is submaximally inhibited at physiological concen

tration of insulin. Consequently, it is responsive to hyperinsulinemia. 

Another possibility is that some other factor(s) may have negated 

the expected rise in protein synthesis. For instance, some studies have 

indicated that response to insulin of muscle protein synthesis may be 

decreased by glucocorticoids (Millward, Odedra and Bates 1983) and that 

the level of circulating glucocorticoids is elevated in suspended 

animals (Popovic, Popovic and Honeycutt 1982, Tischler and Henriksen, 

manuscript submitted). Therefore, the response to insulin of unloaded 

soleus for protein synthesis might be altered by the elevated level of 
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glucocorticoids. Some of the responses of muscle to unloading have been 

shown to be affected by glucocorticoids, although atrophy of unloaded 

soleus was not primarily mediated by glucocorticoids (Jaspers, Jacob 

and Tischler 1986). 

Although the increase in insulin binding of unloaded soleus 

seems to provide little beneficial effect on preventing further loss of 

proteins, it may be particularly important in the recovery period. When 

animals are reloaded, the level of glucocorticoids likely would decrease, 

thus permittin~ an increased response of protein synthesis to insulin. 

Consequently, soleus could quickly regain its protein and return to 

normal. 

Response to Simultaneous Stretching 

In the unloaded soleus, protein synthesis was stimulated by 

stretch resulting in rapid growth in the first 48 hours. After a time 

lag of 48-72 hours, the increased protein synthesis was opposed by an 

increase in protein degradation. Similar results were obtained from 

in vitro study involving in vivo stretching of soleus and EDL under 

weight bearing conditions (Goldspink 1977). The elevated protein 

degradation in stretched-loaded muscle correlates with an increase in 

lysosomal proteases (Miyazawa et al 1983, Goldspink and Lewis 1987). 

Stretch may be less effective in the unloaded than loaded muscles as 

the elevated protein degradation might be induced by stretch itself just 

as in the loaded muscle. In addition stretch abolished the fall of 

proteolysis after day 3 of unloading leading to further enhancement of 

proteolysis. Indeed, stretch only stimulates significant growth of 

the unloaded soleus prior to the time when unloading atrophy became 
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apparent. At the time that muscle was most affected by unloading 

(between days 2 and 3) due to marked increased protein degradation, 

stretching was without effect. Probably concomitant stretching is 

ineffective in completely preventing changes in protein turnover during 

unloading, since hypertrophy of 6-day stretched, unloaded soleus mainly 

resulted from the initial rapid growth. 

This study revealed further the difference between denervtion and 

unloading atrophy of soleus. Denervation induced an increase in muscle 

proteolysis more rapidly than unloading. This increased rate of 

proteolysis of denervated muscle seemed to be more extensive than that 

of unloaded muscle. In contrast to proteolysis, in vivo muscle protein 

synthesis showed similar responses to denervation and unloading. 

Therefore, results from in vivo study described herein suggested that 

the less atrophy of unloaded soleus than denervated muscle mainly was 

due to the difference on the onset and extent of proteolysis rather than 

on protein synthesis. This study also revealed the limitation of muscle 

stretching in mitigating effect of unloading. 



CHAPTER 6 

CONCLUSIONS 

EFFECTS OF FUNCTIONAL DEPRIVATION 
ON SKELETAL MUSCLE PROTEIN TURNOVER 

This study on hindlimb muscle growth and protein turnover in 

response to the deprivation of their normal function has confirmed some 

results of previous work in this area. Also, it has provided addi-

tiona1 information on the possible adaptive responses of skeletal 

muscles to reduced use such as might occur with weightlessness, chronic 

bedrest or damaged nerve supply. The study revealed a possible regula-

tory role of nerve supply on muscle lysosomal proteolysis. Several of 

the results lend support to the current hypotheses on pathways for 

muscle proteolysis and insulin action. Furthermore, evidence was 

presented that the growth promoting effects of stretch can be attenuated 

by unloading so that passive stretch may not be an adequate preventive 

measure of muscle atrophy due to unloading. 

Regulation of Muscle Lysosome by Innervation 

Previous studies involving measurements of lysosomal activity 

and endocytosis in various denervated hindlimb muscles (Pluskal and 

Pennington 1973, Libelius et a1 1978, 1981, Libe1ius, Josefsson and 

Lunquist, 1979) concluded that denervation led to the enhancement of 

lysosomal activity. Results from this study using inhibitors of 

lysosomal proteolysis (Chapter 4) ~upport the involvement of 1ysosomes 

in the enhanced proteolysis of denervated muscles. In contrast, the 

enhanced proteolysis in unloaded soleus may not be mediated by 

117 
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1ysosomes. Since only denervation seemed to have an important 

lysosomal component for in vitro proteolysis, the protease activity of 

1ysosomes may be regulated by nerve supply. It is unlikely that 

activation of 1ysosomes in denervated muscles is induced by reduced 

contractile activity, because denervation and unloading both cause a 

reduction in contraction, but only denervation results in an apparent 

enhancement of lysosomal proteolysis. 

Denervation not only abolishes muscle contraction by eliminating 

electrical activity (Ward and Wareham 1986), but also deprives the 

muscle of neurotrophic factors (Davis 1983). It is not known if neuro

trophic factor(s) and electrical activity have independent effects 

because both are lost upon denervation. In addition to denervated 

muscle, other muscles with reduced contraction like shortened EDL or 

soleus show no electrical activity (Hnik et a1 1985). The electrical 

activity of the muscle migh~ ~2 of importance. In the future, there is 

a necessity to develop methods for studying neurotrophic influence 

independently of muscle electrical activity in order to fully understand 

how 1ysosomes may be regulated by innervation. 

Attenuation of Passive Stretch Effects by Unloading 

The time course data (Chapter 5) indicated that passive stretch 

is limited in the prevention of muscle atrophy due to unloading, since 

effects were mainly evident before atrophy is apparent. This study also 

showed that dataobtainedat single time points can be misleading, 

because responses may vary with the duration of the perturbation over 

even a few days. The hypertrophy effect of passive stretch observed 

following 6 days of unloading with stretch (Chapter 2) was simply due to 
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a remarkable increase in muscle protein and mass in the first two days 

of stretching (Chapter 5). Over a longer time period (>2 days) in the 

unloaded, stretched soleus protein degradation increased to nearly the 

same extent as the initial increased protein synthesis so that the 

effect of stretch on protein synthesis was negated. However, at least 

the muscle remained in neutral balance. 

Passive stretch not only failed to compensate for the effects 

of unloading on protein turnover but also abolished certain effects of 

unloading which could be potentially useful for the muscle during the 

recovery period. The unloaded, stretched soleus, unlike the unloaded, 

freely-moving muscle showed no increase in sensitivity to insulin for 

protein turnover (Chapter 4). Increased sensitivity of muscles to 

insulin for uptake and oxidation of glucose may increase availability of 

a fuel substrate and energy production which can be used in the restora

tion of their contractile proteins and other metabolic processes. 

Therefore, the increased insulin sensitivity of muscles due to unloading 

may be of importance for muscles to regain their structure and normal 

metabolism with reloading. 

Unloading appears to attenuate effects of stretch in denervated 

muscles as well. Under weight-bearing conditions, the ability of stretch 

to promote growth in denervated muscles has been reported (Sola and 

Christensen 1973, Goldspink et al 1974, Goldspink 1976, Williams and 

Goldspink 1976) thereby suggesting myogenic character of stretch effects. 

However, when denervated muscles were subjected to non-weight bearing, 

stretch showed no effect. The absence of stretch a effect is revealed 

not only by muscle mass and protein content (Chapter 2) but also by 



amino acid concentrations (Chapter 3) which remained unaffected by 

stretch. Under non-weight bearing conditions, passive stretch was 

ineffective in diminishing any of the denervation effects. 
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Lysosomal and Non-Lysosomal Pathways for Proteolysis in Skeletal Muscle 

In skeletal muscles, there exist at least two separate pathways 

for proteolysis (Lowell, Roderman and Goodman 1986). The non-lysosomal 

pathway is responsible for myofibri11ar proteolysis, while the lysosomal 

pathway may contribute only to non-myofibri11ar proteolysis. This study 

lends support to the existence of these two pathways. 

The non-lysosomal pathway likely is markedly enhanced by 

un10adinb as revealed by the greater loss of myofibri11ar proteins 

(Chapter 2) and an apparent role of of Ca2+-activated proteolysis 

(Chapter 4). Unloading may not lead to the activation of the lysosomal 

pathway as evidenced by lack of increased turnover of insulin receptors 

(Henriksen, Tischler and Johnson 1986) which are degraded in the 

lysosome. Moreover, various inhibitors of lysosomal proteolysis did not 

decrease the accelerated in vitro proteolysis in unloaded soleus 

(Chapter 4). Both lysosomal and non-lysosomal pathways must have been 

activated by denervation because the denervated soleus showed loss of 

myofibri11ar proteins and no increase in insulin binding capacity 

(Burant et a1 1984, Smith and Lawrence 1985 ), thus suggesting a propor

tionate increase in receptor turnover with loss of mass. In addition, 

the activation of both lysosomal and Ca2+-activated proteolysis was 

evident (Chapter 4). 

It is likely that lysosomal and non-lysosomal pathways for muscle 

proteolysis are regulated by different mechanisms. The differential 
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responses of the two pathways to insulin, amino acids, fasting and Ca2+ 

have been observed as well (Kadowaki et al. 1985, Lowell, Ruderman and 

Goodman 1986, Goodman 1987). One study suggested that the lysosomal 

pathway may be activated by the lack of insulin or nutrients (Furano and 

Goldberg, 1986). 

Further study on muscle proteolysis in response to a particular 

condition should consider the changes in these two pathways and assess 

their contributions to separate degradation of myofibrillar and sarco

plasmic proteins. Hence, in vitro studies should measure not only 

tyrosine but also 3-methylhistidine to evalate degradation of total and 

myofibrillar proteins, respectively. Tyrosine is present in all muscle 

proteins, but it is neither synthesized nor degraded by the muscle 

(Fulks, Li and Goldberg 1975). Its release from the muscle in the 

presence of agents which inhibit its reutilization for protein synthesis 

is indicative of degradation of total muscle proteins. 3-Methylhisti

dine is a minor amino acid present only in actin and myosin, and it is 

neither degraded nor reutilized for protein synthesis (Young and Munro 

1978, Wassner and Li 1982). Its release from the muscles thus indicates 

the degradation of myofibrillar proteins. 

Actions of Insulin on Muscle Protein Synthesis and Degradation 

Recently, Trowbridge and Draznin (1986) have observed that the 

inhibition of protein degradation in liver cells by insulin is not a 

direct result of insulin binding to its cell surface receptors but 

requires insulin internalization. Along with this observation, a sig

nificant correlation between amounts and rate of insulin internalization 

and the ability of insulin to inhibit intracellular proteolysis has been 
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demonstrated. It was concluded that insulin binding to its cell surface 

may not be sufficient to generate all actions of insulin and that there 

are probably several different mechanisms by which insulin can produce 

a variety of its effects (Levine 1982, Khan 1985, Trowbridge and 

Draznin 1986). 

It has been noted that the response to insulin of muscle protein 

synthesis and degradation have different dose-response curves. Higher 

concentrations of insulin were required to maximally inhibit protein 

degradation than to increase protein synthesis (Jefferson and Rannels 

1977, Chapter 4). Additionally, only protein degradation of unloaded 

soleus showed possibly an increased response to insulin in vivo 

(Chapter 5), despite the increased responses to insulin of both protein 

degradation and synthesis in vitro (Chapter 4). It seems probable that 

insulin action on protein synthesis is mediated by a pathway which is 

distinct from its action on protein degradation. 

Plasticity in Skeletal Muscle 

Despite its high degree of specialization, sk8letal muscle is 

capable of undergoing a wide range of changes in morphology, physiology 

and metabolism (Salmons and Henriksson 1981). To meet the requirement 

for increased use which demand strength and tension, muscles enlarge 

the diameter of their fibers whereas under the conditions which demand 

endurance, muscle increase their aerobic metabolism (Salmons and 

Henriksson 1981, Sandler 1986, Goldspink and Lewis 1986). 

Although denervation, unloading and immobilization in a 

shortened position all lead to a reduction in contractile activity, 

the hindlimb muscles showed variable reponses to these conditions. 
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The variability of responses were observed in the extent of atrophy and 

growth failure <Chapter 2), amino acid concentrations <Chapter 3) and 

insulin sensitivity of muscle protein turnover and amino acid uptake 

<Chapter 4). This wide range of responses of skeletal muscles is 

indicative of their plasticity. Because of this nature of skeletal 

muscle, extrapolation of results from one model to another should be 

done with caution. 
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