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A B S T R A C T 

As individuals age, intrinsic changes in muscle may have pronounced effects on 
locomotion. We studied changes in muscle use with age in young (2.5 months) and old 
(~24 months) rats. Animals were instrumented with E M G electrodes to measure muscle 
activation and sonomicrometer crystals to measure muscle length change (strain), then 
run on a treadmill. With increasing speed, E M G burst duration decreased, strain 
increased in young, and the average level of muscle activation increased for all. Old rats 
could not run at high speeds. To understand how age-related changes in muscle 
contributed to muscle use in locomotion, the lateral gastrocnemius was examined for 
force production, twitch kinetics and work/power capacity. Specific force did not change 
with age, twitch duration and relaxation increased, and work and power capacity declined 
more than half. Thus, old animals employ similar strategies as young to run faster, but 
intrinsic muscular changes compromise and reduce their capacity. 
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1 INTRODUCTION 

1.1 Overview 

1.1.1 Aging and Changes in Skeletal Muscle 

In skeletal muscle, aging is associated with a decrease in muscle mass 

(sarcopenia) and strength (Faulkner et al. 1995; Jubrais et al, 1997; Hakkinen et al, 

1998; Willoughby & Pelsue, 1998; Nair, 2000), and increased fatigability (Proctor et al, 

1998), along with a decline in the levels of anabolic hormones (Proctor et al, 1998; 

Beaufrere & Boirie, 1998). Other age-related changes in the muscle may also contribute 

to its altered performance, including changes in the isoforms of contractile proteins, 

decreased volumes of the sarcoplasmic reticulum (SR) and the transverse tubules 

(DeCoster et al, 1981). Motoneurons are also affected, being both impaired and lost in 

advancing years (Luff, 1998). The ability of the peripheral nervous system to regenerate 

declines with age (Kerezoudi & Thomas, 1999) and there are delays in complex reflexes 

and impairment of reflexes in general (Corden & Lippold, 1996). Beyond the sixth 

decade in humans, accelerated losses of muscular strength occur along with a decline in 

proprioceptive acuity and postural stability (Hurley et al, 1995). These changes are not 

trivial and are associated with physical deficits including an increased incidence of falls 

and decreased activity levels, which can lead to decreased independence. Because 

muscles become weaker and physical activity less intense, there is a reduced daily 

expenditure of energy, contributing to the accumulation of visceral fat (Proctor et al, 

1998). The loss of muscle mass is substantial, being 35-40% between the ages of 20 and 
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80 based on cross-sectional data (Evans, 1995; Fleg & Lakatta, 1988). The reduction of 

muscular strength could be due to a loss of muscle mass and reduced contractile 

properties (such as specific force), or perhaps the ability to maximally recruit the muscle 

is impaired (Proctor et al, 1998). 

Though reduced physical activity may account for some losses of force and power 

output of muscle, intrinsic changes in the muscle and nervous system may contribute 

more to this reduction of functional capacity with age. A major contributor to the age-

related decline in strength in the proximal limbs of humans appears to be a reduction in 

cross-sectional area of muscle tissue (Evans, 1995; Conley et al, 1995), however in 

humans the decline in cross-sectional area (CSA) only accounts for half of this decrease 

in force (Jubrias et al, 1997). It is unclear how much age-related change in the way 

muscles are used is associated with the natural process of aging, versus lifestyle and 

disease (Hirsch et al, 1997). It has been suggested that intrinsic age-related changes in 

muscles and in muscle fibres contribute to the losses in muscle mass, force and power 

more than decreased physical activity (Faulkner et al, 1995). The reduction of maximum 

contractile force in skeletal muscle is believed to result not only from a loss of muscle 

fibres, but also atrophy of fast glycolytic fibres (Arabadjis et al, 1990; Proctor et al, 

1998). How all of these age related changes may affect the use of muscle in locomotion 

has yet to be determined. 
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1.1.2 Purpose and Hypotheses 

Very little is known about the effects of age on locomotor performance. Further, 

little information is available on how changes in the capacity of muscle contribute to this. 

By determining what changes occur in locomotion and the use of the lateral 

gastrocnemius with age, and if a change in muscle twitch kinetics, work and power 

production partly contribute to these changes, a better understanding of the declining 

performance of muscle can be ascertained. The effects of aging on muscle were studied 

(1) during treadmill locomotion, (2) on isolated bundles of muscle fibres and (3) on the 

distribution of myosin heavy chain (MHC) isoforms in the lateral gastrocnemius muscle 

of the rat hindlimb. The purpose of the studies was to determine how the use of the lateral 

gastrocnemius in locomotion changed with age, how the mechanical performance of 

isolated muscle may change with age and if the distribution of M H C isoforms changed 

with age. 

The hypothesis for this study is that changes in locomotor performance with age 

coincide with changes observed in muscle capacity with age. I expect an increase in 

twitch duration and decrease in work and power generation of muscle with age causing 

gait changes to occur at slower speeds and difficulty locomoting, especially at high 

speeds. 

This was the first study to: 

1) Quantify the strain (pattern and amplitude) of the lateral gastrocnemius in the rat 

during treadmill locomotion while simultaneously quantifying the bursts of muscle 

electromyographic (EMG) activity and activation time (phase). 
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2) Measure mechanical work and power during cyclic contractions from isolated 

segments of old and young rat muscle. 

3) Use the changes observed in mechanical performance (twitch kinetics, work and 

power generating capacity etc.) of a bundle of fibres from the lateral gastrocnemius 

muscle to explain changes in locomotor performance of rats with age. 

1.1.3 Outline of Thesis 

Chapter 1 continues with a review of the literature, in the areas of locomotion and 

aging, isolated muscle performance and mechanics with respect to aging and also the 

effects of aging on M H C isoforms and rat strains. Chapter 2 describes the methods, 

experimental procedures and analyses. The results of the experiments are presented in 

Chapter 3. Chapter 4 interprets the results, relates them to literature and concludes the 

thesis. The appendix contains a flowchart for the circuit made to count pulses (through a 

photo-detector) to determine treadmill speed. 
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1.2 Literature Review 

1.2.1 Aging, Locomotion and Muscle Strength 

Rats are useful models for the study of aging since they have relatively short life 

spans (2-3 years) and much is known of their physiology. Because aging alters the 

performance of muscle (Morley et al, 2001), the use of muscle may change as well, and 

might be apparent in the way a rat locomotes. Due to this change, quantifying 

locomotory patterns in young and adult rats is useful as a means to compare not only 

effects of aging on rat locomotion, but also the effects of various experimental 

interventions on locomotion and behaviour. 

Rats walking between 0.2-0.8 ms" use a spatially and temporally consistent gait 

(Hruska et al, 1979). That is, the placement of all four limbs and the duration of their 

strides follow a consistent pattern, which is symmetrical and similar between different 

strains of rats. The distance of one step, from footfall to footfall is defined as the stride 

length, and the inverse of the duration of one stride is the stride frequency. The pattern of 

locomotion observed in the different strains is also consistent between males and females, 

though due to their larger size, males increase stride length and their stride frequency (by 

decreasing the stance time of each step) more than females with increasing speed (Parker 

& Clarke, 1990). Between 0.1-0.5ms"1 rats walk with a stride frequency of 2-5 Hz 

(Hruska et al, 1979; Clarke & Parker, 1986). Though both stride length and stride 

frequency increase with speed, they do not increase at the same rate. Stride length 

remains relatively constant at slow walking speeds up to 0.3ms"1, above which it 

increases sharply (Clarke & Parker, 1986). With increasing speed, stride frequency 
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increases linearly between 0.1-0.45ms"1 but then exhibits a plateau, which may represent 

a gait change (Clarke & Parker, 1986). The disparity in the rates of increasing stride 

length and increasing stride frequency may be due to gait transitions, and/or changes in 

metabolic demands and motor unit recruitment (Clarke & Parker, 1986 and references 

therein). 

Activation of hindlimb motor units during unrestrained rat locomotion was 

studied by Gorassini et al. (2000). The firing frequency of fast muscle (e.g. 

gastrocnemius, tibialis anterior) motor units was high (60-100Hz) compared to slow 

motor units (e.g. soleus muscle) which fire at a mean discharge of 30Hz. Fast muscle 

motor units were frequently recruited with initial frequencies greater than or equal to 

100Hz (thus being recruited with initial doublets or triplets) which was not observed in 

slow muscle. When the second impulse of a train rapidly follows the first, it is known as 

a doublet. This causes summation of the twitches and ultimately increases the tension 

generated by the muscle. There is evidence that recruitment of the gastrocnemius by 

motorneurons is compartmentalized by networks in the spinal cord, resulting in 

independent firing of single fast motor units compared to the majority of the motorneuron 

pool (Gorassini et al., 2000). 

The pattern of muscle activity in the rat hindlimb during locomotion provides 

information about the recruitment and use of different muscles during movement. The 

contributions of the soleus (slow contracting plantar flexor), the gastrocnemius (fast 

contracting plantar flexor), and the tibialis anterior (fast contracting extensor) in treadmill 

locomotion and swimming reflect the function of these muscles in the rat hindlimb. In 



7 

quadrapedal standing, the soleus is activated at a relatively high level compared to the 

medial gastrocnemius (Hutchison et al, 1989). The soleus has been observed to 

experience nearly maximal activity when activated, which is thought to maintain 

endurance and resistance to fatigue (Eken, 1998 and references therein). With increasing 

treadmill speed, the recruitment of the medial gastrocnemius and tibialis anterior (both 

fast muscles) increase, while that of the soleus decreases (Hutchison et al., 1989; Roy et 

al, 1991) to power locomotion at those speeds. Roy et al. (1991) quantified the relative 

recruitment of the soleus, medial gastrocnemius and tibialis anterior by using the integral 

of the burst of E M G activity (e.g. product of the duration and amplitude of a filtered, 

rectified E M G trace). The duration of the E M G burst and the cycle period (duration of 

each stride) both decrease hyperbolically with increasing treadmill speed in the soleus 

and medial gastrocnemius (the plantar flexors), though it does not change in the tibialis 

anterior (extensor of the foot). The tibialis anterior was activated more in swimming than 

in treadmill locomotion both in duration and amplitude. Roy et al. (1991) concluded that 

because swimming was a form of locomotion that is non-weight bearing it unloads the 

slow anti-gravity muscles (soleus) and loads the tibialis anterior (extensor), resulting in 

activation of the extensors during this type of activity, rather than the plantar flexors. 

Since reduced muscle use is associated with muscle atrophy, (and thus with 

declining mass and strength, or sarcopenia), using rodent hindlimb suspension as a model 

for reduced muscle use (Brown et al, 1999) may provide some insight into effects of 

reduced muscle use with age. In 30 month old rats, the wet weight of the gastrocnemius 

declined 25% in hindlimb suspended animals more than in intermittent weight bearing 
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(decrease of 20%) compared to control rats. Similarly, Saitoh et al. (1999) found a 

significant decrease in the soleus mass of adult rats whose hindlimbs had been suspended, 

however, in young rats whose hindlimbs are suspended, there was not a significant 

decrease in weight of the soleus. This suggests that age-related changes in muscle may 

contribute to muscle wasting more than just decreased activity or muscle use. 

Apart from changes in the muscle itself, hindlimb suspension may influence the 

performance of the muscle and its activation. Alford et al. (1997) observed that the 

reduction in muscle activity (measured via EMG) in the soleus and medial gastrocnemius 

and increased activity in the tibialis anterior with hindlimb suspension lasted for a 

relatively short time period, with normal activity resuming approximately seven days 

after the onset of hindlimb suspension. Though suspension may be a model for muscle 

disuse, the finding that the activity of motor nerves and muscle activation resumes to 

normal levels (-98% of pre-suspension values) after one week, suggesting that this may 

not be an appropriate model for muscle aging which may result in changes other than 

simply disuse. 

In comparison with muscle innervation during development, the re-innervation 

patterns after sciatic nerve transection in young and adult rats is not completely selective, 

ultimately affecting the pattern of muscle activity in the hindlimb (Gramsbergen et al, 

2000). If in young, adult rats reinnervation patterns are not selective, reinnervation of 

damaged nerves in older individuals would perhaps experience similar challenges. Hie et 

al. (1982) cut and resected the sciatic nerve of 2-month-old female Wistar rats. The 

exercised group increased the muscle fibre CSA by 28% and whole muscle CSA by 23 % 
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in the plantaris (fast contracting plantar flexor). Muscle wet mass increased 15.5% and 

twitch tension increased by 30% compared to controls. Exercise following 

transection/resection of the sciatic nerve may provide some form of rehabilitation for 

individuals with nerve pathologies (e.g. the elderly). Though the experimental procedure 

was conducted on young animals the reinnervating muscle may be a useful model for 

aging. After age 60, there is degeneration of the nervous system (e.g. motorneuron loss, 

decreased diameter and number of motoraxons in ventral roots, and slower conduction 

velocities, Lexell, 1996 and references therein). Thus individuals with peripheral nerve 

injuries or challenges, as well as the elderly, may benefit from the rehabilitation therapies 

developed for the reinnervation model. 

1.2.2 Effects of Exercise and Training 

Exercise reduces the debilitating effects of sarcopenia and also contributes to 

other changes in aged individuals. Slow and fast twitch muscles, and more specifically 

the four M H C isoforms of skeletal muscle (type I = slow twitch, type Ila = fast twitch 

oxidative, type IIx = fast twitch intermediate, and type lib = fast twitch glycolytic; see 

section 1.2.8) are altered by exercise training. Chronic exercise reduces the percent of 

small diameter (atrophied) fibres in the gastrocnemius of rats 26 months old (Stebbins et 

al, 1985). Small diameter fibres are those with geometric characteristics and sizes 

similar to atrophied aging or diseased muscle (Stebbins et al, 1985 and references 

therein). With exercise, the percent of type I M H C isoforms (slow-twitch) in the soleus 

muscle increases, though no significant change in type II MHCs are observed in the 
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gastrocnemius, using myosin ATPase separation (Stebbins et al, 1985). Sullivan et al. 

(1995) used sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) to 

separate M H C isoforms and found that after 8 weeks of training, the number of type lib 

M H C fibres decreased in the gastrocnemius and plantaris (fast twitch) muscles and type I 

fibres increased in the gastrocnemius. This decline in the number of type lib M H C fibres 

after training was also noted by Morales-Lopez et al. (1990-91). With the observed 

decrease in the fast, glycolytic type lib MHCs, Morales-Lopez et al. (1990-91) noted an 

increase in the fast oxidative type Ha MHCs after training. Stebbins et al. (1985) and 

Sullivan et al. (1995) both observed an increase in type I MHCs in the soleus. The 

disparity between the findings of Stebbins et al. (1985) and others regarding the type II 

MHCs after exercise training may stem from the differences in the techniques used to 

separate myosin: SDS-PAGE is sensitive to differences in all four M H C isoforms, 

whereas myosin separation using the ATPase procedure distinguishes only three: type I, 

type Ha and type lib MHCs. Differences between the results of Stebbins et al. (1985) 

and Sullivan et al. (1995) may also stem from the intensity of the exercise training 

protocol. Sullivan et al. (1995) used V02max of the rats to monitor the intensity of 

training, and altered the treadmill speed/incline to maintain a high level of training 

intensity. Though this protocol lasted 8 weeks and Stebbins et al. (1985) protocol 5 

months, the latter used body weight as an index of work-load stress to adjust training 

intensity, and thus may have differently assessed the training intensity of the rats. This 

may be relevant since the intensity level of exercise (moderate versus high) induces up-

regulation of different types of M H C isoforms in muscle fibres (Willoughby & Pelsue, 
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1998). High intensity training increases expression of type Ha and IIx M H C isoforms in 

men who were previously inactive, whereas moderate intensity training increases the 

expression of type I M H C isoforms (Willoughby & Pelsue, 1998). Exercise did not 

appear to significantly effect body weight (Stebbins et al, 1985; Sullivan et al, 1995) 

though absolute and relative values of V02 m a x were higher in trained animals compared to 

sedentary rats (Sullivan et al, 1995). This is in contrast to the findings of Holloszy & 

Schechtman (1991), who found that sedentary rats were about 200g heavier (peak body 

weight) than age-matched wheel-running rats, both fed ad libitum. Eight weeks of 

exercise also induces cardiac hypertrophy (Stebbins et al, 1985 and references therein) 

and reverses the age related prolongation of calcium transients within a cell and in 

isometric contractions (tetanic) (Gwathemy et al, 1990). Exercise training also increases 

stiffness, strength and stress in the tendons of exercised rats compared to sedentary rats 

(Nielson etal, 1998). 

Activation of muscle via chronic, low frequency stimulation induces changes in 

M H C content of young (~5 months) and old (> 27 months) rats (Skorjanc et al, 1998). 

For 50 days (at 10Hz, lOh per day), the extensor digitorum longus (EDL, fast contracting 

muscle) of rats was stimulated then examined for M H C content. Skorjanc et al. (1998) 

observed a predominance of M H C Ila in the EDL of both young and old muscle-

stimulated rats. Both young and old muscle experience similar changes in enzymatic 

activity: increases in mitochondrial enzymes, decreases in glycolytic enzymes. The 

effects of chronic low frequency stimulation suggest that the plasticity of muscle does not 
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change as the muscle ages, e.g., old muscle is able to adapt similarly to young muscle in 

response to increased neuromuscular activity. 

Physical activity and muscle strength both influence the extent of disability in 

humans. In women who are physically active, muscle strength is greater and both 

activity and strength significantly predict the severity of disability (Rantanen et al., 

1999). Thus those women who are most disabled are the least active and have the lowest 

muscle strength. 

The extent of physical activity has shown differing effects on muscle M H C 

mRNA expression. Moderately (resistance) trained elderly men performed 3 sets of 15-

20 repetitions at 60-65% of their repetition maximum, 3 sessions per week, while those 

men trained at high intensity performed 3 sets of 8-10 repetitions at 75-80% of their 

repetition maximum. Moderately trained individuals exhibit no change in type Ila mRNA 

(Willoughby & Pelsue, 1998) but show an increase in type I mRNA. In contrast, high 

intensity trained individuals increase both M H C type Ha and IIx but not type I 

(Willoughby & Pelsue, 1998). This observation is fitting for the change in function of the 

muscle; for example, a high intensity trained muscle requires more faster contracting 

fibres (e.g., type II M H C isoforms) than a slower contracting muscle trained for 

endurance (e.g., type I MHC). However, Williamson et al. (2000) observed an increase 

in type I M H C isoform in men with high intensity training (80% of maximum repetition). 

Physical activity is associated with other positive effects in the elderly. The 

relaxation rate of the vastus lateralis (VL) in elderly women is longer than in young 

women. There is also a delay in the uptake of C a 2 + by the sarcoplasmic reticulum (SR) 
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that is partially reversed after exercise training (Hunter et al, 1999). However, the 

relaxation rate of the V L muscle does not change after exercise suggesting that the SR 

uptake of Ca is not the main reason for a delayed relaxation rate of this muscle in 

elderly women (Hunter et al., 1999). 

1.2.3 Muscle Strength and Sarcopenia 

The loss of muscle mass and strength with age (sarcopenia) greatly impairs the 

ability of the elderly to carry out activities of daily living (Hurley et al., 1998; Morley et 

al, 2001). Other factors, such as decreased rate of protein synthesis, declining hormone 

levels and decreased physical activity all contribute to sarcopenia (Morley et al, 2001; 

Proctor etal, 1998). 

The effects of aging on locomotion are apparent in the elderly population. The 

decline in muscle strength with age may account for part of the changes in locomotor 

performance, but other factors may also contribute. Hurley et al. (1998) examined 

proprioceptive acuity, functional performance and quadriceps strength in young (mean = 

23 y), middle-aged (mean = 56 y), and elderly (mean = 72 y) subjects. Postural stability, 

joint-position sense and quadriceps strength all decline with age; the elderly are 

significantly weaker than middle-aged and young subjects. Whether or not this loss in 

strength is due primarily to muscle atrophy can be somewhat clarified by considering the 

relationship between muscle force and cross-sectional area (CSA). Jubrais et al (1997) 

studied this relationship in men and women aged 23-80 years by measuring the force 

produced at four angular velocities. Force declined 39% from 65-80 years. By comparing 
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MRI images, cross-sectional area (CSA) was measured and showed a 21% decline, 

revealing that the decline in force production is not due solely to muscle atrophy, since 

force decreases more than CSA. A declining muscle CSA and maximal muscle strength 

with age is also shown by Hakkinen et al. (1998), with a lower ratio of force per CSA in 

older women compared to older men. 

Though this unequal decline of force and CSA exists, because of the infiltration of 

muscle cells by fat and connective tissue, CSA measurements may not be entirely 

accurate. If unaccounted for, intramuscular non-contractile material will increase the 

CSA measurement of muscle, but because not all of that area is contractile material, the 

ratio of force per CSA will be underestimated. Attempts have been made at measuring 

contractile tissues only (Jubrais et al, 1997), and in the quadriceps, CSA declined about 

21%. Hakkinen et al. (1998) measured CSA with an ultrasonic scanner and estimated 

body fat percentage using skin-fold thickness tests, finding that CSA declined aboutl8 % 

in the quadriceps femoris from age 40 to age 70 in men. 

Decreases in muscle mass with age have been observed in rats (Vanden Noven et 

al, 1996; Arabadjis et al, 1990; Klitgaard et al, 1989; Thompson & Brown, 1999; 

Dardevet et al, 1998; Campbell et al, 1991) along with decreases in CSA of muscle and 

muscle fibres (Thompson & Brown, 1999). Changes in muscle fibres with aging are 

specific to M H C isoform: the proportion of type lib M H C decreases between 76-80 y and 

a significant increase in the fibre area of M H C isoforms I and Ha occurs between 76-80 y 

in the vastus lateralis and biceps brachii muscles of humans (Aniansson et al. 1992). The 

fibre hypertrophy compensates for a decreasing number of motor units with age. Though 
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some hypertrophy of fibre area occurs with age, whole muscle CSA is smaller in older 

men (-74 y) than in young men (-36 y); after adjusting for fibre size, fibres (single, 

permebealized) from old men are stronger than old women (-72 y) (Frontera et al., 

1991). Dardevet et al., (1998) suggest that muscle atrophy could be a result of increased 

sensitivity to glucocorticoids: the rate of protein degradation increased while protein 

synthesis was depressed, partially explaining the phenomenon of muscle wasting with 

age. The decrease in tetanic force observed in aging fast (white) gastrocnemius muscle is 

also accompanied by a reduction in anaerobic energy production in fast glycolytic fibres 

(Campbell et al., 1991). This decline in energy production is due mainly to a decline in 

the activation of the glycolytic pathway, which according to Campbell et al. (1991) is a 

result of decreased energy demands. De Coster et al. (1981) did not see fibre atrophy in 

the aged gastrocnemius muscle, though electron microscopy revealed a significant 

reduction in the surface density of the sarcoplasmic reticulum and t-tubular system and a 

complete depletion of the surface density of glycogen. 

Other changes in muscle with age include an increase in free radical generation 

(Bejma & Ji, 1999), and increased sensitivity of the ryanodine receptor (in rat tibialis 

anterior) to Ca 2 + , causing elongation of the twitch (Damiani et al, 1993). Molecular 

changes in myosin in old animals contribute to the decline in ATPase activity and thus 

slow muscle contraction (Syrovy & Gutmann, 1970). Lowe et al. (2001) proposed that 

structural changes in myosin may partly explain the decline in specific force observed 

with age in hindlimb skeletal muscles. The number of myosin heads in the force-
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generating or strong-binding state during an isometric contraction was less in aged rat 

muscle compared to young. 

1.2.4 Area Specific Force 

The force a muscle produces can be expressed relative to the cross sectional area 

of the muscle, where Area = mass * (muscle length x density). Specific force is force 

divided by Area. There are inconsistencies in the literature on the effects of aging on 

specific muscle force. Some find no significant change in specific force with age 

between young (4-9 months) and old (24-37 months) rats in the fast twitch EDL, 

although a declining trend is observed (114kNm" to 89 kNm", Eddinger et al, 1986; 

237kNm"2 to 208kNm"2 Carlson & Faulkner, 1998; 259kNm"2 to 214kNin 2 , Klitgaard et 

al, 1989). Others have found significant declines in specific force in the EDL of rats, 

declining 26% with age from 5 months to 26 months (Gutmann & Carlson, 1976). A 

significant decline in specific force in mouse EDL has been observed from 2-3 months of 

age to 26-27 months of age (230kNm"2 to 186kNm"2, Brooks & Faulkner, 1988). 

The specific force of the rat soleus decreases significantly with age both in muscle 

bundles (rats from 9 to 24 months, Klitgaard et al, 1989) and in single fibres (rats from 

12 to 24 months, Thompson & Brown, 1999). In contrast, the soleus has also been 

2 2 

observed to increase its specific force from 9 to 24 months (59kNm" to 85kNm" , 

Eddinger et al, 1986) despite a significant drop in soleus mass. 

The disagreement in the findings may be a result of differing experimental 

preparations. Whole muscle preparations contain mixed fibre populations (albeit small) 
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and may mask individual changes in specific fibre types. Thus preparations using whole 

muscles, muscle bundles and single fibres may not reflect age-related changes to the 

same degree. Also, skinned (permeabilized) fibres swell approximately 20% (Thompson 

& Brown, 1999) which overestimates the CSA of a fibre and thus underestimates the 

force per CSA. Some authors may or may not correct for this change, thus values from 

different studies may not be directly comparable. 

Though in rats it is unclear whether a significant decline in specific force occurs 

with age, this decline in area specific force with age is well documented in human 

skeletal muscle (see section 1.2.3). It has been suggested that the magnitude of the 

decline of specific force with age depends on the M H C content of muscle fibres. For 

example, slow fibres produce lOOkNm" of force and fast fibres produce 180kNm" 

(Geiger et al, 2000). The magnitude of declining force with age would then depend on 

the type of muscle being examined. Though the magnitude of the decline may indeed 

depend on whether the muscle is fast or slow, more likely, a decline in specific force with 

age is due to loss of contractile material (Thompson & Brown, 1999) or increases in 

intermyofibrillar space by non-contractile material (Ansved & Edstrom, 1991). 

1.2.5 Twitch Kinetics 

Isometric twitches provide information about muscle compliance, the rate of force 

development and rate of relaxation of a muscle. The rate of force development depends 

on the C a 2 + concentration and rate of C a 2 + release from the SR., and the rate of cross-

bridge cycling (dependent on the fastest fibres). Relaxation rate of muscle is limited by 
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the cycling of cross-bridges in the slower fibres and the uptake of C a 2 + (e.g. a delayed 

relaxation rate may indicate a higher concentration of C a 2 + in the cytoplasm). Time to 

peak force or tension (TPT), time to relaxation and twitch duration are aspects of a 

muscle twitch that provide information about these may change with age. 

Twitches of fast and slow muscles have different kinetics. A slow muscle takes 

longer to develop maximum twitch force (MTF) than a fast muscle, and also takes longer 

to relax. For example, the soleus in mice 6 and 8 weeks of age reached MTF in 22.0ms 

while the EDL in only 9.58ms. Relaxation of the soleus muscle (peak force to 10% 

MTF) took 97.7ms compared to only 41.0ms in the EDL (James et al, 1995). 

In the soleus, TPT increases with age in rats (Edstrom & Larsson, 1987), and in 

mice (Brooks & Faulkner, 1988). The time to relaxation also increases in aging rat 

soleus (Klitgaard et al, 1989) and aging mouse soleus (Brooks & Faulkner, 1988). The 

story for aging fast muscle is not as clear. In the rat plantaris, time to relaxation has been 

observed to decrease with age (James et al, 1995; Askew & Marsh, 1986; Arabadjis et 

al, 1990). The TPT has also been observed to increase with age (Arabadjis et al, 1990, 

Edstrom & Larsson, 1987). Others in contrast, have observed no significant change in 

TPT and relaxation rate in the aging plantaris (Klitgaard et al, 1989). In mice EDL, TPT 

and relaxation rate did not change significantly with age (Brooks & Faulkner, 1988). 

A muscle such as the gastrocnemius, with a heterogeneous population of M H C 

isoforms, may experience region specific changes with age. Vanden Noven et al, (1996) 

compared the distal and proximal medial gastrocnemius for changes with age in Sprague-

Dawley rats. In both distal and proximal regions, TPT and half relaxation time increase 
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with age, though all times are longer in the proximal region of the muscle. The fibres 

innervated by the proximal nerve branch have a larger number of Ha (oxidative) MHC 

isoform than the fibres innervated by the distal nerve branch, which had predominantly 

lib (low oxidative, glycolytic) isoforms. This likely explains the longer twitch duration 

of the proximal region compared to the distal region of the medial gastrocnemius muscle, 

since type Ha MHCs contract slower than type lib MHCs, based on their ATPase activity 

(Syrovy & Gutmann, 1970). 

Kanda et al (1986) suggest that the disparity in the effects of aging on fast and 

slow muscles may stem from varying effects of aging on fast and slow motorneurons. 

They found that the conduction velocities of motor axons decrease in both fast and slow 

MU's with age, but more so in the fast contracting MU's , suggesting that the atrophy of 

muscle fibres with age may be neurogenic (Kanda et al, 1986 and references therein). 

1.2.6 Force Velocity Properties 

How fast and how far a muscle contracts is largely dependent on the load placed 

on the muscle. As load is increased, the velocity at which the muscle shortens against the 

load decreases (Fig. 1.1). In order to move the load (shorten, and thus do work) the 

muscle must develop enough tension to equal the load. As the load is increased, the 

amount of time required to develop sufficient tension to equal the load, or the latent 

period, increases. 

A muscle producing maximum force is said to contract isometrically (e.g. with no 

change in muscle length). At maximum isometric force, velocity of shortening (V) is 
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zero. As V increases, the force produced decreases until the muscle reaches its maximum 

shortening velocity ( V m a x ) , where no force is produced. Force developed while a muscle 

shortens at a constant velocity, is measured. This measurement is repeated at several 

velocities and the experimental data is fit to a commonly used equation defined by A V 

Hil l (1938): 

Velocity = (P 0 + a) . b - b [1.1] 
(P + a) 

where a and b are constants with units of force and velocity respectively, P is force at 

that velocity and P 0 is maximum isometric force. 

By setting P to zero, the above equation is used to determine V m a x . Because the 

extrapolation of the curve provides the value for V m a x it is important to note that fast 

fibres influence this value more. A l l fibres, slow and fast, contribute to force-velocity 

curves at slow velocities. Only the fast fibres influence the curve at velocities around 

V m a x due to the inability of the slower fibres to attain velocities equal to the fast fibres 

(Brooks & Faulkner, 1988). The maximum 
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force 

velocity of shortening 

Figure 1.1 Force-velocity curve illustrating the inverse 
relationship between force and velocity of muscle 
shortening. A greater curvature indicates a greater 
population of slower fibres, whereas less curvature 
indicates a greater population of fast fibres. 
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velocities of shortening are higher in fast twitch muscles compared to slow twitch 

muscles. The V m a x of rat EDL is B M L s " 1 . In comparison, the soleus has a V m a x of 6-

7MLs' ' (both at 35-37°C, Ranatunga, 1998; Askew & Marsh, 1997). 

The four mammalian M H C isoforms, I, Ila, IIx and lib, sort based on the rate at 

which they cleave adenosine triphosphate (ATP), via the enzyme adenosine 

triphosphatase (e.g., their ATPase rate). From slowest to fastest, the following values for 

V m a x in skinned rat muscle have been observed: type I (0.639 MLs ' 1 ) , type Ila (1.39 MLs" 

'), type IIx (1.45 MLs ' 1 ) , and type lib (1.8 MLs ' 1 ) at 12°C. According to Bottinelli et al. 

(1991), except for type Ila and type IIx, all velocities are significantly different from one 

another. V m a x of a muscle is temperature dependent, increasing with increasing 

temperature. At 6°C are: type I (0.16 MLs" 1), Ila (0.45 MLs ' 1 ) , IIx (0.75 MLs" 1) and lib 

(0.77 MLs ' 1 ) (Gallen et al, 1996). It has been suggested that type Ila and IIx comigrate 

on a gel (Schiaffino et al, 1989) and since type IIx can form a hybrid with type lib or Ila 

at different times as the animal ages, the comigration of IIx with either type lib or Ila 

may be dependent on the age of the muscle. The V m a x values for hybrid MHCs (e.g. 

Ilb/IIx or Ilx/IIa) may be at some intermediate value and thus, the insignificant difference 

between the V m a x values of IIx and Ila (Bottinelli et al, 1991) and IIx and lib (Gallen et 

al, 1996) may be due to the shifting of M H C isoforms from lib -> IIx -» Ila with age. 

Larsson et al. (1993) observed a shift in M H C isoform with age from fast to slow, e.g. 

type lib to type IIx and ultimately to type Ila. Because of this shifting from lib to Ila, 

type IIx may have characteristics of both fast M H C isoforms that may explain the 

difference in the findings of Schiaffino et al, (1989) and Gallen et al, (1996). 
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There appears to be no significant change in V m a x in fast muscles (EDL) with age (Brooks 

& Faulkner, 1988; Fitts et al, 1984; Degens et al, 1998). The slower soleus muscle, 

however, showed a significant decline in maximum velocity of shortening with age 

(Degens etal, 1998). 

The curvature of the force-velocity relationship indicates whether a muscle is fast 

(less curvature) or slow (greater curvature). From Hill 's equation (1.1), the quotient of 

the constant a and isometric force P 0 is an index of curvature of the force velocity curve. 

Lower values of this ratio indicate a greater curvature of the force velocity hyperbola, 

representing a slower contracting muscle. Since a/P0 indicates whether a muscle is fast or 

slow based on its curvature, a change in a/P0 would indicate a change in the composition 

of a muscle. The a/P0 ratio does not change in mouse soleus muscle from 2-26months 

(0.22 in young to 0.19 in old), nor does it change for EDL from 2-26months (0.34 for 

young to 0.34 in old) (Brooks & Faulkner, 1988). This is in contrast to the findings of 

Eddinger et al (1986) who found a significant increase in a/Po with age in both the 

soleus (from 0.10 to 0.14) and the EDL (from 0.20 to 0.26). This increase in a/P0 with 

age does not seem to agree with other aging concepts. A higher ratio of a/P0 indicates a 

faster muscle, though with age, there is evidence that muscles become slower contracting 

(Larssone/a/., 1993). This slowing of muscles with age is apparent in muscles that are 

primarily fast contracting to begin with (e.g. EDL). Slower muscles (e.g. soleus) may not 

exhibit this age-related slowing since the majority of fibres are already type I M H C 

isoform, or slow. Marsh and Bennett (1986) described an alternative to Hill 's equation to 

fit force velocity data: 
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Velocity = b . (1 - P/Pn) + c . (1 - P/P0) 

(a + P/Po) [1.2] 

where a, b and c are constants, (a is dimensionless, b and c are in velocity) P is force at 

that velocity and P 0 is maximum isometric force. They also propose another index of 

curvature; W m a x / ( V m a x P0), where W m a x is maximum power from a force velocity curve fit 

to Marsh & Bennett's equation (1.2), V m a x is maximum velocity of shortening, and P 0 is 

maximum isometric force. In the soleus muscle of mice, Askew and Marsh, (1997) found 

the Wm a x/VmaxPo ratio to be 0.08 ± 0.02 and, 0.12 ±0.004 in the EDL muscle. 

1.2.7 Work and Power 

The inherent power generating capability of a muscle can limit the extent and type 

of activity. High-speed locomotion such as quick escape responses, require more power 

than slow movements. The work done by a muscle is the integral of force with respect to 

changing muscle length. In locomotion, muscles cyclically lengthen and shorten while 

being activated phasically. This principle is applied experimentally with the work loop 

technique (Josephson, 1985). Briefly, a bundle of fibres are cycled (usually sinusoidally) 

at a particular strain (muscle length change) and frequency while being phasically 

stimulated. While shortening, the muscle is stimulated so force is high and the muscle 

does work (positive work). While lengthening, the muscle is not stimulated and force is 

low; work is done upon the muscle to stretch it (negative work). The difference between 

positive and negative work is the net work produced. The plot of force and length during 



a cycle creates a loop (Fig. 1.2) and the area in the loop is the net work produced by the 

muscle. 

The net power generated by the muscle is the product of net work done per cycle and the 

frequency at which the muscle is lengthening and shortening. Power so calculated (work 

x cycle frequency) is the average power generated over the lengthening/shortening cycle 

at that cycle frequency. This method of calculating power provides a measure of the 

inherent, sustained power generating capability of the muscle, taking into account the 

positive and negative work a muscle produces while shortening and lengthening. 

Instantaneous power is the power generated by the muscle shortening at a particular 

velocity (e.g. one instant in time). Instantaneous power for a muscle can be obtained 

from a force-velocity curve, as the product of velocity and the force produced at that 

velocity. The power calculated in this way produces a curve that peaks in between 

maximum force and maximum velocity, commonly at about 1/3 of V m a x . This method of 

estimating power is useful to determine instantaneous power, however, this value 

overestimates the sustainable power of the muscle (Josephson, 1993). The instantaneous 

power only accounts for shortening or positive work, whereas the work loop technique 

accounts for both positive work and negative work (lengthening and shortening of 

muscle) which is more closely related to what the animal might experience during 

locomotion. Power produced depends on cycle frequency. 
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143 ms 

length 

Figure 1.2 Illustration of how work loops are generated from an 
isolated muscle bundle. A) Sinusoidal length changes of the bundle, 
the force developed as the muscle changes length, and the stimulus 
are illustrated. B) Force as a function of muscle length. The product 
of force and changing length is the work output of a muscle. The 
work required to stretch the muscle is the negative work and the work 
done by the muscle when it shortens is the positive work. The 
difference between the lengthening and shortening work is the net 
work output of the muscle per cycle. Data from a young rat 
gastrocnemius muscle conducted at 35°C, at a cycle frequency of 
3.5Hz. 



In comparing the medial gastrocnemius muscle in 1.5 month to 5-month-old 

Wistar rats, De Haan et al. (1992) found no difference in power (367 mWmm"3 and 383 

mWmm"3, respectively). Note, however, the ages of the rats. At 1.5 months the young 

rats are still developing, and at 5 months, though defined as mature by De Haan and 

others, most others would classify them as young. Since force has been observed to 

decline with age, one can expect power to decline with age as well. Muscles consisting 

of predominantly fast fibres (e.g. EDL) shift from fast to slower with age (Larsson et al, 

1993), thus since there is an indication of declining force and velocity of muscles with 

age, one can anticipate a decline in power. 

1.2.8 Fibre Typing of Muscle Tissue 

Classification of the fibre types in skeletal muscle can be carried out using 

histochemistry and electrophoresis. In histochemistry, the oxidative potential of fibres is 

determined by the activity of the mitochondrial enzyme nicotinamide adenine 

dinucleotide tetraolium reductase (NADH-TR), and the speed of fibre contraction by 

myofibrillar activity of adenosine triphosphatase (ATPase). These two tests classify 

fibres as slow twitch oxidative, fast twitch oxidative glycolytic or fast twitch glycolytic. 

Myofibrillar ATPase activity has been used to identify fast or slow twitch muscles 

(Armstrong & Phelps, 1984), succinate dehydrogenase activity (Armstrong & Laughlin, 

1990), a -glycerophosphate dehydrogenase activity (Ariano et al, 1973), and 

cytochorome oxidase have been used to determine oxidative potential of muscle. 
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Ariano et al. (1973) used histochemistry to classify the three fibre types (based on 

oxidative metabolism) in various species. They illustrated the predominance of FG fibres 

in the gastrocnemius lateralis and medialis (56% and 54% FG, respectively). Similarly 

Armstrong & Phelps (1984) demonstrated the predominance of FG fibres in the rat 

hindlimb. Armstrong & Phelps (1984) suggest that the distinction between FG and FOG 

fibres based on N A D H - T R activity is somewhat arbitrary, thus histochemically 

separating fibres may be a poor method of detecting change with age. 

Eddinger et al. (1985) reviewed the results of several studies classifying rat 

muscles in different age groups. The authors suggested that the inconsistency of the 

decline in fibre number and type II (fast) fibres with age between studies may be due 

more to changes in the rats activity level with age than to an aging effect on muscle. 

Electrophoresis provides an alternative to classifying the fibre types in skeletal 

muscle. Four myosin heavy chain (MHC) isoforms exist in mammal skeletal muscle 

based on their ATPase activity type I (slow), Ila (fast), IIx (fast, also known as lid) and 

lib (fast). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is 

used to effectively resolve the four M H C isoforms. 

Porzio & Pearson (1977) modified the standard protocol for SDS-PAGE to better 

resolve and separate several proteins over a range of sizes (15kD - 300kD) in a 

continuous gel system. They identified myosin as a 200kD protein. Doucet & Trifaro 

(1988) modified Porzio & Pearson's protocol to separate proteins, using a discontinuous 

gel system to separate proteins over a wide range of molecular weights. Thomason et al. 

(1986) used both ATPase activity as well as SDS-PAGE to classify myosin heavy and 
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light chains and found a strong correlation between the profiles of myosin heavy 

isozymes, light chains and ATPase activity. The fast myosins (type Ha, IIx, and lib) 

were distinguished by Schiaffino et al. (1989), who also identified the third MHC, IIx, 

via antibody staining and SDS-PAGE. The four isoforms show a migration order on a 

polyacrylamide gel of I, l ib, IIx and Ha with type I migrating the fastest, Ha the slowest 

and IIx comigrating with Ila. The protocol for M H C separation was more recently 

carried out on rat skeletal muscle by Talmadge & Roy (1993). These authors developed a 

protocol to separate all four isoforms in the rat medial gastrocnemius and the rat 

diaphragm, and also quantified the M H C isoform distribution in the medial 

gastrocnemius muscle of the rat. 

With age, changes occur in the distribution of muscle fibre types. Arabadjis et al. 

(1990) found a 5% decline in total fibre number in the rat plantaris, and a differential 

change in fibre type distribution in different regions of the muscle. The belly region of 

the plantaris experienced a net loss of fibres and both the belly and proximal regions 

experienced losses of type I M H C isoforms. The distal region experienced losses of type 

Ila MHCs, leaving type lib MHCs. This conservation of fast twitch fibres is not in 

accordance with Larsson et al. (1993) who found a shift in M H C isoforms with age from 

fast (lib) to slower (IIx), in rat tibialis anterior muscle, another fast muscle. Larsson and 

others also note the presence of hybrid isoforms (Ilb/IIx or Ilx/IIa), which supports their 

claim that a potential fast to slow shift occurs with age. Co-expression of two or three of 

the M H C I, IIx, and/or Ila in very old human subjects (average age, 88 years) were found 

in 52.6% of 2264 single skeletal muscle fibres examined by Andersen et al. (1999). There 
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is still controversy over the effects of aging on the M H C isoforms in skeletal muscle 

(Sullivan et al, 1995, Arabadjis et al, 1990). Since whole muscle homogenates will 

indicate the proportion of M H C IIx isoforms in the homogenate, the existence of hybrids 

(Ilx/IIa or Ilb/IIx) will be overlooked. Thus alterations in the distribution of M H C s 

occurring in single fibres may not be obvious by SDS-PAGE M H C separation. 

Co-expression of M H C isoforms in rat diaphragm was also found by Geiger et al, 

(2000) who suggest that the maximum specific force of the muscle depends upon the 

M H C content in the muscle. The different specific forces produced in different fibres 

were likely a reflection of the number of cross-bridges present per CSA. Permeabilized 

fibres and SDS-PAGE were used to determine M H C isoforms, and Western blot analyses 

determined M H C content for half of a sarcomere. Peak forces of the muscle fibres were 

normalized for M H C content per half sarcomere volume, thus linking the contribution of 

cross bridge number to force production. Normalizing the force produced per half 

sarcomere for fast and slow fibres provided evidence of less force produced per cross 

bridge in slow fibres compared to fast fibres. Thus, a shift to slower fibre types would in 

itself produce less force with age. 

1.2.9 Aging and Rat Strains 

The prevalence of lesions and other pathologies associated with aging in rodents 

can be influenced by diet and rat strain (genetics). Specialized rodent diets containing 

large proportions of protein have been shown to result in an increased incidence of 

chronic nephritis (Bras, 1969), though the standard rodent diet consists mainly of 
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carbohydrates. The most widely accepted intervention influencing longevity is caloric 

restriction, which has been shown to reduce pathologies associated with aging. 

Compared to rats fed ad libitum, Sprague-Dawley rats responded to caloric restriction 

with a -30% reduction in myocardial degeneration at 800 days (Simms, 1967). In Brown 

Norway, Fischer 344 and the Brown Norway/Fischer 344 hybrid, caloric restriction 

reduced the average prevalence of lesions (Lipman et al., 1999) and in the Brown 

Norway/Fischer 344 hybrid, 50% life expectancy exceeded 40 months in males and 

females with a calorie restricted diet (Turturro et al., 1999). This prolongation of life with 

restricted food intake is due most likely to a total decrease in food metabolism or intake, 

and does not decrease the availability of energy for proliferation of cells or growth 

(Holloszy & Schechtman, 1991). The extension of lifespan by food restriction is not 

effected by exercise, but exercise results in an increase in the mortality rate to over 50% 

of the initial portion of their mortality curve (Holloszy & Schechtman, 1991). 

The life expectancy of cage sedentary rats fed ad libitum varies between rat 

strains and can vary between genders. The 50% survival of Brown Norway rats is about 

30 months for males and females, whereas that for Fischer 344 rats is 25 months for 

males and about 27 for females (Holloszy & Schechtman, 1991). The survival of 

Sprague-Dawley rats at 24 months is 50% whereas for Wistar rats at the same age it is 

about 80% (Global Alliance for Laboratory Animal Standardization, 2001). Thus diet 

and strain have an effect on aging in rodents and may be an important consideration. 
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2 METHODS 

2.1 Experimental Animal 

Male Wistar and Sprague-Dawley rats (Rattus norvegicus) were used. Originally 

only Wistar rats were to be used, but since some old Wistar rats died before the 

experiments were conducted some available old Sprague-Dawley rats had to be 

substituted. The rats were housed in the animal care unit (University of Calgary) until 

they reached old age, which was between 16-29months. Retired Wistar breeders (16-17 

months) and old Sprague-Dawley rats (20-29 months) were also substituted for some of 

the locomotion (1 Wistar, 4 Sprague-Dawley rats) and muscle physiology (4 Wistar, 4 

Sprague-Dawley rats) experiments where necessary. A l l rats were classified as either 

young (about 2.5 months, approximately 350g) or old (16-29 months, greater than 500g). 

A rat 16 or 17 months of age could be considered an adult rather than old. However, 

because of the limited number of animals available, in this study the 16-17 months and 

20-29 months old rats were grouped together and classified as old. 

Much is known about the anatomy and physiology of Wistar and Sprague-Dawley 

rats, they are commonly used models in studies of aging (De Haan et al, 1988; Eddinger 

et al, 1985; Masoro, 1989; Prewitt & D'Ercole, 1989), and the pattern of locomotion 

between these two strains is similar (Parker & Clarke, 1990). Differences between the 

Wistar and Sprague-Dawley rat strains exist, such as their survival, which at 24 months 

the survival of male Sprague-Dawley rats is 50% compared to 80% in male Wistar rats. 

Differences exist between Wistar and Sprague-Dawley rats in their response to insulin on 
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glucose uptake and regional blood flow (Gaudreault et al, 2001). Specifically, there may 

be differences in muscle perfusion and fibre insulin sensitivity that cause variations in 

whole-body insulin sensitivity between the two strains, but these differences will not 

likely affect the way the animal uses its muscles during locomotion. Further, there are no 

obvious differences in muscle morphology or fibre type distribution in the gastrocnemius 

muscle between the two strains (personal observation). 

Muscles of the Lower Rat Limb 

The gastrocnemius, soleus and plantaris muscles insert on the Achilles tendon and 

are plantar flexors of the foot. These muscles thrust the foot upon the ground and raise 

the body. The soleus in rats is a relatively slow muscle, with 84 % of slow oxidative 

fibres (Ariano et al, 1973). The plantaris is a small, relatively fast muscle with 53% fast 

oxidative glycolytic and 41% fast glycolytic fibres (Ariano et al, 1973). The largest of 

the three, the gastrocnemius (Fig. 2.1), has a heterogeneous fibre type distribution (57% 

fast glycolytic, 38% fast oxidative and 5% slow oxidative, Ariano et al, 1973). This 

muscle is highly regionalized, with mainly fast glycolytic fibres (84%) in the 'white' 

gastrocnemius and fast oxidative glycolytic in the 'red' gastrocnemius (62%). The 

'mixed' gastrocnemius contains 7% slow oxidative fibres, 65% fast glycolytic, and 28% 

fast oxidative glycolytic fibres (Armstrong & Phelps, 1984). The rat gastrocnemius has 

been used extensively for locomotion, aging, neuromuscular, muscle physiology and 

architecture research (Roy et al, 1991; De Haan et al, 1988; De Haan et al, 1992; 

Dekhuijzen et al, 1986; Gardiner, 1993; Huijing et al, 1989; Woittiez et al, 1983). The 
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gastrocnemius is a biarticular muscle (crossing at the ankle and knee), so it acts as an 

ankle extensor and a knee flexor, and is a unipennate muscle. The two heads of the 

gastrocnemius, lateral and medial, originate from the lateral and medial epicondyles 

respectively, of the femur. 



Figure 2.1 Rat gastrocnemius muscle, lateral aspect. 
Superficial hindlimb muscles (biceps femoris and gluteus 
superficial), and the plantaris and soleus have been removed 
(modified from Chiasson, 1980). 
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2.2 Locomotion 

In the first part of this study, an analysis of muscle use during locomotion was carried 

out. The question asked was "how are the muscles used at different running speeds, and 

does this change as the animal ages?" If intrinsic properties of muscle change as the 

animal ages (for instance force, work and power production, and fibre type distribution), 

the way in which muscles are used during locomotion may also change. The following 

were measured as the animals ran at different speeds on a motor-driven treadmill: 

1) gait 

2) timing of activation (phase and duration) 

3) changes in muscle length during locomotion (strain: pattern and amplitude) 

The animals were trained to walk, trot and gallop (speeds ranging from 0.1ms"1 to 

1.4ms"1) for at least 20 minutes each day during the training protocol (one week prior to 

surgery) on a motor-driven treadmill. Once accustomed to the treadmill, the animals were 

surgically instrumented for recordings. Changes in muscle length were measured with a 

pair of sonomicrometer crystals implanted into the belly of the lateral gastrocnemius of 

the right hind leg. Muscle activation was measured using E M G electrodes implanted in 

the same muscle. The wires from these devices were routed subcutaneously to a 

backpack sutured to the skin between the shoulder blades. During experiments the 

backpack plugged into a connector (described later) that was attached to amplifiers (for 

the E M G signals) and a computer. Fibre length changes were measured with a 

sonomicrometer (Sonometrics Corporation, London, ON), which was incorporated into a 
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computer. A 12-bit AID card in the computer digitized the analog E M G signals so length 

changes and muscle activation could be recorded simultaneously. 

2.2.1 Experimental Apparatus 

Treadmill 

A motor-driven treadmill was custom made for the rat locomotion experiments 

(Fig.2.2). A tread (sandpaper belt, 58.5 cm x 15.2 cm) was supported by two rollers that 

were fixed on either end of the treadmill and elevated above an aluminum base plate (92 

cm x 25 cm x 0.5 cm). To keep the surface of the tread belt clean and soft, a thin denim 

belt was wrapped around the sandpaper belt (zipped together for removal and washing) 

and secured with tape along the edges. To minimize vibration, the aluminum base plate 

sat on two small planks of wood, which rested on rubber stoppers. A removable 

Plexiglas enclosure (67.5 cm x 18 cm x 38 cm) with an open top and latched rear door 

was placed around the tread to ensure the rats remained on the tread during recordings. 

To support the weight of the rat on the tread, a Plexiglas plate (43.5 cm x 16.5 cm x 0.3 

cm) was fitted just under the tread, supported by rods secured perpendicular to the walls 

of the enclosure. A DC gear motor was fixed on the aluminum plate at the front of the 

treadmill and linked to the tread via a rubber belt and pulleys on the motor shaft and on 

one of the rollers supporting the tread. 



Figure 2.2. Treadmill. A drive belt wrapped around the 
motor pulley (1) and the roller at the front of the tread belt 
(2) to drive the tread. A Plexiglas plate with rods (3) was 
fit under the belt to support the weight of the rat. A 
notched aluminum disc fastened to the roller rotated 
through a photo detector (5) to measure treadmill speed 
(see equation 2.2 text). An aluminum plate (6) was fixed 
under the rollers and tread belt. Rubber stoppers and 
wooden planks were placed under the aluminum plate to 
minimize vibrations from the moving tread. Pressured air 
jets (7) were fastened to the back door of a Plexiglas 
enclosure (8) 



39 

Measurement of Treadmill Speed 

A counter circuit was designed to obtain an accurate measurement of treadmill speed 

(see Appendix for circuit flow chart). An aluminum disc (10cm diameter) was made with 

36 square notches (0.2cm wide, 1.2cm deep) 10 degrees apart, along its edge. The disc 

was fit on the end of the roller that drove the tread (Fig. 2.2). A photodetector/emitter 

pair was fixed so the notched edge of the aluminum disc broke the light path as the disc 

turned, resulting in a train of square pulses that were used to determine tread speed. The 

counter circuit was attached to the computer to record the pulses from the photodetector 

as the tread moved. A digital display provided a live read-out of treadmill speed. To 

accommodate a wide range of speeds, the pulse frequency could be divided (2, 4, 8, 16, 

up to 256) to match the resolution of the A/D circuitry in the computer. Treadmill speed 

was calculated as follows. The diameter of the roller with the tread wrapped around it 

was 4.47cm, so it had a circumference of 14.04cm. There were 36 notches in the disc, 

therefore the distance traveled by the tread for each notch (pulse) is: 

14.04cm = 0.39 cm.notch'1 [2.1] 
36 notches 

Tread speed can then be calculated as, 

S = (0.39). division [2.2] 
At 

where S is tread speed (cm.s"1), At is the time from one pulse to the next (s.pulse"1) and 

division is the division factor of the pulse circuitry (2,4,8,16, etc. notch.pulse"1). 
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Muscle and Instrument Connectors 

The pins of a 14-pin IC socket (2.5cm x 1cm x 0.3cm, the "muscle connector") 

were soldered to two pairs of E M G electrodes (see Electromyography) to measure muscle 

activation, to two sonomicrometer crystals (see Sonomicrometry) to measure muscle 

length change, and to a ground wire (Fig. 2.3). The connector fit into a custom made, 

Plexiglas backpack (3.7cm x 1.6cm x 0.2cm) that was bolted to a custom-made, thin, 

aluminum plate (3.7cm x 1.6cm x 0.2cm) (Fig. 2.4). The aluminum plate was sutured to 

the skin between the shoulders. The wires from the connector were run under the skin 

from the neck to the gastrocnemius in the right hind leg. 

Leads from another 14-pin IC socket (1.7cm x 0.9cm x 0.4cm, the "instrument 

connector") (Fig. 2.4) were attached to two amplifiers for the E M G signals and to the 

transceiver box for the sonomicrometer crystals. This connector could be plugged into 

the muscle connector on the rat's back during locomotion experiments, and could be 

removed when experiments were not being conducted. 

Electromyography (EMG) 

E M G electrodes were made from 42 gauge Teflon-coated copper wires. The tips 

were bared approximately 1mm and coated with lead-free solder (98% tin/2% silver, 

Kester Solder, Des Plaines, IL). The tips were staggered 0.5-lmm to prevent shorting, 

then the wires glued together with a ball of epoxy at the base of the bared tips (Fig. 2.5). 

For implantation of the E M G electrodes, see section 2.2.3 (Surgery and Recovery). 
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Figure 2.3. Muscle connector, a 14 pin IC socket, 
(bottom view) outlining the connections for the ground 
wire (GND), EMG wires (GE-, and G E 2 ) and 
sonomicrometer crystals (C-\ and C 2 ) . 
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Figure 2.4. Instrument and muscle connectors, and backpack. 
The aluminum base plate was sutured to the rats back to which 
the muscle connector was bolted. The instrument connector was 
attached to the backpack during experiments. 



bared wire 
tipped with 
solder 

1 mm 

< epoxy 

Figure 2.5. EMG electrodes. Teflon-coated, 42 
gauge copper wire was coated with lead-free 
solder (silver/tin). Wires were staggered so bared 
tips were not in contact (to prevent shorting). A 
ball of epoxy held the two wires together and was 
used as an anchor to suture the electrodes into 
the muscle belly. 
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Typically, E M G signals in skeletal muscle have a frequency of 100-300Hz (though 

the range for muscles can be between 50-3000Hz) (Loeb & Gans, 1986). To capture all 

of the events that occur during muscle activation, data must be collected at a frequency at 

least two times higher than the highest frequency of the source, so the sampling 

frequency for the locomotion experiments was set at about 2000Hz (1936Hz, 2016Hz, or 

2136Hz, as limited by the sonomicrometer circuitry). 

E M G signals are small and therefore need to be amplified. E M G leads from the 

instrument connector were attached to amplifiers (Grass Instruments CP511/CP122, 

Grass Instrument Co., W. Warwick, RI). The signal was amplified between 500 - 10 

OOOx, adjusted so the E M G signal was not clipped. A l m V DC voltage was used to 

calibrate the amplifiers. Other electrical signals may contribute to noise as data is being 

collected (e.g. low frequency noise from hind leg movement, noise from power lines, the 

treadmill motor, other equipment in the lab, the amplifier itself), therefore the E M G 

signal was filtered on-line at 10Hz (-3dB) high pass, and 3kHz (-3dB) low pass. 

Sonomicrometry 

Measurements of muscle length change were made using a sonomicrometer, which 

measures distances in soft tissue using the transit time of ultrasonic sound. A pair of 

piezoelectric crystals is used, one crystal acts as a transmitter, emitting a burst of 

ultrasound (10MHz in frequency), and the second crystal acts as a receiver for this signal. 

The difference in time between transmission and reception is measured by the 

sonomicrometer and the product of this elapsed time and the average velocity of sound in 



4:5 

soft tissue at body temperature (1540ms'1) equals the distance between the two crystals. 

With the Sonometrics system used, the accuracy of the time measurements is 15.6 nano

seconds, which translates to a spatial resolution of 15um. Caputi et al (1992), using 

sonomicrometry in the cat medial gastrocnemius, found that irrespective of where the 

crystals were placed within the muscle bundle, the velocity of ultrasound remained the 

same and was independent of whether the muscle was activated or relaxed (with a 

measurement error of < 0.2%). 

2.2.2 Software 

Filtering and Analysis 

Outliers and level shifts in the sonomicrometry records, caused by missed triggers 

in the sonomicrometry circuit, were removed from the length traces using SonoVIEW 

software (Sonometrics Corporation, London, ON) and the length traces, E M G and timing 

pulses were then saved as an ASCII (text) file for further analysis. Power line noise was 

reduced with the line filter in the amplifiers and a Blackman -67dB filter with a band 

stop between 58Hz and 62Hz. EMG's were processed as follows (based on Knower et 

al, 1999). A high pass filter was applied (30Hz -100Hz, depending on the preparation) to 

remove movement artifacts. The trace was then rectified. To smooth out the waveform 

and define an envelope for each E M G burst, the rectified E M G was low pass filtered 

(10Hz). To determine the onset and offset times of each burst, threshold values were set 

as close as possible to where the E M G envelope rose above the baseline. A trace of 

square pulses was thus generated with each pulse defining the onset (rise) and offset (fall) 
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of a burst of E M G activity (Fig. 2.6). The time integral of the E M G , (the integrated 

E M G , or IEMG) during each step reflects how much the muscle is activated, and contains 

information about both the duration and amplitude of the E M G burst. The IEMG was 

measured and then was scaled to the largest value recorded in each rat; note this was the 

largest value measured, but not necessarily the absolute maximum the muscle was 

capable of. This was done to facilitate comparisons between animals, as the absolute 

magnitude of the E M G is highly variable between animals. The mean IEMG is the 

IEMG (as above) divided by the duration of the burst (e.g. IEMG/ E M G burst duration), 

the IEMG reflects the amplitude and duration of each burst while the mean IEMG reflects 

the average effort or intensity of muscle recruitment. 

2.2.3 Surgery and Recovery 

A l l animals were provided with water and Rat Chow ad libitum in a 12-hour 

light/dark cycle, and all experiments were conducted according to University of Calgary 

approved animal care guidelines. 

Animals were anaesthetized using a Ketamine: Xylazine mixture (85:15 mg.ml"1, 

Bimeda-MTC Animal Health Inc., Cambridge, ON). Animals were given an 

intraperitoneal injection (0.1 ml/1 OOg body weight) of this anaesthetic diluted in half with 

sterile saline (0.9% NaCl). Since much of the body weight of the old rats consisted of fat, 

they were administered 2/3 of the full dose. During surgery all rats were routinely 

checked for depth of anaesthesia (blink and pinch reflex, breathing pattern) and given 
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supplementary doses of anaesthetic if necessary. A heating lamp was utilized to help 

maintain body temperature, measured with a temperature probe placed under the raf s 

belly. Ophthalmic ointment (Vetropolycin, Bacitracin-Neomycin-PolymyxinB, Janssen 

Pharmaceutica, North York, ON) was applied to the eyes to prevent desiccation. 

Animals were prepared for surgery by shaving the surgical sites (right hind leg and 

between the shoulder blades). The shaved sites were washed with Clinicide surgical soap 

(didecyl dimethyl ammonium chloride 4.61%, n-alkyl dimethyl benzyl ammonium 

chloride 3.07%, M T C Pharmaceuticals, Cambridge, ON), followed by a surgical 

disinfecting solution (Betadine, 10% povidone-iodine, Purdue Frederick Inc., Pickering, 

ON). 

An approximately 2.5cm incision was made along the shank of the right hind leg 

through the skin and the superficial muscle (biceps femoris) to expose the lateral belly of 

the gastrocnemius. The area was kept moist with sterile saline and Betadine. Another 

small incision (5-8mm) was made through the skin at the neck (between the shoulder 

blades) and a stainless steel tube (0.5cm diameter) was routed under the skin between the 

two incision sites. The wires from the muscle connector were sterilized in Betadine then 

gathered together so a silk thread could be tied around them. A loop was tied at the end 

of the thread and hooked to a stiff guitar wire, which was pulled through the steel tube, 

along with the E M G , crystal and ground wires. The guitar wire, thread, and tube were 

then removed from the animal, leaving the instrument wires behind. Excess wire was 

tucked under the skin at the neck and the leg leaving approximately 4-5 cm free at the 

leg. 
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Figure 2.6. Example of traces recorded from a 
young rat trotting at 0.6ms"1. The raw, EMG trace 
(1) is filtered, and then rectified (2). A 10Hz low 
pass filter is applied to the trace (3), followed by 
thresholds resulting in a square pulse waveform 
where the rise represents EMG onset, and the fall 
E M G offset (4). The length trace (5) is analyzed for 
strain (pattern and amplitude) and also compared to 
the E M G traces to obtain phase (see figure 2.7). 
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A 21-gauge needle was used to poke a hole into the belly of the lateral gastrocnemius 

for the E M G electrodes. The needle was removed and an E M G electrode was inserted 

into the hole. Suture (7-0 braided V I C R Y L , Ethicon, Inc., Johnson & Johnson, 

Somerville, New Jersey) was tied around the E M G wire proximal to the ball of epoxy, 

then through the surface of the muscle/fascia to anchor the electrodes in the muscle. The 

wire was looped for strain relief and sutured to the edge of the muscle. The second E M G 

electrode was anchored the same way, 5-10mm from the first, in the same bundle of 

muscle fibres. 

The sonomicrometer crystals were similarly inserted and anchored into the 

gastrocnemius, staggered in between the E M G electrodes. The crystals (0.7 or 1mm 

diameter) were thinly coated with biocompatible silicone (Kwik cast, World Precision 

Instruments, Sarasota, Florida) to extend their lives prior to implantation. Once the 

electrodes and crystals were anchored, the entire bundle of wires was gathered together 

and sutured to the fascia of the thigh muscle. The ground wire (5-8cm long) was tucked 

under the skin at the neck. 

Prior to closing the incisions, antibiotic powder (Ayerst, Eye and Wound powder, 

Ayerst Laboratories, Wyeth-Ayerst Canada Inc., Montreal, QC) was applied to the site. 

The cut edges of the biceps femoris (superficial muscle) were then sutured together (4-0 

braided V I C R Y L , Ethicon, Inc., Johnson & Johnson, Somerville, New Jersey) followed 

by the skin. Vetbond glue (3M Animal Care Products, St. Paul, MN) was applied over 

the sutures to prevent the wound from dehiscing. Analgesic (Teddy's Choice, Children's 

Acetaminophen Elixir, 32mg.ml"1, Westcan Pharmaceuticals Ltd., Winnipeg, MN) was 



50 

administered both orally after surgery (0.125ml/100g body weight) and in the water 

bottle (1.25ml/100g body weight inlOOml water). 

2.2.4 Recording Session 

Due to the difficulty of keeping the rats still to attach the backpack to the 

instrument connector, the rats were first lightly anaesthetized with a volatile anaesthetic 

(Metofane, methoxyflurane, Janssen, Toronto, ON). The instrument connector was then 

attached to the backpack and the rat was placed on the treadmill to recover (1-3 minutes). 

One of the main criteria for a successful recording session was a steady gait. The 

rats were encouraged to run using air jets fixed into the rear door of the treadmill 

enclosure (Fig. 2.2), or in some cases, by tapping their tails. Attempts were made to 

maintain consistent treadmill speeds between animals, however, due to the criteria for 

attaining steady gaits the speeds at which measurements were made were not exactly the 

same between animals. Older animals walked steadily at approximately 0.1ms"1, whereas 

the young animals were inconsistent in their gait at speeds below 0.2ms"1, sniffing and 

coasting on the tread, and exploring the environment. Old animals did not locomote 

consistently at high speeds while young did. Thus data is not available for both young 

and old animals over the entire range of speeds. The range of speeds that overlapped for 

both young and old animals was between approximately 0.2ms"1 and 0.6ms"1. Recordings 

were made for up to 15-20 seconds, enough to record 5-20 steps at a steady gait, and 

animals rested between trials. 
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The exact speeds at which rats walked/ran during recordings were measured via 

the photodetector and aluminum disc. The speeds at which they changed their gait from a 

walk to a trot to a gallop (where applicable) were determined by noting the speed 

indicated on the digital display when they changed gait. Stride length was calculated 

from the product of treadmill speed and cycle period (cp) determined from the 

sonomicrometer record. 

To confirm the relationship between the sonomicrometer length records and the 

stance and swing phases of the animal's hind leg, one young rat was video taped during 

an experiment. A time stamp was recorded with the video. To synchronize the time 

stamp to the sono length traces, a diode was placed in the corner of the video screen; a 

voltage pulse caused the diode to flash, and this signal was recorded on the computer 

along with length, E M G and speed. The video of animal locomotion was compared 

frame by frame to the sono records to determine when footfall, stance and swing phases 

occurred in comparison to the length trace. 

To check the calibration of the sonomicrometer, the distance between crystals was 

measured post mortem using both the sonomicrometer signal and manually with a digital 

micrometer, with the rat's ankle at 90°. If there was a difference between the two, a 

correction was made (±) to the length record using equation 2.4. 

When crystals were put into the muscle, attempts were made to place them 

alongside the same group of muscle fibres so that the change in distance between the 

crystals reflected the shortening of the muscle fibres themselves. If the crystals were 

misaligned in the muscle, such that they were not placed into the same group of muscle 



cells, the distance between the crystals was not a true reflection of the length of the 

muscle fibres. To correct for both the calibration of the sonomicrometer length 

measurement and any misalignment of the crystals, the following equation was used (Fig. 

where h is the distance between the crystals measured by the sonomicrometer, Ad is the 

difference between the manual micrometer measurement and the sonomicrometer signal, 

y is any medial/lateral misalignment, and changes in X during lengthening and shortening 

represent shortening of the muscle fibres themselves. 

Activation Time (Phase) 

Phase of muscle activation, which is the relationship between the timing of E M G 

onset and the stride cycle, was calculated as follows. A reference point was chosen on the 

length trace to represent zero phase. Though it is common to use footfall (beginning of 

stance, see Fig. 2.7) as the reference point, this was not reliably defined on most length 

records, thus maximum muscle length was chosen as the reference point (Ro). The time 

between Ro and the onset of the E M G was measured, along with the cycle period (Fig. 

2.7) for the same step. Phase for that step was calculated as: 

2.8): 

[2.4] 

% Phase ={AtRo).100 
cp 

[2.3] 
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where At R o is the time from R<, to the onset of the E M G and cp is the cycle period. A 

phase of 0% indicates that E M G onset occurred when the muscle was at maximum 

length. Phases greater than 0% indicate activation occurring after maximum length and 

phases less than 0% indicate activation prior to maximum length. A set of traces from one 

young and one old animal in which the beginning of stance was readily identifiable were 

analyzed using the beginning of stance as the reference point for comparison. 
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Figure 2.7. Example of traces recorded from the lateral 
gastrocnemius of a young rat trotting at 0.6ms"1. Upper 
trace is muscle length, lower trace is E M G onset and 
offset. R 0 is the reference point (maximum muscle 
length) and indicates zero phase. Phase is the elapsed 
time between R 0 and EMG onset as a percent of the 
stride cycle period, (see methods). The burst duration, 
onset and offset times of the EMG are labeled. The 
length trace illustrates the stance and swing phases. 



Figure 2.8. The correction made for calibration of 
sonomicrometer and misalignment of crystals within muscle 
(see methods), h is the sonomicrometer measurement of 
crystal distance, y is any medial/lateral misalignment of the 
crystals and the changes in X represent changes in muscle fibre 
lengths. In this drawing muscle fibres would run horizontally left 
to right. 
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2.3 Statistical Analysis of Locomotion Data 

For each animal at each speed, measurements were made from several steps 

(between 2-20) in the record and then averaged to produce a single point for htat animal 

at that speed. This was repeated for each animal at every running speed recorded, for all 

of the different variables measured. The values for each variable were then pooled and 

plotted versus treadmill speed. Separate plots were made for old and young animals, 

however results for individual animals are represented by different colours/symbols to 

avoid masking individual responses. Regression analysis was performed using 

backwards, stepwise elimination (Sokal & Rohlf, 1995). A polynomial equation was 

created as a null model and then fit to the data. Individual terms that were not 

statistically significant were then removed from the equation, and the analysis repeated 

until all terms were statistically significant. Where the responses of individual animals 

were masked by analyzing the data as a pool, an analysis of co-variance was used to 

compare results between animals within the young or old groups. The equations so 

generated were then compared between the young and old groups. A p<0.05 was 

considered significant in all cases. 

2.4 Isolated Muscle Experiments 

In the second part of the study, the mechanical performance of isolated muscle 

was investigated. A bundle of muscle fibres was dissected from the gastrocnemius and 

recordings of force, twitch kinetics, work and power output, and force-velocity 

characteristics were made. 
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2.4.1 Dissection and Experimental Apparatus 

Immediately after C O 2 euthanasia, the gastrocnemius was removed and placed in 

chilled mammalian saline bubbled with oxygen (in mM: 137 NaCl, 5 KC1, 2 CaCb, 1 

MgS0 4 , 1 N a H 2 P 0 4 , 24 NaHC0 3 , 10 Glucose, pH 7.4, Syme, 1990). Since the 

gastrocnemius has a heterogeneous fibre type population, muscle from the same region of 

the gastrocnemius was used each time. A bundle of fibres from the proximal side of the 

lateral gastrocnemius (beside the plantaris muscle) was removed (12-19mm long x 1-

3mm wide/deep), with 5-10mm of tendon left on either end of the bundle. The bundle 

was routinely twitched during the dissection with a stimulator electrode to ensure the 

bundle was alive. Silk sutures (5-0) were tied to each tendon. 

The muscle was placed in an experimental chamber (Fig. 2.9). The chamber was 

filled with saline. Saline was recirculated through the chamber and a reservoir using a 

peristaltic pump. Saline in the reservoir was bubbled with 94% oxygen and 6% carbon 

dioxide with a gas mixer (H. Wosthoff, Bochum, Germany) to maintain a pH of 7.4. The 

body of the chamber was hollow and served as a water jacket. Heated water was pumped 

through the jacket to maintain the saline temperature at 35°C. One end of the bundle was 

tied to a fixed pin, and the other tied to a pin attached to the arm of a servomotor/force 

transducer (Model 350, Cambridge Technology Inc., Cambridge, Massachusetts) (Fig. 

2.9). The servomotor/force transducer measured muscle length change and force. The 

bundle of fibres was activated via a stimulator (Grass SD9J Stimulator, Grass Instruments 

Co., W. Warwick, RI), connected to an 18 volt, battery driven, current source that passed 

current between two platinum electrode wires placed parallel on either side of the bundle. 
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Voltage was adjusted for each bundle to ensure maximal recruitment of all fibres. The 

frequency of stimulus pulses was 200Hz (1-ms pulse duration). Custom software using 

Lab View (National Instruments Corp., Austin, Texas) and a computer, controlled the 

servomotor, and stimulator, and recorded muscle force, muscle length and the stimulus. 

Data was collected with an A/D card in the computer at a frequency of 2000Hz or 

5000Hz. 

Force and Twitch Kinetics 

The bundle was given a series of single, twitch stimuli at different lengths, and the 

length at which the bundle produced maximum force was selected (resting muscle length, 

L 0 ) . A n isometric twitch was elicited using a single shock. Five twitch kinetics were 

measured (Fig. 2.10): 1) the time to develop force (time to peak tension, TPT) was 

measured as the time from the beginning of the stimulus to maximum twitch force 

(MTF), 2) the time from 10% MTF to 90% MTF, 3) time from MTF to 50% relaxation, 

4) time from 90% MTF, after the peak of the twitch, to 10% MTF and 5) the duration of 

the twitch at half amplitude (50% MTF to 50% MTF). The maximum, isometric, tetanic 

force was recorded by stimulating the bundle at 200Hz for about 200ms. After the 

experiment, the mass and length of the bundle were measured and cross sectional area 

was calculated as follows: 

Area = mass [2.5] 

(length . density) 

where density = 1060 kgm' 3 of muscle tissue. Specific force (kNm"2), or stress, was 

calculated by dividing the measured force by muscle area. 
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Figure 2.9. Apparatus used for muscle physiology experiments. 
The muscle bundle was sutured between a fixed pin and a 
servomotor/force transducer. Warmed water was pumped through 
the water jacket to maintain the saline at 35°C. The muscle bundle 
was submerged in the saline and stimulated with platinum wire 
electrodes, placed on either side of the bundle (see methods). 
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Figure 2.10. An isometric twitch elicited from a young 
gastrocnemius muscle bundle at 35°C. 
MTF is maximum twitch force. 
TPT is time to peak tension from the stimulus to MTF. Rates of 
force development/relaxation measured as follows: 
time from 10% MTF (a) to 90% MTF (c); 
duration of the twitch at half amplitude (b to e); 
90% MTF (d) to 10% MTF (f); 
and half relaxation from MTF to 50% MTF (e). 
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Force-Velocity Curves 

Force-velocity curves provide information about the load bearing and shortening 

characteristics of a muscle bundle and its steady state power potential. A force-velocity 

curve can also illustrate whether the fibres in the bundle are mostly fast (less curvature) 

or slow (more curvature). Initial muscle length was maintained around the plateau of the 

length-tension curve, close to the ascending portion of the length-tension curve. The 

bundle was stimulated (isometric tetanus), and while still activated the muscle was 

shortened in a "step" (0.5 - 5% of muscle length), the size of the step being adjusted to 

cause force to drop close to the steady state value during isovelocity shortening that 

followed. Following the step, the muscle was shortened at a constant velocity (0.125 -

lOML.s" 1) and the force developed during shortening was measured. This was repeated 

over a series of loads and velocities that ranged between P 0 and V m a x . Plotting forces 

against their associated shortening velocities generated the force-velocity curve. To 

monitor stability of the preparation over the course of the measurements, isometric force 

was recorded immediately preceding each force-velocity measurement. To correct for 

any deterioration of isometric force, the force developed during shortening was corrected 

using: 

Fcorrected— IFmax • Funcorrected [2-6] 
IFcurrent 

where FCOrrected is force produced at the shortening velocity currently being measured, 

corrected for any change in isometric force, l ¥ m a x is the maximum isometric force 

recorded during the session, assumed to reflect the maximum capacity of the muscle, 
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IFcurrent is the isometric force recorded immediately preceding the particular 

measurement, and FunCorrected is force measured during the current force-velocity test. 

The force-velocity data was fit to two equations, the Hi l l (1938) equation (2.7), 

and the Marsh & Bennett (1986) equation (2.8). 

Velocity HILL = (P 0 ±a)_. b - b [2.7] 
(P + a) 

Velocity M & B = b.j[l_iP/Po) + c . ( l - P / P 0 ) [2.8] 
(a + P/Po) 

where velocity is M L s ' 1 , P is the force at that velocity (N), P 0 is isometric force (N), and 

a, b and c are constants. For Velocity HILL , a is in newtons and b is in MLs" 1 ; for Velocity 

M & B , a is dimensionless, b and c are in MLs" 1 . Using the velocities calculated from the 

Marsh and Bennett equation (equation 2.8), a power curve was generated: 

Power = F . V . L 0 [2.9] 

where power is in watts, F is force (N), V is velocity (MLs' 1) and L 0 is muscle length in 

meters. The data were fit to high order polynomials and the maximum value of power 

was obtained (Wkg'1) and the velocity (ML.s' 1) at which it occurred. The force velocity 

curve was also plotted as velocity (ML.s"1) versus relative force (P/P0). The relative force 

at which maximum power occurred was then determined. Maximum velocity of 

shortening ( V m a x in MLs" 1) at zero force was determined from the Hil l (equation 2.7) and 

Marsh and Bennett (equation 2.8) equations by setting force to zero and solving for 

velocity. The curvature of the force velocity curve was calculated from Hill 's a/P0 ratio 

and from Marsh and Bennett's Wmax/Vmax.Po curvature ratio. 
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Work Loops 

How much work a muscle bundle can produce was measured using the work loop 

technique (Josephson, 1985). Muscle length was oscillated in a sinusoidal pattern while 

it was phasically stimulated. For maximum work to be produced, the bundle should be 

stimulated just before shortening commences so force is high as the muscle shortens. 

The stimulus ends before the bundle is stretched, so force is low during lengthening it. 

The plot of force versus muscle length over one cycle creates a loop whose area is the net 

work done by the muscle (Fig. 1.2). The cycle frequencies at which young rats walked 

(2.3Hz), trotted (3.5Hz) and galloped (4.5Hz) were used as the cycle frequencies for the 

work loops. The muscle was allowed to recover between trials to reduce fatigue. Also, 

isometric force (maximum) was measured during the work loop protocol (to assess the 

fitness of the muscle bundle during the experiment). Corrections for declining muscle 

capacity were made to the work and power values as necessary. Software was custom 

written to control the servomotor (muscle length), stimulate the bundle and record force 

and muscle length, and calculate work and power. The product of cycle frequency and the 

work per cycle is the average mechanical power output (Josephson, 1985). Phase in is the 

elapsed time between muscle activation with respect to the stride cycle. Maximum length 

was chosen as the reference point (Ro) to which the onset of activation was compared. 

This definition of phase is similar to that used in the locomotion experiments (see 

equation 2.3). The strain (amplitude of the imposed length change cycle) was maintained 

at 10% of resting muscle length. The phase and the duration of the stimulus were 

manipulated until maximum work was attained; this was done at each strain frequency 



64 

combination.. Isometric force was measured routinely during the experiment and work 

and power were corrected for any changes (see equation 2.6). The maximum work and 

power at each cycle frequency were expressed per kg of muscle (e.g. J.kg"1 and W.kg"1). 

Following the experiment, non-contractile material (tendons, dead muscle fibres) 

was removed and the muscle was blotted dry on filter paper, placed in a centrifuge tube 

with a drop of water to prevent desiccation, and weighed. The entire gastrocnemius was 

blotted in the same manner as the bundle, weighed, and all samples were frozen at -70° 

C. The age and body mass of each rat was recorded. Work and power per kg of rat were 

calculated as the product of work (or power) per mass of muscle and the ratio of the 

gastrocnemius mass to the rat's body mass: 

Work kg"1 rat = Work kg' 1 muscle . gastrocnemius mass [2.10] 
body mass 

2.5 Fibre Typing 

Fibre types were defined by the M H C isoform they contained. SDS-PAGE was 

used for separating the fibre types based on Talmadge & Roy (1983). 

The frozen muscle bundles were thawed and homogenized by hand with a glass 

mortar and pestle. The following steps were performed to purify the crude muscle 

samples into myofibrils: 

1. Homogenize muscle in 250mM sucrose, lOOmM KC1, 5mM EDTA, lOmM Tris, pFI 
6.8, with coarse glass mortar and pestle 

2. Spin @ 3000g for 10 minutes @ 4°C, discard supernatant 
3. Rehomogenize in 150mM KC1, lOmM Tris, pH 6.8, 0.5% Triton-X, with fine glass 

mortar and pestle 
4. Spin as above 
5. Repeat steps 3 and 4 
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6. Rehomogenize in 150mM KC1, lOmM Tris, pH 7.0 
7. Spin as above 
8. Repeat steps 6 and 7 
9. Re-suspend in lOmM Tris, pH 7.0. 

Homogenate samples were then frozen (-70° C) in aliquots in centrifuge tubes. 

Protein concentration was determined with a bicinchoninic acid (BCA) assay (Pierce, 

Rockford, 111.) to determine how much sample to load to ensure lug of protein per lane. 

Samples were subsequently stored in protein sample buffer (28% glycerol, 2.8% SDS, 

1M beta-mercaptoethanol, 1.4x stacking buffer, 1.2% w/v bromophenol blue) and then 

refrozen. 

An 8% separating gel and 5% stacking gel were prepared (BIORAD mini-

Protean II Electrophoresis Cell system, Bio-Rad Laboratories, Hercules, California). A l l 

chemicals were electrophoresis grade. Gels contained 49:1 Acrylamide: bis-Acrylamide 

(see Table 2.1). 
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Table 2.1. Stock Solutions and Volumes used for Preparing 8% Separating and 5% 
Stacking Gels 

Stocks Separating Gel 8% Stacking Gel 5% 
68.3 % Glycerol (v/v) 4.39ml 
50 % Glycerol (v/v) 3.00ml 
Acrylamide (O^Sgml" 1) 1.38ml 0.33ml 
Bis-Acrylamide 
(O.OlieOgmr1) 

1.38ml 0.33ml 

1M Glycine 1.00ml 
lOOmM EDTA 0.20ml 
10% SDS (Lauryl Sulphate) 0.20ml 
10% Ammonium lOOul 50ul 
Persulphate (made fresh) 
TEMED 5ul 2.5ul 
4x Separating Buffer * 1.33ml 
4x Stacking Buffer** 0.70ml 

* 4x Separating Buffer: 18.2g TRIS base, 4ml of 10% SDS, 50ml of double distilled 
(dd.) water, pH to 8.8 with HC1, dd. water to 100ml 

** 4x Stacking Buffer: 6.1g TRIS base, 4ml of 10% SDS, 50ml dd. water, pH to 6.8 with 
HC1, dd. water to 100ml 

A l l protein samples (in protein sample buffer) were thawed, boiled at least 5 

minutes then vortexed and loaded (at least 1 ug per lane) into the wells of the stacking 

gel. Running buffer was prepared by diluting 50ml of lOx running buffer stock (1.5 M 

Glycine, 1 M TRIS base, 1% SDS) with 450ml distilled water. Upper buffer was 

prepared by adding 200ul p-mercaptoethanol to 200ml of the running buffer. Lower 

buffer was prepared by further diluting 300ml of the running buffer with 300ml distilled 

water. Buffers were poured into the gel apparatus (before loading samples) and all 

bubbles were removed from below the glass plates prior to running the gel. 

The entire system was placed in a refrigerator to maintain a low temperature, and gels 

were run for 20 hours at 100V (VWR Accu power supply, Model 500, Polyscience, 
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Niles, IL). After 20 hours, gels were removed from between the glass plates, notched on 

the top right corner for orientation, and the stacking gel was cut away. Gels were stained 

overnight using commassie blue stain (45ml methanol, 40ml water, 5ml commassie stock 

(O.Olgml"1 in methanol), 10ml acetic acid), and then destained (10% acetic acid, 10% 

methanol) until the protein bands could be easily seen on the gel. 

Densitometry was used to quantify the relative amount of M H C isoforms present 

in each lane. The MHCs migrate in the following order: I, lib, IIx and Ila (Fig. 3.30). A 

rabbit myosin standard was used as a standard to confirm the location of protein bands. 

Gels were scanned and the band density analyzed using Scion Image (Scion Corp., 

Frederick, Maryland). The densitometry program was calibrated using bars with known 

density (file created in Adobe PhotoShop 3.0, Adobe Systems Inc., Pantone). The 

scanned image and distribution of fibre types are illustrated in Fig. 3.30. 
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3 RESULTS 

Three graphs are shown for each variable studied: the first graph shows data for 

young rats (animals are distinguished from each other by different symbols and different 

colours), the second shows results for old rats (distinguished from each other by different 

symbols and different colours) and the third compares young and old data sets together, 

using filled symbols for all young and open symbols for all old rats. The third graph, 

containing data from both young and old rats, uses a filled, round symbol for all young 

and an open round symbol for all old rats. The same symbol represents the same rat on 

the different graphs. The legend below indicates which animal the symbols represent on 

the graphs. 

3.1 Treadmill Locomotion 

Young (n =10, 2.45 ± 0.398 months, 0.375 ± 0.0118 kg) and old (n = 1, 22.0 ± 0.0 

months, 0.468 ± 0.0 kg) Wistar rats and young (n =2, 3.0 ± 0.0 months, 0.411 ± 0.070 kg) 

and old (n = 4, 21.88 ± 1.737 months, 0.845 ± 0.0361 kg) Sprague-Dawley rats were 

trained and instrumented to measure muscle length changes and E M G activity while 

locomoting on a treadmill. 



Legend For Figures 

Young Rats (n= 12) 

(graphs 3.1, 3.4, 3.7, 

3.10, 3.13, 3.16, 3.19, & 3.24) 

• Young Rat 4 
• Young Rat 5 
A Young Rat 10 
V Young Rat 15 
• Young Rat 18 
t Young Rat 20 
• Young Rat 21 
• Young Rat 22 
A Young Rat 25 
• Young Rat 27 
O Young Rat 23 
* Young Rat 24 

Old Rats (n = 5) 

(graphs 3.2, 3.5, 3.8, 

3.11, 3.14, 3.17, 3.20, & 3.25) 

• Old Rat 2 
• Old R a t i o 
A Old Rat 15 
V Old Rat 3 
• Old Rat 6 



70 

3.1.1 Stride and Gait 

Young animals maintained a steady gait at speeds at and above 0.2ms"1. Below 

these speeds, young rats tended to explore the environment, sniffing and coasting on the 

tread. In contrast, the old animals walked steadily down to speeds of 0.1ms"1. These 

animals could not however, locomote as fast as the young rats. Therefore, no data was 

available for young rats at slow speeds (less than 0.2ms"1), and none for old rats at fast 

speeds (greater than 0.75ms"1). Old animals were not able to sustain higher speed 

locomotion as long as young rats. They fatigued resting more often and longer between 

trials (during training and after surgery). Young rats resumed exploratory activity in 

between trials while most old rats would lie down. 

As treadmill speed increased, the stride cycle period of both young and old 

animals decreased (Figs. 3.1, 3.2 and 3.3). In young rats, (Fig. 3.1) there was a 

significant decrease in cycle period with increasing treadmill speed (P<0.05), the effect 

was non-linear, and there was a highly significant correlation (R =0.861, P<0.05). For 

the old rats (Fig. 3.2), the effect of increase in speed on cycle period was not significant 

(P = 0.105). There was no significant difference between the cycle period of young and 

old animals (P = 0.187). 

The length of each step, (stride length = speed x cycle period) increased with 

increasing treadmill speed (Figs. 3.4, 3.5 and 3.6). Young rats (Fig. 3.4) increased their 

stride length (P<0.05) with increasing treadmill speed and had a consistent gait, while old 

animals did not (Fig. 3.5, P = 0.266) Old animals were not consistent with their gait, 
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especially at slow speeds. Some old rats used wobbling gaits at slow speeds, which may 

explain the variability in the length of their steps (Fig. 3.5). There was no significant 

difference between the stride length of young and old rats (P = 0.879). Old animals began 

to trot at slower speeds (0.3-0.35ms"1) than young animals (0.45-0.6ms"1). Only two old 

rats attempted galloping gaits (at 0.4ms"1 and 0.5ms"1). Young rats galloped at speeds 

above 0.65ms"1. Even though data is available for old rats at high speeds comparable to 

young rats (up to 0.80ms"1), at these high speeds the old animals braced their bodies 

against the rear of the Plexiglas enclosure and cycled their legs over the tread. Thus high 

speed data for old rats is likely not reliable. 

The increased stride length at higher speeds in young rats was accompanied by a 

significant increase in fibre strain (P<0.05) (Fig. 3.7). An increase strain as speed 

increased was not observed in the old rats (P =0.234, Fig. 3.8). There was considerable 

variability in strain (coinciding with the variability in stride length) in the old rats at slow 

speeds, which could in part be explained by their wobbling and variable gaits at these 

speeds. Data for young and old rats is shown together in Fig. 3.9. A n analysis of co-

variance was performed to detect individual variation, and differences due to age. There 

was a significant difference in strain between young and old rats (P<0.05). 

3.1.2 Muscle E M G and Phase 

There was a significant decrease in the E M G burst duration during each stride 

with increasing speed in both young and old animals. As speed increased from 0.2ms"1 to 

1.0ms"1, the E M G burst duration in young animals deceased from about 0.5s to 0.1s (Fig. 
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3.10, P<0.05). Old animals followed a similar trend, decreasing E M G burst duration 

from about 0.9s to 0.15s as treadmill speed increased from 0.1ms"1 to 0.7ms"1 (Fig. 3.11, 

P<0.05). Young and old data are compared in Fig. 3.12; there was no significant 

difference between E M G burst duration in young and old rats (P>0.05). 

The fraction of the stride cycle period that the muscle was activated (duty cycle = 

E M G burst duration/ stride cycle period) was not affected significantly by running speed 

(P>0.05) in young rats (Fig. 3.13), nor was there any difference between individuals 

(P>0.05). However, in old rats, duty cycle decreased significantly with increasing speed 

(Fig. 3.14, PO.05). For both young and old animals the E M G duty cycle was in a 

similar range, between 50-80% (Fig. 3.15), but was not significantly different between 

young and old rats (P>0.05). 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Treadmill Speed (ms ) 

Figure 3.1 Period of each step versus treadmill speed in young rats 
(n =12). Individual symbols are means (± sem) over several steps for 
an animal. Matching symbols are from the same individual. 
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Figure 3.2 Period of each step versus treadmill speed in old rats 
(n = 5). See Fig. 3.1 legend for details. 
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1.50 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Treadmill Speed (ms ) 

Figure 3.3 Period of each step versus increasing treadmill speed in 
young rats (closed symbols, n=12) and old rats (open symbols, n=5). 
Data pooled from Figs. 3.1 and 3.2 (outlier* not included in statistical 
analysis). 
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Figure 3.4 Stride length versus treadmill speed in young rats (n=1 
See Fig. 3.1 legend for details. 
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Figure 3.5 Stride length versus treadmill speed in old rats (n=5). See 
Fig. 3.1 legend for details. 
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Figure 3.6 Stride length versus treadmill speed in young rats (n=10, 
closed symbols) and old rats (n=5, open symbols). Data pooled from 
Figs. 3.4 and 3.5. 
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Figure 3.7 Muscle fibre strain versus treadmill speed in young rats 
(n=10). Strain is the percent change in fibre length (peak to peak) 
relative to the average length. See Fig. 3.1 legend for details. 
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Figure 3.8 Muscle fibre strain versus treadmill speed for old rats 
(n=5). Strain is the percent change in fibre length (peak to peak) 
relative to the average length. See Fig. 3.1 legend for details. 
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Figure 3.9 Muscle fibre strain for young rats (n=10, closed symbols) 
and old rats (n=5, open symbols) versus treadmill speed. Strain is the 
percent change in fibre length (peak to peak) relative to the average 
length. Data pooled from Figs. 3.7 and 3.8. 
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Figure 3.10 E M G burst duration versus treadmill speed in young rats 
(n=12). See Fig. 3.1 legend for details. 
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Figure 3.11 E M G burst duration versus treadmill speed in old rats 
(n=3). See Fig. 3.1 legend for details (outlier * not included in 
statistical analysis). 
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Figure 3.12 EMG burst duration for young rats (n=12 closed 
symbols) and old rats (n=3, open symbols) versus treadmiil speed 
Data pooled from Figs. 3.10 and 3.11 (outlier * not included in 
statistical analysis). 
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Figure 3.13 E M G duty cycle (the amount of time the muscle is 
activated relative to the stride cycle period) versus treadmill speed in 
young rats (n=9). See Fig. 3.1 legend for details. 
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Figure 3.14 E M G duty cycle (the amount of time the muscle is 
activated relative to the cycle period) versus treadmill speed in old 
rats (n=3). See Fig. 3.1 legend for details. 
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Figure 3.15 EMG duty cycle for young rats (n=9, closed symbols) and 
old rats (n=3, open symbols) versus treadmill speed. Data pooled 
from Figs. 3.13 and 3.14. 
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The IEMG in young rats did not change as they walked/ran at increasing speeds 

(Fig. 3.16, P>0.05). IEMG in old rats also did not change with increasing speed (Fig. 

3.17, P>0.05). The IEMG of young and old rats is pooled in Fig. 3.18. There was no 

significant difference between the IEMG of young and old animals (P>0.05). 

The mean IEMG in young rats increased significantly (ANCOVA, P< 0.05) with 

increasing speed (taking into account the effects of individuals) (Fig. 3.19). Old animals 

also showed a significant increase in their mean IEMG with increasing speed, taking into 

account the effects of individuals (Fig. 3.20, A N C O V A , PO.05). The mean IEMG for 

both young and old rats are summarized in Fig. 3.21. There was no significant difference 

in the mean IEMG between young and old rats (P>0.05). 
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Figure 3.16 The integrated E M G (IEMG) during a stride versus 
treadmill speed for young rats (n = 12). The lEMG's are scaled 
relative to the largest measured IEMG in each animal. See Fig. 3.1 
legend for details. 
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Figure 3.17 The integrated E M G (IEMG) during a stride versus 
treadmill speed for old rats (n=3), The lEMG's are scaled relative to 
the largest measured IEMG in each animal. See Fig. 3.1 legend for 
details. 
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Figure 3.18 The integrated E M G (IEMG) during a stride versus 
treadmill speed for young (n=12, closed symbols) and old rats (n=3, 
open symbols). The lEMG's are scaled relative to the largest 
measured IEMG in each animal. Data pooled from Figs. 3.16 and 
3.17. 
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Figure 3.19 The mean IEMG (IEMG/EMG burst duration) versus 
treadmill speed for young rats (n=12). See Fig. 3.1 legend for details. 
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Figure 3.20 The mean IEMG (IEMG/EMG burst duration) versus 
treadmill speed for old rats (n=3). See Fig. 3.1 legend for details. 
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Figure 3.21 The mean IEMG (IEMG/EMG burst duration) versus 
treadmill speed for young (n=12, closed symbols) and old (n=3, open 
symbols) rats. Data pooled from Figs. 3.19 and 3.20. 
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The phases of muscle activation using maximum length as a reference point (RQ) and. 

stance as another are compared in Figs. 3.22 (young animal) and 3.23 (old animal). 

Results from the soleus muscle are included in Fig. 3.22 for comparison; measurements 

were made from the soleus muscle in only a few instances. The onset of muscle 

activation (phase) occurred prior to stance in both the soleus and gastrocnemius. As speed 

increased, the phase relative to stance decreased significantly in the gastrocnemius 

(P<0.05) but did not significantly change in the soleus (P>0.05) in young rat 4 (Fig. 

3.22). In the old animal (Fig. 3.23), phase was more variable, There was no relationship 

between phase and speed for the old rat using maximum length (RQ) or stance as 

reference points. 

Phase calculated relative to maximum muscle length (RQ) in young rats did not 

change significantly with changing treadmill speed (Fig. 3.24, P>0.05). Phase in young 

rats was variable; however, for most rats, muscle activation occurred at or after maximum 

muscle length (RQ). Old rats did not show any significant relationship between phase and 

treadmill speed (Fig. 3.25, P>0.05). As in most young rats, muscle activation in old rats 

occurred at or after maximum muscle length (R<,). Phases for young and old rats are 

pooled in Fig. 3.26. 
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Figure 3.22 E M G onset phase versus treadmill speed in young rat 4. 
Phase was calculated (see text) relative to either R 0 , (maximum 
length, round symbols) or onset of stance (triangles). A phase of 0% 
relative to R Q or stance indicates muscle activation at R 0 or stance, 
respectively. The upward facing triangles are from the lateral 
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speed. 
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Figure 3.23 E M G onset phase versus treadmill speed in old rat 15. 
See Fig. 3.22 legend for details. 
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Figure 3.24 Phase calculated relative to maximum muscle length (R 0) 
in young rats (n=10) versus treadmill speed. See Fig. 3.1 legend for 
details. 
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Figure 3.25 Phase calculated relative to maximum muscle length (R 0) 
in old rats (n=3) versus treadmill speed. See Fig. 3.1 legend for 
details. 
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Figure 3.26 Phase calculated relative to Ro (see text) for young rats 
(n=10, closed symbols) and old rats (n=3, open symbols) versus 
treadmill speed. Data pooled from Figs. 3.24 and 3.25. 
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3.2 Muscle Anatomy and Twitch Kinetics 

Young (n = 6, 2.54 ± 0.136 months, 0.374 ± 0.0113 kg) and old (n = 4, 16.5 ± 0.289 

months, 0.783 ± 0.0449 kg) Wistar rats, and young (n = 1, 3.0 ± 0.0 months, 0.345 ± 0.0 

kg) and old (n - 4, 24.0 ± 2.35 months, 0.810 ± 0.0403 kg) Sprague-Dawley rats were 

used for the studies of the mechanics and kinetics of muscle contraction. Comparisons 

between young and old were assessed using the student's t-test. Results from work loop 

experiments (net work, average power, and phase at three frequencies) were analyzed 

using repeated measures two-way analysis of variances (RM ANOVAs) . 

Body mass and the absolute mass of the gastrocnemius muscle both increased with 

age, however, the mass of the gastrocnemius muscle in relation to body mass was almost 

halved with age. There was no significant difference in the length of the muscle fibres in 

young and old animals (Table 3.1). 

Table 3.1 Body mass, gastrocnemius mass, fraction of gastrocnemius mass to body mass 
andfibre length in young (n=7) and old rats (n=8)(mean ± SEM) 

Body Mass Gastrocnemius Gastrocnemius/ Body Mass Fibre Length 
(g) Mass (g) (%) (mm) 

Young 371 ±10.5 1.84 ±0.08 0.496 ±0.0124 14.8 ±1.5 
Old 796 ± 28.4 2.36 ±0.169 0.299 ± 0.0242 15.8 ±5.43 
P O.001 0.019 O.001 0.432 

If the old rats were separated into two age groups: adult (16-17 months) and old 

(20-29 months), and the absolute mass of the gastrocnemius muscle was measured, the 

absolute mass of the gastrocnemius in adult rats was significantly larger than that in old 

rats. However, there was no significant difference between the absolute mass of the old 
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rat muscle (24.0 ± 2.35 months) compared to the young rat muscle (2.63 ±0.155 months) 

(P = 0.363). Comparing the absolute mass of the adults to the young rats, indicated a 

significant difference (P < 0.001). As the rats aged from young to adult, the absolute 

mass of the gastrocnemius increased as body mass also increased, but in old age, the 

absolute mass of the muscle declined compared to the adult absolute mass of the muscle 

(Table 3.2). 

Table 3.2 Body mass and gastrocnemius mass in adult (n=4) and old (n=4) rats 
(mean ± SEM) 

Body Mass (g) Gastrocnemius Mass (g) 

Adult 783±44.9 2.75±0.128 
Old 810+40.3 1.98+0.141 
P P>0.05 O.05 

Twitch Kinetics 

Young (n = 5, 2.55 ± 0.1658 months, 0.377 ± 0.0137 kg) and old (n = 4, 16.5 + 

0.289 months, 0.783 ± 0.0449 kg) Wistar rats, and young (n = 1, 3.0 ± 0.0 months, 0.345 

+ 0.0 kg) and old (n = 4, 24.0 ± 2.35 months, 0.810 ± 0.0403 kg) Sprague-Dawley rats 

were used for this portion of the study. Twitch kinetics are shown in Table3.3. With age, 

there was a slowing of all twitch kinetics measured. There was no significant difference 

in the maximum twitch force (kNm"2) between young and old muscle (Table 3.3). 
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Table 3.3 Isometric twitch characteristics for young (n=6) and old (n=8) muscle (mean ± 
SEM) 

Twitch Duration (ms) 
TPT 10%-90% 90%-10% R1/2 50%-50% MTF 

MTF MTF MTF (kNm"2) 
Young 12.8 ± 1.07 6.90 ±0.399 36.9 ±2.75 16.4 ± 1.40 24.6 ±2.03 10.5 ±2.41 
Old 20.7±2.27 11.3 ± 1.28 56.3 ± 6.75 27.8±3.07 41.2±4.56 10.6 ± 1.80 
P 0.015 0.015 0.036 0.010 0.012 0.872 

TPT = time from stimulus to peak tension, MTF = maximum twitch force, R1/2 = half 
relaxation time 

3.3 Force-velocity Characteristics 

Sample force velocity curves from four experiments (two young muscle bundles, two 

old muscle bundles) fit to the Hil l equation and Marsh and Bennett equation are illustrated 

in Fig. 3.27. Maximum velocity of shortening, calculated after fitting experimental data to 

the Hi l l equation ( V m a x . H i L L , Equation 1.1), did not change with age (P = 0.933, 8.03 ±1.18 

MLs" 1 for young and 7.92 ± 0.669 MLs" 1 for old). Similarly, V m a x measured using data fit 

to the Marsh and Bennett equation (Vmax.MB> Equation 1.2) also showed no significant 

change with age (P = 0.815, 7.78 ±1 .158 MLs" 1 for young and 7.46 ± 0.774 MLs" 1 for 

old). Hill 's a/P0 ratio and Marsh & Bennett's Wmax/Po-Vmax ratio define the curvature of 

the force-velocity curve. There was a significant difference between the a/P0 ratio of 

young (0.292 ± 0.0141) and old (0.167 ± 0.018) muscle (P O.001). The higher ratio of 

a/P0 (young muscle) corresponds to less curvature of the force-velocity curve, 

characteristic of faster muscles. There was also a significant difference between young and 

old rat muscle in the Marsh & Bennett curvature 
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Figure 3.27 Force-velocity curves from two old rats (A), and two 
young rats (B). Each round symbol (•) is the force measured while 
the bundle shortened at that velocity. The experimental data was fit to 
two equations, Hill's (1938)(B) and Marsh & Bennett's (1986) ( • ). 
Symbols are obscured due to the close fit of the curves. The values 
for force (P) are expressed relative to the maximum isometric force 
(P 0) for each experiment. The power curve ( i ) was calculated as 
velocity x relative force (velocity values are from the curve fit to the 
Marsh & Bennett equation). 
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ratio (P = 0.019); the mean for young muscle was 0.107 ± 0.00337 and 0.0822 ± 0.00827 

for old muscle. 

The maximum power (Wkg'1) from the force-velocity curve fit with Marsh & 

Bennett's equation was lower (about half) in old muscle (34.4 ± 5.36 Wkg"1) compared to 

young (77.7 ± 19.6 Wkg"1) muscle. A rank sum test (Mann-Whitney) indicated no 

significant difference between the young and old muscle, although the value for P (0.054) 

was close to significance. 

To facilitate comparison of the shapes (curvature) of each force-velocity curve 

between animals, force was normalized to the maximum isometric force produced by each 

bundle. Representative force-velocity curves for two young and two old animals are 

shown in Fig. 3.27. Four curves are shown: the experimental data (round filled symbols), 

data fit to Marsh & Bennett's equation (red diamonds), data fit to Hill 's equation (green 

squares) and power calculated using data fit to Marsh & Bennett's equation (pink 

triangles). Due to the close fit of the curves, some symbols are obscured. 

Muscle from both young and old animals produced maximum power at about the 

same relative force (P/P„) (0.310 ± 0.00889 in young and 0.276 ± 0.0194 in old muscle, 

P>0.05). The velocity at which maximum power occurred was similarly estimated, and 

was not significantly different between young (2.71 ± 0.378 MLs" 1) and old (2.29 ± 0.157 

MLs" 1 , P>0.05) muscle. When the optimal velocity was expressed as a fraction of V m a x , 

(velocity at maximum power/Vm a x), there was no significant difference between young 

(0.357) and old (0.292) muscle (P=0.232, rank sum test). Thus power was maximal in 

both young and old muscle at approximately 1/3 of V m a x and 1/3 of maximum force. 
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The stimulus phases at which maximum work was produced was compared 

between young and old animals at different cycle frequencies using a two-way A N O V A 

(Table 3.4). As cycle frequency increased above 2.3Hz, phase decreased for young and 

old animals. There was no significant difference in optimal phase between young and old 

muscle (P = 0.068) (Table 3.4). 

Table 3.4 Phase of muscle activation producing maximum work at cycle frequencies of 
2.3Hz, 3.5Hz and 4.5Hz in young (n=7) and old muscle (n=8) (mean ±SEM). 

Optimal Phase % 
Cycle 
Frequency (Hz) 2.3 3.5 4.5 
Young -6.7 ±0.51 -7.9 ±0 .51* -8.4 ±0.51* 
Old •7.0 ± 0.47 -8.5 ± 0.47* -9.7 ± 0.47* 

* significantly different from 2.3Hz (P = =<0.001) 
no significant age effect (P = : 0.068) 

Though no significant difference was observed between young and old muscle in phase, 

there was a significant difference between young and old muscle in the duration of the 

stimulus required to maximize work output; as cycle frequency decreased, young muscle 

was stimulated longer than old muscle to produce maximum work (PO.001) (Table 3.4). 

Young muscle stimulus durations were significantly longer from old muscle (P <0.001). 



107 

Table 3.5 Stimulus duration of activated muscle producing maximum work at cycle-
frequencies of 2.3Hz, 3.5Hz and 4.5Hz in young (n=7) and old muscle (n=8) 
(mean ±SEM). 

Optimal Stimulus Duration (ms) 
Cycle 
Frequency (Hz) 2.3 Hz 3.5 Hz 4.5 Hz 
Young 191±4.04* 107 ±4.04* 82.1 ±4.04* 
Old 169 ±3.78* 94.4 ±3.78* 68.1 ±3.78* 

*significant difference between young and old (P <0.001) and between cycle frequency 
(PO.001)  

3.4 Isometric, Tetanic Force, Cyclic Work and Power 

Force is expressed per cross-sectional area (area specific force). The maximum, 

isometric force produced in tetanus was not significantly different between young (153.2 

± 21.2 kNm"2) and old (109.0 ± 14.1 kNm"2) muscle (P = 0.098). These values are lower 

than some others reported in the literature (e.g. 200kNm' , Klitgaard et al., 1989), however 

difficulties in estimating muscle mass may account for this difference. Since the method 

of calculation was consistent, the relative difference between the values for young and old 

muscle would remain the same and the comparison is valid. 

Work and power in old muscle was substantially less than in young muscle 

whether expressed per kg muscle or per kg rat (Figs. 3.28 and 3.29, respectively). A 

repeated measures two-way A N O V A was used to analyze the age/frequency relationship 

of work and power. Work (Jkg"1 muscle per cycle) from old muscle was almost half 

(P=0.009) of that from young muscle at all frequencies studied (Fig.3.28). The work 

output at 4.5Hz was significantly lower than the work output at 2.3Hz and 3.5Hz, for both 

young and old muscle (P<0.05); the work produced declined as frequency increased in all 
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muscles regardless of age and there was no interaction between age and frequency. 

Similarly, average power (Wkg"1 muscle, average per cycle) decreased with age (P=0.008) 

again being approximately 70% in old muscle versus young at all frequencies studied (Fig. 

3.28). There was a significant effect of cycle frequency on power in young muscle only 

(PO.001); the power output at 2.3Hz was significantly lower than that at 3.5Hz and 

4.5Hz. There was a significant interaction between age and frequency (P=0.001) whereby 

in young muscle there was a marked increase in power between 2.3Hz and 3.5Hz, while in 

old muscle, power was not affected by frequency (P>0.05). 

Though body size increased significantly with age, the size of the gastrocnemius 

muscle did not increase proportionally (comparing young muscle to pooled adult and old 

muscle data) (Table 3.1). The disparity in work and power capacity per mass of muscle 

between young and old rats is thus further pronounced when work and power are 

expressed per mass of animal (Fig. 3.29). Work declined significantly with age to 

approximately one third of the value in young animals (P=0.008). 
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3 4 

Cycle Frequency (Hz) 

Figure 3.28 Work output (Jkg"1 muscle) and power output (Wkg"1 

muscle) versus cycle frequency in young (n=7) and old (n=8) muscle. 
Three cycle frequencies, corresponding to a walk (2.3Hz), trot (3.5Hz) 
and gallop (4.5Hz) were used (*significantly different from 4.5Hz). 
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Figure 3.29 Work output (Jkg"1 rat) and power output (Wkg"1 rat) 
versus cycle frequency in young (n=7) and old (n=8) muscle. Three 
cycle frequencies, corresponding to a walk (2.3Hz), trot (3.5Hz) and 
gallop (4.5Hz) were used ^significantly different from 4.5Hz). 
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Work/kg body mass also declined significantly as frequency increased (P<0.05) in young 

and old muscle. Power was reduced by almost 70% with age (P<0.001). The power 

produced by young muscle at 2.3Hz and 3.5Hz was significantly different than that 

produced at 4.5Hz (P=0.001); the power produced by old muscle was not effected by 

frequency (P>0.05). There was an interaction between the effects of age and cycle 

frequency on power (PO.05). Power expressed per mass of animal peaked around 3.5Hz 

in young animals, and was lowest at the slowest frequency (2.3Hz). 

3.5 Myosin Heavy Chain (MHC) Isoforms 

A l l four M H C isoforms were distinguished using SDS-PAGE where each lane 

represented a muscle bundle, thus a different animal used in the isolated muscle 

experiments. The densities of each band were then expressed as a percentage of the total 

M H C content in each muscle (Table 3.6). 

Table 3.6 Relative density of MHC isoforms Ila, IIx, lib and I in muscle bundles 
used in isolated muscle experiments (mean ±SEM). 

Relative Density of M H C (%) 
M H C isoform I Ila IIx lib 
Young (n=6) 43.2 ± 5.05 25.6 ±2.66 27.2 ± 2.08 4.02 ± 2.57 
01d(n=7) 48.8 ± 6.22 28.3 ±2.35 17.7 ±2.75* 5.29 ±3.47 

* significant difference between young and old (P= 0.021)  

There was no significant difference between the young and old muscle bundles in the 

distribution of fibre types, except type IIx, which was significantly higher in the young 

muscle compared to old. 
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Figure 3.30. Scanned image of two polyacrylamide 
gels showing the distribution of myosin heavy chain 
isoforms. Each lane represents a different 
animal/muscle. Lanes 1-6 are young muscles and 
lanes 7-13 are old muscles. Gels were run for 20 
hours at 100V (modified from Talmadge & Roy, 
1991). 
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4 DISCUSSION 

4.1 Treadmill Locomotion 

This is the first study to compare activation and length changes of skeletal 

muscle fibres in the lateral gastrocnemius between young and aged rats while they 

locomote. Gillis & Biewener (2001) have studied muscle fibre length changes and 

activity in rats, but only in animals of the same age group. 

The recruitment patterns of muscles involved in locomotion have been 

documented using intramuscular E M G electrodes previously (Roy et al, 1991; Hutchison 

et al, 1989; Gramsbergen et al, 2000). Others have measured cycle period and stride 

length (Roy et al, 1991; Hruska et al, 1979; Clarke & Parker, 1986; Parker & Clarke, 

1990) but not muscle fibre length changes. In the gastrocnemius, soleus and tibialis 

anterior of rats running at increasing speeds on a treadmill, animals decrease their stride 

cycle period (increasing the number of steps per unit time) and cycle period decreases 

almost 50% from about 500ms to 250ms as running speed increases from around 0.2ms"1 

to 0.8ms"1 (Roy et al, 1991). Similarly, young rats in the present study decreased their 

stride cycle period from about 700ms to 250ms as speed increased from about 0.2ms"1 to 

1.0ms"1 as running speed increased (Fig. 3.1). The old rats also decreased their cycle 

period as speed increased, from 1000ms to 300ms as speed increased from 0.1ms"1 and 

0.65ms"1 (Fig. 3.2). The cycle period decreased similarly for young and old rats as speed 

increased (Fig. 3.3). The decrease in stride cycle period corresponds to an increase in 

stride cycle frequency and eventually changes in gait. In the present study young rats 
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illustrated three different gaits, walking at 2.3Hz, trotting at 3.5Hz and galloping at 

4.5Hz. 

The decrease in cycle period is due mainly to a decrease in stance time, while the 

time for swing remains the same (Roy et al, 1991; Gillis & Biewener, 2001). With 

increasing speed the E M G burst duration for the gastrocnemius and soleus decrease while 

that of the tibialis anterior (extends the foot) remains virtually the same (Roy et al, 

1991). In the lower limb muscles of guinea pigs, also using EMG's , Gardiner et al. 

(1982) and references therein also reported a decline in stance time with increasing speed 

(assuming the E M G burst corresponds to stance phase) as did Gillis & Biewener (2001) 

in the lower limb muscles of rats. Using the flexors and extensors of the rat elbow, Cohen 

& Gans (1975) found that the swing phase (flip phase) increased approximately 15%. 

Not only did the steps per unit time increase (decrease in cycle period) with 

increasing treadmill speed, but so did the length of each stride (Figs. 3.4 & 3.5). This 

trend has been observed by others, and is supported by corresponding absolute numbers 

for stride length at walking speeds (Cohen & Gans, 1975; Hruska et al, 1979; Clarke & 

Parker, 1986; Parker & Clarke, 1990). Young animals walking at about 0.2ms"1 had a 

stride length (speed x cycle period) between 10-15cm (Fig. 3.4). 

Clarke & Parker (1986) and Hruska et al. (1979) showed a linear relationship 

between stride length and running velocity, though the former authors observed a sharp 

increase in stride length at running speeds between 0.3ms"1 and 0.5ms"1. The stride 

lengths of young animals in the present study also increase linearly with increasing speed, 

but because only a few speeds were measured for each rat, the sharp increase in stride 
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length at intermediate speeds observed by Clarke & Parker (1986) may have been 

masked. 

Differences in stride length have been reported between Brattleboro and Wistar 

rat strains and Long-Evans and Wistar rat strains (Parker & Clarke, 1990), though the 

mean stride lengths of the Wistar rats in the present study are the same as those reported 

for Sprague-Dawley rats (Hruska et al, 1979; Parker & Clarke, 1990) thus the data 

collected for Wistar and Sprague-Dawley rats in this study should be comparable. There 

was no difference in stride lengths observed between Sprague-Dawley and Wistar rats 

(e.g. no outliers observed in graphs) (Figs. 3.4 & 3.5). The survival of Wistar and 

Sprague-Dawley rats is lower than in other strains (Fischer 344/Brown Norway hybrid); 

this may be a caveat in interpreting the effects of aging on locomotion, since the effects 

of pathologies present in these strains may have influenced the locomotion in old animals 

more than aging itself. 

Rats employ two strategies to increase their velocity: increasing stride frequency 

(decreasing stride cycle period) and increasing stride length (Figs 3.1-3.6). Clarke & 

Parker (1986) suggest that the sharp increase in stride length observed after 0.3ms"1 is due 

to changes in gait and recruitment of faster motor units. The non-linear decrease in cycle 

period (Fig. 3.1) observed here and by others however, does not appear to be effected by 

changes in gait (Gillis & Biewener, 2001), since at the gait transition speeds (about 

0.35ms"1 and 70ms"1), there is no obvious change in the cycle period. 

Old animals used similar approaches as young animals to locomote at high 

speeds, increasing their stride length and decreasing their stride cycle period (Figs 3.5 & 
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3.2). However, all old rats that exhibited gait changes (walk to trot) did so at speeds of 

0.35-0.4ms", approximately 0.1ms"1 slower than the young rats. The variability in gait 

observed during slow speed locomotion in old rats is evident in their varied stride lengths 

and cycle periods. After surgery, many of the old rats (especially the Sprague-Dawley 

rats) experienced slow recovery and though they were given more time than young rats to 

recuperate, and were routinely assessed for improved healing, some did not appear to 

recover fully. Aging Sprague-Dawley rats experience kidney pathologies, increases in 

pituitary tumours in males, and a greater mortality rate due to unknown pathologies 

(Nohynek et al, 1993). Since four of the five old animals used for locomotion studies 

were Sprague-Dawley rats, some of the variability in gait may be due to these 

complications. Overall wellness of the rats may be compromised with tumours and other 

illnesses and thus limit their physical capacity for exercise, especially since the majority 

of their lives has been as cage sedentary animals. 

When familiar with their environment Wistar rats decrease their level of 

exploratory activity (Vetulani et al, 1987). Due to this and being cage-bound, muscle 

use is decreased and is likely much reduced compared to animals in the wild. The 

increased metabolic demands placed on muscle as speed increases (Armstrong & 

Laughlin, 1985; Clarke & Parker, 1986) may thus be relatively greater for old sedentary 

animals compared to young, active animals. Thus the old animals require even more 

effort to run and may be exemplified by a deficit in available power (see Work and 

Power). 
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Accounting for the effects of individuals, young rats increased their fibre strain 

with increasing speed (Fig. 3.7). The old animals did not exhibit a pronounced change in 

fibre strain with increasing speed (Fig. 3.8). However, there was limited data for old rats 

and gait changes were not as common in old rats as in young animals. The old rats were 

not assessed for inflammation in joints, which could influence the extent of ankle flexion. 

If the extent of ankle flexion was reduced in old rats, muscle length changes would also 

be reduced; this could result in little to no change in muscle fibre strain with increasing 

speed. The old animals did not change gait with increasing speed, but since young 

animals did, this difference may explain why the young rats exhibited increases in muscle 

fibre strain with increasing speed, while the old rats did not. Gillis & Biewener (2001) 

show an increase in strain in the thigh muscles of rats from walking (23%) to trotting 

(27%) followed by a decrease while galloping (12%). They also note that not only does 

strain vary with gait, but may also vary between muscles and within the same muscle 

(contra lateral limb had a different strain). In dogs, strain at a gallop is greater than at a 

trot in the same thigh muscle (vastus lateralis) but is variable between dogs (Carrier et al, 

1998). The variability in literature and in the present data for strain can be explained in 

several ways. First, superficially the lateral gastrocnemius is not very pinnate, but 

because in this study crystals were implanted into its belly and corrections were made for 

misalignment in a 2-dimensional plane, one crystal may have sat in a bundle of more 

pinnate fibres than the other. Though attempts were made to be consistent, the exact 

placement of crystals in the belly was not the same between animals nor was the depth of 

the crystal in the belly of the muscle. For this reason, the strain measured may not have 
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been the fascicle strain from the same bundle in all animals. Second, the gastrocnemius is 

a unipinnate muscle and the shortening in proximal and distal regions is different 

(Zuurbier & Huijing, 1993), so placement of a pair of crystals in one animal (closer to the 

proximal region versus the distal region) may result in a difference in strain. 

The E M G burst durations in young and old rats decreased as treadmill speed 

increased (Figs. 3.10-3.12). This is noted in both rats (Roy et al, 1991; Gillis & 

Biewener, 2001) as well as guinea pigs (Gardiner et al, 1982). As animals run faster, 

they cycle their legs faster, and the time required to activate the muscle decreases 

accordingly. How long the muscle is activated relative to how long each step is (duty 

cycle) was not dependant upon speed in young rats (Fig. 3.13); both the E M G burst 

duration and the stride cycle period decreased at the same rate as treadmill speed 

increased. In old animals, the E M G burst duration decreased faster than the stride cycle 

period as treadmill speed increased, resulting in a decreasing duty cycle with increasing 

speed (Fig. 3.14). The old rats did not compensate for the decreasing E M G duty cycle by 

increasing their mean IEMG (see below). 

In young and old animals there was no relationship between IEMG and running 

speed (Fig. 3.16). This is similar to the findings of Roy et al. (1991) and Gardiner et al. 

(1982). The IEMG is a function of both burst duration and amplitude. The E M G burst 

duration decreased with increasing speed. The amplitude or "effort" must thus have 

increased for the IEMG to remain unchanged. The average effort or recruitment of the 

muscle can be determined from the mean IEMG (the IEMG relative to the E M G burst 

duration). In young rats, an increased level of recruitment was noted with increasing 
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speed (Fig.3.19). This may reflect the increased metabolic demands of the muscle occur 

with increasing speed, where blood flow increases to fast oxidative and fast oxidative 

glycolytic portions of the hind leg muscles to meet the metabolic demands of high-speed 

locomotion (Armstrong & Laughlin, 1985). One old rat showed an increase in mean 

IEMG with increasing speed (green triangles, Fig. 3.20); the other old rats did not show 

similar trends, perhaps due to their reluctance to run at higher speeds resulting in 

inconsistent patterns of movement and attempting to avoid running at all. 

The timing of activation of the muscle relative to the cycle period, or phase, was 

variable in young and old rats but occurred mostly after Ro (maximum length) (Figs. 

3.24, 3.25 & 3.26). In the elbow flexors (Cohen & Gans, 1975) and the thigh muscles of 

rats (Gillis & Biewener 2001), activation of muscles occurred just prior to footfall. 

Although Gillis & Biewener (2001) found activity of the leading limb during a gallop, an 

asymmetrical gait, actually occurred after footfall. Though walking in rats is normally 

symmetrical (see introduction), the variability in phase observed may be due to two 

things. 1) The E M G electrodes were implanted superficially in the lateral gastrocnemius, 

and that area of the muscle may not be recruited until faster speeds are reached. The 

peripheral portions of muscles are less oxidative, and thus are recruited last with 

increasing speed (Sullivan & Armstrong, 1978; Armstrong & Laughlin, 1985; Punkt et 

al, 1993). 2) Rats may have used an asymmetrical gait. Though not all variability in 

phase was at galloping speeds, asymmetrical gaits may account for some variability in 

phase (Gillis & Biewener 2001). 
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When using maximum length (R,) as the reference point to calculate phase, there 

was no correlation with increasing speed in young or old rats (Figs. 3.24, 3.25, & 3.26). 

Maximum muscle length (RQ) occurs during the swing phase of the step cycle, therefore 

changes in E M G onset relative to R, may not show an obvious relationship between 

phase (Rj) and increasing treadmill speed. Phase calculated using stance (footfall) as the 

reference point decreased with increasing speed in young animals (Fig. 3.22). Data for 

E M G activity of the soleus muscle was also obtained from this animal. The soleus and 

gastrocnemius were activated prior to footfall. As speed increased, the activation of the 

gastrocnemius occurred sooner and sooner before footfall; the effect of increasing speed 

on the phase in the soleus was not significant. There was no correlation between phase 

(stance to E M G onset) and treadmill speed in the gastrocnemius of the old rat (Fig. 3.23). 

Using stance as a reference point may illustrate the relationship between phase and 

increasing speed more clearly than phase calculated with RQ, since stance is closer to 

E M G onset than Ro is. 

To summarize, both young and old rats share similar patterns of locomotion, such 

as increasing velocity by increasing the number of steps per unit time, decreasing stance 

time, and increasing the length of their strides. However, gait changes for old rats 

occurred at slower speeds than young rats (if at all) and there was no obvious change in 

muscle fibre strain in old rats. Old rats refused to locomote at high speeds, fatigued much 

faster than young rats and in some cases to such a degree that they refused to continue 

with recording sessions. The onset of E M G activity relative to maximum length (Ro) was 
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variable and had no relationship with increasing speed, however, there could be a 

relationship with E M G onset and stance phase. 

4.2 Anatomy and Muscle Performance 

Muscle function in animals during locomotion is complex, being affected by such 

things as actions of synergistic and antagonistic muscles and elastic elements. To 

identify the effects of aging on the muscle itself, the gastrocnemius was removed and 

compared between young and old rats. 

Body mass increased significantly in old rats, almost doubling. Most of the 

weight gain appeared to be visceral fat (from observation). Work and power generation 

by muscles is needed not only to propel the animal during locomotion, but also for 

stability. One of the primary energy consuming processes of muscles is the production of 

force to support body weight (Marsh, 1999). Though the length of muscle fibres did not 

change with age, the mass of the gastrocnemius increased from about 2.5 months to 17 

months of age, but then decreased at about 24 months in rats. The decrease in muscle 

size may contribute to deficits in power availability (see Work and Power). The much 

larger body mass of old animals may not be supported for high-speed locomotion by their 

weaker muscles, and they may not have enough energy to maintain a steady gait at higher 

speeds. 

Though Vmax did not change significantly with age, the curvature of the force-

velocity curve did, using both the Hi l l a/P0 curvature ratio and the Marsh & Bennett 
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W m a x / ( V m a x . P 0 ) curvature ratio. The Hil l curvature ratio was twice as large in young rats 

compared to old, indicating a less curved relationship between force and velocity and 

thus a faster muscle. The change to a slower force-velocity relation with age may not 

appear to agree with the insignificant difference in V m a x with age, however, since V m a x is 

based on an extrapolation of the force-velocity curve, V m a x may not reflect the true 

population of fast versus slow fibres. The fast to slow shift reported by some to occur 

with age in M H C isoforms (Larsson et al, 1993) was not observed in the gastrocnemius 

muscle in the present study, indicating that the fastest contracting fibres were still present 

in old muscle, contributing to the speed of shortening. 

The age-related transition in muscle fibre types in rats is not straightforward. In 

the deep portion of the plantaris muscle (fast contracting) of Wistar rats, the changes in 

muscle fibre type with age are region specific, where an increase of fast glycolytic occurs 

in the deep portion, and no change is observed in the superficial portion from 9 to 29 

months (Larsson & Edstrom, 1986). The age-related change in muscle fibre type can be 

region specific and also strain and/or gender specific. In the plantaris of female Fischer 

344 rats, the percentage of fast glycolytic fibres increased from 9 to 30 months (Eddinger 

et al, 1985), whereas in male Long Evans rats, there was no change observed in the 

percentage of fast glycolytic fibres from 10-27/28 months (Holloszy et al, 1991). In the 

fast contracting tibialis anterior of male Wistar rats, no change in any fibre type was 

observed from 6 to 20/24 months (Larsson & Edstrom, 1986). The age-related transition 

in the fibre types of the slow contracting soleus is more consistent; there is an increase in 

the percentage of slow oxidative fibres in Wistar rats (from 9 to 29 months, Klitgaard et 
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al, 1989; from 6 to 20/24 months, Larsson & Edstrom, 1986, from 10 to 24 months, 

Kovanen & Suominen, 1987). The increase in the percentage of slow oxidative fibres in 

the soleus with age is also observed in female Fischer 344 rats from 9 to 30 months 

(Eddinger et al, 1985). The gastrocnemius muscle in Fischer 344/Brown Norway 

hybrids has shown both a slowing of fibre type with age (Larsson et al, 1993) and also 

an increase in fast glycolytic fibres with age (Brown & Hasser, 1996). Thus the 

transition in fibre types in aging rodents are not clear-cut and may be specific to muscle, 

muscle region, rat strain, and gender. The transition of muscle fibre types in humans may 

be specific to muscle, muscle region and gender, as well. 

The isolated bundles used in this study showed a significantly higher percentage 

of IIx fibres in young rats, but otherwise did not indicate any other change in M H C 

distribution. This may not be unusual since the region of the gastrocnemius used in these 

studies contained about 50% type I M H C (slow). Since much of the muscle is already 

slow, there may not be a dramatic fast to slow shift, and V m a x may not change with age. 

There is slowing of the muscle occurring with age however, which can be 

attributed to other changes in the muscle. Hook et al (2001) observed a slowing of actin 

filament sliding in the type I fibres of mice, rats and humans with age. They suggested 

that changes such as oxidative stress may affect the translation of MHCs (an increase in 

free radicals with age was observed by Bejma & Ji, 1999). Also, changes in the structure 

of the myosin head with age have been observed (Lowe et al. 2001), which may 

ultimately affect the force-velocity relation. 
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Though the V m a x ' s of the M H C isoforms increase from slow to fast (type I to type 

II), the contribution of myosin light chains (MLC) to the contractile properties of muscle 

fibres may have an influence on the variation in V m a x within M H C isoforms (Saitoh et al., 

1999; and references therein). Specific MLCs modulate shortening velocities in a 

particular M H C (Biral et al, 1999) influencing changes in the MHCs, which may explain 

why there is a slowing in the muscle without a change in the MHCs with age. Changes in 

MLCs with age have not been considered in this study, but may provide an explanation 

for the increased curvature of the force-velocity relation with age. 

The duration of the muscle twitch was significantly longer in old muscle, mainly 

due to the longer relaxation time. This is most likely due to a prolongation of the C a 2 + 

transient within the cytoplasm in aging muscle and may be associated with age-related 

abnormalities in the ryanodine receptors (Damiani et al, 1993). The durations of motor 

unit twitches have also been observed to increase with age (Edstrom & Larsson, 1987) 

while conduction velocities of motor axons decrease (Kanda et al, 1986). Increases in 

twitch durations may compromise the use of the muscle in locomotion, resulting in 

decreases in maximum running speed in old rats, observed in the present study. 

The maximum twitch and tetanic forces of muscle did not change significantly 

with age. It may be that senescence (e.g. ages greater than 25 months in Sprague-Dawley 

and Wistar rats) results in a more pronounced deficit in force production compared to just 

old age (the old rats in the present study were approximately 20 months). Differences 

between the genetic strains may account for some of the controversy in aging effects on 

muscle force production. In several muscles studied (EDL, plantaris, soleus) the peak 
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contractile force was observed to decrease with age (Gutmann & Carlson, 1976; Brooks 

& Faulkner, 1988, Klitgaard et al, 1989, Thompson & Brown, 1999). Relative to total 

tension, passive tension in very old rats (33 months) increased significantly (Brown et al, 

1999). The authors did not see any difference in muscle stiffness with age, though they 

suggested that reduced active tension and loss of range of motion of muscle is 

demonstrated by the difficulty in walking and asymmetrical gait in old rats. 

Work and Power 

Though isometric force did not change the work and power capacity of muscle 

decreased with age (Fig. 3.28). The increased twitch duration and relaxation times with 

age (Table 3.3) do not necessarily affect isometric force, but they do affect work and 

power capacity since the muscle is turned on and off while changing length. Recall, 

power can be calculated from a force-velocity curve (instantaneous) or from work loops 

(sustained). The instantaneous power only considers power available during shortening, 

and was almost 2.3 times higher in young muscle than that in old muscle. Instantaneous 

power was slightly higher than the sustained power, which accounts for changing muscle 

length and incorporates twitch kinetics, thus will be affected by the increased twitch 

duration and relaxation with age. As frequency increased, so did the difference in the 

available sustained power in young versus old muscle: 2.3Hz = 1.55, 3.5Hz = 1.97, and 

4.5Hz = 2.02. 

In relation to entire body mass, the capacity of the gastrocnemius declined to an 

even greater degree in old animals (Fig. 3.29). The decreased size of the gastrocnemius 



126 

muscle compared to the increase in body size with age may contribute to the dramatic 

decrease in power available to the old animals for locomotion. The present observation of 

increased fatigue and difficulty of walking may also be due to increased infiltration of 

muscle by fat and non-contractile material (Jubrais et al, 1997), leaving less contractile 

material per cross-sectional area of muscle. Thus the requirements for powering 

locomotion may be increased with age despite a reduction in power available (at least 

from the gastrocnemius). The reduced power available to aging rats may explain the 

difficulty in sustained locomotion (especially at higher speeds); perhaps there simply is 

not enough power available from the muscles to sustain locomotion at high speeds. 

Extrapolating data from these fibre bundle experiments to the use of muscle during 

locomotion in an attempt to explain the differences in use of muscle with age is not 

straightforward. First, scaling work and power output per kg muscle to work and power 

output per kg rat may overlook some physiological effects that may be non-linear, and 

thus the relationship between work and power output relative to body size must be 

interpreted with caution. Second, the gastrocnemius is a heterogeneous muscle, and has 

both fast (type II) and slow (type I) M H C isoforms. The fibre type densities for the 

bundles used were almost 50% of type I fibre types (Table 3.5) which produce less power 

than faster ones. If the fast contracting portion of the gastrocnemius was compared 

between young and old muscle, the deficit in work and power may be even greater since 

there is a slowing of muscle contraction with age, more pronounced in faster contracting 

muscles (e.g. those with type II M H C . Third, the involvement of synergistic muscles 

(plantaris, soleus, medial head of gastrocnemius) and antagonistic muscles (EDL, tibialis 
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anterior) has not been considered. The recruitment pattern of some muscles may 

compensate for decreased functional capacity of others. The soleus is slow contracting 

and involved in quadrapedal standing whereas the gastrocnemius, a faster muscle, may 

not be used except when exercising at high speeds. Also, some muscles used during 

locomotion may have different functions (e.g. some for force generation, some for 

shortening) and thus may be recruited differently. 

4.3 Conclusion 

There are obvious changes in rat locomotion with age, such as difficulty walking, 

increased fatigue and refusal to locomote at high speeds. Using similar strategies to 

increase velocity, both young and old animals increase the number of steps per unit time, 

decrease the stance time and increase the length of their strides to increase their velocity. 

However, intrinsic changes in muscle with age (such as increased TPT, and declining 

work and power capacity) seem to greatly reduce its capacity to power locomotion. The 

tremendous increase in body size with a disproportionately smaller increase in muscle 

mass with age contributes to the declining ability to power locomotion, especially in 

energetically demanding conditions such as high speed. The changing capacity of muscle 

may partially explain its contribution to compromised locomotion with age, but the 

degree to which aging affects this decline versus decreased use still needs to be studied. 

Locomotion is complex and involves many systems that also exhibit changes with age. 

However, part of the aging puzzle is clearly rooted in the declining capacity of muscle 

and there is an obvious impact on locomotor capacity. 
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Appendix 6.1 Flow chart describing treadmill counter 
circuitry. A notched aluminum wheel broke the light path of 
a photo-detector/emitter generating square pulses. The 
pulses were used to calculate treadmill speed. The pulse 
frequency was divided by the circuit (2,4,8,16 etc.) to match 
the resolution of the AID circuitry in the computer. 




