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ABSTRACT 

Previous studies (Enoka et al., 1984; Enoka and Stuart 1985, 

Rankin et al., 1984) have indicated that the soleus and extensor 

digitorum longus muscles of male rats were affected by the size of the 

cage in which the animal was raised. This observation, along with 

others (Enoka and Stuart 1983, Dahl and Aas 1981, Yell in and Guth 1970) 

has raised the question as to the appropriateness of the small cage-

reared animal as a model for the study of altered-activity effects. To 

expand the investigation into cage-size effects, some fatigue-related 

characteristics have been examined in female rat hindlimb muscle. 

Thirty female Sprague-Dawley rats were raised for 100-135 days 

in either a small laboratory cage or in one 247X larger. Cage size had 

no significant effect on 1) force production, 2) fatigue resistance, 3) 

whole muscle fiber-type composition, or 4) cross-sectional areas of 

individual fiber-types in either the soleus or extensor digitorum longus 

muscles of these female rats. Two possible considerations for the lack 

of effect are firstly that all animals raised in the large cage did not 

increase their activity level concommitant with the increased cage size. 

Secondly, there may have been a gender effect attenuating the cage-size 

effect. 

x 



Chapter 1 

INTRODUCTION 

Of current and significant interest to man is the effect of 

inactivity upon the neuromuscular system. As NASA's space shuttle 

blasts off for each new spaceflight, the astronauts on board are subject 

to the consequences of a gravity-free environment. Among the reported 

physiologic consequences of weightlessness that are believed to 

contribute to muscle atrophy are a negative nitrogen balance (Leach and 

Rambaut 1977, Thorton and Rummel 1977, Whedon et al.f  1977) and a change 

in the neuromuscular transmission of acetylcholine which is thought to 

affect the neurotrophic factors that influence muscle function and 

integrity (Drachm an 1974, Drachm an et al., 1982a, Drachman, Pestronk and 

Stanley 1982 b). 

Metabolic consequences in muscle of a gravity-free environment, 

on the other hand, are not so well known. Much data concerning the 

effects of inactivity as a result of simulated weightlessness on muscle 

metabolism has been derived from animal studies utilizing some form of 

hypokinesia or hypodynamia (Pleasant and Axelrod 1981). 

Animal models incorporating limb immobilization or head-down-

tilt suspension reveal several changes in the neuronal and biochemical 

aspects of muscle. Fischbach and Robbins (1969) found that a four 

week period of immobilization of knee and ankle joints in rats reduced 

1 



2 

whole-muscle EMG activity in soleus by 85-95$ relative to control EMG. 

They also found changes in fiber type such that the soleus muscle took 

on the contractile properties characteristic of fast-contracting muscle. 

After four weeks of immobilization, the ratio of type I to type II 

fibers, as identified by the myofibrillar ATPase reaction was reversed. 

Other studies have found decreases in the resting membrane potential of 

the sarcolemma (Mills, Bray and Hubbard 1978, Stanley and Drachman 

1979), protein synthesis (Booth 1982),and insulin sensitivity (Seider, 

Nicholson and Booth 1982). 

However, it is interesting to note that traditionally all 

animals utilized for reduced-activity research are raised from either 

birth or weanling age (approximately 21 days) in small laboratory cages. 

Stuart and Enoka (1982) noted that the medial gastrocnemius muscle of 

rats raised in small laboratory cages was unusually sensitive to 

fatigue. During a six-minute period of intermittent electrical 

stimulation, the force the muscle could produce was substantially lower 

than anticipated. This research raised the question as to the 

appropriateness of the small-cage reared rat as a model for the study of 

altered-activity effects (Enoka and Stuart 1983). 

Others have made note of this environment-size effect. Dahl and 

Aas (1981) reported that fiber differentiation of 30-92 day old rats was 

more rapid in animals which were raised in large cages compared to those 

raised in small cages. The large cage in their experiment provided 

approximately 132 times more area. Along those same lines, Yell in and 

Guth (1970) suggested that "it would not be surprising if certain 

discrepancies in experimental studies were the result of differences in 
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the degree of confinement of the animals," (page 428). 

Thus, with the rapid expansion of man's frontiers to include 

space as a possible environment for habitation, it is only logical that 

research concerned with the effects of a weightless environment will 

increase dramatically as well. To ascertain the physiological effects 

of a gravity-free world, a reliable, accurate and relatively simple 

model simulating these effects will necessarily be developed. It is 

critical, therefore, that all potential complications with this model be 

worked out, which includes the possibility of an environment-size 

effect. 

Statement of the Problem 

The intent of this project is to address the following two 

questions: 

1) Does muscle usage, as reflected by the extent of the environment in 

which the animal is raised, influence the fatigability of the muscle? 

2) is the environment-size effect dependent upon the proportion of 

muscle fiber types and their presumed usage? 

Preliminary results (Enoka and Stuart 1983, Enoka et al., 1984; 

Rankin et al., 1984) suggest that environment size has a significant 

effect on muscle usage as revealed by fatigue resistance properties, and 

contractile and electrical properties of the muscles studied. In 

answering the above two queries, this research will address the 

appropriateness of the small-cage reared rat as a model for the study of 

altered-activity effects. 
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Theoretical Background 

Correlation of muscle physiology with histochemistry. 

The physiological status of muscle is traditionally evaluated by 

quantifying speed-related properties, maximum force production and 

fatigability over a short period of intermittent electrical stimulation. 

In addition, muscles may be qualitatively evaluated utilizing 

histochemical techniques (Pearse 1972, Troyer 1980, Yellin and Guth 

1970). Histochemistry concerns the study of the chemistry of cells and 

tissues by use of special chemical tests and stains (Troyer 1980). 

Histochemistry can, in addition, reveal some things about the 

physiological function of the tissue. Research which attempts to 

correlate the physiology and histochemistry of a muscle utilizes whole-

muscle models (Barany 1967), single motor-unit models (Burke and Tsairis 

1974, Burke et al., 1971), and single muscle fibers from isolated motor-

unit models (Nemeth, Pette and Vrbova 1981). 

In 1967 Barany revealed a significant proportional relationship 

between the speed of shortening of a whole muscle and the biochemical 

activity of myosin ATPase. He felt that the measurement of the velocity 

of shortening was ultimately a reflection of the speed of shortening at 

the sarcomere level. This finding was significant in light of the 

cross-bridge theory for the sliding filament model of muscle 

contraction. Briefly, this theory claims that when a muscle is active, 

cross bridges are formed between the thick and thin filaments which then 

slide past each other due to a cyclic attach-rotate-detach sequence of 

cross bridge activity. Hydrolysis of ATP by the enzyme myosin ATPase 
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plays an important role in the rate of cross-bridge dissociation by 

providing •tenergy" for the dissociation, thus allowing the cross-bridge 

sequence to continue (see Hultman et al., 1981). It is thought that a 

high activity of myosin ATPase suggests a relatively fast maximal 

velocity of shortening. The stain for myosin ATPase provides a 

qualitative profile of a muscle's enzyme kinetics which in turn provide 

an indication of how fast the muscle may shorten. Barany (1967) also 

reported an inverse relationship between isometric twitch contraction 

time and ATPase activity. However, he conceded that contraction time 

depends upon other factors not related to the biochemical activity of 

myosin ATPase (such as series elastic components and duration of the 

active state). Thus the relationship between contraction time and 

ATPase activity may be purely coincidental. 

The underlying theme of single motor-unit studies which attempt 

to relate physiology and histochemistry is that of uniformity or 

homogeneity; that is, all muscle fibers contained in a single motor 

unit possess the same histochemical and physiological profile. 

Sherrington first coined the term "motor unit" in 1925 and described it 

as "together with the muscle fibers innervated by the unit, the whole 

axon of the motorneurone from its hillock in the perikaryon down to its 

terminals in the muscle" (1925, p. 519). Single motor-unit studies by 

Burke and Tsairis (1974) and Burke et al. (1971) on cat gastrocnemius 

both support and discount the homogeneity principle. These studies did 

reveal a reciprocal relationship between the intensity of mysosin ATPase 

staining (at an alkaline pH) and twitch contraction times and between 

myofibrillar ATPase and levels of oxidative enzymes. (Myofibrillar 
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refers to tbat part of the muscle fiber which is not the mitochondria, 

sarcoplasmic reticulum, T-tubules or aqueous sarooplasm; in other words, 

the myofibrils themselves. The remainder is considered 

intermyof ibrill ar; Brooke and Kaiser 1974). However, the Burke-group 

studies also demonstrated that although a single motor-unit type may 

stain for myosin ATPase in a homogeneous manner, there is a wide 

variation within each group of motor-unit types when twitch contraction 

times are compared. This suggests that the stain for myosin ATPase is 

not exclusively representative of contraction speed (or that the 

staining technique does not detect subtle differences). Other work by 

Kugelberg and Thornell (1983) reveals that the volume density of 

terminal cisternae of the sarcoplasmic veticulum exerts significant 

extrinsic control of contraction spescL The terminal cisternae play a 

significant role in the amount and rate of calcium released and, as 

suggested by their work, in the rate of calcium recaptured. Their work 

on single motor units (tibialis anterior and soleus) in rats indicated 

an inverse relationship between the volume density of terminal cisternae 

and the isometric twitch contraction time over the whole range of motor 

units they tested, irrespective of muscle-fiber type (as identified by 

the qualitative histochemical stain for myosin ATPase). Additionally, 

in spite of motor units from both soleus and tibialis anterior having 

different myosin histochemical profiles, some of the values obtained for 

volume density of terminal cisternae and contraction time in these units 

were the same. This suggests there are muscle-specific differences 

between myosin histochemical profiles. 
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Finally, quantitative biochemical measurements on single muscle 

fibers within defined rat extensor digitorum longus (EEL) motor units by 

Nemeth, Pette and Vrbova (1981) suggest a homogeneity exists in fibers 

from the same motor units. The enzyme activities of malate 

dehydrogenase (MDH) varied only slightly between different fibers of the 

same motor unit but varied considerably in fibers from different motor 

units. In addition, high MDH activities were associated with high 

fatigue resistance, (For a review of enzyme functions, see Stryer 1981, 

pp. 283-304). 

Effects of Training on Muscle. 

Just as the functional status of a muscle might be revealed by 

histochemistry, so might the current state of training or detraining A 

multitude of studies using both humans and animals have found that after 

a given period of endurance training, the activities of certain enzymes 

involved in the Krebs cycle and lipolysis can increase up to twofold. 

Holloszy (1967) found that rats subjected to a three month period of 

treadmill running exhibited twofold increases in the level of 

mitochondrial respiratory-chain enzymes in their hindlimbs. However 

mitochondrial respiratory-chain enzymes, such as those involved in the 

oxidation of nicotinamide adenine dinudeotide dehydrogenase (NADH) and 

succinate, are not the only enzymes to increase with endurance training 

Significant increases in the activity of citrate synthase were found by 

Baldwin, Cooke and Cheadle (1977) and in another study, a twofold 

increase in the activity of citrate synthase and SDH was revealed by 

Holloszy et al. (1975) in rat hindlimb muscle. Barnard, Edgerton and 
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Peter (1970) trained guinea pigs for eighteen weeks on the treadmill and 

produced significant increases in mitochondrial-protein concentration. 

Gollnick and King (1969) trained rats for 10 weeks on a treadmill and 

found mitochondria in skeletal muscle to be more numerous, larger and 

with more densely packed cristae than in sedentary controls. 

A change in the type and relative amounts of substrate 

metabolized after training also occurs. There has been shown a twofold 

increase in the amount of glycolysis-end-product pyruvate oxidized 

(Baldwin et al. 1972, Holloszy 1967) as well as the fatty acids 

palmitate, oleate, linoleate, palmityl carnitine and palmityl CoA 

(Baldwin et al. 1972, Mole, Oscai and Holloszy 1971) both providing 

strong evidence that with endurance training there is an increase in the 

capacity of oxidative phosphorylation to produce ATP. In addition to 

enzyme activities changing with endurance training, there is evidence of 

an 80$ increase in myoglobin concentration in the hindlimb muscles of 

endurance trained rats (Pattengale and Holloszy 1967). 

Environment-Size Effect. 

Though the idea that skeletal muscle possesses plastic-like 

characteristics which permit it to adapt to whatever stress may be 

placed upon it is widely accepted, most research in this area of 

skeletal-muscle adaptability has focused upon the two extremes of 

stress; that is exercise and total disuse. Teleologically, an 

environment which restricts or severely reduces the amount of activity 

of an animal should have a noticeable, if not profound effect upon the 

physialogiceil status of the muscular system. For example, Shenk et al. 
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(1934) conducted a study comparing the muscle myoglobin content 

between cattle which grazed freely in a pasture and cattle which were 

penned. The concentration of muscle myoglobin was higher in the former 

compared to the latter. Similarly, active hunting dogs have been found 

to have higher muscle myoglobin content than more sedentary dogs 

(Whipple 1926). The intent of this study is to examine the effect of 

cage size on the histochemical and some physiological characteristics of 

rat skeletal muscle. 

Animal Model. 

To do this, the soleus and extensor digitorum longus muscles 

from the hindlimbs of adult (120-150 days old) female S prague-Daw ley 

rats were studied. These muscles were specifically chosen because of 

their respective fiber types and presumed usage. Extensor digitorum 

longus, a non-weight bearing dorsiflexor is a relatively fast-

contracting muscle (Edgerton and Simpson 1971). Ariano et al., (1973) 

provide the following relative ratios of fiber types to extensor 

digitorum longus; 37$ FG (fast-twitch, glycolytic fibers), 51% FOG 

(fast-twitch, oxidative, glycolytic) and approximately 6% SO (slow-

twitch, oxidative) fibers. (Nomenclature of fiber types, PG, FOG and SO 

is that of Peter et al. 1972, which incorporates both a metabolic 

characterization based on staining for NADH and a suggestion of 

contractile properties based on staining for myosin ATPase.) vivo 

EMG recordings of extensor digitorum longus in adult (90 day old) rats 

reveal that the muscle is silent at rest and during spontaneous 

locomotion, it is activated phasically (during the swing phase of the 
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step cycle) at high frequencies (Navarrette and Vrbova, 1983). 

Conversely, soleus is a slow-contracting muscle and may be in 

constant recruitment as an anti-gravity muscle, Navarrette and Vrbova 

(1983) also reported in vivo EMG recordings of soleus from adult rats 

which revealed tonic, low frequency activity of motor units during rest 

as well as during movement. Relative muscle fiber composition is 

reported as 0% FG, 16? FOG, and 84$ SO fibers (Ariano et al. 1973). 

In light of these two profiles, one would expect soleus to be 

more affected by the size of the environment rather than EEL. That is, 

since EEL is a relatively fast-contracting muscle thus requiring a much 

greater stimulus to be recruited than soleus, it should remain less 

affected by reduced-activity levels. Conversely, because slow-

contracting soleus is a weight-bearing muscle, thus perpetually 

stimulated, it should be greatly affected by environments which restrict 

the amount of activity. 

These muscles were evaluated both physiologically and 

histochemically after the animals were raised in two different cage 

sizes. One group of animals was placed in the conventional small 

laboratory cage, with a floor area of 0.12 m2 and providing an 

animal :area density of 1 s221 cni2. The second group were placed in a 

large cage with a floor area of 5.8 m2 and a  density of 1:1951 cm2. The 

large cage provided approximately 133 times more surface area for the 

animals to run around on than the small cage. The rats remained there 

for at least 100 days after which assessment began. 



Chapter 2 

METHODS 

Environment 

Thirty female S prague-Daw ley rats were used for this experiment. 

Their weights rangeed from 2.5-4.0 N. The animals were divided in half 

and raised from weanling age (21 days) in the two respective cage sizes 

until they were at least 100 days old. According to Close (1967), 

contraction time, one-half relaxation time and maximal velocity of 

shortening are mature in rat soleus and extensor digitorum longus by 35 

days and peak tetanic and twitch force in the same muscles are mature at 

80 days of age. Thus raising the rats in the two different cage sizes 

until they were at least 100 days old insured that most neuromuscular 

development had taken place. Exercise wheels and climbing structures 

were provided for the large-cage animals though their use was not 

monitored. Both groups were provided with food and water AD LIBITUM 

Experimental Procedures 

When the animals were of an appropriate age, surgery was 

performed on their hindlimb muscles in preparation for electrical 

stimulation. The surgery involved anesthetizing the animals with 

Halothane at an initial dose of 455 delivered at 5L/ minute until trachea 

cannulation after which the dose is decreased to 1.5-2.0$ delivered with 

a mixture of approximately 400 ml N2q and 400 ml 02. Respiration 

11 



frequency, rectal temperature and volume of expired C02 were monitored 

throughout the experiment. 

The skin of the left hindlimb was removed and biceps femoris and 

semi-tendinosous excised. Medial gastrocnemius was also excised and the 

tendon to lateral gastrocnemius was cut, allowing exposure of soleus and 

the nerve innervating soleus, which passes through lateral 

gastrocnemius. While carefully maintaining the blood supply to soleus, 

approximately 5-8 mm of the nerve were exposed by trimming lateral 

gastrocnemius away from it. Soleus tendon was cut with a piece of 

calcaneous intact to act as an anchor so that the muscle could be 

attached to a force transducer via a non-compliant dacron string. 

Extensor digitorum longus was exposed on the anterior surface of the 

lower limb by removing tibialis anterior. Its tendon was cut from the 

surface of the foot and pulled free of the band of ankle fascia. The 

lateral peroneal nerve was used to stimulate extensor digitorum longus 

thus all branches of this nerve, except that to the test muscle, were 

severed. The foot of the animal was then removed, and a non-compliant 

dacron tie was secured to the extensor digitorum longus tendon via a 

sheet-bend knot (Walker 1983). 

Following completion of the surgery, the animal was moved to an 

experiment table with a Goteborg frame and a parafin oil bath was set up 

utilizing the skin from the hindlimb to form the bath. Temperature of 

the muscle bath was maintained at 36+1 0q, The tendon of the test muscle 

was then connected to a force transducer by way of a non-compliant 

dacron line and 0.15N of passive force was maintained on the muscle 

throughout the experiment. Hie nerve to be stimulated was gently draped 



over two stainless steel bipolar electrodes which were placed 

approximately 3 mm apart. One EMG electrode was placed near the 

musculotendinous junction and a reference electrode was placed in 

adjacent tissue. One muscle was stimulated at a time and the order 

varied to minimize bias or habit. A minimal threshold for stimulation 

was established for each muscle, for every experiment. 

The experimental protocol, which included a standardized fatigue 

test (Burke et al., 1973), involved approximately eight minutes of 

electrical stimulation delivered in the following sequence: 32 twitches 

through the nerve to evaluate treppe; a single tetanus at 100 Hz for 

330 ms to determine the peak force; the six minute standardized fatigue 

test in which a train of 13 stimuli were delivered for 330 ms of every 

second at 40 Hz; eight twitches through the nerve; and two tetani at 100 

Hz. 

In their original description of the standardized fatigue test, 

the Burke group attributed muscle-unit fatigue after two minutes of 

stimulation to be related to contractile-machinery failure, rather than 

to any form of pre-contractile failure such as neuromuscular-junction-

transmitter depletion or branch-point failure. They based their 

conclusions on the fact that they observed no decrement of motor-unit 

action-potential amplitude though they did note some widening of 

individual spikes in the fast-contracting motor units. 

Upon completion of the stimulus protocol the animals were 

sacrificed with an overdose (2 cc) of magnesium sulfate injected into 

the heart. Following this procedure the soleus and extensor digitorum 

longus muscles were dissected from the hindlimb, trimmed of all tendon 
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and fat, and prepared for freezing 

Histoohemioal PrOQ9<tore8 

The fresh tissue was cut into cross-sectional slices no more 

than 5 mm in thickness and 7 mm in diameter, mounted onto small squares 

of cork with a small amount of OCT freezing compound then quickly 

submerged into a pool of supercooled isopentane for 15 seconds 

(supercooled in liquid nitrogen to -20oC)> samples were stored in air

tight film cannisters in a deep freeze (-<70oc) for up to three months 

until they were thin-sectioned. According to McConnell (1983), tissue 

placed in air-tight containers may be stored up to four years at -70oC 

with little or no deterioration. 

Frozen muscle was sectioned in a cryostat (-20Qc) at a thickness 

of 10 um. Slices of tissue were mounted on coverglass, placed in 

Columbia jars, and allowed to dry for at least 30 minutes but not longer 

than four hours, after which they were stained. The recipe for myosin 

ATPase was modified from Guth and Samaha (1972) while the recipe used 

for SDH was a modified version of Pette et al. (1981). Muscle fibers 

were typed according to the scheme of Peter et al. (1972) and the 

relative percentages determined by counting a random sampling of at 

least 100 fibers per muscle. 

Cross-sectional areas of individual fiber types were 

determined by computer-assisted image processing (Castleman et al., 

1984). 
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Relative per cent body fat was determined utilizing 

lyophilization techniques. Assuming that fat-free tissue is about 73$ 

water (Behnke and Uilmore 1974), the following points outline the 

rationale: 

1) Freeze drying removes 99.9$ of the water contained in fat-free 

tissue. 

2) Weigit before - weight after = water weight. 

3) Since water weight = lean weight (fat-free weight) X 0.73, then 

lean weight = water wei#it/0.73. 

4) Total weight - lean weight = fat weigit. 

5) Fat weigit/total weigit = $fat. 

Statistics 

Two-way analysis of variance was employed for comparisons of 

cage-size treatment on these parameters in soleus and extensor digitorum 

longus; anthropometric characteristics, force production, fatigue 

resistance, whole muscle fiber-type composition and cross-sectional area 

measurements of individual fiber types. If no statistical differences 

were found between groups, variability was tested using an F ratio, In 

addition, correlation measurements were employed between soleus and 

extensor digitorum longus examining selected characteristics (i.e., 

fatigue resistance) and a student's t-test to evaluate differences in 

whole muscle cross-sectional area between large-and small-cage animals. 



Chapter 3 

RESULTS 

Anthropometric characteristics 

Though the amount of area provided for potential activity was 

247 times greater for the large cage animals, (large cage dimensions: 

320 cm x 183 cm x 99 cm; small cage dimensions: 47 cm x 25 cm x 20 cm), 

cage size did not effect body weight or the proportion of body fat 

(Table 1). These findings are in agreement with other studies (Baldwin 

et al., 1977; Osoai et al., 1971) which found that whether exercising or 

not, female rats gained weight at the same rate. 

Similarly, no differences were found in the respective muscle 

weights whether they were reported as absolute or relative values. 

Muscle weight was normalized in two different ways to account for 

variation in size between the animals. The first method normalized 

muscle weight to body weight thus the values are expressed in 

mill inew tons of muscle weight per new ton of body weight. There were no 

significant differences between groups when muscle weight was expressed 

this way. The second method of normalizing muscle weight was to take 

the weight to the two-thirds power. This procedure is based on the 

following dimensional-analysis rationale (Astrand and Rodahl 1977). The 

amount of force a muscle can produce is proportional to the cross-

sectional area of that muscle (McDonagh and Davies 1984) which, in turn, 
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TABLE 1. Selected characteristics of the animals and the test muscles. 

WHOLE BODY MUSCLE WEIGHT" 
r 7 

POPULATION: 
MUSCLE 

WEIGHT 

(N) 

COMPOSITION 

(%) 

ABSOLUTE 

(mN) 

RELATIVE TO 
BODY WEIGHT 

(mN/N) 

WEIGHT*u' 

(mN* ^) 

SMALL CAGE: 2.69b 

(0.25) 
18.8C 

(1.4) 

EDL 1.70 
(0.20) 

0.62 
(0.07) 

1.43 
(0.12) 

SOL 1.71 
(0.20) 

0.63 
(0.07) 

1.43 
(0.10) 

LARGE CAGE: 2.70 
(0.20) 

19.8 
(1.3) 

EDL 1.65 
(0.20) 

0.60 
(0.09) 

1.40 
(0.13) 

SOL 1.67 
(0.24) 

0.61 
(0.08) 

1.41 
(0.13) 

n= 13 5 14 13 14 

Weights are without tendons. 

b Values are X (+ S.D.) 

Proportion of body fat. 
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is proportional to the square of the linear measurement (in this case 

the diameter of the muscle). Since mass is proportional to the linear 

measurement raised to the third power, area (and thus force) is 

therefore proportional to the muscle mass to the two-thirds power. 

However, no statistical significance between groups was revealed when 

muscle weight was normalized in this manner. 

Force prodMQtjon_an3 fatigue resistance 

Absolute muscle force derived from the peak value of a fused 

tetanus (elicited with a stimulus rate of 100 Hz) was not affected by 

cage size (Table 2 and Figure 1). Muscle force was additionally 

expressed relative to normalized muscle weight (Figure 2) and relative 

to muscle weight to the two-thirds power. The normalized force of the 

extensor digitorum longus of large cage animals was approximately 9% 

greater than small cage animals while the normalized force values for 

the soleus muscle were unaffected by cage size. No significant 

differences were found in either representation of normalized muscle 

force. This lack of statistical significance might be a result of the 

significant variation (Fn>11 = 4.04, p<0.05) of the values from the 

extensor digitorum longus muscle of large cage animals, when normalized 

to body weight and muscle weight. It should be pointed out, however, 

that there were always large differences in maximum force production 

(whether absolute or normalized) between soleus and extensor digitorum 

longus; that is, the extensor digitorum longus muscle always exerted 

more force than the soleus muscle regardless of cage size (Table 2). 
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TABLE 2. Force and fatigue index measurements for the test muscles. 

MUSCLE FORCEb FATIGUE INDEX0" 

POPULATION: ABSOLUTE RELATIVE TO 2 min. 6 min. 
MUSCLE 

NORMALIZED MUSCLE, 
MUSCLE WEIGHT WEIGHT'^ 

(N) (N/mN-N-1) (N/mN ) 

SMALL CAGE: 

EDL 2.25 
(0.32) 

3.57 
(0.57) 

1.59 
(0.23) 

0.38 
(0.24) 

0.27 
(0 .20)  

SOL 1.71 
(0 .20)  

2.73 
(0.21) 

1 . 2 2  
(0.10) 

0.98 
(0 .21)  

0.98 
(0.27) 

LARGE CAGE: 

EDL 2.35 
(0.45) 

3.90 
(1.14) 

1 .68  
(0.37) 

0.60  
(0.33) 

0.38 
(0.18) 

SOL 1.64 
(0.27) 

2 . 6 8  
(0.53) 

1.18 
(0.21) 

1.04 
(0.27) 

1.01 
(0.31) 

For all values, n=ll. 

k Force values are for peak tetanus (100 Hz). 

c Values are expressed as a ratio of the force produced at 2 and 6 min 
compared to the initial force using the protocol of Burke (Burke et 
al . , 1973) . 

^ Values are X (+ S.D.). 
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FIGURE 1: The effect of cage size on the peak tetanic force (PQ) 
exerted by the-extensor digitorum longus (EDL) and sole us (SOL) muscles. 
The single tetanus was elicited by stimulation of the nerve to the test 
muscle with a 500 ms train of stimuli at a rate of 100 Hz. Cage size 
had no effect on the absolute force exerting capabilities of these 
muscles as there were no significant differences between the groups. 
(!fc11; the bars represent one standard deviation.) 
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FIGURE 2: The effect of cage size on the peak tetanic force (PO^ 
expressed relative to normalized muscle weight in the extensor digitorum 
longus (EDL) and soleus (SOL) muscles. Muscle weight was normalized 
with respect to body weight. Mean normalized force of large cage EDL 
increased 9Z over small cage EDL while normalized force values for SQL 
were unaffected by cage size. There were no significant differences 
between groups. (N=11; the bars represent one standard deviation.) 
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A standardized fatigue test (see Methods section, page 13) was 

employed to examine the effect of cage size on the fatigue-resistance 

properties of the respective muscles. When divided into small and large 

cage groups, there were no significant differences in the fatigue-

resistance characteristics of soleus and extensor digitorum longus 

(Table 2 and Figure 3). However as revealed by Figure 3, there were 

striking significant differences in fatigue-resistance characteristics 

when comparing soleus to extensor digitorum longus. The mean fatigue 

index for soleus (large cage + small cage) was 0.98 while for extensor 

digitorum longus this value was 0.33. 

Figure 4 represents an intra-animal comparison of fatigue 

resistance of the soleus muscle to the fatigue resistance of the 

extensor digitorum longus muscle . The effect of cage size is 

delineated by the symbols X=large cage and 0= small cage. There was no 

correlation (r=0.26) between the fatigue resistance of the two muscles 

which suggests that the standardized fatigue protocol elicits fatigue 

in a manner different for soleus than for extensor digitorum longus. 

Whole-muscle histochemistry 

Table 3, Figures 5 and 6 present the data obtained on whole-

muscle fiber-type composition. Though there were no statistical 

differences between large-and small-cage muscle composition, there exist 

trends, which may be of physiological relevance. The differences in the 

extensor digitorum longus (Figure 5) were 11$ in type PG fibers, 10$ 

in type FOG fibers and a 37$ difference in type SO fibers between the 

large cage and small cage animals. The soleus muscle from large cage 



23 

1.00 
X 
U S  
o  
z 0.75 

U i  
D 

S5 0.50 
H 
< 
Li. 

0.25 

0 1 , 

s m a l t  l a r g e  
c a g e  c a g e  

FIGURE 3: The effect of cage size on the fatigue resistance of extensor 
digitorum longus (EDL) and soleus (SOL). The fatigue index is a ratio 
of the force produced at 6 minutes compared to that produced initially 
in a standardized fatigue test (Burke et al., 1973). No statistical 
differences were found between groups. (Ns11; the bars represent one 
standard deviation.) 
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FIGURE 4: An intra-animal comparison of the fatigue resistance of the 
soleus and the extensor digit or um longus muscles. X= large cage animals 
and 0=small cage animals. The fatigue index is a ratio of the force 
produced at 6 minutes compared to that produced initially in a 
standardized fatigue test (Burke et al., 1973). There was no 
correlation (r=0.26) between the two muscles which suggests that the 
standardized protocol assesses fatigue in a manner different for soleus 
than for extensor digitorum longus (N=23). 
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TABLE 3. Whole muscle histochemistry (n=4). 

b 
POPULATION: COUNT COMPOSITION (%) 
MUSCLE 

FG FOG SO 

SMALL CAGE: 

EDL 355 39.9C 56.7 3.5 
(314-392) (6.8) (6.6) (1.2) 

SOL 190 21.6 78.4 
(175-206) (4.3) (4.3) 

LARGE CAGE: 

EDL 414 44.3 51.0 4.8 
(250-630) (5.3) (4.5) (1.7) 

SOL 252 15.3 84.7 
(139-385) (10.3) (10.3) 

a 

b 

c 

Based on the classification scheme of Peter et al., (1972). 

Mean (range) number of fibers counted for each muscle. 

Values are X (+ S.D.). 
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FIGURE 5: The effect of cage size on the proportion of muscle fiber-
types in the extensor digitorum longus (EDL) muscle. The fiber-type 
nomenclature is that of Peter et al. (1972). For the large cage (LC) 
animals, the quantity of type FG fibers differed by 11$, type FOG fibers 
10$, and type SO fibers 37$ when compared to small cage (SC) animals. 
These differences were not statistically significant. (N=4; the bars 
represent one standard deviation.) 
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FIGURE 6: The effect of cage size on the proportion of muscle fiber 
types in the soleus (SOL) muscle. The fibei*-type nomenclature is that 
of Peter et al. (1972). The quantity of type FOG fibers in large cage 
(LC) SOL was 29% less while LC type SO fibers differed by 8% with 
respect to small cage (SC) animals. No significant differences were 
found between groups. (N=4; the bars represent one standard deviation.) 
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animals (Figure 6) possessed 8% more type SO fibers than did small cage 

animals and 29$ less type FOG fibers. 

Fiber-size measurements 

The mean cross-sectional area (CSA) of each fiber-type was 

determined using computer-assisted image processing (Castleman et al., 

1984) and included measuring between 33-201 fibers for each muscle 

(Table 4). There were no significant differences between small and 

large cage treatments for either muscle. However, as with whole muscle 

fiber-type composition, there existed a trend with possible physiologic 

implications. Figure 7 shows the effect of cage size on the mean cross-

sectional area of type FG fibers in extensor digitorum longus. The 

mean cross-sectional area of FG fibers was about 7% larger in the large 

compared to small cage animals. type FG fibers of extensor digitorum 

longus were always the largest, of the three fiber types, in mean cross-

sectional area. 

The mean cross-sectional area of FOG fibers (Figure 8) of the 

soleus muscle from large cage animals was approximately 9% more than 

the soleus from small cage animals while for the extensor digitorum 

longus muscle the measurement differed by 4$. It should be noted that 

type FOG fibers of soleus, regardless of cage size, were always larger 

than the same in extensor digitorum longus. 

Finally, the effect of cage size on the mean cross-sectional 

area of SO fibers is examined in Figure 9. These fibers in the soleus 

from large cage animals were 12$ larger than those in the soleus from 

small cage animals, though this was not a significant difference. Type 
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TABLE 4. Fiber-size measurements (n=4).' 

POPULATION: 
MUSCLE 

COUNT CROSS-SECTIONAL AREA (pm' ) 

FG FOG SO 

SMALL CAGE: 

EDL 

SOL 

133 
(106-171) 

66 
(50-88) 

2648 
(311) 

1246 
(87) 

1872 
(153) 

1286 
(164) 

3754 
(403) 

LARGE CAGE: 

EDL 

SOL 

115 
(45-153) 

105 
(33-201) 

2823 
(1258) 

1301 
(491) 

2041 
(324) 

1272 
(252) 

4221 
(375) 

Fiber-size measurements were based on computer-assisted image 
processing (Castleman et al., 1984). 

Mean (range) number of fibers counted for each muscle. 

Values are given as X (+ S.D.) 



30 

3000 •• 

f t  
£  

< 
q 2000 

L 

EDt 

s m a l l  
c a g e  

+ 
l a r g e  
c a g e  

FIGURE 7: The effect of cage size on the mean cross-sectional area 
(CSA) of type FG fibers in extensor digitorum longus (EDL) muscle. 
Values were determined by computer-assisted image processing (Castleman 
et al., 1984). Largs cage (LC) FS fibers were approximately 6.6} larger 
in mean CSA than small cage (SC), however this difference was not 
statistically significant. (N=4; the bars represent one standard 
deviation.) 
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FIGURE 8: The effect of cage size on the mean cross-sectional area 
(CSA) of type FOG fibers of soleus (SOL) and extensor digitorum longus 
(EEL). The FOG fibers of SCL in large cage (LC) animals were 9% greater 
in mean CSA while LC FOG fibers of EDL were greater in mean CSA 
compared to small cage. These values were not statistically 
significant. (N=4; the bars represent one standard deviation.) 
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FIGURE 9: The effect of cage size on the mean cross-sectional area 
(CSA) of type SO fibers in soleus (SOL) and extensor digitorum longus 
(EEL). Though mean CSA in type SO fibers of SGL were 12f greater in the 
large cage (LC) animals compared to the small cage (SC) animals, the 
changes were not significant. Type SO fibers of EDL were virtually 
unaffected by cage size. (Ns4; the bars represent one standard 
deviation.) 
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SO fibers in extensor digitorum longus were unaffected by cage size. 

Concerning fiber-size differences, type SO fibers of soleus were always 

the largest in cross-sectional area (4221 um2 for the soleus from large 

cage animals and 3754 um2 for the soleus from small cage animals) while 

the same fibers in extensor digitorum longus were among the smallest in 

cross-sectional area (1272 um2 and 1286um2 for the extensor digitorum 

longus of large and small cage animals, respectively). 

Upon the observation that there existed no cage-size effect for 

the fatigue-resistance of soleus muscles, the soleus muscle data of both 

cage sizes were grouped together and the effect of the mean cross-

sectional area of type SO fibers on fatigue-resistance was examined. 

This comparison revealed a significant correlation (r=0.785, p<.05, see 

Figure 10). While there was general mixing of large and small cage 

values in the mid-range, the most fatigue-resist ant soleus was from a 

large cage animal while conversely, the least fatigue-resistant soleus 

was from an animal that had been raised in a small cage. 

One final comparison was made utilizing the individual fiber 

type cross-sectional area values, which were grouped together for both 

muscles to estimate whole muscle cross-sectional area (Figure 11). When 

the two fiber types for soleus (SO+FOG) were grouped together and a 

statistical comparison (one-tailed t-test) was made between the large 

and small cage cross-sectional area means, a significant difference 

(p<0.05) was revealed (the large cage values were significantly greater 

than the small cage values). When the same comparison was made 

(SOt-FOG+FG) for extensor digitorum longus muscle, no statistical 

difference was found between the means. However, this appeared to be a 
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FIGURE 10: The relationship between the mean cross-sectional area (CSA) 
of type SO fibers in soleus (SOL) and fatigue resistance. In this case, 
all SOL muscles from both large cage (LC) and small cage (SC) animals 
were grouped together (however X=LC and OsSC). The fatigue index is a 
ratio of the force produced at 6 minutes compared to that produced 
initially in a standardized fatigue test (Burke et al. 1973). The SOL 
with the largest mean CSA of type SO fibers also possessed the greatest 
fatigue resistance (FI=1.68) and the muscle was from a LC animal. 
Conversely, the SOL with the smallest mean CSA of type SO fibers 
demonstrated the least amount of fatigue resistance (FI=0.30), and was 
raised in a small cage. There was a significant correlation between S0-
CSA and the Fatigue Index (r=0.785; p<0.05; N=8). The CSA measurements 
were done utilizing computer-assisted image processing (Castleman et 
al., 1984). 
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FIGURE 11: The effect of cage size on the mean total cross-sectional 
area (CSA) of the muscles soleus (SOL) and extensor digitorum longus 
(EEL). The individual fiber-type CSA measurements were obtained using 
computers-assisted image processing (Castleman et al., 1984) then summed 
(SOtFOG for SOL and S0*F0G+FG for EDL) to estimate whole muscle CSA. 
tlhe total CSA from large cage (LC) SOL was sigificantly larger than the 
total CSA from small cage (SC) SCL (p<0.05). *The bars represent one 
standard deviation except in the case of LC EDL where the value for the 
standard deviation (+1912 um2) exceeded the limits of the figure. This 
variation of total CSA values from LC EDL was statistically significant 
(p<0.0025), (N=4). 
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function of the extremely high variability in cross-sectional area 

values in the muscles of the large cage animals (^12,12 =11.63, 

p<0.0025). 



Chapter 4 

DISCUSSION 

Cage-size effects 

Based on work by Dahl and Aas (1981) which showed enhanced fiber 

differentiation in animals raised in large cages compared to those 

raised in small cages, this project sought to determine the 

appropriateness of the small cage-reared rat as a model for the study of 

altered-activity effects. Contrary to previous studies on male rats from 

this laboratory (Enoka et al., 1984; Enoka and Stuart, 1985; Rankin et 

al., 1984), the fatigue resistance of soleus and extensor digitorum 

longus in female rats was not significantly affected by the size of the 

cage in which the animal was raised. This discussion will address not 

only the possible reasons why there was no cage-size effect but in 

addition will attempt to analyze intra-animal fatigue resistance with 

respect to selected physiological measurements. 

A discussion of cage-size effects, however, should be prefaced 

by acknowledging an assumption underlying the entire project. While we 

did not monitor the activity of the animals raised in the large cage, we 

assumed that they increased their activity level concomitant with the 

increased cage size. Ve then assumed that upon physiological 

assessment, any differences we observed between groups would be a result 

of the increased activity of the animals raised in the larger cages. 

37 
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However, the potential exists for any differences to be a result of 

reduced activity levels of animals raised in the small cages. In sum, 

we do not know absolutely that any physiological differences observed 

are a result of; 1) increased activity of large cage animals, or 2) 

decreased activity of small cage animals. 

While the fatigue resistance appears not to be affected by cage 

size, the data suggest that other parameters are susceptible to cage-

size effects in some but not all of the large cage animals. This was 

apparent in the significant variability of two physiological parameters 

measured in the animals raised in the large cages. For the measurements 

of normalized force production in soleus and extensor digitorum longus 

(Figure 2, Table 2) and total cross-sectional area (SOFOG+FG, Figures 

7,8 & 9, Table 4) in extensor digitorum longus, the variability in the 

mean values was significant. This suggests, as pointed out above, that 

some BUT NOT ALL of the animals utilized the larger cage size to 

increase their activity level. 

An alternate explanation for the non-significant changes in 

large cage versus small cage animals is a gender effect. In spite of 

the extreme differences in cage size (large cage dimensions; 320 cm x 

183 cm x 99 cm, small cage dimensions; 47 cm x 25 cm x 20 cm), perhaps 

the female rats raised in the smaller cages maintained a level of 

activity roughly equivalent to their large cage counterparts. It appears 

common, albeit at times unwritten, knowledge among researchers utilizing 

rats for activity-effects studies that female rats are widely preferred 

over male rats. Some of the reasons that have been documented are; 1) 

whether exercising or not, female rats gain weight at the same rate 
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(Baldwin et al., 1977; Oscai et al., 1971), 2) given the opportunity to 

exercise at will on an exercise wheel, female rats will voluntarily log 

about 2-3 times more time on the wheel than males (Folk 1966) and 

3) the estrus period, which occurs every 4-5 days in the female rat, is 

classically characterized by increased running (Folk 1966). This 

excessive running is explained to increase the probability that an 

estrus female will cross the path of a male. However, the author of 

these observations cautions that all rodents are not good runners and 

that some show notably minimal activity each day. 

In sum then, when female Sprague-Dawley rats are raised in small 

and large cages, certain physiological parameters (force production, 

fatigue resistance, fiber-type composition and fiber-type cross 

sectional area) do not significantly differ because of the cage-size 

treatment. Two possible considerations for the lack of effect are 

firstly that all the animals raised in the large cage did not increase 

their activity level concommitant with the increase in the size of their 

environment. Secondly, there may have been a gender effect either 

prohibiting or masking any cage-size effects. 

This latter possibility seems likely in view of the 

aforementioned studies on male rats from our laboratory (Enoka et al., 

1984; Enoka and Stuart 1985; Rankin et al., 1984) which found the 

parameters body weight, normalized muscle weight and fatigue resistance 

to all be significantly greater in animals raised in large cages 

compared to those raised in small cages. Also providing additional 

support is that the differences in all parameters measured in the 

animals trended in the direction of large cage greater than small cage. 
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FatiPW resistance 

Given the minor differences observed between the two treatment 

groups, we further sought to examine the relationship between fatigue 

resistance and other physiological parameters treating the two groups of 

animals as a single group. Qualitative histochemistry, using the stains 

for NADH and myosin ATPase was employed for eight sets (soleus + 

extensor digitorum longus) of muscles to allow fiber-typing after Peter 

et al. (1972). (it should be emphasized that this method is a 

subjective assessment of staining intensity.) Additionally, individual 

fiber-type cross-sectional area values were obtained on the same eight 

sets utilizing the techniques of Castleman et al. (1984). These 

measurements combined with careful in vivo measurements of peak tetanic 

force and fatigue resistance enabled a rather detailed comparison of the 

interrelationships between fatigue resistance and selected other 

characteristics. 

The first point that should be mentioned is the use of a 

standardized fatigue test (Burke et al., 1973) to define fatigability. 

The method we used was a modified version of the original description in 

that it was applied to whole muscle rather than to single motor units. 

Even so, the question arises that this particular protocol (see Methods 

section, page 13) might not have been evaluating fatigue resistance in a 

manner that was appropriate for our experimental paradigm; that is, 

given the two different cage size treatments, did the fatigue test 

elucidate the same fatigue mechanisms in both groups? Furthermore, the 

standardized protocol may not have been the most suitable method to 

examine fatigue resistance in the two hindlimb muscles soleus and 
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extensor digitorum longus given the data presented in Figure 4 (see 

Results section, page 25). There was no correlation (r=0.26) between 

the fatigue resistance of soleus and extensor digitorum longus (it 

should be pointed out that when the highest and lowest values were 

omitted and the correlation was re-run, producing a value of r=0.42, 

there was still no significant relationship between the two muscles), 

again suggesting that the standardized fatigue test elicited fatigue in 

a manner different for the two muscles. Given their differences, 

however, this may not be a surprising point. Soleus, an anti-gravity, 

plantarflexor, is comprised of approximately 82$ SO fibers and 18$ FOG 

fibers (see Results section, Table 3; these values are an average of 

eight small cage + large cage soleus muscles). It contains no type FG 

fibers. Jji vivo EMG recordings of soleus in rats reveals that the 

muscle is perpetually recruited, as long as the animal is awake, 

regardless of whether the animal is sitting quietly in a cage or running 

on a treadmill (R Roy, personal communication and Navarrette and Vrbova 

1983). Extensor digitorum longus, on the other hand, is a dorsiflexor 

composed of predominantly fast-contracting fibers; 42$ FG, 54$ FOG and 

only approximately 4$ SO fibers (see Results section, Table 3; these 

values are an average of eight small cage + large cage extensor 

digitorum longus muscles). In contrast to soleus, extensor digitorum 

longus is a non-weight bearing muscle. In vivo EMG recordings of single 

motor units in this muscle in rats reveal that the muscle is silent at 

rest and activated phasically at high frequencies during spontaneous 

locomotion (Navarrette and Vrbova 1983). It appears that extensor 

digitorum longus is apparently at the opposite end of the functional 



spectrum from soleus (which could also account for the inappropriateness 

of using a standardized fatigue test to assess fatigue in both muscles). 

One contributing factor to fatigue resistance, though certainly 

not the only factor, is the level of mitochondrial oxidative enzyme 

activity (Saltin and Gollnick "i983, Holloszy and Coyle 1984). In rats 

it has been shown that type FOG fibers have the ability to oxidize 

substrate at twice the level of type SO fibers and four-eight times the 

level of type FG fibers (Holloszy and Coyle 1984). With this in mind, 

one might expect that employing a standardized fatigue test to stress 

this capability in the two test muscles, extensor digitorum longus (with 

at least 50% FOG fibers) would be more fatigue resistant than soleus 

(with at least 15-20$ FOG fibers). This is not the case at all and 

again may be a shortcoming of the fatigue test that we employed. The 

average fatigue index value for eight extensor digitorum longus muscles 

after six minutes of electrical stimulation was 0.36 while the same 

value for soleus was 0.96 (see Results section, Table 2; these values 

are an average of eight sets of muscles for which there is histochemical 

data). While extensor digitorum longus possessed roughly twice the 

content of FOG fibers compared to soleus, it had less than half the 

fatigue resistance. Thus if the oxidative capacity of FOG fibers is as 

great as reported, utilizing this particular standardized fatigue test 

to delineate their contribution to fatigue resistance may not be the 

most appropriate method. 

Other comparisons of the relationship between fatigue resistance 

and certain physiological parameters measured reveal equivocal results. 

Perhaps the most interesting comparison arises with soleus. What 
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differentiates a highly fatigue-resistant soleus from a less fatigue-

resistant soleus? As mentioned earlier, there is no obvious pattern 

that emerges when the fatigue index of soleus is compared to the 

percentage of FOG fibers. Despite the great oxidative capacity of the 

FOG fibers, their quantity is certainly not a major determinant in 

fatigue assessed by this method. Similarly, no correlation exists when 

the percentage of SO fibers in all the soleus muscles is compared to 

fatigue resistance. There is an interesting correlation, however, 

between the fatigue index and the cross-sectional area of type SO fibers 

in soleus (see Figure 10, Results section). Perhaps the increase in 

cross-sectional area is an indication of an increase in mitochondrial 

content and thus oxidative enzymes. This would presumably allow 

oxidative phosphorylation and generation of ATP to occur at a greater 

rate thus increasing fatigue resistance (Holloszy and Coyle 1984). Or 

perhaps this is a spurious observation for when the high and low values 

are omitted the correlation drops from r=0.785 to r=0.213 and loses 

significance. 

Quantifying fatigue resistance is not a simple, straightforward 

problem. Undoubtedly, there is no single mechanism of fatigue, just as 

fatigue is demonstrable in a multitude of experimental conditions. 

While it is fairly obvious that cage size has no significant effect on 

the two test muscles studied, the method of eliciting fatigue (i.e. the 

standardized fatigue test) may be inappropriate for our particular 

experimental paradigm. 
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Summary 

This research has attempted to answer two questions; 1) does 

muscle usage as reflected by the extent of the environment in which the 

animal is raised influence the fatigability of the muscle, and 2) is 

the environment-size effect dependent upon the proportion of muscle 

fiber types and their presumed usage? As a result of this research, a 

third question has emerged; is there a gender effect attenuating the 

environment-size effect? 

Statistically, the answer is no to the first two questions, and 

it is not possible to statistically quantify a gender effect given this 

data base. However, there are trends which suggest the following; 1) the 

environment-size issue may be more relevant to anti-gravity muscles that 

operate much like a finely tuned sports car in that the slightest 

perturbation affects their performance. 2) Preliminary data from this 

laboratory on male rats (Enoka et al.,1984; Enoka and Stuart 1985; 

Rankin et al., 1984) reveals a sensitivity to environment-size. This 

same sensitivity is not viewed in the female rats used for this project 

which suggests there might be a gender effect attenuating the 

environment-size effect. 

In view of this, subsequent studies of altered activity effects 

would do well to acknowledge the possibility of an environment-size 

effect when interpreting the results. 



45 

REFERENCES 

1. Ariano MA, Armstrong RB and Edgerton VR: Hindiimb muscle fiber 
populations in five mammals. J. Histochem.. Cvtoohem. 51 :51-55, 1973. 

2. Astrand PO and Rodahl K:. Textbook of Work Physiology. New York, 
McGraw Hill, 1977. 

3. Baldwin KM, Cooke DA and Cheadle WG: Time course adaptations in 
cardiac and skeletal muscle to different programs of running. 
Journal of Applied Physiology 42:267-272, 1977. 

4. Baldwin KM, Fitts RH, Broth EW, Winder WW and Holloszy JO: Depletion 
of muscle and liver glycogen during exercise: protective effect of 
training. Pfluegers Archives 354:203-212, 1975. 

5. Baldwin KM, Klinkerfuss GH, Terjung RL, Mole PA and Holloszy JO: 
Respiratory capacity of white, red and intermediate muscle: adaptive 
response to exercise. American Journal of Physiology 222:373-378, 
1972. 

6. Barany M: ATPase activity of nyosin correlated with speed of muscle 
shortening. Journal of General Physiology 50:197-218. 1967. 

7. Barnard RJ, Edgerton VR and Peter JB: Effects of exercise on 
skeletal muscle, I. Biochemical and histochemical properties. 
Journal of Applied Physiology 28(6):762-766. 1970. 

8. Behnke A and Wilmore JH:. Evaluation and regulation of body build 
and composition. Englewood Cllffsr Prentice-Hall, Inc., 1974,p. 35. 

9. Booth FR: Effect of limb immobilization on skeletal muscle. Journal 
of Applied Physiology 52(5):1113-1118. 1982. 

10. Brooke M and Kaiser K: The use and abuse of muscle histochemistry. 
Annals of the New York Academy of Sciences 228:121-144T 1974. 

11. Burke RE, Levine DN, Zajac FE, Tsairis P and Engel WK: Mammalian 
motor units: physiological-histochemical correlation of three types 
in cat gastrocnemius. Science 174:709-712, 1971. 

12. Burke RE, Levine RN, Tsairis P and Zajac EE: Physiological and 
histochemical profiles in motor units of the cat gastrocnemius. 
Journal of Physiology (London) 234:723-748. 1973. 

13. Burke RE and Tsairis P: The correlation of physiological properties 
with histochemical characteristics in single muscle units. Annals of 
the New York Academy of Sciences 228:145-159. 1974. 



46 

14. Castleman KR, Chul LA, Martin TP and Edgerton VR:, Quantitative 
muscle biopsy analysis., in SD Greenberg (ed.)iSeries of monographs 
in clinical ovtologv. Basel, Karger, 1984. 

15. Drachman DB: Trophic functions of the neuron. Annals of the New York 
Academy of Sciences 228:1-143, 1974. 

16. Drachman EB, Pestronk A and Stanley EF:f Neurotrophic interactions 
between nerves and muscles: role of acetylcholine., in DL Schotland 
(ed.) disorders of the motor unit. New York, Wiley and Sons, Inc., 
1982 b, pp. 107-117. 

17. Drachman EB, Stanley EF, Pestronk A, Griffin JW and Price DL: 
Neurotrophic regulation of two properties of skeletal muscle by 
impulse dependent and spontaneous acetylcholine transmission. 
Journal of Neuroscience 2:232-243, 1982a. 

18. Edgerton VR, Gerchman L and Carrow R: Histochemical changes in rat 
skeletal muscle after exercise. Experimental Neurology 24:110-123, 
1969. 

19. Edgerton VR and Simpson DR: Dynamic and metabolic relationships in 
rat extensor digitorum longus muscle. Experimental Neurology 30:374-
376, 1971. 

20. Enoka RM, Rankin LL, Volz KA, Reinking RM, Jqyner MI and Stuart DG: 
The effects of cage size on the functional properties of rat 
hindlimb muscle. 2. EMS and fatigability. Soc. Neuroscience Abstr. 
10:781, 1984. 

21. Enoka RM and Stuart DG: Appropriateness of the small cage-reared rat 
as a model for the study of altered activity effects. NASA 
Conference Publications 2299:37-38, 1983. 

22. Enoka RM and Stuart DG: Cage size and gender effects on fatigue 
resistance in rats. Am. Phvsiol. Soc. Abstr. :in press, 1985. 

23. Fischbach GD and Robbins N: Changes in contractile properties of 
disused soleus muscles. Journal of Physiology (London) 201:305-320, 
1969. 

24. Folk GE:. Introduction to environmental physiology. Philadelphia, 
Lea and Febiger, 1966,pp. 44-75. 

25. Gollnick PD and King DW: Effect of exercise and training on 
mitochondria of rat skeletal muscle. American Journal of Physiology 
216(6):1502-1509, 1969. 



47 

26. Guth L and Samaha FJ: Qualitative differences between actomyosin 
ATPase of si OH and fast mammalian muscle. Experimental Neurology 25: 
138-152, 1969. 

27. Holloszy JO: Effects of exercise on mitochondrial oxygen uptake and 
respiratory enzyme activity in skeletal muscle. Journal of Biol. 
Chem. 242:2278-2282r 1967. 

28. Holloszy JO: Adaptations of skeletal muscle to endurance exercise. 
Medicine and Science in Sports and Exercise. 7(3): 155-164. 1975. 

29. Holloszy JO, Booth FR, Winder WW and Fitts RH:, Biochemical 
adaptations of skeletal muscle to prolonged exercise, in Howald H 
and Poortmans JR (eds.):Metabolic adaptations to prolonged exercise. 
Basel, Birkhauser Verlag, 1975,pp. 438-447. 

30. Holloszy JO and Coyle EF: Adaptations of skeletal muscle to 
endurance exercise and their metabolic consequences. Journal of 
Applied Physiology 56(4):831-838. 1984. 

31. Hultman E, SJoholm H, Sahlin K and Edstrom L:, Glycolytic and 
oxidative energy metabolism and contraction characteristics of 
intact human muscle, in Porter R and Whelan J (eds.):Human muscle 
fatigue: physiological mechanisms. London, Pitman Medical, 1981,pp. 
19-40. 

32. Kugelberg E and Thornell LE: Contraction time, histochemical type 
and terminal cisternae volume of rat motor units. Muscle and Nerve 6: 
149-153, 1983. 

33. Leach CS and Rambaut PC:, Biochemical responses of the Skylab 
crewmen: an overview, in Johnston RS and Dielein LF (eds.): 
Biomedical results from Skvlab (NASA). Washington D. C., NASA Admin., 
1977,PP. 204-216. 

34. McConnell JA: Storage and long term use of human biopsy tissue in 
histochemical studies. Journal of Neuroscience Methods 8:385-390, 
1983. 

35. McDonagh MJN and Davies CTM: Adaptive responses of mammalian 
skeletal muscle to exercise with high loads. Eur. J. APPI. Phvsiol. 
52:139-155, 1984. 

36. Mills RG, Bray JJ and Hubbard JI: Effects of inactivity on membrane 
potentials in rat muscle. Brain Research 150:607-610, 1978. 

37. Mole PA, Oscai LB and Holloszy JO: Adaptations of muscle to exercise. 
Increased levels of palmityl CoA synthetase, carnitine palmityl 
transferase, and palmityl CoA dehydrogenase and in the capacity to 
oxidize FA. Journal of Clinical Investigations 50:2323-2330, 1971. 



48 

38. Navarrette R and Vrbova G: Changes in activity patterns in slow and 
fast muscles during postnatal development. Dev. Brain Research 8:11— 
19, 1983. 

39. Nemeth PM, Pette D and Vrbova G: Comparison of enzyme activities 
among single muscle fibers within defined motor units. Journal of 
Physiology 311:48q-4Q5f 1981. 

40. Oscai LB, Mole PA and Holloszy JO: Effects of exercise on cardiac 
weight and mitochondria in male and female rats. Am. J. Phvsiol. 220: 
1944-1948, 1971. 

41. Pattengale PK and Holloszy JO: Auenentation of skeletal muscle 
myoglobin by a program of treadmill running. American Journal of 
Physiology 213:783-785, 1967. 

42. Pearse AGE:. Histochemistry, theoretioal and applied. Baltimore, 
Williams and Wilkins, 1972. 

43. Peter JB, Barnard RJ, Edgerton VR, Gillespie CA and Stempel KE: 
Metabolic profiles of three fiber types in guinea pigs and rabbits. 
Biochemistry 11:2627-2633, 1972. 

44. Pette D: Microphotometric measurement of initial maximum reaction 
rates in quantitative enzyme histochemistry in situ. Histochemistry 
Journal 13:319-327, 1981. 

45. Pleasant LG and Axel rod PT:. A Compendium of hypokinetic and 
hypodynamia animal studies (NASA Contractor Report 3485). Washington 
D.C., NASA, 1981. 

46. Rankin LL, Enoka RM, Volz KA, Reinking RM, Joyner MJ and Stuart DG: 
The effects of cage size on the functional properties of rat 
hindlimb muscle. 1. Force and fatigability. Soc. Neuroscience Abstr. 
10:781, 1984. 

47. Sal tin B and Gollnick PD:, Skeletal muscle adaptability: 
significance for metabolism and performance, in Peach L, Adrian RH, 
and Geiger SR (eds.):Handbook of Physiology. Bethesda, Am. Physiol. 
Soc., 1983,PP. 555-638. 

48. Seider MJ, Nicholson WF and Booth FW: Insulin resistance for glucose 
metabolism in disused soleus muscle of mice. American Journal of 
Physiology (Endocrinology Metabolism II) 242:E12-E18, 1982. 

49. Shenk JH, Hall JL and King HH: Spectrophotometry characteristics of 
hemoglobin. Journal of Biol. Chem. 105:741-752, 1934. 



49 

50. Sherrington C5: Remarks on some aspects of reflex inhibition. 
Proceeding of the Roval Society of London (Biology) 97:51Q. 1925. 

51. Stanley EF and Drachman EB: Effect of disuse on the resting membrane 
potential of skeletal muscle. Experimental Neurology 64:231-234, 
1979. 

52. Stryer L:. Biochemistry. San Francisco, WH Freeman and Co., 1981,pp. 
283-304. 

53. Stuart DG and Enoka RM: Weightlessness hypokinesia: significance of 
motor unit studies. The Physiologist 25:S-157, 1982. 

54. Thorton WE and Rummel JA:, Muscular deconditioning and its 
prevention in space flight, in Johnston RS and Dietlein LF (eds.): 
Biomedical results from Skvlab (NASA). Washington D. C., NASA Admin., 
1977,pp. 191-197. 

55. Trpyer H:. Principles and techniques of histochemistry. Boston, 
Little, Brown and Co., 1980. 

56. Vrbova G:, Influence of activity on some characteristic properties 
of slow and fast mammalian muscles, in Hutton RS and Miller DI (eds. 
):Exercise and Sport Science Reviews. New York, Academic Press, 1979, 
pp. 181-213. 

57. Whedon GD, Lutwak L, Rambaut PC, Whittle Mf, Smith MC, Reid J, Leach 
CS and Stadler CR:, Mineral and nitrogen metabolic studies, 
experiment M071, in Johnston RS and Dietlein LF (eds.) biomedical 
results from Skvlab (NASA). Washington D. C., NASA Admin., 1977, pp. 
164-174. 

58. Whipple GH: The hemoglobin of striated muscle. I. Variations due to 
age and exercise. American Journal of Physiology 76:693-707, 1926. 

59. Yellin H and Guth L: The hlstocbemical classification of muscle 
fibers. Experimental Neurology 26:424-432, 1970. 


