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ABSTRACT 

The principal aim of the present study was to determine whether 

the FF (fast-contracting, fast fatiguing), FI (fast-contracting, with 

intermediate fatigability), FR (fast-contracting, fatigue resistant) 

and S (slow-contracting, non-fatigable) muscle unit classification 

scheme is applicable to units of other cat hind limb muscles besides 

the medial gastrocnemius (MG), for which the scheme was designed. A 

second aim was to test the utility of this classification scheme for 

bringing out both general and distinctive features'of different unit 

types in different muscles. 

The present report is based on the analysis of 10̂  muscle units 

of the tibialis posterior (TP) muscle of six deeply anesthetized cats. 

TP was selected as the test muscle because it is composed of only 60 

motor units distributed over Vk spinal segments, an arrangement allow

ing relatively rapid functional isolation and representative sampling 

of its units. 

Muscle unit mechanical properties were assessed at each muscle 

unit's optimal length. Measurements were made of: (1) peak tetanic 

and potentiated twitch force; (2) potentiated twitch contraction time; 

(3) "sag" susceptibility; and (*0 fatigability. Results of the fatigue 

test divided units into the fatigable FF and FI types and "non-

fatigable" FR-S types. The "sag" test further separated "non-fatigable" 

units into "sagging" FR and "non-sagging" S types. On the basis of 
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these physiological tests, 93 of the lO'f units could be unambiguously 

classified as one of the four unit types. Of the other 11 units, 10 

were classified on the basis of having properties consistent with those 

characterizing a given unit type on three of the four tests. Only one 

unit was considered truly aberrant in its neuromechanical properties 

and remained unclassified. 

A significant correlation was found between the percentages of 

all four unit types of TP and their corresponding fiber types in the 

six test muscles. The fiber types found in TP included FG (fast-

twitch, glycolytic), FOG (fast-twitch, oxidative-glycolytic) and SO 

(slow-twitch, oxidative). A fourth fiber type, called FI, stained 

intensely for myofibrillar ATPase with intermediate oxidative staining 

between the FG and FOG types, although it was smaller than the FOG 

fiber. 

A comparison of properties of units classified as FF, FR or S 

in TP, with flexor digitorum longus (FDL) and MG data from another 

laboratory revealed both general features of the units irrespective of 

the muscle of origin and distinctive features that appeared to relate 

to potential functions of these specific muscles. For all three 

muscles, innervation ratios, contraction speeds and specific tension 

outputs of type F units were substantially greater than those of type 

S units. The FF units alone contributed 70-7̂  of the cumulative force 

output of each muscle, indicating a substantial capacity for powerful, 

rapid contractions from all three muscles of different "size" and 

absolute force production. 
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Unique features of the three muscles were revealed by comparing 

the different unit types' force producing capabilities across muscles 

and by the relative representation of "non-fatigable" type FR and S 

units in each muscle. In particular, TP was shown to have some un

usually powerful type FF units and an unusually high percentage (k23o) 

of type S units. In contrast, FDL has units that develop relatively 

small force and an unusually high representation (56"o) of type FR 

units. There is speculation on the relationship between these features 

of both muscles and their presumed role in posture and locomotion. 



CHAPTER 1 

INTRODUCTION 

Aim of the Present Study 

The function of muscle is to contract and to either produce 

motion about a joint as in a shortening contraction, stabilize a joint 

without moving it as in an isometric contraction, or control motion as 

in a lengthening contraction. In each case, the strength of muscle 

contraction is controlled by the CNS both by the successive recruitment 

of motor units and by modulation of their activity patterns. The term 

"motor unit" was first defined by Sherrington (1925i519) as "the whole 

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

terminals in the muscle together with the muscle fibers innervated by 

that axon." In order to consider synaptic organization and functional 

threshold, the present day definition of a motor unit includes the en

tire cell body and dendrites of the alpha motoneuron as well as that 

portion from the hillock region and peripheral parts. It has also 

proven useful to introduce the term "muscle unit" (Burke 1967) to de

scribe the muscle fibers of the motor unit. 

Each muscle presumably contributes to movement about a joint in 

a unique way. In general, nature seems to have provided for widely 

varying demands in movement and posture by providing muscles with syn

ergists which have similar and sometimes quite different structural, ... 

histochemical and mechanical properties. Both general and unique 
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functions of muscles are presumably reflected in the properties of 

their constituent motor units. 

Recent glycogen depletion studies on cat medial gastrocnemius 

(MG) by Burke and his collaborators indicate that the muscle fibers of 

a single muscle unit have similar histochemical profiles and that the 

mechanical properties of the muscle unit are consistent with these 

histochemical properties (Burke, Levine, Zajac et al. 1971; Burke, 

Levine, Tsairis et al. 1973; Burke and Tsairis 1973). As a result of 

these studies, MG was initially said to have three distinct muscle unit 

types: FF, for fast, rapidly fatiguing units; FR, for fast, fatigue 

resistant units; and S, for slow, fatigue resistant units. Units dis

playing histochemical and fatigability properties intermediate between 

those of FF and FR were also encountered in Burke's glycogen depletion 

studies (see also Burke, Rymer and Walsh 1973; Proske and Waite 197̂ ; 

Reinking, Stephens and Stuart 1975; Hammarberg and Kellerth 1975b). 

These units have been designated F(Int.) by Burke (1975) or FI by 

Goslow, Cameron and Stuart (1977a). Subsequent glycogen depletion 

studies (Dum 1978) have suggested that Burke's classification scheme 

can be applied to two other muscles of the cat hind limb: tibialis 

anterior (TA) and extensor digitorum longus (EDL). 

While the studies cited above have provided a great deal of 

information regarding the organization of muscle, the experimental 

protocols and muscles chosen have precluded representative sampling of 

the muscles' total unit population. This problem underscores the main 

aim of the present study which was to study the properties of muscle 

units in a situation which permitted representative sampling in each 



experiment, and thus test the hypothesis that the FF, FI, FR and S 

(tetrapartite) classification scheme has quite general applicability 

to the units of cat hind limb muscles. A second aim was to test the 

possibility that this classification scheme brings out both general 

and distinctive features of the different unit types in different 

muscles. 

The remainder of the introduction outlines the historical back 

ground of the present study and its rationale. It is divided into six 

sections: (1) muscle and muscle fiber typing; (2) the correlations 

between histochemical and physiological properties of single muscle 

fibers; (3) histochemical uniformity of fibers comprising a single 

muscle unit; (k) physiological properties of single muscle units; (5) 

classification of muscle unit types; and (6) equivalency of muscle 

fibers, muscle units and muscles both across and within species. A 

discussion of the rationale for the present study is presented at the 

end of this introduction. 

Muscle and Muscle Fiber Typing 

Muscle Typing 

Muscle Pigments. Skeletal muscle may vary in color from white 

to deep red. Before any experimental work had been done, it was 

thought that the redness of the muscle was attributable to a greater 

blood supply. This was shown not to be the case by Kuhne in 1865 

(cited in Needham 1926:1) who prepared extracts of blood-free (saline-

perfused) rabbit muscle and found a colorless extract from the pale 

muscle and a red extract from the dark muscle. By examining the 
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absorption spectra of the red extract, he concluded that the pigment 

present was hemoglobin. 

Kuhne's findings were supported by Lankester (1871, cited in 

Needham 1926:1-2) who found that molluscan pharynx muscle (from 

Limnaeus and Paludina, fresh-water snail species), the strongest and 

most active muscle of the body, contained a pigment spectrosopically 

identical to hemoglobin, Furthermore the blood of molluscs was color

less, upholding the view of Kuhne that the muscle color was not due to 

circulating blood. 

Further studies on the absorption spectra of skeletal muscle 

pigment led to the conclusion that the latter closely resembled hemo

globin but was not identical to it. MacMunn (1886) found a muscle 

pigment which he named "myohematin" which was not identical to hemo

globin or to any known breakdown product of hemoglobin. Morner (l897» 

cited in Needham 1926:9-10) found a muscle pigment which he called 

"myochrom" which differed from both hemoglobin and MacMunn's myohematin. 

Gunther (1921, cited in Needham 1926:9-10) found that the muscle pig

ments (which he called "myoglobin") had all the characteristic chemical 

reactions of hemoglobin but could not be hemoglobin because the ab

sorption bands of the pigments and their derivatives were different 

from those of hemoglobin. 

Much of the confusion regarding the identity of the muscle 

pigments was resolved by Keilin (1925» cited in Needham 1926:10) who 

found that two distinct pigments occurred in many muscles. These two 

pigments were cytochromes and myoglobin. Cytochromes were identical 

to the myoglobin of Gunther and myochrom of Morner. Keilin (1925, 
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cited in Needham 1926:10) observed that insect muscles examined spectro-

scopically contained heme-resembling proteins, the cytochromes, which 

undergo oxidation and reduction during cellular respiration.. He clas

sified the cytochromes into three major groups: a, b and c, depending 

on the characteristic position of their absorption bands in the reduced 

state. The cytochromes are iron-containing electron-transferring pro

teins resembling myoglobin and hemoglobin in that they all contain 

iron-porphyrin groups. They act in a chain to carry electrons from 

flavoproteins to molecular oxygen for the ultimate production of ATP 

and metabolic CÔ  and water (Lehninger 1972:375-381). The terminal 

cytochrome of the chain which reacts with molecular oxygen, is cyto

chrome oxidase. This enzyme has been used to classify muscle fiber 

types histochemically (Ogata 195̂ b). 

Myoglobin is a protein capable of reversible oxygenation and 

deoxygenation. It serves not only to store oxygen locally in muscle 

cells but also to enhance the rate of diffusion of oxygen through the 

cell. Myoglobin facilitates the transport of oxygen from capillaries 

to its site of utilization in the mitochondrion by a shuttle mechanism, 

transferring oxygen down its concentration gradient. Scholander (I960) 

found that oxygen molecules are handed from one myoglobin molecule to 

another in a "bucket-brigade" fashion. Animals subjected to low oxygen 

tensions such as diving mammals or animals which live at high altitudes 

or under ground (e.g., larvae and worms) have high concentrations of 

myoglobin in their muscles. In vitro studies of the myoglobin of some 

of these animals have shown that the pigment can transport over eight 

times more oxygen than cam be transported by diffusion (Scholander I960). 
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Functional Differences Between Red and White Muscle. Lankester 

(1871* cited in Needham 1926:1-2) theorized that the redder muscles 

were those which participate in the most persistent and prolonged 

activities. Ranvier (1873) is regarded as the first to demonstrate 

behavioral differences between red and white muscle. He found that in 

order to produce smooth tetanic contractions, a higher stimulus fre

quency was needed for the white than for the red muscle. Studies on 

muscles from a variety of animals including insects, fish, birds and 

mammals led Knoll (1891, cited in Needham 1926:3-̂ ) to conclude that 

the red muscles are the most active whereas the least active are white. 

For example, the domestic hen, which flies little, has white breast 

muscle and pigmented leg muscle, whereas the pigeon, falcon and star

ling, which are all birds of flight, have deep red breast muscle and 

somewhat paler leg muscle. 

In a study of cat soleus (red muscle) and gastrocnemius (pale 

muscle), Fischer (1908) confirmed the findings of Ranvier. The soleus 

was found to have a more prolonged (slower) twitch than the gastroc

nemius, could maintain a tetanus longer than the gastrocnemius, and 

required a lower stimulus frequency to reach a tetanic contraction than 

the gastrocnemius. Similar results were found for soleus and gastroc

nemius of rat, guinea pig and rabbit (Riesser 1921, cited in Needham 

1926:6). 

In commenting on the possible functional distinctions between 

red and white muscle, Roberts (1916, cited in Needham 1926:6-7) noted 

that white muscles often pass over two joints whereas the red muscles 

(e.g., soleus, crureus and deep head of the triceps) usually cross only 
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one joint. A white muscle may cause movement at either of the joints 

over which it passes, but can exert its full effect on one joint if the 

other is stabilized. The red muscle may function to stabilize the 

joint. 

Differentiation of Red and White Muscle. Neither muscle color 

differentiation nor contractile speed differentiation are present at 

birth. Rabbit embryo muscle is all reddish in color (Gunther 1921, 

cited in Needham 1926:11), and chick leg muscle changes from the pale 

embryonic form to a reddish color within three days of hatching 

(Needham 1926). 

Fast-contracting muscles are not found in mammalian neonates. 

In man and many animal species hind limb muscles are uniformly slow-

contracting at birth (Banu 1922), and within a given animal species 

these muscles have approximately the same contraction times. The 

muscles differentiate into the fast and slow adult forms within a few 

weeks after birth. 

Metabolism of Red and White Muscle. In 191̂  Embden, Schmidt 

and Griesbach (cited in Needham 1926:16) showed that strenuous muscular 

work led to excretion of inorganic phosphate. Minced muscle kept at 

45°C for two hours released increased amounts of lactic acid accom

panied by inorganic phosphate. Embden (1923, cited in Needham 1926: 

17) found that hexosediphosphoric acid was the only organic phosphorus 

compound examined which was broken down to lactic and phosphoric acid 

by muscle extract. 
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In 1920 Meyerhof (cited in Needham 1926:13) showed in frog 

muscle that the source of energy for muscular movement was the combus

tion of part of the lactic acid formed by the breakdown of carbohy

drates (glycogen). Lactic acid formation occurs much more quickly in 

white than red muscle exc'Red and kept at room temperature. Further

more, the maximum amount of lactic acid formed was greater for white 

than red muscle (Fletcher 191̂ , cited in Needham 1926:12). 

Red muscle has a greater oxygen uptake than white muscle and 

also oxidizes substrates such as succinic acid more readily than white 

muscle (Batelli and Stern 1912, cited in Needham 1926:22). With the 

introduction of differential centrifugation for separating various cell 

structural components (Bensley and Hoerr 193*0 , it became possible to 

localize different enzymes to various fractions of the muscle. Paul 

and Sperling (1952) showed that red muscle was rich in mitochondria and 

had high respiratory enzyme activity whereas white muscle had low mito

chondrial content and low respiratory enzyme activity. 

The early findings on red and white muscle all indicate that 

red muscle is more adapted for prolonged usage than white muscle. Red 

muscle is slower contracting and less fatigable than white muscle and 

has a greater aerobic capacity than white muscle. Red muscle also has 

more myoglobin, cytochromes and mitochondria, greater oxygen uptake 

capacity, less lactic acid production and greater respiratory enzyme 

activity. 

Muscle Fiber Typing 

Histology. Studies of muscle histology came shortly after the 

work of Ranvier. Grutzner (188*0, using physiological procedures 



involving varying stimulus intensities and histological procedures on 

rabbit muscles concluded that each muscle contains two types of fiber. 

One fiber type was small and dark in color; and the other fiber type 

had a larger cross-sectional area and was light in appearance. The 

darker color of the small fibers was due to the presence of numerous 

granules (probably fat droplets) in the sarcoplasm. According to 

Grutzner, the small granular fibers corresponded to the red slowly 

contracting muscles of the rabbit, whereas the larger, pale fibers 

corresponded to the fast-contracting white muscles. 

A more complete histological and physiological study of 21 rab

bit muscles led Paukul (190*0 to the conclusion that slow muscles were 

always red, but red muscles were not always slow. For example, while 

the rabbit masseter is red, it was found to have a contraction time 

similar to that of medial gastrocnemius. 

Before the 1950's the Sudan dyes were the main histological 

tools for differentiating dark and light fibers of skeletal muscle. 

Bullard (1912-1913) observed both light and dark fibers in frozen cross-

sections of frog, mouse, rat, rabbit, cat, dog, pigeon and bat skeletal 

muscle stained with Sudan III and IV. The dark fibers were smaller in 

diameter them, the light ones and contained more granular material. 

Denny-Brown (1929b), using Sudan red dyes for lipids, related 

the percentage of dark and light fibers to whole muscle physiological 

properties. He found the cat soleus to contain 97 to 99% dark granular 

(red) fibers. Since the contraction time of soleus was slow, he con

cluded that such dark-staining fibers must be the slow-contracting 

type. Denny-Brown noted, however, that although red muscle pigmentation 
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was closely allied with slowness of contraction, the association might 

be one of chance and not a necessary interrelation since fast-

contracting red muscles had been found by Paukul (190*0. 

Histochemistry: Oxidative Stains. In the two decades follow

ing the work of Denny-Brovm (1929b) little progress was made in under

standing the differences between muscle fiber types. Few methods were 

available for evaluating differences between fiber types and their 

distributions within muscles. 

In 1950, Rutenberg, Gofstein and Seligman experimented with the 

use of tetrazolium salts as hydrogen acceptors while trying to develop 

histochemical methods for demonstrating a variety of enzymes. Tetra

zolium salts, first synthesized in 189̂ , are water soluble colorless 

compounds, which, on reduction, yield deep red, water-insoluble pig

ments known as formazans (Pechman and Runge 189*+). Rubenberg et al. 

(1950) developed a ditetrazolium salt which yields a blue diformazan 

on reduction. The blue pigment is preferable for microscopic study. 

In viable thin tissue slices, the chemical reaction involves an enzy

matic reduction by intracellular reductases (such as the dehydro

genases) for which the blue tetrazolium salt acts as a hydrogen 

acceptor. Prior to the development of histochemical methods, _in vitro 

colorimetric studies on tissue homogenate extracts were made which 

showed that succinic dehydrogenase (SDH) activity could be measured 

quantitatively and qualitatively, depending on activity of the enzyme. 

SDH is one of the few dehydrogenases which acts directly with the 

cytochrome system without the need of a coenzyme. This enzyme is 
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firmly attached within the cell to the mitochondria (de Duve, Wattiaux, 

and Baudheim 1962). 

Seligman and Rutenberg (1951) developed a method for the histo-

chemical demonstration of SDH in a variety of tissue sections including 

skeletal muscle from the rat and mouse. This procedure was modified by 

Padykula (1952) so that a more intense and uniform staining reaction 

was obtained. She found that skeletal muscle fibers stain with varying 

intensities with diformazan granules deposited in the sarcoplasm. The 

myofibrils did not stain. In general, the small muscle fibers appeared 

to have more SDH activity since they contained numerous deep blue 

granules. The large fibers contained fewer diformazan granules and 

appeared pink. 

Novikoff, Shin and Drucker (1961) demonstrated that diformazan 

granules resulting from reduction of nitro blue tetrazolium by SDH or 

reduced nicotinamide adenine dinucleotide-tetrazolium reductase (NADH-

TR) are unambiguously localized to the mitochondria although some may 

be found associated with microsomes (de Duve et al. 1962). Both SDH 

and NADH-TR are currently used as histochemical tools for identifying 

muscle fiber types by oxidative staining patterns and intensity. 

Histochemistry: Adenosine Triphosphatase. Muscle contraction 

depends upon the interaction of actin, myosin and ATP in both fast-

and slow-contracting skeletal muscle. The head of the myosin molecule 

consists of an enzyme, adenosine triphosphatase (ATPase), which is 

capable of hydrolyzing ATP, releasing energy for muscle contraction 

(Englehardt and Ljubimowa 1939)• Barany (1967) showed that ATPase 
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activity is directly proportional to the speed of contraction of 

muscle; i.e., the greater the speed, the higher the ATPase activity. 

This indicates that the rate of hydrolysis of ATP may be the rate-

limiting reaction that determines the speed of muscle contraction. 

The first histochemical method for localizing ATPase was de

veloped by Glick and Fischer (19̂ 5)• The method of Padykula and Herman 

(1955) was used by Engel (1962) to classify human muscle into two types 

based on myofibrillar (or actomyosin) ATPase activity. 

Guth and Samaha (1969) using a modification of the Padykula and 

Herman (1955) technique found that the cat soleus, a slow-contracting 

muscle (approximately 60 msec contraction time, Buller, Eccles and 

Eccles i960) contained about 98$ fibers low in ATPase activity (light 

staining at alkaline pH). The cat flexor hallucis longus (contraction 

time approximately 27 msec) contained about 90% fibers with high ATPase 

activity (dark staining at alkaline pH). These findings support those 

of Barany (1967) that ATPase activity demonstrated both qualitatively 

(histochemically) and quantitatively (biochemically) is directly pro

portional to speed of contraction of the muscle. 

Guth and Samaha (1972) have cautioned that the relationship 

between speed of contraction and histochemical ATPase activity does not 

hold for neonatal muscle. In five to ten-day-old mammalian muscle, for 

example, the contraction time is slow (Buller et al. i960), and ATPase 

activity of isolated actomyosin is low, but the muscle fibers stain 

intensely for ATPase. Calcium-activated ATPases active at alkaline pH 

in addition to actomyosin ATPase may be present in neonatal muscle and 
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not in adult muscle. The histochemical procedure does, however, appear 

to localize the site of actomyosin ATPase activity in mature muscle. 

Histochemistry: Glycogen Stain. Over a century ago Hugo 

Schiff (1866, 1867) carried out extensive research on the reactions of 

amines with aldehydes. His name has been given to the colorless deriv

ative formed by the action of bisulfite and basic fuchsin (Schiff 

reagent). Using the Schiff reagent, McManus (19̂ 8) developed a histo

chemical procedure for the demonstration of glycogen in frozen sections. 

Periodic acid, a strong oxidizing agent is used in this procedure to 

break the 1,2 glycol linkage of carbohydrates (-CHOH-CHOH-) and oxidize 

the broken ends to produce aldehydes (RCHO + RCHO). The aldehydes 

formed react with the colorless Schiff reagent to form a purple-red 

color. The periodic acid-Schiff (PAS) reaction does not lend itself 

to muscle fiber typing but, as will be discussed below, this histo

chemical method is a valuable tool in identifying individual muscle 

fibers which have been selectively stimulated. 

Ultrastructure. Attempts have been made to classify muscle 

fibers on the basis of their ultrastructural differences. Using mito

chondrial content as a criterion for distinguishing fiber types, 

Gauthier (1969, 1970), Tomanek et al. (1973) and Eisenberg (197*0 

studied ultrastructural differences of red, white and intermediate 

fibers of mammalian hindlimb muscles. They found red fibers have a 

wide Z line, and the H-band region of sarcoplasmic reticulum consists 

of an elaborate network of narrow tubules. The red fibers have numer

ous mitochondria with abundant cristae. In white fibers the 
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mitochondria are smaller, less numerous and have fewer cristae. The Z 

lines are about half the width of those in red fibers. In the H-band 

region, the sarcoplasmic reticulum contains a more compact region of 

broad parallel tubules. Intermediate fibers are similar to red fibers 

except they are larger in diameter and have smaller mitochondria with 

less abundant cristae. The Z line width is close to that of the white 

fibers. The difference in Z line width was established as an important 

criterion in ultrastruetural identification of muscle fiber types. 

Fiber Type Classification Schemes Based on Histochemistry. The 

physiological studies of several rabbit muscles by Paukul (190*0 indi

cated that there may be two types of red fibers and one type of white 

fiber. One red fiber type was slow-contracting as found in soleus and 

the other type was fast-contracting as in the masseter. The white 

muscle was found to be fast-contracting (e.g., gastrocnemius). Histo

logical studies using the Sudan dyes, however, showed only two cate

gories of muscle fibers, dark and light (Bullard 1912-1913; Denny-Brown 

1929b). The dark fibers were smaller and contained more lipids and 

mitochondria than the light fibers. 

The use of more sophisticated histochemical procedures such as 

those for SDH, NADH-TR, and myofibrillar ATPase activities have re

vealed at least three distinct muscle fiber types in most muscles. 

Many investigators have utilized combinations of these histochemical 

methods to categorize muscle fibers and several different nomenclature 

schemes have appeared in the literature (see Table 1). 
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Table 1. Histochemical classification schemes for muscle fiber types. 

Reference Fiber Type Reference 

Ogata (1958a) White Red Medium 

Stein and Padykula (1962) A C B 

Henneman and Olson (1965) A B C 

Gauthier and Padykula (1966) White Red Intermediate 

Brooke and Kaiser (1970) IIB (IIC) IIA I 

Peter et al. (1972) FG FOG SO 

Hammarberg (197*0 1 (2) k 3 
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Perhaps the earliest histochemical study to recognize three 

fiber types was that of Nachmias and Padykula (1958). Three distinct 

fiber types were observed in rat extraocular muscle using the SDH stain. 

They found the SDH activity of rat soleus to be uniformly intense in 

all the fibers. In the histochemically mixed muscles, biceps femoris 

and tibialis anterior, striking differences in staining activity of the 

component fibers were seen. Only two types of fibers were seen in 

these muscles: the small diameter fibers with intense staining, espe

cially in the subsarcolemmal region, and the large fibers with a more 

moderate and uniform deposition of diformazan granules throughout the 

sarcoplasm. 

Using a similar staining procedure to that of Nachmias and 

Padykula (1958), Ogata (1958a, 1958c) classified muscle fibers from 

several muscles from a variety of mammals into three types based on 

their diameters and oxidative enzyme (SDH and NADH-TR) staining pat

terns. The red fiber was small in diameter and had the highest 

activity of oxidative enzymes, the white fiber was largest and had 

lower enzyme activity and the medium fiber was intermediate in size 

and enzyme activity. Proportions of these three fiber types varied 

in different muscles. 

Dubowitz (I960) and Dubowitz and Pearse (i960), using histo

chemical methods for demonstrating phosphorylase activity (the enzyme 

catalyzing the breakdown of glycogen) and oxidative enzyme activity 

suggested that both human and animal muscle could be divided into two 

fiber types. Type I fibers had high oxidative and low glycolytic 

activity, whereas type II fibers had low oxidative and high glycolytic 



activity. Intermediate fibers were also seen, especially in animal 

muscle, but these were not delineated as a separate fiber type. 

Engel (1962) also preferred the two-fiber-type classification 

scheme based on histochemical staining for myofibrillar ATPase. He 

found that type I fibers had low ATPase activity and type II fibers 

had high activity. In general, the type I and II fibers defined by 

ATPase (Engel 1962) corresponded to the type I and II fibers defined 

by oxidative enzymes and phosphorylase (Dubowitz and Pearse I960). In 

some fibers, though, this relationship did not hold. 

Brooke and Kaiser (1970) expanded on the classification scheme 

suggested by Engel (1962) based on the ATPase reaction. They defined 

four histochemical types (I, IIA, IIB and IIC) in human biceps. The 

type I fiber was the same as that described by Engel. The staining 

reaction product of this fiber type is alkalai labile acid stable below 

pH 3.9. The type II fiber group was divided into three types based on 

the acid lability of the ATPase in the preincubation medium. Type IIA 

fibers are characterized by complete inhibition of actomyosin ATPase 

following preincubation at pH .̂5« Type IIB fibers are completely in

hibited at pH 4.3. The IIA and IIB fiber types correspond to the C and 

A fibers, respectively, described by Stein and Padykula (1962) below, 

The IIC fiber required a preincubation pH below 3.9 for total inhibi

tion. This fiber represented a very small percentage of the population 

and for the purpose of histographic analysis, Brooke and Kaiser in

cluded it with the IIA fiber group since it has a similar size and 

staining intensity. 
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Stein and Padykula (1962) recognized three fiber types based on 

the SDH staining pattern, actomyosin ATPase activity and glycogen con

tent. Their type A fiber was large in diameter, had low SDH activity, 

high ATPase activity and high glycogen content. The type C fiber was 

small, with high SDH and low ATPase activity and light staining for 

glycogen, while their type B fiber showed moderate SDH activity and 

glycogen content and had high ATPase activity. 

Romanul (196*0 performed a variety of histochemical procedures 

on rat gastrocnemius, plantaris and soleus and found, with the excep

tion of soleus, that the muscle fibers were composed of eight types of 

fibers, A through H. Soleus contained only three types. Despite 

Romanul's findings, most investigators continued to use the three-

fiber-type classification scheme, perhaps for simplicity. 

Henneman and Olson (1965) found three fiber types in cat medial 

gastrocnemius (MG) using a mitochondrial ATPase stain at pH 7.2. They 

compared their results to those of Stein and Padykula (1962) for rat 

muscles although the latter authors evaluated fiber types using both an 

SDH stain for demonstrating the number and distribution of mitochondria 

in the sarcoplasm and a myofibrillar (not mitochondrial) ATPase tech

nique. The most comparable results would seem to be between Henneman 

and Olson's mitochondrial ATPase and Stein and Padykula's SDH, both of 

which stain for mitochondrial enzymes. The type A fiber of both 

Henneman and Olson (1965) and Stein and Padykula (1962) had the largest 

diameter and the least staining affinity for mitochondria in both the 

cat and rat. The type B fiber of cat MG seen by Henneman and Olson 

(1965) showed moderate enzymatic activity and pronounced peripheral 



mitochondrial aggregates. This fiber type corresponds more closely to 

the qualitative description of the type C fiber of rat gastrocnemius by 

Stein and Padykula (1962). The cat type B fiber of Henneman and Olson 

is larger in diameter relative to the other fiber types than the rat 

type C fiber of Stein and Padykula relative to other fiber types of 

that species, though. A third fiber type found in cat MG was the 

smallest in diameter and showed an even distribution of intense mito

chondrial ATPase activity. This is the type C fiber of the cat de

scribed by Henneman and Olson (1965), and it corresponds to the type B 

fiber described by Stein and Padykula (1962) for the rat gastrocnemius, 

which is also characterized by an even distribution of mitochondrial 

enzyme (SDH) activity with no strong subsarcolemmal staining. In the 

rat, however, the type B fiber is intermediate in size between the A 

and C fiber. 

The confusion in fiber type nomenclatures grows when a compari

son is made between the findings of Henneman and Olson (1965) for 

soleus and others who have studied this muscle histochemically (Karpati 

and Engel 1967; Guth and Samaha 1969; Edgerton and Simpson 1969; 

Barnard, Edgerton, Furukawa and Peter 1971; Peter et al. 1972; Close 

1972; Ariano, Armstrong and Edgerton 1973; Burke, Levine, Salcman and 

Tsairis 197^; Burke 1978). These authors agree that the soleus of cat 

and guinea pig muscle is homogeneous and soleus of the rat is 85 to 9C$> 

one fiber type. Henneman and Olson (1965) found cat soleus to be com

posed entirely of their type B fiber with dense subsarcolemmal aggre

gates of mitochondria. Other authors (for review see Close 1972) have 

found soleus to be composed of a fiber type analogous to the type C of 
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Henneman and Olson (1965) or type B of Stein and Padykula (1962). This 

discrepancy between the findings of Henneman and Olson (1965) and 

others regarding the fiber type of soleus cells has not yet been re

solved. 

Nishiyama (1965) described for cat intercostal muscle three 

fiber types which he called red, white and intermediate, based on SDH 

staining. Edgerton and Simpson (1969) presented evidence that the 

"intermediate" fiber in rat and guinea pig hindlimb muscles, which is 

high in oxidative enzymes and low in ATPase activity, was not inter

mediate in contractile properties, but rather, had a slower contraction 

time than either the red or white fiber. While both the red and inter

mediate fiber types are red in color, the "red" fiber is fast con

tracting, with high myofibrillar ATPase activity, high oxidative enzyme 

staining intensity and many mitochondria. Muscles such as insect 

flight muscles and hummingbird skeletal muscles which contract at ex

tremely high frequencies are composed largely of the "red" fiber type 

(Pearson 1967). 

In an effort to correlate biochemical, histochemical and physio

logical properties, Barnard et al. (1971) proposed a slightly different 

system of nomenclature. They found that guinea pig muscles composed 

predominantly of white fibers (e.g., flexor hallucis longus and flexor 

digitorum longus) had high ATPase activities and were fast-twitch. 

Medial gastrocnemius and the grossly red portion of vastus lateralis 

were found to contain mostly red fibers, have high ATPase activity and 

also be fast-twitch. The soleus, composed entirely of intermediate 

fibers, was found to have the lowest ATPase activity and was a 
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slow-twitch muscle. It was suggested that the fibers comprising these 

muscle types be referred to as fast-twitch white, fast-twitch red, and 

slow-twitch intermediate. 

A more explicit nomenclature system based on relatively homo

geneous hind limb muscles of the guinea pig and rabbit was introduced 

shortly after the previously described system (Peter et al. 1972). This 

newer classification scheme takes into account the fact that muscle 

fibers can be conveniently classified into three categories on the 

basis of three criteria: (a) the presumed relative contraction time of 

the fiber type (based on myofibrillar ATPase staining intensity) within 

the animal; (b) glycolytic capacity of the fiber; and (c) oxidative 

capacity of the fiber. Since the fast-twitch white fibers have a high 

anaerobic capacity based on glycogen concentration and activity of the 

glycolytic enzymes, it was suggested that these fibers be called fast-

twitch glycolytic (FG). Fast-twitch red fibers also have high glycogen 

concentration and high glycolytic enzyme activities and, in addition, 

have high oxidative enzyme activities. This fiber type was renamed 

fast-twitch-oxidative-glycolytic (FOG). The slow-twitch intermediate 

fiber was found to be low in glycolytic enzyme activity but high in 

oxidative capacity. This fiber type was renamed slow-twitch oxidative 

(SO). 

While most fibers can be classified into specific histochemical 

types, there is a continuum of staining intensities for oxidative en

zyme activities. The FG muscle fibers appear to be convertible to type 

FOG fibers with endurance exercise. For example, in endurance-trained 

rats (Edgerton, Gerchman and Carrow 1969), guinea pigs (Barnard, 
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Edgerton and Peter 1970), bushbabies (Edgerton, Barnard et al. 1972) 

and humans (Gollnick, Armstrong, Saubert et al. 1972; Gollnick, Arm

strong Saltin et al. 1973)i there is an increase in the percentage of 

FOG fibers at the expense of FG fibers. The training programs had no 

effect on the proportion of SO fibers. Apparently the conversion of 

fiber types is a reversible process since the altered histochemical 

pattern of trained muscles returns to the pre-exercise state with time 

following cessation of the exercise program (Faulkner, Maxwell and 

Lieberman 1972). Burke (1975jFig. 1) has shown a continuum of oxi

dative enzyme staining intensities intermediate between the FG and FOG 

fibers (IIB and IIA, respectively of Brooke and Kaiser 1970) are, in 

the present study, named "F (for fast) intermediate" or "FI." 

Table 1 in Burke (1978) shows a variety of parameters for clas

sification of motor units including histochemical profiles of con

stituent muscle unit fibers from cat MG and soleus. In this table the 

type IIC fiber of Brooke and Kaiser (1970) and Dubowitz and Brooke 

(1973) is listed with a question mark as the fiber type of the muscle 

unit with physiological and histochemical characteristics intermediate 

between those composed of FG and FOG fibers (corresponding to FF and 

FR motor units, respectively). Whether or not the IIC fiber of Brooke 

and Kaiser (1970) is the same as the FI fiber described for the present 

study and the same as the fiber type comprising the F(Int) muscle unit 

is unknown at this time. 

Hammarberg (197*0 also identified a type of fiber which had 

oxidative enzyme (SDH and NADH-TR) staining properties intermediate 

between those of his type 1 and k fibers (corresponding to type FG 
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and FOG, respectively). This intermediate type fiber is called type 2 

and appears to be identical to the FI fiber type of the present study. 

Hammarberg's type 3 fiber is equivalent to the SO fiber. The type 2 

group contains variants of the types 1 and k' as well as transitional 

stages between them. 

Using an immunocytochemical procedure, Gauthier and Lowey 

(1977) have recently described four histochemical fiber types in the 

rat diaphragm. These fibers include the white or FG fiber, two types 

of red (FOG and SO fibers) and an intermediate fiber. Of the two types 

of red fibers, the FOG equivalent reacts immunologically to anti-white 

myosin whereas the SO fiber equivalent does not. The unreactive red 

fiber was thought to correspond to the soleus type SO fiber. The 

intermediate fiber also reacts to this immunogen indicating that its 

myosin has qualities similar to that of the FG and FOG fiber. Further

more the intermediate fiber described by Gauthier and Lowey (1977) 

stains intensely for myofibrillar ATPase and is intermediate in mito

chondrial content between the FG and FOG fiber as determined histo-

chemically by its SDH staining reaction. This fiber type was proposed 

to correspond to the F(Int.) muscle unit of Burke, Levine, and Associ

ates (1973) and. Burke (1975). 

The nomenclature system of Peter et al. (1972) consisting of 

FG, FOG and SO fiber types has gained widespread acceptance among 

physiologists and may be adopted by neurologists (McComas 1977)• This 

classification scheme for histochemical muscle fiber types, along with 

the FI fiber type described above is used in the present study. 



Correlation Between Histochemical and 
Physiological Properties of Single 

Muscle Fibers 

Dating back to the early, studies of Ranvier (187*0 associations 

have been made between fiber type and function. It was assumed that 

the different fiber types must have certain distinct properties and 

capabilities and that each type serves the parent muscle in a unique 

way. 

Despite the fundamental importance of this concept, it has only 

been tested twice at the single fiber level. The first and most de

finitive study is that of Lannergren and Smith (1966) on the iliofibu-

laris muscle fibers of the toad. They found two histochemically 

identifiable groups of fast-contracting fibers and one group of slow 

fibers. The dark fast fibers had high lipid and mitochondrial enzyme 

content and did not fatigue rapidly. The pale fast fibers had a moder

ate content of lipids and mitochondrial enzymes and fatigued rapidly 

with maintained stimulation. Slow-contracting fibers were clear and 

contained no lipids and had no SDH or NADH-TR activity. These slow 

fibers were relatively non-fatigable. 

Luff and Atwood (1972) subsequently studied some physiological 

properties of single muscle fibers in the mouse soleus and extensor 

digitorum longus (EDL) muscles. They found that soleus fibers had sig

nificantly slower twitch contraction and half-relaxation times than 

fibers of EDL. 

In summary, there is little information available on the corre

lation between histochemical and physiological properties of single 

mammalian muscle fibers as studied at the single fiber level. 



Nonetheless, studies .of histochemical uniformity of single muscle unit 

fibers by the glycogen depletion procedure discussed in the next sec

tion indicate a relationship between histochemical type and physio

logical properties of mammalian muscle fibers. 

The Territory, Size and Histochemical 
Uniformity of Fibers Comprising a 

Single Muscle Unit 

Anatomical features of muscle units such as the number of 

fibers comprising the unit, the distribution of these fibers within a 

muscle and the histochemical makeup and size of constituent fibers have 

been studied by a variety of methods. A glycogen depletion technique 

developed in the last ten years for histochemically marking the fibers 

belonging to a single muscle unit (Edstrom and Kugelberg 1968) has 

established that muscle units are histochemically uniform. This tech

nique also sheds further light on the territory within a muscle occu

pied by the fibers of single muscle unit as well as the innervation 

ratio or number of fibers within the unit. V/hile the issue of histo

chemical uniformity is fundamental to the development of a motor unit 

classification scheme, muscle unit territory and innervation ratio also 

bear on this problem. For this reason all these topics are reviewed 

below with an emphasis on the contributions made by the glycogen de

pletion technique. 

Muscle Unit Territory 

The muscle fibers innervated by a single alpha or beta moto

neuron (the muscle unit) were originally thought to be confined to 

muscle fascicles. Slauck (1921) noted that all the cells within a 



fascicle were equally atrophied following chronic total denervation. 

Lower motoneuron disease, however, results in patches of atrophic 

fibers in partially denervated human muscle, leading Wohlfart (19̂ 9) 

to suggest that the fibers of a single muscle unit are arranged in 

scattered small groups. The early studies of Tergast (1873) of exten

sive branching and intertwining of nerve fibers through the skeletal 

muscle fibers of sheep, dogs and frogs also suggest overlap of muscle 

unit territories. The findings of Tergast have been confirmed by 

Feindel (195*0 who partially severed the main nerve innervating rabbit 

lumbrical muscles and found a wide dispersion v/ithin the muscle of the 

remaining nerve fibers. Coers and Woolf (1959) found that supravital 

methylene blue-stained motor nerve fiber terminals from a variety of 

human and animal muscles were scattered widely throughout the belly of 

the muscle and not specifically localized to the fascicle. 

The distribution of fibers in a muscle unit can be demonstrated 

by analysis of muscle action potentials evoked by stimulation of single 

isolated motor nerve fibers (Denslow and Gutensohn 1950, 1951)• 

Krnjevic and Miledi (1958a) used this method to find that the muscle 

unit was spread over a relatively wide region of the rat diaphragm. 

The muscle unit was also found to have a broad territory in the rat 

peroneus longus as studied by evoked electromyographic (EMG) potentials 

(Norris and Irwin 1961). 

The patches of atrophic fibers in motoneuron disease seen by 

Wohlfart (19^9) suggested to Buchthal, Guld and Rosenfalck (1957) that 

the fibers within a muscle unit are arranged in "subunits" containing 

an average of 10 fibers. Action potentials from several muscle units 



could be recorded from the same electrode at moderate effort, indi

cating extensive overlapping of muscle units (Rosenfalck and Buchthal 

1970). 

Multilead electrode studies of the spike components of muscle 

unit action potentials led to a dispute over whether high-voltage spike 

components are derived from single muscle fibers as suggested by 

Krnjevic and Miledi (1958a) and Ekstedt (1964) or from a group of syn

chronously discharging fibers, i.e., a "subunit," as suggested by 

Buchthal, Guld and Rosenfalck (1957). The latter group determined that 

the number of fibers contributing to the high-voltage spike was in 

reasonable agreement with the histological appearance of patches of 10 

to 50 atrophic fibers in partial motor nerve denervation (Wohlfart 

1949)• The atrophic fiber groups were assumed to be "subunits" (Buch

thal 1961). The subunit concept implies not only grouping of muscle 

fibers belonging to the same muscle unit, but also synchronization of 

the electrical activity within the subunit. 

No evidence for a "subunit" arrangement was found in the 

studies of Krnjevic and Miledi (195$a) or Norris and Irwin (1961). 

Using the more sophisticated "Janus electrode," which has two elec

trodes mounted on opposite sides of a needle, Ekstedt (1964) studied 

motor unit structure in human biceps. His results were inconsistent 

with the "subunit" hypothesis of Buchthal, Guld and Rosenfalck (1957) 

and Buchthal, Erminio and Rosenfalck (1959). The "subunit" potentials 

seen by Buchthal (1961) were the same type of potentials as those con

sidered by Ekstedt (1964) to be generated by single muscle fibers. 
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The studies of Buchthal, Guld and Rosenfalck (1957) and Buch-

thal, Erminio and Rosenfalck (1959) on the "subunit" concept involved 

use of an electrode with a large recording surface and relatively wide 

spacings. This electrode did not permit the study of the distribution 

of single fibers. Furthermore, a revised mathematical analysis of the 

potential field around the spike generator showed that the source of 

the muscle unit spike could, in fact, be a single muscle fiber 

(Rosenfalck 1969). These factors led Buchthal and Rosenfalck (1973) to 

abandon the muscle unit "subunit" concept for normal human muscle. 

The best electromyographic evidence for the scattering of 

muscle unit fibers throughout a defined territory within the muscle is 

that of Stalberg et al. (1976). A multielectrode 12 mm long with l*f 

recording surfaces 0.3 to 1.2 mm apart was used to map the distribution 

of single muscle unit fibers in the human biceps brachii. The fiber 

density values obtained with the multielectrode were comparable to 

those obtained with single fiber EMG (Stalberg and Thiele 1975) in the 

human extensor digitorum communis muscle. No evidence of grouping of 

fibers of a muscle unit was seen in normal muscle, however the multi

electrode does detect grouping of fibers in reinnervated muscle in 

which the muscle unit organization has been altered by a disease pro

cess (Schwartz et al. 1976). 

Both histological data on the branching of nerve fibers from a 

single axon within a muscle and electromyographic data which showed 

the scattered locations of single unit fibers were strong evidence that 

muscle unit fibers were not grouped together but intermingled with 

fibers of other muscle units. Unequivocal proof of this arrangement 
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of the fibers of a muscle unit came v/ith the glycogen depletion tech

nique as discussed below. 

Innervation Ratio 

Interest in determining the number of muscle fibers innervated 

by a single alpha motoneuron dates back at least to the 1850's (Reichert 

1851, cited in Clark 1931s297). Clark (1931) introduced the term "in

nervation ratio," defining it as the ratio of the number of motor nerve 

fibers supplying a given muscle to the number of its muscle fibers. 

Thus, by Clark's definition, innervation ratio is the average number of 

muscle fibers innervated by each nerve fiber. The same term "innerva

tion ratio" was used by Burke and Tsairis (1973) to define the number 

of muscle fibers innervated by a single motor nerve cell, that is, the 

number of fibers in a muscle unit. The present study also uses the 

term "innervation ratio" to represent the number of muscle fibers in

nervated by a single alpha motoneuron. 

Two approaches have been taken historically to determine the 

number of muscle fibers innervated by a single alpha motoneuron. One 

technique involved fine dissection to trace down an individual nerve 

fiber and observe the number of branches into which it divides. Be

cause of the extensive branching of nerve fibers, it is nearly tech

nically impossible to obtain accurate values for innervation ratio 

(Clark 1931)• Some values for innervation ratio have, however, been 

reported from teased nerve-muscle preparations. Reichert (1851, cited 

in Clark 1931:297) found an innervation ratio of 20 to 30 muscle fibers 

to one nerve fiber in the sterno-cutaneous muscle of the frog. 
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Tergast (1873) found an innervation ratio of 80 to 125 in the limb 

muscles of the dog. 

A second approach to determining the number of muscle fibers 

innervated by a single alpha motoneuron is the one employed by Clark 

(1931)* This method involves counting the number of motor nerve fibers 

supplying a given muscle as well as the total number of muscle fibers. 

The ratio of these two values is the innervation ratio defined by 

Clark (1931). Lucas (1909) found an innervation ratio of about 20 in 

the cutaneous dorsi muscle of the frog. The same innervation ratio was 

reported for the cat tenuissimus (Porter and Hart 1923). Clark (1931) 

determined the innervation ratio of cat soleus and EDL. Afferent nerve 

fibers of these muscles were transected by removal of appropriate 

dorsal root ganglia and allowed to degenerate for k2 to 60 days. Motor 

nerve fibers were then counted in histological cross sections of the 

nerve, and the total number of muscle fibers were also counted in his

tological sections. Soleus was found to have an average of 120 muscle 

fibers per nerve fiber and EDL had an average innervation ratio of I65. 

The technique of Clark (1931) did not account for the gamma motor nerve 

fibers and, as a result, gave a falsely low innervation ratio (Doyle 

and Mayer 1969). Correcting Clark's data by 33^ for the gamma fibers 

gives average innervation ratios of 180 and 246 for soleus and EDL, 

respectively (McPhedran, Wuerker and Henneman 1965)• 

Tergast (1873) suggested that muscles concerned with finer 

movements, such as the extraocular muscles, have smaller innervation 

ratios than muscles performing more gross movements. He found inner

vation ratios of 3 to 15 in the extraocular muscles of the sheep. 



Bors (1925, cited in Feinstein et al. 1955s137) found the lateral 

rectus of man had an innervation ratio of ̂ 7. According to Feinstein 

et al. (1955)» however, this figure cannot be considered valid and, in 

fact, is an overestimate because all axons including afferents and 

small efferents were counted. Bjorkman and Wohlfart (1936, cited in 

Feinstein et al. 1955:137-138) found the human lateral rectus to con

tain an average of 9 muscle fibers per muscle unit. Feinstein et al. 

(1955) determined innervation ratios for several human muscles from 

cadaver samples. They also found that muscles of finer control which 

are also low force-producing muscles have lower innervation ratios. 

For example, platysma muscle units contain an average of 25 fibers and, 

those of the first lumbrical muscle contain about 108 fibers compared 

to 1600 to 1900 for those of medial gastrocnemius. 

As previously mentioned, innervation ratios defined and deter

mined by dividing the total number of muscle fibers in a muscle by the 

number of alpha motoneurons are based on the assumption that each nerve 

fiber innervates an equal number of muscle fibers. The use of the 

glycogen depletion procedure for determining innervation ratio has 

shown that this assumption may not be valid as discussed below. 

Histochemical Uniformity of Muscle Units 

Two lines of reasoning led to the assumption that the muscle 

unit is made up of one type of muscle fiber. First, the studies of 

Buller et al. (i960) showed that the nerves to fast- and slow-

contracting muscles could be severed and cross-united such that the 

motoneurons formerly innervating the fast muscle came to innervate the 



slow muscle by regenerative outgrowth of their fibers, and vice versa 

for the motoneurons of the slow muscle. The contractile speed and 

histochemical makeup of the cross-innervated muscle is altered such 

that it takes on the characteristics of the muscle formerly innervated 

by the new curve (Buller et al. I960; Close 1965; Romanul and Van Der 

Meulen 1967). That is, the formerly fast-contracting muscle, e.g., 

flexor digitorum longus (FDL), after cross-innervation had a slower 

contraction time and appeared histochemically more like the soleus from 

which the nerve implant came. The reverse was true for soleus inner

vated by the FDL nerve. Its contraction time became shorter and its 

histochemical profile became more like FDL. These findings strongly 

imply that the nervous system somehow controls muscle differentiation. 

If fibers of a muscle unit are all innervated by the same axon after it 

branches many times, and the nerve dictates muscle fiber type, then the 

muscle unit must consist of fibers of one histochemical type. 

Secondly, the physiological properties of single muscle units 

have a narrower range in a histochemically homogeneous muscle such as 

cat soleus than in a heterogeneous muscle such as cat MG (McPhedran 

et al. 1965; Henneman and Olson 1965; Wuerker, McPhedran and Henneman 

1965; Burke 1967). These findings as well as those of the cross-

innervation experiments led to the hypothesis that the fibers of a 

muscle unit are of one histochemical type. 

Some evidence for the uniformity of muscle unit fibers came 

from the studies of Smith and Lannergren (1968) on toad muscle. Single 

nerve fibers were dissected from the nerve trunk of iliofibularis and 

stimulated at JO Hz for 60 sec. An estimate of the contracting muscle 



unit's position could be made by observing the muscle through a stereo-

microscope. The organization of the muscle (large and fatigable fast-

contracting fibers occupying the outer parts, while smaller, les6 

fatigable fast and slow fibers are in the center of the muscle) 

assisted in assessing the position and therefore the likelihood of 

homogeneity of fibers of the muscle unit. Fast fibers forming a muscle 

unit were found to show properties sufficiently similar to the indi

vidual fibers studied in earlier work described above (Lannergren and 

Smith 1966) to permit the conclusion that the units are homogeneous. 

Because the fiber types were mixed in deeper portions of the muscle, 

it was undetermined whether units located in this area were histochemi-

cally homogeneous. 

More rigorous testing of the hypothesis that muscle units are 

histochemically uniform depended upon the development of a technique 

that permitted the fibers belonging to a single muscle unit to be 

identified. Krnjevic and Miledi (1958a) had previously made reference 

to a histochemical procedure which could potentially mark fibers which 

had been contracting. They stained for glycogen in fibers of the dia

phragm, but were unable to locate the stimulated fibers of the muscle 

unit due to a low glycogen content in all fibers of the diaphragm. No 

differential negative staining was noted in any of the fibers of that 

muscle. 

In searching for a technique to identify stimulated muscle 

fibers, Kugelberg and Edstrom (1968) noted that muscle contractions 

produced striking changes in phosphorylase activity and glycogen con

tent as demonstrated histochemically. Although different fiber types 



may vary in their phosphorylase activity and glycogen content in the 

resting muscle, Kugelberg and Edstrom (1968) felt that the changes 

(e.g., depletion of glycogen) that occurred after contraction were re

lated to muscular fatigue. These changes were found in the tibialis 

anterior of rats in 100̂  of the FG fibers, 99^ of the FOG fibers and 

90?o of the SO fibers when stimulated at a frequency of 10 Hz for 10 

min. The cells stimulated to fatigue showed negative staining for 

phosphorylase and glycogen. No changes were noted in SDH activity in 

stimulated muscles compared to stimulated contralateral control muscles 

so that the histochemical demonstration of SDH could be employed in 

identifying fiber types along with serial sections of tissue stained 

for phosphorylase activity and glycogen content. 

These early studies of glycogen depletion were done with whole 

muscle stimulation. Edstrom and Kugelberg (1968) also used their 

histochemical procedures to evaluate glycogen depletion in muscle 

fibers of single muscle units stimulated to fatigue. These methods 

were used to determine histochemical composition, distribution and 

fatigability of fibers belonging to a single muscle unit. They func

tionally isolated single alpha axons to tibialis anterior of the rat 

by fine splitting of and ventral roots. The criterion for an 

isolated unit was an all-or-nothing twitch response in the test muscle 

to finely graded stimuli from sub-threshold to supra-maximal current 

strength. The muscle unit was stimulated at a frequency of 10 Hz for 

10 min. The stimulus regime had to be one that would not result in 

neuromuscular fatigue but, rather, would cause contractile fatigue due 

to utilization of substrates, e.g., glycogen (Krnjevic and Miledi 
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1958b). A stimulus frequency of 10 Hz for 10 min achieves this goal, 

causing the active fibers to break down stored glycogen. After the 

10 min stimulation period, the stimulated and unstimulated control 

muscles were removed and quick-frozen in propane colled to -l60°C in 

liquid nitrogen. Serial sections were stained for glycogen content 

with the PAS technique, phosphorylase activity and SDH activity. 

Edstrom and Kugelberg (1968) found in 15 muscle units studied 

that there was histochemical uniformity among the unit fibers. As had 

been found by tracing single nerve terminals (Tergast 1873; Feindel 

195̂ ; Coers and Woolf 1959) and analyzing EMG potentials (Krnjevic and 

Miledi 1958a; Norris and Irwin 1961; Ekstedt 196*0, the unit fibers 

were scattered, covering on the average 17% of the muscle cross-section. 

The muscle unit did not extend over the entire length of the muscle. 

A relationship between histochemical fiber type and muscle unit fatiga

bility was established in this study. The units composed of FG type 

fibers lost 90% of their initial force after 10 min of stimulation at 

10 Hz, most of the decline occurring after about 3 min. These fibers 

were largest in diameter of the three fiber types. Muscle units com

posed of the small diameter FOG fibers showed more variability in 

fatigability, with force declining to 30 to 80?» of initial values. Two 

units of this histochemical composition did not fatigue at all after 10 

min. In muscle units composed of SO fibers there was about a 10C$ rise 

in twitch tension at the beginning of stimulation, which was maintained 

with little fatigue for 10 min. The SO fibers were intermediate in 

size between FG and FOG fibers. 
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Brandstater and Lambert (1969) used identical muscle unit iso

lation and histochemical techniques to those of Edstrom and Kugelberg 

(1968) to study histochemical composition and distribution of units of 

rat tibialis anterior. Although the stimulus regime differed (40 Hz 

for JO sec every min for 10 min) the results from the two laboratories 

were essentially the same. Muscle unit fibers were histochemically 

uniform and were spread over about 12% of the cross-sectional area of 

the muscle, interdigitating with fibers from as many as 20 other muscle 

units. 

Doyle and Mayer (1969) stimulated isolated ventral root fila

ments of cat tibialis anterior and extensor digitorum longus at the 

rate of 30 Hz for 7 min. Their results confirmed those reported by 

Edstrom and Kugelberg (1968) and Brandstater and Lambert (1969) re

garding muscle unit histochemical uniformity and distribution of com

ponent fibers. 

A different method for isolating single motor units was em

ployed by Burke, Levine, Zajac et al. (1971)« Burke, Levine and Associ

ates (1973) and Burke and Tsairis (1973)* Units from cat MG and 

lateral gastrocnemius (LG) were stimulated to fatigue through an in

tracellular micropipette penetrating a single motoneuron cell body. 

Muscle unit force output was measured during trains of stimuli at kO 

Hz. Each train was 330 msec in duration and was repeated every second. 

After 15 to 60 min of stimulation, depending on unit type, the muscles 

were excised and quick-frozen for histochemical analysis. As was found 

in previous studies (Edstrom and Kugelberg 1968; Brandstater and 

Lambert 1969; Doyle and Mayer 1969) the MG and LG units were 



histochemically uniform. Cross-sectional areas in these cat muscles 

were largest for FG fibers, intermediate for FOG fibers and smallest 

for SO fibers. Muscle units could be categorized into one of three 

histochemical types which corresponded to three distinct physiological 

motor unit types. The physiological properties of different motor 

units and their component muscle units is discussed in the next sec

tion. 

Additional supportive evidence for muscle unit histochemical 

uniformity has been found using the glycogen depletion procedure in cat 

soleus (Burke, Levine, and Associates 197*0 » cat tibialis anterior and 

extensor digitorum longus (Dum 1978) and skunk medial gastrocnemius 

(Frederick et al. 1978). 

Burke and Tsairis (1973) showed that innervation ratios for 

different muscle unit types may not be equal. The method described by 

Clark (1931) for determining innervation ratio by dividing the number 

of muscle fibers in a muscle by the number of motor nerve fibers of 

the muscle nerve may lead to inaccurate values for innervation ratio. 

Burke and Tsairis (1973) presented evidence that units composed of FG 

fibers had larger innervation ratios than those composed of FOG and 

SO fibers. By using an indirect estimate (number of muscle fibers of 

a particular histochemical type divided by the number of motor units 

of a particular corresponding type) the values for innervation ratio 

for units composed of SO and FOG fibers are 53^ and 0̂ respectively, 

compared to 758 for units composed of FG fibers (Burke and Tsairis 

1973:Table 2). A direct determination of innervation ratio by glycogen 

depletion may have given falsely low values for units composed of SO 



fibers due to the technical difficulty in depleting these fibers of 

their glycogen. The problem of directly determining muscle unit in

nervation ratios by glycogen depletion is technically difficult, and 

precise values for innervation ratio for all the different motor unit 

types within a muscle remain undetermined. 

In summary, the glycogen depletion procedure has been a valu

able tool in evaluating anatomical properties of muscle units. This 

technique showed that unit fibers are not grouped together but, rather, 

are spread through a defined territory within the muscle intermingling 

with fibers of several other units of all histochemical types. The 

technique has provided evidence that muscle units may be of different 

sizes; that is, they may have different innervation ratios. One of 

the most important contributions made by this technique is the strong 

evidence that muscle units are histochemically uniform. In combination 

with physiological properties of motor units and their component muscle 

units, the homogeneity of muscle unit fiber types has provided an 

additional criterion for establishing a motor unit classification 

scheme. 

Testing the Physiological Properties 
of Single Muscle Units 

The mechanical properties of single muscle units that have com

manded the most attention in the classification literature involve 

those associated with contractile speed, force development and fatiga

bility. In this section these developments are reviewed in terms of 

how the measurements are actually made and the nature and rationale 
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for various testing procedures that have been developed to bring out 

potential differences between the properties of different "types" of 

units. 

Early Physiological Evidence for the 
Existence of Single Muscle Units 

A prerequisite to the measurement of mechanical properties of 

single muscle units is the functional isolation of these units. The 

suggestion that muscle force could be graded in steps appeared over a 

century ago (Hermann 1871, cited in Lucas 1905:1)• Grutzner (1887, 

cited in Lucas 1905:125) provided evidence that weak electrical stimuli 

applied to the frog sartorius muscle excited only the surface fibers. 

Several other early observations suggested that muscle contraction was 

graded at least in part by variation in the number of fibers excited 

(the following all cited in Lucas 1905:125; Tigerstedt 1885; Wortz 

1889; Bonhoffer I89O; Schott 1891). Muscle activated by single stimuli 

at the rate of one every b to 6 sec showed an initial gradual increase 

in mechanical force. This "staircase phenomenon" was first described 

for frog heart muscle by Bowditch in 1870 (cited in Mountcastle 197^+: 

87̂ -875) and subsequently for frog skeletal muscle by Kronecker in the 

same year (cited in Slomic, Rosenfalck and Buchthal 1968:2). The 

staircase phenomenon was due neither to repetitive firing of muscle 

fibers nor to recruitment of new muscle fibers since the phenomenon was 

observed in single muscle fibers (Colomo and Rocchi 1965)- It has been 

suggested that the staircase phenomenon was associated with the con

tractile substance and was due to either delay in the fall of the 

active state (Ritchie and V/ilkie 1955) or to intensification of active 



state (Abbott and Mommaerts 1959)* Except for the staircase phenomenon 

observed in the first few twitches, none of the early evidence for 

stepwise increases in muscle force suggested that grading the stimulus 

led to grading of the force of contraction within the muscle fibers 

themselves. Rather, it was always assumed that contraction of each 

single fiber was an all-or-none event. 

Lucas (1905) provided direct evidence that as the stimulus in

tensity was progressively increased, the contraction strength increased 

discontinuously in definite steps to a maximum, each step marking the 

excitation of a new group of fibers. The cutaneus dorsi muscle of the 

frog's hip, which contains 150 to 200 muscle fibers, was used in this 

study. Twelve to 30 fibers were dissected away from the edge of the 

muscle and the contraction of these few fibers was monitored in re

sponse to small successive increases of a direct stimulus. The number 

of step increases in contractile force was always fewer than the number 

of fibers in the preparation that was used. Lucas (1905) concluded 

that the muscle fibers fall into groups according to their excitability, 

each group containing fibers of near-equal excitability. The nerve to 

the frog cutaneus dorsi contains nine to ten myelinated fibers, one of 

them an afferent from the single muscle spindle of that muscle; the 

remaining eight or nine being motor fibers. The average innervation 

ratio of this muscle, as mentioned in the previous section was about 

20 muscle fibers per nerve fiber (Lucas 1909). As was found with 

direct stimulation to the muscle (Lucas 1905), indirect stimulation of 

the muscle via the nerve with increasing stimulus intensities leads to 

step-wise increases in the force of contraction. The number of steps 



was never greater than the number of motor nerve fibers in the muscle 

nerve, indicating that each nerve fiber, when excited, leads to con

traction of all the muscle fibers which it innervates. 

Frog sartorius muscle was also found to respond in a step-wise 

fashion to gradually increasing stimulus strengths (Mines 1913i cited 

in Porter and Hart 1923:391). The gradation in force was brought about 

by increasing or decreasing the number of active "neuro-muscular units" 

(Porter and Hart 1923). Cat tenuissimus muscle stimulated via a 

flexion reflex arc through the posterior tibial nerve also responded 

in step-wise increments of an all-or-none character in response to 

continuously increasing stimulus strengths (Porter and Hart 1923). 

The fact that the force increments were of different amplitude led the 

latter investigators to suppose that each motoneuron did not innervate 

the same number of muscle fibers. The increments in force production 

when the muscle is stimulated through the reflex arc (Porter and Hart 

1923) are of the same order of magnitude as those produced by the 

muscle when stimulated through the nerve (Lucas 1909; Mines 1913> cited 

in Porter and Hart 1923:396). 

The stretch reflex for cat quadriceps (Liddell and Sherrington 

1923) and cat soleus (Denny-Brown 1929a) was thought to be mediated 

through the successive activity of single motoneurons (Porter 1929) 

such that increasing the amount of stretch involves successive recruit

ment of motor units, resulting in increased force output in the muscle. 

Porter (1929) found evidence for increased postural tonus in cat tail 

muscles elicited by a variety of sensory stimuli (e.g., rubbing the 

tail fur, dorsiflexion of the neck, moving the hind leg or foot, 
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rubbing the nose or touching the whiskers). In each instance the in

crease in tonic contraction occurred by a series of sharp steps sug

gestive of a reflex arc acting through single motor units. 

Craib (1928) showed in frog sartorius muscle that the size of 

the "action-current" or EMG signal in a muscle contraction is an index 

of the number of active muscle fibers contributing to the signal. In 

addition to recording single muscle unit forces, Denny-Brown (1929a) 

was able to record action potentials from single muscle units by in

serting silver chloride coated galvanometer leads into reflexly acti

vated cat soleus muscle. 

The combination of recording single muscle unit forces and EMG 

potentials opened this field of neuromuscular physiology to other 

approaches which have led to our present understanding of physiological 

properties of single muscle units. These approaches include studies 

of muscle units functionally isolated by dividing their ventral roots, 

units isolated by intracellular stimulation of their alpha motoneuron 

cell bodies and single units activated by voluntary contraction. Each 

of these approaches will be discussed below. 

Following the work of Denny-Brown (1929a), Eccles and 

Sherrington (1930) determined the number and contractile force of 

muscle units from cat medial gastrocnemius, soleus, semitendinosus, 

extensor digitorum longus, tibialis anterior and crureus. The muscle 

nerves were deafferented by removal of appropriate dorsal root ganglia 

and following a *+5- to 82-day period for afferent fiber degeneration, 

the number of myelinated motor fibers in the muscle nerve were counted. 

This value was taken to be equal to the number of motor units within 
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the muscle. Average physiological size (average contractile force) of 

the muscle unit was determined by dividing the whole muscle tetanic 

force by the number of motor fibers in the nerve. Although the average 

muscle unit forces were probably underestimated because the gamma 

motoneurons were included in counts of motor nerve fibers (Boyd and 

Davey 1968), Eccles and Sherrington's (1930) indirect calculations 

again reinforced the notion that muscle unit sizes vary both within 

and across muscles. Large motor nerve fibers were found to branch 

within the nerve trunk, suggesting that they innervate more muscle 

fibers than the smaller nerve fibers. 

By cutting all but a few ventral roots to the muscle under 

study, a tendon jerk was found to reflexly activate one or a few muscle 

units at most (Eccles and Sherrington 1930)• By comparing EMG records 

to force records, the reflex response of a single muscle unit could be 

identified in cat soleus. The muscle unit force values measured 

directly were in agreement with those determined by the method of 

dividing the whole muscle tetanic force by the number of motor nerve 

fibers. 

Functional Isolation of Single 
Muscle Units 

To more precisely evaluate muscle unit physiological properties, 

functional isolation of single units was required. Isolation of motor 

fibers at the ventral root level is preferable to dissection of the 

nerve near the muscle because axons begin to branch soon after the 

peripheral nerve is formed (Eccles and Sherrington 1930). An axon 



isolated near the muscle could supply a fraction of a muscle unit 

rather than the whole unit. 

Criteria for Single Muscle Unit Isolation. While splitting 

ventral roots into progressively finer filaments can eventually lead 

to functional isolation of a single muscle unit for physiological study, 

the experimenter must exercise caution in the final decision as to when 

a ventral root filament contains but one alpha axon to the muscle under 

study. A filament might contain two or more axons with very similar 

thresholds which, when stimulated with graded stimulus intensities, may 

lead to very subtle and sometimes undetectable changes in the force 

record. In this section the various criteria that have been used to 

determine when a muscle unit is functionally isolated will be discussed. 

In some of the early studies involving single muscle units, no 

criteria for single muscle unit isolation were reported. While in

vestigating the role of gamma motoneurons in cat soleus and tenuissimus, 

Kuffler, Hunt and Quilliam (1951) reported the functional isolation of 

single or groups of nerve fibers to individual muscles. By subdividing 

cut ventral roots with fine forceps or steel needles under a dissecting 

microscope the axon of a single muscle unit could be functionally iso

lated. Using the same procedure, Hunt and Kuffler showed traces of a 

15 g twitch and 42.5 g tetanus of a single muscle unit from cat flexor 

digitorum longus (Hunt and Kuffler 1951:Fig» 4). No criterion for 

single muscle unit isolation was reported. 

One criterion which has been used to determine whether or not 

a single muscle unit has been functionally isolated in a ventral root 



filament is the presence of an all-or-none twitch tension response to 

a wide range of stimulus intensities. This criterion was used by 

Norris and Irwin (1961) in their study of muscle unit territories of 

rat peroneus longus, and by Edstrom and Kugelberg (1968) and Brand-

stater and Lambert (1969) in studies of anterior tibial muscle units 

of the rat. A major drawback to the use of this criterion as the sole 

determining factor in the isolation of a muscle unit is that its 

validity may be highly dependent on the resolution of the recording 

equipment for the twitch response. The situation may occur, for 

example, where two axons with similar stimulus thresholds are present 

in one ventral root filament, and they innervate a large and a very 

small muscle unit, with the larger unit having the lower stimulus 

threshold. Increasing the stimulus intensity may activate the second 

muscle unit, but its force could be so small that its effect may not 

be detectable when added to the force of the larger unit. 

A more reliable proof than all-or-none twitch force is the 

presence of an all-or-none EMG. Because a muscle unit is composed of 

many muscle fibers, especially in hind limb muscles, activation of 

more than one muscle unit might be more likely to produce a greater 

change in the EMG record than in the force record compared to activa

tion of a single unit. The all-or-none EMG was used by Denslow and 

Gutensohn (1950) in cat peroneus longus and Doyle and Mayer (1969) in 

cat tibialis anterior and extensor digitorum longus as proof of single 

muscle unit activation by ventral root filament stimulation. 

A third and even more sensitive method of testing for single 

muscle unit isolation was introduced by McPhedran et al. (1965). This 



test involves stimulation of the muscle nerve and recording an all-or-

none antidromically elicited action potential in the ventral root fila

ment. If a single action potential is indicated, the filament is then 

stimulated orthodromically with single graded stimuli and the resultant 

force and EMG traces are examined. If the mechanical and electrical 

records of the twitch are judged to be all-or-none, then it can be con

cluded that the filament contains a single alpha motor axon to the 

muscle under study. These three testing procedures, the all-or-none 

force, EMG and antidromically evoked action potential in the ventral 

root filament, have been used by many investigators as evidence for 

single muscle unit isolation (KcPhedran et al. 1965; Wuerker et al. 

1965; Olson and Swett 1966, 1971; Mosher, Gerlach and Stuart 1972; 

Lewis, Luck and Knott 1972; Bagust et al. 1973; Bagust, Lewis and Luck 

197̂ ; Bagust 197̂ ; Reinking et al. 1975; Stephens and Stuart 1975b, 

Goslow et al. 1977a, 1977b). 

Rather than antidromically stimulating the muscle nerve and 

recording a single all-or-none action potential in the ventral root 

filament as was done by McPhedran et al. (1965)» Bessou, Emonet-Denand 

and Laporte (1963) stimulated the filament orthodromically and recorded 

the action potential at the level of the muscle nerve. It would seem 

that if any stretch were placed on the muscle under study, a great deal 

of afferent activity would appear in its muscle nerve record. A single 

motor action potential evoked at the ventral root filament would prob

ably be lost in the muscle nerve record unless the efferent spike were 

elicited several times in succession and the muscle nerve traces were 

superimposed so that the signal could be distinguished from afferent 



noise. Although Bessou et al. (1963) did not report on their method 

for visualizing the efferent spike, this may have been the method used. 

The orthodromic stimulation technique of Bessou et al. (1963) has also 

been used by Appleberg and Emonet-Denand (1967)1 Emonet-Denand, Laporte 

and Proske (1971)1 and Jami and Petit (1975) to determine whether or 

not a muscle unit axon had been isolated in a ventral root filament. 

An improvement of the single muscle unit testing procedure of 

Bessou et al. (1963) was introduced by Binder, Cameron and Stuart 

(1978). The ventral root filament is stimulated repetetively with 

single shocks, and an averaging computer, triggered by the stimulus 

train, is used to extract the orthodromically conducted single spike 

waveform from the multi-unit muscle nerve record. By this method, very 

small action potentials associated with single muscle units can be 

demonstrated, whereas by the single-shock method, the unit might be un

detectable. The method of Binder et al. (1978) also permits finer 

scrutiny of waveforms which may be formed by action potentials of two 

axons with similar conduction velocities. The latter method, in com

bination with analysis of an all-or-none force and EMG response to 

graded stimuli, was used in the present study to detect single axons 

to tibialis posterior in split ventral root filaments. 

Ventral Root Stimulation. The traditional method of activating 

single muscle units has been via electrical stimulation through bipolar 

electrodes (Lucas 1905, 1909). McPhedran et al. (1965) applied a bi

polar electrode to fine ventral root filaments to record single unit 

antidromically-conducted action potentials from the stimulated muscle 



nerve. This same electrode could also be used to stimulate the iso

lated muscle unit by way of its axon. This stimulation technique was 

also used by V/uerker et al. (1965) and Olson and Swett (1966, 1971) in 

their studies of muscle units of cat hind limb muscles. A potential 

problem with bipolar stimulation of split ventral root filaments is 

that the electrical resistance of the tissue suspended over the elec

trode can increase with time. The small filament is often suspended in 

mineral oil away from other filaments of the ventral root (McPhedran 

et al. 1965; V/uerker et al. 1965; Olson and Swett 1966, 1971; Bagust, 

Knott, Lewis et al. 1973; Bagust Lewis and Luck 197̂ ; Bagust 197̂ ; 

Reinking et al. 1975; Jami and Petit 1975). If the filament begins to 

dry out in the mineral oil, its resistance will increase and a greater 

stimulus amplitude will be required to activate it. The greater stimu

lus amplitude may also activate other muscle units by spread of current 

to ventral root filaments which are not in direct contact with the 

bipolar stimulating electrode. An important step toward alleviating 

this problem was the introduction of an anodal stimulation procedure 

by LaPorte's group in the early 1960's (LaPorte, personal communication 

1978) whereby the ventral root filament is placed over the anode, and 

the cathode is in the back muscles. By this arrangement, a complete 

circuit is set up for stimulation, but the impulse is initiated from 

the part of the isolated ventral root filament near its division point 

from the other filaments. Even though the isolated filament may begin 

to dehydrate in mineral oil, a small amplitude anodal stimulus cam 

still excite the muscle unit because with this stimulation circuit 

arrangement, the impulse will be initiated in a still-viable portion 



of the filament. The anodal stimulation method has been specifically-

cited as the means of activating single muscle units through ventral 

root filaments by Bagust, Knott, Lewis et al. (1973)t Bagust, Lewis 

and Luck (197*01 Reinking et al. (1975)» Goslow et al. (1977a, 1977b) 

and Binder et al. (1978). This method was also used in the present 

study to activate tibialis posterior axons in ventral root filaments. 

Intracellular Activation of Single Motor Units. In addition 

to activating the muscle fibers of a motor unit by stimulation of ven

tral root filaments, the muscle unit can be excited by intracellular 

activation of its motoneuron cell body. Devanandan, Eccles and Wester-

man (1965) penetrated alpha motoneurons from the dorso-lateral surface 

of the lumbo-sacral cord with glass microelectrodes filled with 3M KC1 

and a resistance of 5 to 7 megohms. Current pulses were passed between 

the microelectrode and an indifferent electrode to study the physio

logical properties of muscle units from cat medial gastrocnemius, 

plantaris, flexor digitorum longus, flexor hallucis longus and soleus. 

The impaled motoneuron was identified as belonging to a particular hind 

limb muscle by either stimulating the muscle nerve and recording the 

antidromic spike of the motoneuron or by stimulating the motoneuron 

orthodromically and observing the muscle unit's contraction. 

In addition to the work of Devanandan et al. (1965), the intra

cellular stimulation technique for activating single motor units has 

been used to study units of the following cat hind limb muscles: medial 

gastrocnemius (Burke 1967; Burke, Rudomin and Zajac 1970» 1976; Burke, 

Levine, Zajac et al. 1971; Burke,Levine, and Associates 1973; Burke and 
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Tsairis 1973» 197̂ ; Hammarberg and Kellerth 1975a; Walsh et al. 1978), 

lateral gastrocnemius (Burke 1967; Burke, Rudomin and Zajac 1970; 

Burke, Levine, Zajac et al. 1971; Burke, Levine, and Associates 1973; 

Burke, Rudomin and Zajac 1976; Burke and Tsairis 1973» 197̂ ; Hammarberg 

and Kellerth 1975b), soleus (Burke 1967; Burke, Rudomin and Zajac 1970; 

Burke, Leving, Salcman et al. 197̂ ; Burke and Tsairis 197̂ ; Hammarberg 

and Kellerth 1975a, 1975b), tibialis anterior (Hammarberg and Kellerth 

1975a, 1975b; Dum 1978), extensor digitorum longus (Dum 1978) and 

flexor digitorum longus (Dum, Burke and Hodgson 1978). 

Some advantages of the intracellular method of motor unit stimu

lation over the ventral root splitting technique are: (1) that the 

intracellular method assures isolation of a single motor unit by the 

microelectrode being in the motoneuron cell body; and (2) the mechani

cal responses of the muscle unit can be correlated with the properties 

of not only the axon (e.g., axonal conduction velocity), but also the 

motoneuron cell body (e.g., synaptic organization, functional threshold, 

duration of after-hyperpolarization and input resistance of individual 

motoneurons). 

Some disadvantages of the intracellular stimulation technique 

that have been cited are: (1) for small and intermediate muscles, the 

sparsity of motoneurons in the spinal cord relative to those of large 

muscles makes the search for these motoneurons with a micropipette 

time-consuming, resulting in small sample sizes (Devanandan et al. 

1965); (2) the contraction of the test muscle as a result of muscle 

nerve stimulation required for identification of the motoneuron might 

lead to a small pressure wave which can dislodge the microelectrode 



from the cell (Devanandan et al. 1965); and (3) since it may be easier 

to successfully impale larger cells, this method may select motoneurons 

which have larger cell bodies and which probably innervate larger 

muscle units (Devanandan et al. 1965; Burke 1973). 

Recording of Single Motor Unit Activity in Natural Movements. 

Some of the earliest records of the discharges of single motor nerve 

fibers were obtained by Adrian and Bronk (1928) from the plirenic nerve 

of freely breathing anesthetized rabbits. In order to record from the 

axons of single active motoneurons, the connective tissue sheath sur

rounding the nerve was dissected away, and the nerve was split longi

tudinally to leave a small bundle of intact fibers in the center. The 

lateral fibers were cut and this dissection process repeated until 

three or four fibers remained intact. Each stage in the dissection was 

controlled by observing the impulse discharge on inspiration in the 

nerve distal to the dissection. The number of active motor nerve 

fibers was determined from the electrical records and the actual number 

of undivided fibers was checked by microscopic examination after the 

experiment was completed. The amplified action potentials could be led 

into a telephone or loud speaker providing a sound record of the nerve 

discharge. Although no direct records were made of the properties of 

individual muscle units of the diaphragm during inspiration, the fre

quency discharge characteristics of single motoneurons could be evalu

ated during normal quiet unobstructed breathing and also during 

asphyxia induced by cutting off the air supply. An estimate of muscle 

unit force was made by connecting the tracheal air tube to a water 



manometer. The relationship between motoneuron discharge frequency and 

muscle unit contractile force (negative pressure produced) was deter

mined. It was concluded that the contraction of the diaphragm is regu

lated by varying the frequency of motor impulses over a range that 

would produce a varying degree of fusion and summation of the contrac

tile waves in the muscle fibers. 

Denny-Brown (1929a) was able to record the force and electrical 

activity of individual motor units of cat soleus activated by stretch

ing the muscle. He found that the growth in amplitude of the reflex 

response to increases in stretch was due to a recruitment of new motor 

units. Each soleus motor unit contributed a steady discharge rate to 

the EMG record. Increases in firing discharge to the extent seen by 

Adrian and Bronk (1928) in the rabbit phrenic nerve were not found in 

cat soleus. 

Adrian and Bronk (1929) also recorded muscle nerve action po

tentials and forces of single units in cat quadriceps and gastrocnemius 

activated by the crossed extension reflex and the tonic labyrinthine 

reflex. The muscle nerves were prepared according to the method of 

Adrian and Bronk (1928) where a few nerve fibers were left intact after 

cutting away the others. Use of a concentric needle electrode enabled 

Adrian and Bronk (1929) to obtain electromyographic records in weak 

contractions involving few motor units from man (triceps) as well as 

spinal animals. With a slight degree of voluntary contraction single 

EMG spikes appeared, increasing their frequency of firing gradually as 

the contraction developed. Because of the short time-course and simple 

shape of the EMG potential, it was determined that the spike must be 
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due to a single muscle fiber or to a jp~oup of muscle fibers acting in 

unison and so presumably innervated by a single nerve fiber (i.e., a 

motor unit). With increased voluntary effort, additional series of 

EMG spikes occurred indicating recruitment of more motor units. It 

was concluded for both the voluntary contractions of man and the reflex 

contractions of the cat that the force was maintained by a steady dis

charge of impulses from individual nerve fibers. Gradation in force 

occurred through changes in discharge frequency in each nerve fiber and 

also by changes in the number of fibers in action. 

Adrian and Bronk (1928) described a method for directing ampli

fied phrenic nerve action potentials during normal breathing through a 

telephone or loud speaker so that the character of the motor unit dis

charge could be distinguished by ear instead of by eye. Gordon and 

Holbouni (19̂ 8) also used audio-amplified action potentials to dis

tinguish activity of single motor units in human orbicularis oculi. 

By means of skin wire electrodes it was possible to simultaneously 

record muscle action potentials through a piezo-electric gramophone 

pickup and muscle movements through an airtight rubber strip overlying 

the muscle. The method for recording muscle mechanical activity is 

similar in principle to the technique of Denny-Brown and Pennybacker 

(1938) for investigating muscle fibrillation. The method depends on 

the lateral swelling of fibers as they contract. The subject was able 

to voluntarily activate single motor units by hearing single 'clicks' 

from the motor unit electrical discharge. This system enabled measure

ment of the latency between the muscle's electrical and mechanical 

activity. Muscle movements were not quantified. 



Gordon and Holbourn (19̂ 9) could determine both electrical and 

mechanical activity of single motor units of crureus and tibialis an

terior of the decerebrate cat elicited by either the crossed extension, 

flexion or stretch reflex. Electromyographic activity was picked up 

by wire electrodes on the muscle surface. Mechanical activity was 

recorded by two forms of apparatus. One form was a piezo-electric 

instrument and the other was a sensitive miniature torsion (mirror) 

myograph. Both systems record longitudinal muscle movements. Records 

from these systems and from the EMG wires show single twitches preceded 

by unitary muscle action potentials associated with reflex activation 

of single motor units. From these records twitch contraction time 

could be determined with what the authors felt was reasonable accuracy. 

The method did not give a true representation of the force the whole 

muscle unit was developing since the mechanical recording devices were 

placed on the muscle surface. The forces recorded by these systems 

were about a fourth of the probable value for the whole unit as esti

mated by Eccles and Sherrington (1930). Gordon and Holbourn (19̂ +9) sug

gested that the forces measured were probably a result of activity of 

several fibers of the muscle unit lying close together near the muscle 

surface. 

To more accurately record the force and contraction times of 

single motor units, Buchthal and Schmalbruch (1969» 1970) introduced 

the use of a sensitive semiconductor strain gauge which measured the 

displacement of a needle inserted into the tendon of the human brachial 

biceps muscle. Subjects were trained to activate single motor units 

during weak voluntary effort at 3 to 6 twitches per second. Electronic 



averaging of 200 tv/itches reduced the interference of vibrations of the 

body corresponding to the "ballistocardiogram" and to respiratory move

ments. The averager was triggered by the muscle action potential. 

This spike-triggered averaging technique has also been used by Sica and 

McComas (1971) to evaluate single motor unit twitches of human extensor 

hallucis brevis elicited by electrical stimulation of the deep peroneal 

nerve and its medial terminal branch. The force transducer was 

attached to a stout ring placed around the first phalanx of the great 

toe. In this study, a 16-sweep average was required for measurement 

of contraction time and force. 

Stein, French, Mannard and Yemm (1972) and Milner-Brown, Stein 

and Yemm (1973) also used the spike-triggered averaging technique to 

evaluate contraction time, twitch force and half-relaxation time of the 

human first dorsal interosseus motor units activated when the subject 

tried to maintain a constant force in a weak voluntary isometric con

traction. The force transducer was held between the subjects' thumb 

and index finger. The falling phase of the force trace is difficult 

to evaluate with the averaging procedure because discharges of human 

motor units are generally partially fused (Stein et al. 1972; Burke 

1979a). Before the baseline force is reached on relaxation another 

twitch is activated by the rhythmically discharging motoneuron. Stein 

et al. (1972) and Milner-Brown et al. (1973) suggested that the method 

of spectral analysis could be used to determine the full time-course 

of the twitch. Motor units of the first dorsal interosseus were also 

studied by Freund, Budingen and Dietz (1975) and Desmedt and Godaux 

(1977) using this technique. 
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Stephens and Usherwood (1975» 1977) used the spike-triggered 

averaging technique to evaluate fatigability as well as twitch force 

and contraction time in single muscle units of the human first dorsal 

interosseus activated by voluntary contraction. Subjects maintained a 

contraction force such that the triggering motor unit fired steadily 

at 10 i J twitches per sec. After determining the motor unit twitch 

force and contraction time from the muscle force profile from 6k sweeps 

of the averager triggered by the motor unit EMG spike, the subject was 

asked to continue to maintain the contraction for 5 min. An index of 

motor unit fatigability was defined as the ratio of the twitch force 

at the end of the test period to the mean control twitch force. 

The spike-triggered averaging procedure for evaluating motor 

unit mechanical properties of intact muscles during voluntary contrac

tion is effective unless the activity of several motor units is syn

chronized (Bigland and Lippold 195̂ ; Stein et al. 1972). The method 

has recently been used in humans to evaluate motor unit twitch forces 

of the masseter (Goldberg and Derfler 1977), extensor digitorum com

munis (Monster and Chan 1977)i extensor indices (Freund et al. 1975; 

Budingen and Freund 1976), and in the temporalis muscle of the monkey 

(Clark, Luschei and Hoffman 1978). 

Intramuscular Microstimulation of Single Motor Units. Taylor 

and Stephens (1976) developed a technique for controlled activation of 

motor units by stimulation of motor nerve twigs within the human first 

dorsal interosseus muscle through a bipolar stimulation needle elec

trode. Stimulus strength was adjusted until an all-or-nothing EMG was 
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elicited in the muscle. An isometric twitch response of the active 

motor unit was recorded by averaging several sweeps of the force trace. 

This method appears to be superior to finely graded percutaneous stimu

lation of a nerve trunk because it allows for more select activation of 

single motor units. Both the rising and falling phases of muscle unit 

twitches from human muscle can be evaluated by this procedure which is 

generally not the case for the spike-triggered averaging method de

scribed by Buchthal and Schmalbruch (1969, 1970) and Stein et al. 

(1972). The latter technique, however, offers the advantages that 

studies can be made of recruitment characteristics and twitch properties 

of motor units activated naturally. 

Physiological Tests of Motor Unit Function 

A variety of physiological tests have been used to evaluate and 

classify motor units into categories. The tests that were used in the 

present study will be described below with respect to their origin and 

development. Some other tests of motor unit function will also be 

described. 

Twitch Contraction Time and Force. Early records of the dura

tion of a muscle twitch (Hartree and Hill 1921; Liddell and Sherrington 

1923; Denny-Brown 1929a) were shown to be distorted by friction at the 

myograph bearing (Eccles and Sherrington 1930)• Cooper and Eccles 

(1930) introduced another basis for the measurement of the duration of 

the isometric twitch which they named the "contraction time." This 

was defined as the interval between the onset of the electrical re

sponse and the attainment of maximum twitch tension. Gordon and 



Holbourn (19̂ 8) developed a method for measuring the latency between 

the beginning of the EMG spike and the onset of the mechanical movement. 

Since this latency was short (less than 2.5 msec in their experiments), 

they measured contraction time (or, more accurately termed "time-to-

peak tension" or "time-to-maximum tension") as the latency between the 

onset of the twitch and its peak force (Gordon and Hclbourn 19̂ 9)• This 

gave contraction times comparable to the index of Cooper and Eccles 

(1930). In the present study, muscle unit contraction time was meas

ured at the time between the isoelectric point of the muscle action 

potential and the peak of twitch force. 

Twitch contraction times and forces have been measured at least 

since the l800's (all the following cited in Lucas 1905:125, Hermann 

1871; Tigerstedt 1885; Grutzner 1887). The twitch force of frog sar-

torius muscle was noted to be enhanced by preceding the twitch stimulus 

with a tetanic stimulation (Gutman, Horton and Wilber 1956, 1937; 

Rosenblueth and Morrison 1937)- Brown and Von Euler (1938) noted in 

the cat that the effects of a preconditioning tetanic stimulus on the 

twitch are different in slow and fast-contracting muscles. The fast-

contracting muscles (tibialis anterior) showed post-tetanic potentia

tion of the twitch force. Slow muscle (soleus), however, demonstrated 

depression of the twitch response by a short tetanus of 2 to 4 sec 

duration. This depression lasted for 20 to 30 sec. Tetani of longer 

duration (6 to 20 sec) produce a short-lasting depression followed by 

a potentiation which may last up to 10 min. Similar findings were made 

by Bowman, Goldberg and Raper (1962) in these muscles in rabbit as well 

as cat. 



Single motor units have also been found to respond to pre

conditioning tetani in different ways depending on the type of motor 

unit. For example, fast-contracting motor units show potentiation of 

their twitch force following tetanic stimulation (Olson and Swett 1971; 

Bagust, Lewis and Luck 19711 197̂ ; Burke, Levine, and Associates 1973; 

Stephens and Stuart 1975a; Kernell, Ducati and Sjoholm 1975)• Slow-

contracting motor units, however, show either no difference in twitch 

force before and after a tetanic stimulus or they show depression of 

twitch force following the pre-conditioning stimulus (Olson and Swett 

1971; Bagust, Lewis and Luck 1971? 197̂ ; liurke, Lovine, and Associates 

197̂ ; Stephens and Stuart 1975a; Kernell et al. 1975). 

In the present study, twitch fcrces and contraction times were 

determined from an average of five twitches with no pre-conditioning 

tetanic stimulus and also from the maximum twitch following the tetanic 

stimulus. 

Peak Tetanic Force. As the interval between successive stimuli 

is decreased, a muscle does not return to its resting tension between 

responses. When the stimulus frequency is great enough the tension 

attains a maximum level, the fused tetanus. The magnitude of this 

force is dependent upon the initial muscle length (Blix l879i cited in 

Evans and Hill 191̂ :10). Peak tetanic force can occur when the muscle 

is at or near its resting length in the body. Increasing or decreasing 

the length of the muscle results in diminution of the tetanic force 

relative to the peak force both for whole muscle and for isolated 

skeletal muscle fibers (Evans and Hill 191̂ ; Ramsey and Street 19̂ ) • 
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Lewis et al. (1972) suggested that when a single muscle unit 

is activated within a muscle, its contraction may be distorted by 

frictional or mechanical forces exerted by the surrounding inactive 

fibers. The active fibers would not only have to overcome the series 

elastic elements before external force is recorded, but they would 

also have to overcome inertia added by the inactive fibers as the 

active ones "drag" the inactive ones during shortening. External 

force development is slower at shorter muscle lengths. Lewis et al. 

(1972) found that muscle unit mechanical response times did not differ 

when measured at whole muscle optimal length (Lo) or at motor unit Lo. 

In addition, no evidence for non-linearity of summed muscle forces was 

found. It appears that the proposed frictional forces caused by the 

inactive fibers do not produce any major distortion of the muscle unit 

twitches (Lewis et al. 1972). The Lo at which muscle units develop 

maximum tetanic force has been found to vary in relation to the Lo for 

the whole muscle. For example, Lewis et al. (1972) found that some 

units of cat flexor digitorum longus (FDL) had length-tension peaks at 

the whole muscle twitch Lo whereas other units had their tetanus Lo at 

over 3 mm longer than whole muscle twitch Lo. In contrast, cat medial 

gastrocnemius (MG) muscle units had twitch and tetanus Lo's at muscle 

lengths shorter than whole muscle tetanus Lo, slow units having, in 

general, shorter Lo's than fast units (Stephens, Reinking and Stuart 

1975) and cat soleus units had twitch Lo's at a muscle length shorter 

than whole muscle twitch Lo (Bagust 197*0. Lewis et al. (1972) noted 

that slow-contracting units of cat FHL had their twitch optima spread 

over a wider range of muscle lengths than do fast twitch units (i.e., 
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a flat-topped length-tension curve). This also appears to be true for 

cat soleus muscle units which are also slow-contracting (Bagust 197̂ 0 • 

Preliminary length-tension data for cat tibialis posterior (TP) 

units for the present study indicate that these units have their peak 

tetanus and twitch Lo's at muscle lengths shorter than whole muscle 

twitch Lo. Furthermore, the length-tension curves of TP muscle units 

are not flat-topped like those of soleus units and slow-twitch FHL 

units of the cat (Bagust 197̂ ; Lewis et al. 1972). Rather, the TP 

units have a very limited range of muscle lengths over which twitch 

and tetanic force optima could be attained. For thi6 reason, each 

muscle unit from TP was evaluated at its twitch Lo for twitch tests 

and at its tetanus Lo for those tests involving a tetanic-type stimu

lation. 

Profile of Pnfused Tetanus. In a comparison of cat fast (MG) 

and slow (soleus) muscles, Cooper and Eccles (1930) presented figures 

in which the unfused tetanus force profile rises to a peak after about 

the third to sixth stimulus and either subsequently declines (in MG) 

or continually increases (in soleus) without reaching a steady plateau 

(Cooper and Eccles 1930:Figs. 7 and 8). Similarly, Wuerker et al. 

(1965:Fig. 7) have shown traces of unfused tetani from cat MG and 

soleus motor units demonstrating a similar rise followed by decline 

in force for the larger muscle unit (presumably fast-contracting) and 

a continual rise in force for the soleus unit (slow-contracting). 

Burke, Levine, Zajac et al. (1971) have developed a test for 

separating fast and slow muscle unit types based on the configuration 



of the unfused tetanus profile. If during an unfused tetanic stimu

lation the force of individual stimulus responses first rises to a 

maximum value within four to eight contractions and then falls, the 

unit is said to demonstrate the "sag" phenomenon. A muscle unit in 

which the unfused tetanic force rises without subsequent decline does 

not demonstrate "sag." The "sag" phenomenon occurs in MG fast (type F, 

Burke 1967) muscle units when stimulus intervals were between one and 

three times twitch contraction time. Type S (Burke 1967) muscle units 

"sag" only when stimulus intervals are longer than twice the twitch 

contraction time (Burke, Rudomin and Zajac 1976). 

The "sag" phenomenon appears to be a property of the active 

muscle fibers which is unrelated to fatigue since muscle unit EMG 

potentials have the same size and shape both before and after the de

velopment of "sag" (Burke, Rudomin and Zajac 1976). Also, the muscle 

units can apparently develop the same maximum fused tetanic force even 

when the fused tetanus is superimposed on the unfused tetanus after 

the "sag" has developed (Burke, personal communication 1973)• The 

later twitch components in an unfused tetanus during the development 

of "sag" have shorter times-to-peak tension than the earlier components 

indicating a decrease in the duration of the mechanism producing active 

force (active state) with the onset of "sag." The "sag" of the force 

profile may also be due to a decline in intensity of active state 

(Burke, Levine, and Associates 1973; Burke, Rudomin and Zajac 1976). 

The mechanisms responsible for the "sag" phenomenon operating in some 

muscle unit types and not in others have yet to be elucidated. 

Reinking et al. (1975) have cautioned that the "sag" test presents 



some drawbacks as a basis for muscle unit classification. Some of 

their cat MG muscle units changed from "non-sag" to slight "sag" as 

muscle length was increased. In addition, some slow, non-fatigable 

and some fast fatigable units had similar profiles of unfused tetanus. 

Nevertheless, the differences in unit types with regard to stimulus 

interval needed to produce the "sag" phenomenon are great enough to 

establish a standardized test to aid in muscle unit classification when 

used in combination with other tests such as contraction time, tetanic 

force and resistance to fatigue. The presence or absence of "sag" with 

stimulus intervals of 125& of muscle unit twitch contraction time has 

been used by Burke, Levine, Zajac et al. (1971) and Burke, Levine, 

and Associates (1973) as a criterion for muscle unit typing. This 

test was also applied to tibialis posterior muscle units in the present 

study. 

Fatigue Tests. Different types of muscles have been known to 

fatigue at different rates since the time of Ranvier (1873). Two 

fatigue processes, central and peripheral, have been examined. A cen

tral fatigue process involves inability of descending inputs from the 

brain to excite alpha motoneurons due to either lack of subjective 

mental effort or to variation in excitability threshold of the differ

ent types of alpha motoneurons during voluntary effort (McComaB 1977s 

68-71). Several sites of peripheral fatigue have also been studied. 

For example, impairment of neuromuscular function can occur presynap-

tically, either in the intramuscular portion of the nerve or in the 

nerve trunk some distance from the nerve (Krnjevic and Miledi 1959) or 



at the neuromuscular junction due to pre-junctional reduction in trans

mitter release (Brown and Burns 19̂ 9; Krnjevic and Miledi 1958b) or to 

reduced chemical sensitivity of the post-junctional membrane to acetyl

choline (Brown and Burns 19̂ 9; Krnjevic and Miledi 1958b; Thesleff 

1959)• Luttgau (1965) found in isolated frog muscle fibers that 

fatigue could occur in the muscle fiber action potential mechanism such 

that the fiber remained capable of contracting but the sarcolemma was 

no longer excitable. The excitation-contraction coupling mechanism has 

also been suggested as a site of fatigue (Eberstein and Sandow 1963)* 

Fatigue may also occur as a result of impairment of the contractile 

element (Merton 195̂  1 1956). 

In a maximum voluntary contraction of the first dorsal inter-

osseus of man, Stephens and Taylor (1972) have indicated that neuro

muscular junction fatigue occurs first and contractile element fatigue 

becomes secondarily important. Most tests of the fatigue sensitivity 

of single muscle units are designed to eliminate neuromuscular and 

presynaptic fatigue factors so that contractile element fatigue can be 

studied. Some tests of muscle unit fatigability have been discussed 

by Kugelberg and Edstrom (1968), Brandstater and Lambert (1969)1 Doyle 

and Mayer (1969), and also in the section of Chapter 1 entitled 

"Territory, Size and Histochemical Uniformity of Fibers Comprising a 

Single Muscle Unit." 

Although the fatigue tests of Wuerker et al. (1965) and Olson 

and Swett (1966) did not separate neuromuscular fatigue from contrac

tile element fatigue, these authors were able to generalize that small 
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muscle units were more fatigue resistant than larger units based on 

their force output following up to 30 sec of stimulation at 100 Hz. 

The fatigue test described by Burke, Levine, Zajac et al. 

(1971) and Burke, Levine, and Associates (1973) permits the examination 

of largely contractile element fatigue without the complication of un

due fatigue at the neuromuscular junction of presynaptic fatigue. This 

is accomplished by intermittent trains (1/sec) of stimuli at kO Hz 

lasting for 330 msec. This stimulus regime is continued for four min. 

Even though for some muscle units, EMG spikes may decline slightly in 

amplitude during the fatigue test, reduced action potential size does 

not necessarily result in incomplete contractile element activation 

(Falk 1961). It has been suggested that EMG amplitude may fall as a 

result of changes in the sarcolemma with repetetive stimulation, leav

ing the contractile element fully activated with each stimulus, though 

there is no evidence to support this idea (Stephens and Taylor 1972). 

A standard method for characterizing muscle unit fatigability 

was established by Burke, Levine, Zajac et al. (1971)• This "fatigue 

index" describes the ratio of the muscle unit's force output after two 

min of this stimulus regime to the initial force output of the unit. 

Fatigue resistant muscle units (type FR and S) have fatigue indices 

greater than 0.75. That is, they maintain greater than 75& of their 

initial force after two min of stimulation. Fatigable units (type FF) 

have fatigue indices less than 0.25, indicating that their force-

producing capability falls off rapidly in the first two min of stimu

lation. 
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Another method for describing the fatigability of individual 

muscle units subjected to the stimulation regime of Burke, Levine, 

Zajac et al. (1971) and Burke, Levine, and Associates (1973) is the 

cumulative force index (CFI) introduced by Reinking et al. (1975). 

This index is the ratio of the integrated force after two min to the 

integrated force after four min of stimulation. Fatigue resistant 

units have CFI's around 0.50 whereas the CFI's of fatigable units are 

greater than 0.70. The CFI accounts for the complete time course of 

the force changes occurring during the fatigue test, offering perhaps 

a more complete description of the fatigue process than the fatigue 

index ratio described by Burke, Levine, Zajac et al. (1971) and Burke, 

Levine, and Associates (1973)® 

For human muscle units under voluntary activation, Stephens 

and Usherwood (1975, 1977) have developed a fatigue index based on the 

ratio of force produced at the end of five min to the initial force of 

4. 
a unit firing steadily at 10 - 3 pps during a maintained contraction. 

Tibialis posterior muscle units of the present study were sub

jected to the fatigue test described by Burke, Levine, Zajac et al. 

(1971) and Burke, Levine, and Associates- (1973)• Fatigue sensitivity 

of the units was assessed by both the fatigue index described by Burke 

Levine., Zajac et al. (1971) and Burke, Levine, and Associates (1973) 

and the cumulative force index described by Reinking et al. (1975)• 

Other Tests of Muscle Unit Function. The previously described 

tests were employed in the present study to evaluate physiological 

properties of single muscle units. Other tests of muscle unit function 
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have been used by different investigators in studies of muscle unit 

properties. For example, Olson and Swett (1966) determined the fusion 

frequency of cat flexor digitorum longus motor units. The rate of 

stimulation required for a complete, smooth summation of tetanic con

tractions was found to be inversely proportional to the muscle unit's 

contraction time. 

Repetitive activity of single muscle units in response to 

single stimuli following high frequency stimulus trains has been 

studied in single muscle units of cat soleus and MG (Olson and Swett 

1971) and the first deep lumbrical muscle of the cat's foot (Kernell 

et al. 1975)* Small units with slow axonal conduction velocities, con

traction times and half-relaxation times in soleus and MG and slow-

contracting lumbrical units were found to produce a brief repetitive 

discharge in response to a single shock following high-frequency re

petitive stimulation. 

Hammarberg and Kellerth (1975a) described two tests by which 

they could separate type FR and S units, thus eliminating their need 

for the "sag" test of Burke, Levine, Zajac et al. (1971). The fatigue 

test described by Burke, Levine, Zajac et al. (1971) and Burke, Levine, 

and Associates (1973) was employed by Hammarberg and Kellerth (1975b) 

for muscle units of cat MG, LG, soleus, tibialis anterior and extensor 

digitorum longus. After two min of the fatigue test, stimulation 

ceased for 10 sec. When stimulation resumed, the amount of recovery 

in contractile force following the 10 sec rest was evaluated. This is 

referred to as the "pause test." Type FR units showed a larger re

covery in contractile force than type S units. Approximately 30 sec 



after the "pause test," when tension output had returned to a fairly 

steady level, the muscle unit was exposed to 30 sec of sustained 

tetanic stimulation at kO Hz. Iterative stimulation was then resumed 

and changes in force output occurring both during and after this 

"tetanus test" were evaluated. Immediately with the onset of the 

"tetanus Test" type S units developed a force more than 15?» greater 

than that of the preceding fatigue test tetanus. In contrast, type FR 

units showed no immediate changes in force output with the onset of 

the "tetanus test" (Hammarberg and Kellerth 1975b). 

In summary, many tests of muscle unit function have been de

veloped. The present study relies on tests of potentiated twitch con

traction time and force at the muscle unit twitch optimal length, 

tetanic force at muscle unit tetanus Lo, the "sag" test and the fatigue 

test of Burke, Levine, Zajac et al. (1971) and Burke, Levine, and Asso

ciates (1973) with both the fatigue index of Burke, Levine, Zajac 

et al. (1971) and Burke, Levine, and Associates (1973) and the cumula

tive force index of Reinking et al. (1975)* All these parameters pro

vided a classification scheme for tibialis posterior muscle units. 

Other muscle unit classification procedures will be discussed in the 

following section. 

The Classification of Muscle Units 

Using the various tests of muscle unit function outlined in the 

previous section, a large body of data have accumulated in the past 20 

years on the physiological properties of muscle units in mammalian 

muscles. Table 2 presents a survey of some properties of muscle units 



Table 2. A survey of properties of motor units of 
1. Mean no. of motor units/muscle from 

Boyd and Davey (1968) 
2. (N) = No. of motor units sampled. 
3. Estimates based on histogram bins. 
k. Fatigue index of Burke, Levine, 

Zajac et al. CL971); Burke, Levine, 
and Associates (1973). 

5. Cumulative force index of Reinking 
et al. (1975) 

6. Mean no. of motor units/muscle from 
Bessou et al. (1963) 

7. Mean no. of motor units/muscle from 
Barker, Stacey and Adal (1970) 

8. Appleberg and Emonet-Denand (1967) 
9. Bagust et al. (1973) 
10. Bagust (197*0 
11. Bessou et al. (1963) 
12. Binder et al. (1978) 

cat hind limb muscles. — The sources are: 
13. Burke (1967) 
l*f. Burke, Levine, Zajac et al. (1971) 
15. Burke, Levine, and Associates (1973) 
16. Devanandan et al. (1965) 
17. Dum (1978) 
18. Emonet-Denand et al. (1971) 
19. Goslow, Stauffer, Nemeth and Stuart (1972) 
20. Goslow et al. (1977a) 
21. Goslow et al. (1977b) 
22. Hammarberg and Kellerth (1975b) 
23. Jami and Petit (1975 
2b. Kernell et al. (1975) 
25. McPhedran et al. (1965) 
26. Mosher et al. (1972) 
27• Olson and Swett (1966) 
28. Olson and Swett (1971) 
29• Proske and Waite (197*0 
30. Reinking et al. (1975) 
31. Wuerker et al. (1965) 

Muscle No. Conduction _ Contraction Peak Tetanic 
(Mean No. Motor Experi Velocity (N) Time (N) Force (N) Fatigue Refer to 

Units)l ments (m/sec) (msec) (g) Index (N) Sources 

70-1313 (72) 16-87 (69) 
~ h 13 

15 75-H65 20-110 (105) 1.2-130 (105) .25--75 (105) 1̂ , 15 
Medial - - - 57-103 (11) ~ k 16 

Gastrocnemius - — 11-75 (76) — .00-1.06 (76) 22 
(280) 18 5̂ -11̂  (10*0 17-125 (101) 0.8-196 (109) - u 28 

5 67-108 (73) 28-90 (73) 2.0-135 (73) .25-.75 (73) 29 
12 - 21-83 (126) — k7-97% (126) 30 
- 50-110 (252) 18-129 (83) 0.5-120 (103 - 31 

Plantaris mm 20-110 (15) _ 16 
(265) 5 75-131̂  (92) 5-51 (Ilk) 3-160 (11*0 - 19 



Table 2—Continued. A survey of properties of motor units of cat hind limb muscles. 

Muscle No. 
(Mean No. Motor Experi-

Units)-*- ments 

Conduction . 
Velocity (N)' 
(m/sec) 

Contraction 
Time (N) 
(msec) 

Peak Tetanic 
Force (N) 
(g) 

Fatigue 
Index (N) 

Refer to 
Footnotes 

Flexor Hallucis 2 2 12-36 (9) 16 
Longus 5 75-131 (108) 15-66 (124) 2.0-87 (124) - 18 
(255) 

Tibialis 20 70-112 (119) 17-50 (111) 1.0-44 (67) .00-1.50̂  (116) 17 
Anterior 5 70-120 (59) 20-40 (73) 1.5-55 (73) 46-100&5 (73)  20, 
(200) 3 67-105 (112) - 1.2-75 (112) — 23 

7 74-126 (46) 16-38 (46) 4-55 (46) - 26 

Flexor Digitorum 19 12-50 (98) 0.3-82 (85) 9 
Longus - - - 27-85 (29) - 16 
(155) 15 71-114 (108) 13-81 (85) 0.4-100 (108) - 27 

4 41-92 (97) 24-134 (102) 15-24 (104) 10 
— 65-% (15) 50-1103 (16) — 13 
- - - 9-24 (8) - h 16 

Soleus - - 52-95 (13) - .85-1.00 (13) 22 
(155) 3 7̂-100 (119) — 1-38 (119) — 23 

- 51-81 (97) 58-193 (81) 3-40 (97) — 25 
6 64-112 (30) 48-80 (30) 10-50 (30) - 26 
7 56-93 (34) 42-163 (42) 2-57 (42) - 28 

Extensor Digitorum cr 
Longus 6 70-130 (94) 20-40 (66) 2-86 (66) 46-100% 20, 
(130) 

Peroneus Longus 
3 65-109 (109) 0.6-115 (109) _ 23 

Peroneus Brevis 
(75)7 61-91 (113) 0.3-100 (113 23 



Table 2—Continued. A survey of properties of motor units of cat hind limb muscles. 

Muscle Mo. Conduction ̂  Contraction Peak Tetanic 
(Mean No. Motor Experi- Velocity (N) Time (N) Force (N) Fatigue Refer to 

Units)! ments (m/sec) (msec) (g) Index (N) Footnotes 

Flexor Digitorum 
Brevis 

4 45-1015 (54) 10-51 (60) 1-20 (60) 19 

(65) 

Tibialis Posterior 
(60) 

5 60-H55 (81) 20-653 (81) - 12 

1st Deep Lumbrical 
(4-10)6 

6 
8 

42-78 (37) 
15-50 (31) 0.2-25 (31) 

11 
24 

1st Superficial 
Lumbrical 
(-) 

6 
8 

43-90 
35-85 

(43) 
(102) 

15-45 (43) - 8 
18 

2nd Superficial 
Lumbrical 
(-) 

8 35-85 (58) - - 18 



of cat hind limb muscles as established between 1963 and 1978. Muscle 

unit data from other cat muscles and from other mammals will be dis

cussed in the last section of this chapter. 

In Table 2 the muscles are ranked on the basis of the number 

of motor units of which they are composed. The number of motor units 

in a given muscle from cat to cat can vary from one animal to another, 

and the number reported in Table 2 is an average value based on data 

from Boyd and Davey (1968), Bessou et al. (1963), and Barker, Stacey 

and Adal (1970). When data from more than one study are available for 

a given muscle, they are listed in their chronological order. No 

attempt has been made in Table 2 to distinguish between twitch contrac

tion times based on time-to-peak tension in contrast to the time from 

EMG onset to peak tension. Furthermore, no distinction has been made 

between contraction times based on single or averaged muscle unit 

twitches or those preceded by a pre-conditioning tetanus. 

Problems associated with comparing data derived from different 

laboratories will be discussed in the Methods section. Disregarding 

these problems temporarily, the following generalizations can be made 

from Table 2. 

Conduction Velocity 

In general, there is a direct relationship between alpha axonal 

conduction velocity (axon diameter, Hursh 1939) and the number of motor 

units in the muscle. An exception is soleus which has, on the whole, 

slower conduction velocities than other muscles with a similar number 

of motor units. 



The range between the fastest and slowest alpha axonal conduc

tion velocities for each nerve to cat hind limb muscles is about two

fold. 

Contraction Time 

In general, there is a. tendency for muscle units of small 

muscles to have faster contraction times while the larger muscles have 

both fast and slow contracting units. This trend may represent a 

sampling problem with finding slower (generally smaller) units within 

the ventral roots in the smaller muscles. 

Irrespective of muscle size there is about a threefold range 

in contraction times for muscle units, with few exceptions. 

Tetanic Tension 

The muscle units of both large and small muscles ("size" accord

ing to mean number of motor units) show a tremendous range in force 

development. Force development ranges from about 273X (Bagust et al. 

1973) to about 1.6X (Bagust 197*0. Perhaps a more striking feature of 

muscle unit force development properties is that the range for the 

peroneus brevis units (a relatively small muscle) is 333X. This is 

larger than any of the ranges reported for units of the much larger MG 

muscle. 

Fatigue Index 

No data are available on fatigability of muscle units from 

muscles with less than 100 units. For larger muscles (with more than 

130 units) there is a wide range in fatigability from highly fatigable 

to fatigue resistant units within the same muscle. 



Taking all these generalizations into account, the one muscle 

that stands out as "atypical" in the cat hind limb is soleus. The con

duction velocities and contraction times of its units are slower and 

their peak tetanic forces are lower than units from muscles of similar 

size. Soleus units are also all non-fatigable. Nonetheless, sill the 

values reported for soleus units are common to at least some of the 

units of the other muscles. 

Development of Muscle Unit 
Classification Schemes 

Some of the earliest evidence of the existence of distinct 

muscle unit types is from the work of Denny-Brown (1929a). In a dis

cussion of the stretch reflex activity of extensor muscles, he referred 

to red muscle units as those most easily excited by afferent proprio

ceptive input and the pale units as those units which had a higher 

threshold to reflex activation. Both red and pale unit types were 

known to be present in a mixed muscle, the red units making up the 

deeper center portion of some muscles. The "red" and "pale" termi

nology is unfortunate because a "pale" muscle contains both "red" and 

"pale" units. The units of a mixed muscle which responded early to 

afferent reflex stimulation were thought to be fatigue resistant, since 

mixed muscle was difficult to fatigue with partial contractions when 

the blood supply was intact. Soleus units were found to have low cen

tral excitability and this muscle was found to contain only one fiber 

type histologically which was closely allied with slowness of contrac

tion (Denny-Brown 1929b). 
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Gordon and Holbourn (19̂ 9) found two types of muscle units with 

different speeds of contraction in the reflexly activated tibialis 

anterior muscle of the decerebrate cat. Muscle units from the pale 

surface of this muscle were relatively fast-contracting compared to the 

slower units in the redder deep and tibial surface (28.9 msec and 62.6 

msec time-to-peak tension, respectively). Muscle units of crureus, a 

red, slow-contracting muscle (Denny-Brown 1929b) also had slow times-

to-peak tension (60.9 msec, Gordon and Holbourn 19̂ 9)• The findings of 

Gordon and Holbourn were confirmed by Gordon and Phillips (19̂ 9» 1953)• 

In addition to having faster contraction times compared to the deep-

lying units of the red portion of tibialis posterior, the superficial 

units were found to have higher maximal firing frequencies, fusion 

frequencies and thresholds for excitation. 

Wuerker et al. (1965) found that the muscle units of cat MG, a 

histochemically mixed muscle composed of FG, FOG and SO fiber types 

(Ariano et al. 1973)» differ greatly in contraction times, suggesting 

that the units might be homogeneous with respect to fiber type. The 

presumed histochemical homogeneity of a muscle unit was thought to be 

due to a uniform neural control of the motoneuron on its muscle fibers 

during post-natal differentiation (Wuerker et al. 1965). Buller et al. 

(I960) have shown in cross-innervated kitten muscles that nerves con

trol muscle differentiation into fast- and slow-contracting types 

during post-natal development. As a result of this neural control, 

the functional neural properties of a motor unit match the physiologi

cal and histochemical properties of its constituent muscle fibers 

(for further review see Gutmann 1976). 



Wuerker et al. (1965) suggested that cat MG may contain three 

types of muscle unit (types A, B and C) which correspond to the type 

A, B and C histochemical muscle fiber types, respectively, described 

by Henneman and Olson (1965) for that muscle. Although the physio

logical properties overlapped to some extent from one unit type to 

another, Wuerker et al. (1965) separated the units into two types on 

the basis of tetanic force contraction time and axonal conduction 

velocity. Type A units had larger tetanic forces, faster contraction 

times and faster conduction velocities than type B units, which had 

properties similar to the units of soleus (McPhedran et al. 19&5)» A 

type C unit of MG was not identified functionally by Wuerker et al. 

(1965) but was thought to possibly be composed of the type C fiber of 

Henneman and Olson (1965)» 

Olson and Swett (1966) also found that units of cat FDL could 

be divided into a fast and slow group according to their contraction 

times. The fast-contracting units developed more force and were more 

susceptible to fatigue with repetative stimulation than slow units. 

It was suggested that fast contracting muscle units are composed of 

the large type A fibers described by Henneman and Olson (1965). The 

two types of red fibers (B and C of Henneman and Olson 1965) were 

thought to constitute the small slow-contracting FDL units and small 

fast-contracting FDL units, respectively, though the authors suggested 

that more direct proof of this hypothesis was needed. 

Close (1967) distinguished between three muscle unit types 

(referred to as fast, intermediate and slow) in rat hind limb muscles 

on the basis of differences in contraction time only. Soleus was 



composed of 10& intermediate and 9C$ slow muscle unit types and EDL was 

found to be virtually homogeneous, being composed almost entirely of 

fast muscle units. The estimated proportions of slow and intermediate 

muscle units of rat soleus (Close 1967) corresponded approximately to 

the relative proportions of type B and C fibers, respectively, of the 

same muscle reported by Stein and Padykula (1962). Edgerton and 

Simpson (1971) determined that EDL contained only 3»8̂  slow-contracting 

fibers which may explain the lack of representation of slow muscle 

units in Close's (1967) sample. Because of the similarity in percent

ages of muscle unit types and muscle fiber types, Close (1967) sug

gested that each muscle unit is made up of one fiber type. 

Burke (1967) also divided muscle units of cat gastrocnemius 

and soleus into groups based on their twitch contraction times. The 

type F (fast twitch) unit had contraction times less than 30 msec 

while type S (slow twitch) units had contraction times of ̂ +0 msec or 

longer. Type F units in general produced larger twitch tensions, had 

higher fusion frequencies, smaller tetanus:twitch ratios and faster 

axonal conduction velocities than S type units, although some overlap 

in these values was found. Gastrocnemius contained roughly a 3 to 1 

ratio of F to S muscle unit types. Soleus had only S units. No 

attempt was made to quantitate the fatigue characteristics of F and 

S units from either gastrocnemius or soleus. Type F muscle units were 

thought to correspond to the type A (or FG, Peter et al. 1972) fiber 

of Stein and Padykula (1962). Soleus type S units were thought to be 

composed of the type B (SO) fibers of Stein and Padykula (1962). It 

was proposed that the differences found between gastrocnemius and 
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soleus type S units might be a result of a combination of B and C fiber 

types as found in gastrocnemius by Henneman and Olson (1965). 

Type F muscle units of cat MG described by Burke (1967) were 

subsequently divided into two types based on their twitch force 

characteristics (Burke 1968). Type F units were those with contraction 

times less than 35 msec and twitch forces greater than 1.5 g. Type F* 

muscle units were also fast-contracting and had twitch forces less than 

1.5 g. Muscle units with contraction times longer than 35 msec were 

type S. No attempt was made to correlate these unit types with histo-

chemical fiber types. 

Lannergren and Smith (1966) found that individual muscle fibers 

of the toad iliofibularis could be divided into two fast-contracting 

types and one slow-contracting type. Of the two fast types, one type 

(see Lannergren and Smith 1966:Table II) was found to fatigue rapidly 

after 30 min of stimulation at 30 Hz. The second fast-contracting 

group consisted of fibers which were relatively resistant to fatigue. 

The slow fibers were also non-fatigable. These three fiber types are 

histochemically distinct with NADH-TR and SDH stains. 

Toad iliofibularis is organized such that fibers in the periph

eral zone are large, fast-contracting and rapidly fatiguing whereas in 

the central zone of this muscle there are fast, fatigue resistant 

fibers as well as slow, non-fatigable fibers. The two fast-contracting 

groups of muscle units of this muscle were thought to be histochemi

cally homogeneous since their contraction was localized in histo

chemically homogeneous portions of the muscle (Smith and Lannergren 

1968) and their physiological properties are sufficiently similar to 



those of individual histochemically identified single muscle fibers of 

the same muscle (Lannergren and Smith 1966). Although no direct evi

dence was available from their studies, Smith and Lannergren (1968) 

assumed that the slow, non-fatigable muscle unit was also histochemi

cally homogeneous. 

Edstrom and Kugelberg (1968) first depleted glycogen from 

muscle units of rat tibialis anterior. The units were found to be 

histochemically homogeneous and were called type A, B and C for the 

respective fiber types according to the Stein and Padykula (1962) 

nomenclature. The glycogen depletion procedure provided some of the 

first direct support of the tripartite muscle unit classification 

scheme that had been proposed by others (McPhedran et al. 1965; Wuerker 

et al. 1965; Henneman and Olson 1965; Olson and Swett 1966; Close 196?; 

Burke 1967). Muscle unit twitch contraction time, which had earlier 

been suggested as the distinguishing feature of different muscle unit 

types,was not considered by Edstrom and Kugelberg (1968) to be a 

generally valid criterion since it did not differentiate between muscle 

unit types of rat tibialis anterior. Burke, Levine, Tsairis et al. 

(1973) also noted that twitch contraction times between fast and slow 

units were continuous though the groups did not overlap. In the latter 

study, twitch contraction time was not used as a criterion for unit 

classification. In the Edstrom and Kugelberg (1968) work, muscle unit 

fatigability did bear a striking relationship to histochemical fiber 

type. The correlation between fiber type and susceptibility of the 

muscle unit to contractile fatigue (elicited by low-frequency stimula

tion at 2 to 10 Hz for 5 min) was stronger than the correlations 



between fiber type and fiber area, twitch tension of twitch contrac

tion time. 

Muscle unit fatigability was used as a criterion for estab

lishing muscle unit functional types by Olson and Swett (1971) in 

their attempt to classify units of cat MG. The post-tetanic repetetive 

activity (PTRA) and fatigue characteristics of muscle units could be 

used to separate three types of MG units which corresponded to the F, 

F* and S units described by Burke (1968) for the same muscle. Soleus 

motor units had been found to discharge repetetively in response to a 

single stimulus if previously stimulated at a high frequency (Standaert 

196*0. Olson and Swett (1971) found that about 20̂  of MG units studied 

also exhibit PTRA and these units had small tetanic forces, with slow 

contraction times, half-relaxation times and axonal conduction veloci

ties. These units are relatively resistant to fatigue after 50 sec of 

stimulation at 100 Hz. MG units which did not display PTRA were all 

fast-contracting and could be subdivided into two groups on the basis 

of force output and fatigability. One group of fast units was highly 

fatigable, producing almost no force after 30 sec of stimulation. 

These units as a group were the largest force-producing units. The 

second group of units was intermediate in size (force output) and in 

fatigability between the other fast group and the soleus-type MG units. 

The MG units with PTRA of Olson and Swett (1971) resembled the 

type S units described by Burke (1968). MG motor units which did not 

exhibit PTRA and which fatigued easily corresponded well to the F type 

muscle unit of Burke (1968) in contraction time and force output. The 

relatively non-fatigable fast MG units with no PTRA seemed to 



correspond to the F* unit of Burke (1968). The relationships of these 

three descriptive muscle unit types to their histochemical fiber types 

in cat MG were still inferred by indirect evidence. 

Burke, Levine, Zajac et al. (1971) directly demonstrated the 

correlation between a variety of physiological properties of cat gas

trocnemius muscle units and the histochemical profiles of their con

stituent fibers with the glycogen depletion procedure first introduced 

by Edstrom and Kugelberg (1968). A new muscle unit classification sys

tem emerged based on physiological tests described in the previous 

section. These tests include: (l) muscle unit twitch contraction 

time; (2) maximum tetanic tension; (3) profile of unfused tetanus (or 

"sag" test); and (4) fatigue test based on the ratio of force produced 

at two min of stimulation to initial force (progressive fatigue index). 

Burke, Levine, Zajac et al. (1971) described two types of fast-

contracting units far MG. The "FF," or fast-contracting, fast fatigue 

units had contraction times less than 55 msec, had the largest mean 

tetanic force of the three unit types, exhibited the "sag" phenomenon 

and had a fatigue index less than 0.25» Fibers of the FF unit were 

large in diameter with few capillaries, had high myofibrillar ATPase 

staining (pH 9.̂ ) and low NADH-TR and SDH histochemical activity. The 

second fast-type MG unit was the "FR" unit or fast-contracting, fatigue 

resistant unit. The FR unit also had a contraction time less than 55 

msec, was intermediate in tetanic force production, showed "sag" but 

had a fatigue index greater than 0.75« Histochemically, FR unit fibers 

were high in myofibrillar ATPase activity and in NADH-TR and SDH 

activity. The third type of MG unit, the type "S" unit, was 



slow-contracting (contraction time greater than 55 msec) and non-

fatigable (progressive fatigue index greater than 0.75)• This unit 

type generally produced the least tetanic force, of the three types, 

and did not "sag." Histochemically the S unit fibers were low in myo

fibrillar ATPase activity and high in NADH-TR and SDH activity. Both 

FR and S unit fibers were smellier in diameter than FF fibers and were 

richly supplied with capillaries. 

In the sample of 117 gastrocnemius muscle units (Burke, Levine, 

Zajac et al. 1971) three units were not classified. A more detailed 

report of these data appears in Burke, Levine, and Associates (1973)• 

The three unclassified units were fast-contracting units and demon

strated "sag" as did FF and FR units. Fatigue indices of these three 

units were between 0.25 and 0.75- The histochemical profile of one of 

the three unclassified units showed that it had staining characteris

tics intermediate between FF and FR unit types, with high myofibrillar 

ATPase activity and intermediate NADH-TR and SDH activity. The data 

suggest that although there are two general categories of muscle unit 

fatigabilities (highly fatigable with fatigue indices less than 0.25 

and relatively non-fatigable with fatigue indices greater than 0.75)« 

the presence of some unclassified units indicates that fatigability as 

an index of muscle unit function can form a continuum between muscle 

unit types (Burke, Levine, and Associates (1973)• 

Proske and Waite (197*0 found 8 of 7b (119») cat MG units had 

fatigue indices between 0.50 and 0.70. This might represent a con

tinuum in muscle unit fatigability from the FR to FF types. However, 

since these 8 units resembled FF units in other respects, the authors 
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modified the criteria for FF units to include all units with fatigue 

indices less than 0.70 rather than 0.25 as established by Burke, 

Levine, Zajac et al.(l97l) and Burke, Levine, and Associates (1973). 

Reinking et al. (1975) also reported a continuous distribution 

of fatigability over a two min period in cat MG muscle units subjected 

to the same fatigue test described by Burke, Levine, Zajac et al. 

(1971) and Burke, Levine, and Associates (1973)• Whether the progres

sive fatigue index described by Burke, Levine, Zajac et al. (1971) and 

Burke, Levine, and Associates (1973) or the cumulative force index 

(Reinking et al. 1975) was used, the distribution of unit types was 

the same. In attempting to establish a muscle unit classification 

scheme that both describes a given sample and has general applicability, 

Reinking et al. (1975) suggested that MG units be divided into fast and 

slow groups based on contraction times. By this scheme, muscle unit 

fatigability would not be considered a criterion for unit classifica

tion since it might vary depending on the previous exercise history of 

the animal. 

Classifying units solely on the basis of differences in twitch 

contraction time as suggested by Reinking et al. (1975) might be useful 

for specific samples of muscle units but would seem to lack general 

applicability. Discontinuities in contraction times are variable. For 

example, Wuerker et al. (1965) found a gap in contraction times between 

70 and 8̂  msec for cat MG units whereas Burke (1967) found a similar 

discontinuity between 30 and bO msec for units of the same muscle. In 

a later study of cat MG units (Burke, Levine, and Associates (1973)» 

twitch contraction times were continuous and this test was abandoned 



as a criterion for unit classification. Proske and V/aite (197*0 and 

Reinking et al. (1975) also saw a wide range in contraction times with 

no clear subdivision into groups. In light of these various findings, 

it would not seem useful in general to categorize units into fast or 

slow groups based on an arbitrary division in contraction times. Con

sideration of all the physiological parameters tested would seem to 

lead to a more generally applicable muscle unit classification scheme 

which would be operable both across species and within muscles of the 

same species. 

Use of a fatigue index as one criterion for unit classification 

would seem to be generally valuable though it is likely to be somewhat 

dependent on the history and prior care of the animals. Commenting on 

the discrepancy between the large number of intermediately fatigable 

units seen by Reinking et al. (1975) and the relatively small number 

seen by Burke, Levine, Zajac et al. (1971) and Burke, Levine, and Asso

ciates (1973)» Edgerton (1973) pointed out that the histochemical 

enzyme and substrate profiles show a wide range of activities (NADH-TR) 

among the fast-contracting fibers. The histochemical profiles reflect 

dynamic and fatigue properties of muscle and muscle units. These 

properties can change depending on the activity of the animal prior to 

the experiment. For example, endurance training results in a shift 

from FG to FOG fibers and greater resistance to fatigue in rats, guinea 

pigs and humans (Edgerton et al. 1969; Barnard et al. 1970; Gollnick, 

Armstrong, Saubert et al. 1972; Gollnick, Armstrong, Saltin et al. 

1973). The animals used by Burke and colleagues were caged for about 

six to eight weeks before the experiment whereas the animals used by 
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Reinking et al. (1975) were not confined for any significant period. 

The greater number of units with intermediate fatigability encountered 

by Reinking et al. (1975) (25& compared to 2.5̂  by Burke, Levine, 

and Associates 1973) may have reflected FF type units with increased 

resistance to fatigue due to lack of cage confinement. Other vari

ations in the percentage of units with intermediate fatigability have 

been reported. For example, Hammarberg and Kellerth (1975b) found 15& 

of cat triceps surae units had fatigue indices between 0.25 and 0.75. 

Of 139 fast motor units of TA and EDL, 32# were intermediate in fatig

ability between the FR and FF types (Goslow et al. 1977a). This con

trasts with the 8.8& of TA units and 9# of EDL units with intermediate 

fatigability reported by Dum (1978). 

Burke (1975) introduced the type F(int) (or FI, Goslow et al. 

1977a) motor unit as the class of muscle units with fatigability inter

mediate between FR and FF types. These units were formerly referred 

to as "unclassified" (Burke, Levine, Zajac et al. 1971; Burke, Levine, 

and Associates 1973). Burke's Figure 1 (1975) illustrates the presumed 

spectrum of muscle unit fatigability within the fast twitch population. 

While there is overlap of the boundaries of fatigability between FF, 

FI and FR units, the S group is quite narrow in range of fatigability. 

Although the categorization of the fast group of units into specific 

types on the basis of fatigability is useful in predicting other 

characteristics of the muscle units such as tetanic force, muscle 

fiber diameter or group la EPSP amplitude (see Burke 1975sFig. 1), 

these subgroups are probably not fixed. Conversion of muscle fiber 

types has been noted when muscles are subjected to such varying 
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conditions as electrical stimulation, tenotomy of synergists, denerva

tion of antagonists, limb immobilization and endurance exercise (re

viewed by McComas 1977)• Increased demands placed on a muscle may lead 

to increased fatigue resistance and be reflected in relatively more FI 

and FR units at the expense of the FF type (for review see McComas 

1977). 

The tetrapartite classification scheme (FF, FI, FR and S) 

appears to be useful for generally organizing properties of muscle 

units from different muscles despite the fact that distributions of 

these properties may vary in the same muscle from animal to animal of 

the same species. This classification scheme also has utility in com

paring data from different species as discussed in the last section of 

this Introduction. 

Representative Sampling of Muscle Units. Norris and Irwin 

(1961) suggested that the ventral root splitting technique might be 

selective for larger, less delicate axons supplying larger muscle units. 

Different tests have been employed to assure that the muscle units 

sampled by ventral root splitting are representative of the population 

of units comprising the test muscle. McPhedran et al. (1965)» for 

example, used three criteria to determine whether the 97 muscle units 

studied were representative of soleus units as a whole. First, the 

conduction velocities of alpha axons to soleus units measured by 

McPhedran et al. (1965) were compared to the measurements of axon 

diameter made by Eccles and Sherrington (1930) on motor fibers of cat 

soleus nerve, using a 1 ̂  of diameter to 6 m/sec of conduction velocity 



conversion factor (Hursh 1939). The range and distribution of the 

velocities and diameters were sufficiently alike to satisfy this cri

terion for representative sampling. This type of comparison has also 

been used in studies of muscle afferents to determine how representa

tive the samples were by Hunt (195*0 and Stuart et al. (1970). For 

both of these studies the conduction velocity distributions matched 

those of de-efferented axon diameters measured by Lloyd and Chang 

(19̂ 8) and the samples were therefore judged to be representative. For 

motor units, this criterion has also been used by Wuerker et al. (1965)» 

Olson and Swett (1966, 1971)» Burke (1967)» Mosher et al. (1972), 

Goslow et al.(1972), Burke, Levine, and Associates (1973)» Bagust 

et al. (1973)» Proske and Waite (197*01 Jami and Pettit (1975)i Binder 

et al. (1978) and Dum (1978). 

Although the conduction velocities measured probably repre

sented the entire range of fiber diameters for cat TA and EDL, the data 

reported by Goslow et al. (1977&» 1977b) for TA was weighted toward 

units with faster conduction velocities. Of the TA and EDL small 

(force) units sampled, most (83# TA and 97̂  EDL) were fast-twitch with 

contraction times less than ̂ 5 msec. This finding suggests a sample 

which may not be representative of the number of slow twitch TA and 

EDL units present since histochemical studies suggest that these two 

muscles possess a larger population of SO fibers (19# and 1*$ respec

tively, Ariano et al. 1973). 

The second test of the muscle unit sample of McPhedran et al. 

(1965) was a comparison of an average of their measured muscle unit 

tetanic forces to the average tetanic force determined by Eccles and 
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Sherrington (1930) for soleus by dividing whole muscle tetanic tension 

by the number of motor nerve fibers. After correcting the data to 

exclude gamma fibers from the motor fiber counts, the average value for 

tetanic force determined by the Eccles and Sherrington (1930) method 

was identical to the average muscle unit force measured by McPhedran 

et al. (1965)« Burke, Levine, and Associates (1973) also found for cat 

MG that the total average motor unit force developed by each unit type 

compared favorably with both their own measures of whole muscle tetanic 

force and with values reported by Eccles and Sherrington (1930) for 

animals of similar size. 

Comparison of muscle unit and whole muscle forces can be made 

in either of two ways: (1) the mean muscle unit force multiplied by 

the number of muscle units in the muscle can be compared to the whole 

muscle force; or (2) the percentage of units in the sample relative to 

the total number of units in the muscle can be compared to the per

centage of whole muscle tetanic force developed by the units sampled. 

By either method, the equality of the summed muscle unit forces and 

whole muscle force depends upon the assumption that individual unit 

forces sum linearly. It is known that muscle units have different 

optimal lengths for a maximum tetanic response and the whole muscle 

may have yet another optimal length (Lewis et al. 1972). Because of 

the differences in muscle unit Lo's, it seems unlikely that all of the 

units would produce their optimal force at whole muscle Lo, so that the 

sum of muscle unit forces at their Lo's would be greater than the whole 

muscle force. Though no firm conclusions have been drawn regarding 



this assumption, the data of Lewis et al. (1972) indicate that forces 

do sum approximately linearly. 

Other claims of unbiased unit sampling on the basis of favor

able comparison of muscle unit forces and whole muscle forces have been 

made by McPhedran et al. (1965), Wuerker et al. (1965)1 Olson and Swett 

(1966), Goslow et al. (1972) and Bagust et al. (1973). 

The third criterion used by McPhedran et al. (1965) for un

biased muscle unit sampling was an adequate comparison of contraction 

times of single muscle units with those of the whole muscle. They 

found the range of soleus twitch contraction times was within the range 

of contraction times for single soleus muscle units. Some conflicting 

reports of twitch contraction time have been presented for some muscles 

such as the cat intercostal muscle. Biscoe (1962) reported the time-

to-peak tension of internal and external intercostal muscles to be 33 

msec. Andersen and Sears (1964), recording from single or small groups 

of muscle units, found two distinct groups of units with mean contrac

tion times of 24.6 msec and 4-7.0 msec. Computer simulation of inter

costal muscle twitches (Biscoe and Taylor 1967) revealed the presence 

of two types of muscle units, fast and slow, which could be used to 

explain the apparent discrepancy between the findings of Biscoe (1962) 

and Andersen and Sears (1964). Cat tibialis anterior also consists of 

two distinct groups of muscle units which have little overlap in twitch 

contraction times (Gordon and Phillips 1953). In some muscles, how

ever, such as cat gastrocnemius (Wuerker et al. 1965) and 1st deep 

lumbrical (Bessou et al. 1963) the muscle unit twitch contraction times 

have a unimodal distribution. In general, the ranges of muscle unit 



contraction times are quite wide but mean unit contraction times for 

samples said to be unbiased are similar to whole muscle twitch con

traction times (McPhedran et al. 1965; Wuerker et al. 1965; Bagust 

et al. 1973; Hammarberg and Kellerth 1975b)• 

The three criteria of McPhedran et al. (1965) for determining 

whether or not their sample of soleus muscle units was representative 

of the whole population of units were also applied to studies of cat 

medial gastrocnemius (Wuerker et al. 1965)$ cat flexor digitorum longus 

(Olson and Swett 1966) and cat peroneus brevis, peroneus longus, soleus 

and tibialis anterior (Jami and Petit 1975)* 

Table 2 demonstrates that most of the available information on 

the range of muscle unit physiological properties in cat hind limb 

muscles is, for most cases, based on very limited sampling in each 

experiment. Some investigators have established criteria to determine 

if their muscle unit samples were representative of the muscle unit 

population of the muscle under study. With the constraints of time of 

viability of the animal preparation, it has been impossible to sample 

a very high percentage of muscle units from a large muscle in a single 

experiment. The largest samples reported from the larger cat hind limb 

muscles were those of Jami and Petit (1975) where they sampled per 

experiment an average of 19& of the motor units in tibialis anterior, 

about 25% of soleus units and about 30% of peroneus longus units. 

Bagust (197*0 sampled about 17& of soleus units per experiment. These 

studies, however, did not include a full array of muscle unit tests. 

Studies on some of the larger muscles did test several muscle unit 

parameters, but sample sizes were somewhat smaller, ranging from about 



2$> in MG (Olson and Swett 1971) to 12% in EDL (Goslow et al. 1977a, 

1977b). In all the muscles with fewer than 100 muscle units, an aver

age of over 239» of the units were studied in a single experiment® The 

largest sampling was from the small 1st deep lumbrical muscle where at 

least 6056 of its units were studied (Bessou et al. 1963). However, 

these studies did not include a full array of muscle unit tests. 

The importance of a large sample size of the muscle unit popu

lation was emphasized by Bagust (197*0 for the accurate demonstration 

of relationships between muscle unit neural and mechanical properties. 

McPhedran et al. (1965), for example, found that the correlation be

tween soleus muscle unit axonal conduction velocity and tetanic tension 

is stronger when the units are all from the same muscle and are 

examined under uniform conditions. Burke (1967) and Mosher et al. 

(1972) found no such correlation between conduction velocity and muscle 

unit maximal force. Bagust (197*0 suggested that the reason for dis

crepancies in the findings of Burke (1967) and Mosher et al. (1972) 

may have been that in the latter two studies, data were pooled from 

several different experiments involving relatively small muscle unit 

samples. Bagust (197*0 found a relationship between axonal conduction 

velocity and soleus muscle unit force similar to that found by 

McPhedran et al. (1965) when a large number of units were sampled from 

any one muscle. However, when data from small muscle unit samples 

from several experiments were pooled, these relationships were obscured, 

emphasizing the importance of an adequate sample size in a single 

muscle unit experiment. 
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Jarai and Petit (1975)» in a study of the relationship between 

axonal conduction velocity and tetanic tension of muscle units in cat 

hind limb muscles, utilized a method for obtaining representative 

samples of muscle units from a large muscle, tibialis anterior (200 

units, Boyd and Davey 1968). Because there are so many motor axons to 

this muscle represented in the Lg and ventral roots (Romanes 1951)» 

very fine splitting of the rootlets is required before a single axon 

to tibialis anterior is functionally isolated within a ventral root 

filament. Jami and Petit (1975) left only one of the two main branches 

of the muscle nerve intact. This method facilitated the isolation of 

single units because although a ventral root filament may have con

tained two axons to tibialis anterior, the chances that only one of 

them was intact were improved by halving the innervation at the level 

of the muscle. 

In small (.k to 10 motor units) and intermediate-sized muscles 

(50 to 100 motor units, Binder et al. 1978) of the cat hind limb, a 

larger percentage of the muscle's units can be studied in a given ani

mal if the units are isolated by ventral root splitting. Tibialis 

posterior (60 motor units, Boyd and Davey 1968) was examined in the 

present study partly because of the speed with which its units can be 

isolated in the ventral roots. 

In summary, a variety of evaluation procedures for muscle unit 

sampling adequacy have been developed. The ideal muscle unit study 

would involve sampling a large percentage of the muscle's units in each 

experiment which satisfy the following criteria: (1) axonal conduction 

velocities correspond to the range in alpha axon diameters related by a 
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conversion factor described by Hursh (1939); (2) the sum of the average 

muscle unit twitch and tetanic forces for the population correspond to 

the respective whole muscle forces; and (3) the mean muscle unit twitch 

contraction time corresponds to that of whole muscle. Thus far these 

criteria have been best met in muscles with relatively few muscle units 

(less than 100). 

Equivalency of Muscle Fibers, Muscle Units 
and Muscles Both Across and Within Species 

Muscle unit classification schemes such as the tetrapartite 

scheme described in the previous section may provide a "coarse grain" 

method for comparing muscle unit properties of muscles across and with

in species. A "finer grain" approach to muscle unit comparisons across 

and within the same species might reveal that units have properties 

which are related to unique functions of the individual muscles or of 

the animals themselves. However, there has been little effort made to 

relate the properties of muscle units to overall function of the muscle. 

The major limiting factor appears to be that with few notable excep

tions, very little is known about the specific action of muscles. 

Differences Between Synergists with 
Respect to Function, Structure and 
Histochemistry 

Soleus and medial gastrocnemius (MG) have attracted the atten

tion of many physiologists interested in muscle function, structure and 

histochemistry. These two muscles comprise two heads of the triceps 

surae muscle complex which act in parallel, both inserting on the 

Achilles tendon. MG is a unipennate muscle composed of three 



histochemical fiber types (Henneman and Olson 1965) and three muscle 

unit types (Burke 1968; Burke, Levine, Zajac et al. 1971; Burke, Levine, 

and Associates 1973)• In contrast to soleus, MG develops about twice 

as much force per unit weight, contracts rapidly and fatigues rapidly. 

Soleus, however, is composed of longer fibers arranged nearly 

parallel to the long axis of the muscle enabling this muscle to shorten 

relatively more than MG. The units of this muscle in the cat are all 

type S and are composed of the SO fiber type (Burke et al. 197*0• 

Soleus muscles of other mammals (guinea pig, rat, lesser bushbaby and 

slow loris) have substantially more SO fibers than the synergist gas

trocnemius (Ariano et al. 1973)• A similar relationship holds for 

soleus and gastrocnemius of the human (Johnson et al. 1973; Edgerton, 

Smith and Simpson 1975)-

Henneman and Olson (1965) suggested that the segregation of 

muscle unit properties in soleus and gastrocnemius reflected kinesio-

logical demands which could not be met by one muscle alone. Though the 

muscles are mechanically complementary, gastrocnemius provides the 

animal with power and speed for jumping and running whereas soleus may 

function more effectively throughout the full range of ankle extension 

in addition to its role as an anti-gravity or postural muscle (Henneman 

and Olson 1965; Edgerton .et al. 1975). 

Wetzel et al. (1973) challenged the concept of the division of 

labor between soleus and gastrocnemius proposed by Henneman and Olson 

(1965)- Overloading ankle extensors by denervation of synergists re

vealed that soleu6 and gastrocnemius have a great deal of intrinsic 

versatility and that both muscles share, somewhat, the tasks of power 



movements and postural support. In intact animals, however, the func

tions of these two muscles might be more distinct than in the situation 

where increased demand is imposed as in synergist denervation. 

Histochemical and physiological evidence has repeatedly sug

gested that the S type muscle units and constituent muscle fibers of 

soleus are not equivalent to S type units and fibers of fast-contracting 

muscles such as gastrocnemius. For example, Nystrom (1968b) found 

distinct differences between motor nerve terminals of soleus and gas

trocnemius muscle fibers of the adult cat. The soleus type of nerve 

ending was never found in the gastrocnemius. The S type muscle units 

of soleus have larger fibers than those of type S units of medial 

2 
gastrocnemius. SO fibers of soleus range from 3200 p (Henneman and 

2 
Olson 1965) to 4320 n (Burke et al. 197*0 in cross-sectional area com-

2 
pared to an average of 173*+ p for SO fibers of medial gastrocnemius 

(Burke and Tsairis 197*0. Similarly, Hammarberg (197*+) found soleus 

fiber diameters to be greater than SO fiber diameters of the fast-

contracting gastrocnemius and tibialis anterior though there was some 

overlap in values. Fiber diameter values from the latter study range 

from approximately 20 to 60 ji in gastrocnemius and 20 to 65 ju in 

tibialis anterior compared to to 90 fi in soleus. 

Several differences in histochemical staining patterns have 

been noted between SO fibers of soleus and those of fast-contracting, 

mixed muscles. Nystrom (1968a) found that cat soleus SO fibers showed 

an oxidative enzyme staining pattern which was slightly different from 

all three fiber types of gastrocnemius. While qualitatively similar 

in terms of a uniform, uninterrupted intermyofibrillar granular network, 
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the SO fibers of the lateral gastrocnemius had a more closely spaced 

granular network than soleus SO fibers which may indicate a smaller 

myofibrillar diameter in the SO fiber of gastrocnemius (Burke and 

Tsairis 197*0. 

Soleus SO fibers stain with intermediate intensity for ATPase 

with acid pre-incubation (pH 4.65) whereas gastrocnemius SO fibers 

stain quite intensely (Burke and Tsairis 197*0 • For myofibrillar 

ATPase activity (pH 9»*0 , soleus fibers stain more intensely than SO 

fibers of gastrocnemius (Nystrom 1968a; Burke and Tsairis 197*0. The 

relationship between myofibrillar ATPase staining intensity and muscle 

fiber contraction time may be a weak one since several studies have 

shown soleus fibers to stain uniformly for myofibrillar ATPase activity 

(Nystrom 1968a; Guth and Samaha 1969), yet a twofold range in muscle 

unit contraction times has been measured for cat soleus (McPhedran 

et al. 1965; Burke et al. 197*0 • Moreover, soleus units tend to have 

longer contraction times than S units of gastrocnemius (Burke et al. 

197*+; Hammarberg and Kellerth 1975b), yet the myofibrillar ATPase 

activity is qualitatively higher for soleus fibers than for SO fibers 

of gastrocnemius (Nystrom 1968a; Burke and Tsairis 197*0. Soleus units 

tend to have longer half-relaxation times and the afterhyperpolariza-

tion duration of their motoneuronal action potentials is greater than 

S units of gastrocnemius (Hammarberg and Kellerth 1975b). 

Soleus units have been found to discharge repetitively in re

sponse to single shocks immediately following a high-frequency tetanus 

by Standaert (1964) and Olson and Swett (1971) but not by Burke et al. 

(197*0. Type S units of medial gastrocnemius have also been found to 



display post-tetanic repetitive activity, but this repetitive dis

charge usually occurred only in response to the first three or four 

post-tetanic stimuli. Soleus units, however, show post-tetanic repeti

tive activity in response to 15 to 20 post-tetanic stimuli. Type S MG 

units also develop more force during the post-tetanic bursts than 

soleus units (Olson and Swett 1971)• This may correspond to post-

tetanic potentiation which is present in MG type S units (Burke, Levine, 

and Associates 1973) but absent in soleus units (Burke et al. 197*0 • 

Tetanic force of soleus units is, on the average, greater than that of 

S units of MG (10.5 - 6.9 g compared to 5.6 - 3.0 g, respectively, 

Burke, Levine, and Associates 1973; Burke et al. 197*0. 

Both within and across species, available evidence has sug

gested that the intrinsic force-producing capability (specific tension) 

does not differ markedly between fast and slow muscles when measured at 

either the whole muscle or the single fiber level (Close 1972; Schmidt-

Nielsen 1979). For example, Barany and Close (1971) found the specific 

tensions of rat soleus and extensor digitorum longus to be about 2.1 

2 
and 3.0 Kg/cm , respectively. Reports for specific tension of single 

2 
chemically skinned fibers include 1.4 Kg/cm for rat tibialis anterior 

2 fibers, 2.4 Kg/cm for rat gastrocnemius fibers (Sexton 1967) and 1.1 

p 
to 2.5 Kg/cm for both soleus and extensor digitorum longus fibers of 

the guinea pig (Takagi and Endo 1977)* 

2 
Whereas specific tension estimates of type FF (1.7 Kg/cm ) and 

2 
FR (2.9 Kg/cm , Burke and Tsairis 1973) muscle units are similar to 

values reported for whole muscle, specific tension values for type S 

muscle units of soleus and MG of the cat appear to be significantly 



different. Burke et al. (197*0 estimated specific tension values to be 

2 
between 1.7 and 2.3 Kg/cm for soleus units, while the type S units of 

2 gastrocnemius produced only 0.6 Kg/cm (Burke and Tsairis 1973). 

The existing anatomical, histochemical and physiological evi

dence suggests that the type S units of gastrocnemius and soleus are 

not completely equivalent. These two unit types appear to provide the 

parent muscles with unique capabilities. Since a variety of demands 

might be placed on the triceps surae from quiet standing to forceful 

ballistic movements as required in running and jumping, it would appear 

that the constituent muscles are quite distinct with widespread capaci

ties which are reflected in properties of their constituent muscle 

units. 

In addition to soleus and gastrocnemius, other synergists have 

been compared with respect to anatomical, histochemical and physio

logical properties of their fibers and muscle units, though none have 

been studied as thoroughly as the triceps surae group. 

Cat flexor hallucis longus (FHL) and flexor digitorum longus 

(FDL) muscle unit properties have been examined by Devanandan et al. 

(1965), Olson and Swett (1966) and Goslow et al. (1972). The nomen

clature for FHL and FDL were reversed in the Devanandan et al. (1965) 

report and are corrected below. They found that FHL units always pro

duced more force than FDL units for both a twitch and tetanic stimula

tion (FDL twitch = 6.6 g; tetanus = 23.8 g compared to FHL twitch = 

17.4 g; tetanus = 5̂ «9 g)• Contraction times of these units were not 

different. Olson and Swett (1966) determined average peak tetanic 

force of FHL and FDL units by dividing the whole muscle peak tetanic 



tension by the histological count of alpha axons. The force of FHL 

units was estimated to be 26 g compared to 15 g for FDL. These values 

are in agreement with those of Goslow et al. (1972) who found the mean 

FHL tetanic force to be 31 g compared to 10 g for FDL. 

Devanandan et al. (1965) suggested the differences found be

tween unit forces of FHL and FDL were related to control of movement. 

The smaller units as found in FDL would provide for finer control of 

movements than the larger FHL units. A potential division of labor 

was proposed for FHL and FDL by Goslow et al. (1972) such that the 

larger FHL units may be used both for forceful digit flexion as re

quired in locomotion and for phasic claw protrusion during fighting or 

capturing prey. The smaller units of FDL may be used primarily for 

sustained claw protrusion and for subtle adjustments of weight distri

bution during slow movements and standing. Unfortunately, no EMG data 

are available to support the proposed actions of these muscles. 

In addition to the FHL and FDL, other synergists in digit 

flexion include the plantaris and flexor digitorum brevis (FDB). 

Plantaris units developed considerably greater mean tetanic force than 

FDB units (62 g compared to 6 g, respectively, Goslow et al. 1972). 

In contrast to the in-parallel arrangement of FHL and FDL, plantaris 

and FDB form an in-series arrangement for digit flexion. Plantaris 

originates on the distal end of the femur and fascial aponeurosis of 

the medial surface of lateral gastrocnemius. FDB originates on the 

plantar surface of the foot. Both plantaris and FDB insert with a 

common tendon on the proximal end of the second phalanx of each of the 

four functional digits. Goslow et al. (1972) proposed a division of 
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labor for these two muscles based on force-producing capabilities of 

their muscle units. The plantaris may assist both the gastrocnemius in 

forceful, rapid ankle extensions and FHL in forceful digit flexion. 

The proposed function of FDB is that of making subtle adjustments in 

weight distribution during a stance, crouch or stalking posture to 

accommodate irregularities in terrain. Again, no EMG data are avail

able to support this suggestion. 

Muscle unit properties of tibialis anterior (TA) and extensor 

digitorum longus (EDL), synergists in ankle flexion, have been studied 

by Goslow et al. (1977a, 1977b, 1977c) and Ihim (1978). Both TA and EDL 

have muscle units with faster contraction times than gastrocnemius 

units. Goslow et al. (1977a, 1977b, 1977c) found that peak tetanic 

forces were about 30% lower for TA than for EDL units. Electromyo

graphic analysis of locomotion in the dog (Tokuriki 1973a, 1973b, 197*0 

showed that TA was moderately active during the fore-swing phase of 

walking and both TA and EDL were slightly active during the mid-swing 

phase. The activities of TA and EDL were negligible in the aft-swing 

phase. During trotting TA was markedly active during the fore-swing 

phase and EDL moderately active during the mid- and aft-swing phases. 

During the gallop, TA was most active in the fore-swing phase. Both 

TA and EDL were moderately active during the mid-swing phase. EDL was 

also moderately active during the aft-swing phase. TA and EDL became 

active during the aft-stance phase of the gallop but not the walk or 

trot, indicating that ankle flexion may be a more powerful movement 

during high speed locomotion. TA and EDL are relatively inactive dur

ing postural activities (Goslow et al„ 1977c). It was suggested that 
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TA functions to stabilize the ankle joint and enables the animal to 

make adjustments to perturbations encountered while moving over uneven 

terrain (Goslow et al. 1977c). Digit and ankle movements are accom

plished by EDL during stepping. The difference in force production be

tween TA and EDL units may reflect a demand for more precise adjustment 

of the ankle joint by EDL. 

A substantial population of units of TA and EDL had fatigue 

resistant properties. Dum (1978:Fig. 5) found about 60% of TA units 

had fatigue indices greater than 0.75. Goslow et al. (1977a* 1977c) 

report about kj% of both TA and EDL units studied were fatigue resis

tant. The relatively large percentage of fast-contracting, fatigue 

resistant units in these muscles may reflect demands of repetitive 

phasic activity during locomotion (Goslow et al. 1977c). 

The quadriceps muscles (rectus femoris, RF; vastus lateralis, 

VL; vastus medialis, VM; and vastus intermedius, VI) function together 

in knee extension. In the cat, the vastus intermedius is composed 

almost entirely of one fiber type (98̂  SO, Ariano et al. 1973). The 

other knee extensors have relatively few SO fibers (less than 27%). 

Cruralis, which is often considered to be part of vastus intermedius, 

(Botterman, Binder and Stuart 1978) has 83%> SO fibers (Ariano et al, 

1973) and a contraction time of.78 msec (Buller et al. i960). The 

arrangement of a slow muscle (VI or cruralis) and synergistic faster 

muscles (RF, VL and VM) is analogous to ankle and elbow extensors of 

the cat and is suggestive of a division of labor between these muscles. 

Soleus, vastus intermedius and anconeus have some features in 

common: (1) all are composed of at least 9C#> SO fibers; (2) all have 
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synergistic fast-contracting muscles; (3) all lie deep within the limb 

near the bone; (*0 none have a complex pinnate fiber architecture; and 

(5) all are single-joint muscles Collatos et al. 1977)• 

Cats have been observed to make more varied use of their fore-

limbs than of their hind limbs. For example, the forelimbs are used 

during non-postural activities such as grooming, eating and playing 

(Collatos et al. 1977) yet the forelimbs generally support over 50$ of 

the body weight (Manter 1938). The demands made upon the forelimbs are 

relatively similar to those made upon the hind limbs with respect to 

propulsion during locomotion and weight support (Smith, Betts and 

Edgerton 1976). Despite the greater versatility displayed by the fore

limbs, relatively few studies have been carried out on physiological 

and histochemical properties of forelimb muscles and muscle units. 

Flexor carpi radialis (FCR) and palmaris longus (PLM) are both 

wrist flexors with histochemical profiles indicating that they are 

mixed muscles. FCR in the cat contains approximately SO, 29̂  FOG 

and 3396 FG fibers compared to SO, 3C$ FOG and k% FG fibers of PLM 

(Gonyea and Bonde-Petersen 1978a). In cats trained to flex their 

wrists against varying loads, FCR was found to be active and PLM in

active when the load to be lifted was relatively light. PLM was re

cruited as the load to be lifted increased, and its EMG activity 

increased in response to increasingly larger resistances. With heavier 

loads, PLM was found to be an active wrist flexor and synergistic to 

the action of FCR (Gonyea and Bonde-Petersen 1978b). Muscle unit 

properties of these two muscles have yet to be studied but may provide 

an explanation for the observed functional differences. 



103 

Triceps and anconeus act together to produce elbow extension. 

Striking histochemical and physiological differences have been noted in 

these muscles (Collatos et al. 1977)• For example, the medial triceps 

(accessory and intermediate portions) and anconeus are composed of 8C$, 

87% and 100# SO fiber types, respectively, with whole muscle contrac

tion times longer than 60 msec. In contrast, the synergistic lateral 

head of the triceps (LTT) contains only 15$ SO fibers and is much 

faster-contracting (CT = 20 msec). The slower elbow extensors produce 

much less tetanic force than LTT. As was proposed by Henneman and 

Olson (1965) for soleus and medial gastrocnemius, the presence of 

widely different types of muscles such as anconeus and LTT, while both 

provide elbow extension, probably indicates that their roles may be some

what different. Postural and locomotor responsibilities of the elbow 

extensors may be divided between the fast and slower types of muscles 

in this group. 

The architecture and innervation of the dorsal muscles of the 

cat's neck are quite different from limb muscles (Richmond and Abrahams 

1975a). Some of these muscles are composed of both short and long 

fibers inserting on tendinous inscriptions. Histochemically, the pro

portion of FOG fibers is roughly constant from one neck muscle to the 

other while the relative proportions of SO and FG fibers can vary con

siderably with, in some instances, either SO or FG fibers comprising 

more than 50̂  of the muscle. Because of the arrangement of the muscle 

fibers, muscle receptors and histochemical composition, Richmond and 

Abrahams (1975a) have suggested that within each muscle there may be 

functional subunits which may be differentially activated in various 
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movements. The gross function of any particular neck muscle seems to 

be reflected in its histochemical composition. Splenius and rectus 

capitis major are predominately fast muscles, biventer cervicis and 

occipitoscapularis are predominantly slow muscles and complexus is 

intermediate. The slower biventer cervicis is a tonic muscle which 

supports the head, whereas the relatively faster splenius functions 

primarily in quick turning movements of the head (Richmond and Abrahams 

1975a). 

« 

Compartmentalized Muscles 

In addition to functional structural and histochemical compari

sons across muscles, some interesting comparisons can be made within 

certain muscles with respect to histochemistry and proposed function of 

grouped fibers. A variety of muscles from several different species 

have fiber type distributions which are not homogeneous throughout the 

muscle (Botterman et al. 1978). 

Some muscles are arranged, for example, such that deeper layers 

of evenly mixed fiber types are surrounded by a predominance of PG 

fibers on the surface. These muscles include guinea pig vastus 

lateralis (Gillespie, Simpson and Edgerton 1970; Maier, Simpson and 

Edgerton 1976), guinea pig medial gastrocnemius (Maier, Simpson and 

Edgerton 1976), cat medial gastrocnemius (Burke, Strick, Kanda et al. 

1977) and the dorsal muscles of the cat's neck including biventer 

cervicis, splenius, rectus capitis major and complexus (Richmond and 

Abrahams 1975a). Another arrangement of compartmentalized muscles 

features deep-lying oxidative fibers, especially SO and some FOG fibers, 
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surrounded by FG fibers. This distribution is seen in the toad ilio-

fibularis (Lannergren and Smith 1966), cat tibialis anterior (Gordon 

and Phillips 19̂ 9, 1953; Guth and Samaha 1969), rat tibialis anterior, 

plantaris and medial gastrocnemius (Yellin 1969), rat sternoraastoideus, 

cleidomastoideus and clavotrapezius (Grim 1972) and cat flexor carpi 

radialis (Gonyea and Ericson 1977)• Evidence suggests that rat 

temporalis and masseter also have this fiber arrangement (Hiiemae 197l)» 

Mammalian extraocular muscles are also compartmentalized, but in these 

muscles slower-contracting (20 to 27 msec contraction time) multiply-

innervated fibers are located in the outer layers surrounding deeper, 

faster-contracting (5 to 7 msec contraction time) fibers (Bach-y-Rita 

1971). Though a differentiation is made between "slow" and "fast" 

extraocular muscle fibers, both types would be considered fast-

contracting by standards of limb muscle contraction times. Avian extra

ocular muscle have a similar arrangement to mammalian extraocular 

muscles, and histochemically, avian muscle fibers have been found to 

stain darkly,.for myofibrillar ATPase activity indicating fast-twitch 

fiber characteristics (Maier, Eldred and Edgerton 1972). 

A close association is often found between muscle spindles and 

oxidative-type muscle fibers. In the histochemically homogeneous cat 

soleus (Swett and Eldred I960) and guinea pig soleus (Maier et al. 

1976) spindles are found throughout the muscle. In compartmentalized 

muscles, spindles have been found predominantly in regions of high con

centrations of FOG and SO fibers (Yellin 1969; Richmond and Abrahams 

1975b; Maier et al. 1976; Gonyea and Ericson 1977). The anatomical 

arrangement of spindles and muscle fibers suggests a functional 
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relationship. It has been proposed that spindles preferentially 

monitor the activity of the fibers that surround them, i.e., the more 

"oxidative" fibers (Botterman et al. 1978). This would imply finer 

control of movement produced by the lower force-generating type S and 

FR muscle units relative to the more powerful FF unit types. Gonyea 

and Ericson (1977) suggested that the more oxidative and glycolytic 

portions of a compartmentalized muscle might function independently of 

one another during execution of complex behavioral tasks. 

Functional, Histochemical, Anatomical 
and Muscle Unit Properties of Muscles 
from the Same and Different Species 

An extensive study of the anatomical arrangements of three 

ankle flexors (flexor hallucis longus, FHL; flexor digitorum longus, 

FDL; and tibialis posterior, TP) was made by Dobson (1882-1883) in ten 

orders of Mammalia. These three muscles are represented by homologues 

in most mammals. FHL is present in all with only slight modifications, 

but FDL and TP may vary considerably, or one or both may be absent. 

In general, every species of a family, if not of an order, possesses a 

similar arrangement of ankle flexor tendons. Either FDL and FHL ten

dons are fused in the foot or they are not, but the arrangement is 

nearly consistent within an order. Three orders have no TP at all 

(Dobson 1882-1883). 

In addition to anatomical comparisons of muscles across species, 

several histochemical comparisons of muscles have been made. Muscles 

of 21 vertebrate species (Ogata and Mori 1964a) and 12 invertebrate 

species (Ogata and Mori 1964b) have been examined histochemically for 
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oxidative enzyme activity (e.g., SDH and NADH-TR). Among the inverte

brates only one or two fiber types could be discerned (Ogata and Mori 

1964b). Among the vertebrates (Ogata and Mori 1964b), three histo-

chemical fiber types could first be distinguished in fish muscle with 

increasingly obvious differentiation in amphibian and reptile muscles. 

Among the avian species, chicken muscle was composed of three fiber 

types, but pigeon and lovebird muscles were made up of only two fiber 

types. Differences were also noted in breast and leg muscles between 

birds of flight and non-flying birds. Birds of flight (e.g., the 

pigeon and lovebird) have more oxidative breast muscle and white-type 

leg muscle whereas the chicken has white breast muscle and red, more 

oxidative-type leg muscle. Ogata and Mori (1964a) suggested that the 

more oxidative-type muscle functions in indispensable physical activi

ties. In all mixed mammalian muscles studied except whale, three 

distinct fiber types were seen. 

Ariano et al. (1973) determined fiber populations of hind limb 

muscles from five mammalian species including guinea pig, rat, cat, 

lesser bushbaby and slow loris. In general, most of the muscles 

studied were composed of the three histochemical fiber types K3, FOG 

and SO. A few notable exceptions were found, however, For example, 

in the cat, caudofemoralis, tensor fascia latae and pectineus were 

largely composed of type FG fibers (91$, 85$ and 79$, respectively). 

Cruralis, vastus intermedius and soleus were found to contain 83$, 98$ 

and 100%,respectively, type SO fibers. 

The findings of Ogata and Mori (1964a) for vertebrate muscles 

and Ariano et al. (1973) for mammalian hind limb muscles demonstrate 
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that histochemical fiber type classification schemes have general 

utility though occasional exceptions in muscles of some species have 

been found. 

Gauthier and Padykula (1966) compared cytological features of 

the diaphragm in J>6 mammalian species. Though this muscle has a simi

lar function in all species, a definite trend in functional activity 

with respect to fiber type was found. Red or FOG-type fibers are 

common in small mammals with characteristically high respiratory rates 

and metabolic activities. In the diaphragms of large mammals with 

relatively low metabolic and respiratory rates the larger white or FG 

fiber type predominates. The relationship between fiber type and meta

bolic activity appears to be a function of body size. 

V/ithin the same muscle of the same species, muscle fibers of 

the same histochemical type may differ with respect to fiber size. 

Brooke and Engel (1969) found in the human that muscles biopsied from 

males had consistently larger fiber diameters than those from females 

for all fiber types. Across species, sizes of the different fiber 

types also may vary. Gauthier and Padykula (1966) found that smaller 

mammals have relatively smaller fibers in the diaphragm compared to 

larger mammals. In many animal species the FG fiber has the largest 

diameter and FOG and SO fibers are smaller with one of the latter often 

larger than the other depending on the species (Close 1972). Brooke 

and Kaiser (1970) have shown in human muscles that the FG fiber is 

smaller than FOG and SO fibers. 

Some interesting species differences have been reported between 

histochemical and muscle unit properties of the same muscle. For the 
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jaw closing muscles, the cat temporalis has only 2% type SO fibers com

pared to kO)o for human temporalis. Cat masseter is composed of 10$6 SO 

fibers compared to 9 to 55̂  in the human (Taylor 1976). Contraction 

times of cat temporalis and masseter are fast (13.1 and 11.msec, 

respectively) in accord with a majority of FOG and FG fiber types in 

these muscles. Single muscle units of cat temporalis were studied by 

the spike-triggered averaging technique described by Buchthal and 

Schmalbruch (1969, 1970) and Stein et al. (1972). A small tonic 

stretch reflex elicited twitches which were small in amplitude and 

relatively slow in contraction time, indicating the presence of slow 

units despite their scant representation in fiber population. Larger 

stretches applied to the muscle cause recruitment of larger, faster-

contracting muscle units. In the human temporalis, low force-producing 

units are recruited before more powerful units but, in contrast to cat 

temporalis units, the low force units of the human tend to have slower 

contraction times than larger force-producing units (Yemm 1976). The 

size of FOG and FG fibers in human jaw muscles has been correlated with 

maximum bite force (Ringqvist 1973). These fiber types are smaller in 

subjects with ill-fitting dentures, indicating that discomfort may pre

vent large bite forces, leading to some disuse atrophy. It has been 

suggested that some of the differences noted between cat and human jaw 

muscles may be due to a more tonic postural regulatory role in man 

than in the cat (Taylor 1976). 

Another inter-species comparison of muscle unit properties and 

muscle function can be made for ankle extensors of the striped skunk 

and the cat. Muscle units of soleus, plantaris and medial and lateral 
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Graaff et al. 1977) and histochemically (Frederick et al. 1978). His-

tochemical examination of these four muscles reveals no FG fibers at 

all and varying proportions of FOG and SO fibers except for soleus 

which was 10C$ SO (Van de Graaff et al. 1977). In accord with the 

whole muscle histochemical findings, muscle units of these muscles all 

had slow contraction times with almost no units faster than 30 msec. 

All the units were characterized by high fatigue resistance. Single 

skunk units depleted of glycogen were histochemically uniform (Frederick 

et al. 1978) as has been found for cat (Burke, Levine, Zajac et al. 

1971; Burke and Tsairis 1973) and rat muscle units (Edstrom and Kugel-

berg 1968; Brandstater and Lambert 1969). Cat MG, LG and plantaris 

muscles are more heterogeneous than skunk muscles with respect to his

tochemical fiber types and muscle unit types (Burke, Levine, and Asso

ciates 1973; Burke and Tsairis 1973; Goslow et al. 1972; Reinking et al. 

1975). 

Although physiological properties of their muscle units have 

not been evaluated, the semitendinosis, gastrocnemius, tibialis 

cranialis and extensor digitorum longus of the dog are similar to the 

skunk plantaris and gastrocnemius in that these muscles have no FG 

fibers, but are composed of FOG and SO fibers in varying proportions 

(Maxwell et al. 1977). 

Consideration of the behavioral and locomotor patterns of the 

striped skunk reveals a possible teleological explanation for the 

observed muscle unit and histochemical properties of the ankle exten

sors. First, the foraging habits of the skunk cause the animal to be 



Ill 

moving continuously throughout the night, which might explain the 

oxidative nature and fatigue resistant properties of the units studied 

(Van de Graaff et al. 1977)• Secondly, skunks, though capable of a slow 

gallop, rarely use that gait, using instead slow, deliberate walking 

movements and occasionally cantering for short distances (Verts 19̂ 7)• 

Armstrong et al. (1976) have found that SO and FOG fibers are used 

primarily in walking and trotting. FG fibers are used significantly 

during high speed locomotion. The skunk ankle extensors have no FG 

fibers which may partially explain the adaptation of this animal to 

movements of slower speed. 

In summary, correlations between histochemical and physiologi

cal properties are strong enough that the development of histochemical 

and muscle unit classification schemes have been generally useful both 

across species and for muscles within the same species. "Finer-grain" 

inspection of muscle unit properties may be possible within the clas

sification scheme and can certainly be achieved by glycogen depletion 

studies which permit the evaluation of both physiological and histo

chemical features of individual units. Examination of synergist and 

non-synergist muscles in the same and different species and compart

mentalized muscles has revealed that muscle units of these muscles can 

be classified into one of four types. The division of muscle units 

into groups serves to facilitate description of the parent muscle and 

provides a convenient method of comparing features of the muscles whose 

muscle units have been studied. Classifying muscle units according to 

the tetrapartite scheme appears to result in little loss of information 

regarding the potential unique characteristics a muscle may possess. 
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While differences in muscle structure and histochemical properties 

occur within species as with synergists and compartmentalized muscles, 

and across species, these can be accounted for teleologically by unique 

functional characteristics of these muscles. 

Rationale for the Present Study 

To test the general utility of the tetrapartite classification 

scheme, tibialis posterior (TP) was chosen as the muscle of study. TP 

is similar to most of the other cat hind limb muscles in which muscle 

unit properties have been examined (e.g., MG, FDL, FHL, TA, EDL, FDB) 

in that its fibers are histochemically mixed. TP offers the dual 

advantage that: (1) it is an intermediate- rather than large-sized 

muscle composed of approximately 60 motor units (Boyd and Davey 1968); 

and (2) its efferent axons are distributed over three spinal roots 

(Lg to Ŝ , Romanes 1951)• Because of the relatively small size of the 

muscle and the arrangement of its motoneurons in the spinal cord, 

single alpha axons can rapidly be isolated which permits representative 

sampling of its muscle units during the course of an experiment. Neuro-

mechanical properties of TP muscle units can be compared to the distri

bution of histochemical properties of fibers in the same muscles used 

for the physiological measurements. 

Single shock stimulation of individual nerves to cat hind limb 

muscles in an otherwise passive limb revealed that TP is the only 

inverter of the cat's foot. Contrary to the role described for TP by 

Crouch (1969:119), it would appear that TP plays a minimal role as an 

ankle extensor. The unique action of TP challenges the utility of the 
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tetrapartite muscle unit classification scheme as its function is dif

ferent from that of the muscles which have been previously analyzed. 

The hypothesis that the tetrapartite classification scheme has 

quite general applicability to cat hind limb muscles can be tested by 

use of standard but exacting electrophysiological procedures combined 

with a variety of on-line signal averaging and computer processing pro

cedures and certain standard histochemical procedures. 

Testing the possibility that the tetrapartite scheme brings out 

both general and distinctive features of the different unit types re

quires a series of direct and indirect calculations that can be com

pared to similar calculations made in another laboratory (Burke 1979b) 

for the units of other cat hind limb muscles that have been classified 

in similar fashion. Of these, MG and FDL were chosen because, in addi

tion to TP, all three muscles are located in the posterior compartment 

of the lower leg, but they differ widely in size and action. 



CHAPTER 2 

METHODS 

Myology 

Figure B-l in Appendix B shows the anatomical positions and 

projection plans of TP, FDL and MG. TP is an ankle inverter lying 

along the dorsal surface of the hind limb between the flexor digitorum 

longus and flexor hallucis longus. Its origins are along the caudal 

surface of the tibia and medial surface of the head of the fibula. The 

muscle tapers distally into a long tendon which inserts into the 

scaphoid and middle cuneiform of the foot (Crouch 1969:119)• 

Dissection of a formalin-fixed muscle from a cat in the size 

range of those used in these studies (3 Kg) reveals a somewhat complex 

architecture for this slender bipennate muscle. As shown in Figure 1 

the fibers extend from a central flat intramuscular tendon which runs 

almost the entire length of the muscle. They project at approximately 

20 to 45° angles from the line of pull (and force development) of the 

muscle and connect into broad aponeuroses of origin which cover the 

anterior and posterior surfaces of the muscle. Muscle fiber lengths 

in the ̂ +8 mm long muscle (excluding tendon of insertion) shown in 

Figure 1 range from approximately 6®0 to 10.5 mm, the shorter muscle 

fibers being at the more rostral end. Under gross dissection, the 

fibers appear to run from aponeurosis of origin to aponeuroses of 

nA 
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Figure 1. Fiber angulation of left tibialis posterior. — The approxi
mate angles at which fibers project from the line of force 
development of TP are shown. The total number of muscle 
fibers from this muscle in a 3 Kg cat (N = 25*376, rounded 
off to 25*500) were determined from histochemical cross-
sections made at 8, 19, 31, ̂ 2, 52, 67 and 83̂  of the whole 
muscle length from the rostral tip. These sections contain 
few, if any, fibers which overlap in the other sections. 
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insertion as has been shown in many mammalian striated muscles (Denny-

Brown 1929b; Chin, Cope and Pang 1962). 

Based on the geometry of this muscle, histochemical cross-

sections taken at approximately 8, 19, 31» 2̂, 52, 67 and 83̂  of the 

whole muscle length from the rostral tip contain few, if any, muscle 

fibers that overlap in other sections. The total number of muscle 

fibers counted in these seven sections for a TP muscle from a 3 Kg cat 

was 25i376, rounded off in the present study to 25,500. 

Test muscles were freed of excess connective tissue, blotted 

dry and weighed. Weights of MG and FDL were also determined by the 

same procedure from cats within the size range of those used in the 

present studies. Weights of TP, FDL and MG are compared in Table B-l 

of Appendix B which also contains several other parameters that reflect 

whole muscle "size." 

Physiological Procedures 

After three preliminary experiments that focused largely on the 

length-tension properties of tibialis posterior and'its muscle units 

(N = 50), data for the present report were derived from six experiments 

on 2.7 to 3»5 Kg non-cage reared adult cats. Figure 2 shows the ex

perimental arrangement. 

Animal Preparation 

Cats were anesthetized with a short-acting barbiturate 

(Thiamylal Sodium, Surital, Parke-Davis, 25 mg/Kg i.v.) and after 

tracheal intubation, were maintained on a mixture of halothane and 75$ 

nitrous oxide and 25% oxygen. This gaseous anesthesia mixture waB 



Figure 2. Experimental arrangement and procedures. 

In a limb denervated but for the test muscle, single muscle 
units were activated by single or repetitive electrical 
square wave (-n.) shocks (0.1 msec duration) applied to 
functionally isolated alpha axons at the ventral root level. 
The multi-unit muscle nerve recording (V) served as the 
input to a signal averager triggered by the ventral root 
stimulus train. The averaged action potential extracted 
from the muscle nerve recording served as proof of func
tional muscle unit isolation. Axonal conduction velocity 
of the motor unit was determined on the basis of conduction 
delay and nerve length from the ventral root electrode to 
the muscle nerve electrode. EMG activity of single muscle 
units was recorded through a monopolar electrode connected 
to an AC-coupled amplifier. Muscle unit and whole muscle 
force were measured by a strain ring attached to the tendon 
by a low-compliance dacron line. Whole muscle length was 
adjusted for generation of the whole muscle length-twitch 
tension curve (stimulation via the muscle nerve electrode) 
or muscle unit length- tetanus and twitch tension curves 
(stimulation via the ventral root electrode). 
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Figure 2. Experimental arrangement and procedures. 
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controlled precisely by use of open-circuit artificial ventilation 

adjusted to maintain end-expired CÔ  at During surgery and the 

subsequent mounting in a Goteborg-type frame, the concentration of 

halothane in the inspired air was set at 1.0 to 2.C0». This concentra

tion was lowered to 0.5 to l.Cflj for the subsequent recording period. 

Penicillin and dihydrostreptomycin (Combiotic, Pfizer, lcc) were given 

routinely, as was a continuous intravenous infusion of buffered physio

logical saline with 5̂  dextrose. In some cases intravenous dextran was 

given to compensate for blood loss. The intention was to secure a 

preparation in a constant deeply anesthetized state with a blood pres

sure of 100 to 120 mm Hg. Only rarely was it necessary to add any 

metaraminol bitartrate (Aramine, Merck, Sharp and Dohme Co., Inc.) to 

maintain this level. 

The lumbosacral cord was exposed by laminectomy and the left 

side dorsal and ventral roots Lg to cut away from the spinal cord. 

Nerves of the tail root, left hip and hind limb were cut except for 

that to TP which was prepared for stimulation or recording in-continuity 

by suspension over a monopolar silver spring electrode. 

The animal was fixed to a rigid Goteborg-type frame by clamps 

supporting the spinal column at T̂ , and Ŝ . The left knee was 

flexed in a 130° position and the left foot was removed to facilitate 

attachment of the TP tendon to the strain ring. Mineral oil pools 

were formed at the cord and at the leg. Blood pressure was monitored 

continuously, and rectal temperature and leg pool temperature were 

separately controlled at 37 - 1°C. The cord pool temperature stabil

ized at 35°C. 
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Preparation of Ventral Root Filaments 

Single motor units were isolated for study by dissection of 

ventral root filaments containing functionally isolated single alpha 

axons to TP using the technique originally described by McPhedran 

et al. (1965). The search for TP alpha axons among the ventral roots 

was facilitated by first cutting away those of the Lg to ventral 

roots which produced no TP twitch force when stimulated. The "active" 

filaments (often limited to L̂ ) were then divided into approximately 

30 "natural" subdivisions which were splayed out over a saline-soaked 

black cloth at the base of the spinal oil pool. A monopolar stainless 

steel electrode was used for anodal stimulation (0-1) msec shocks) of 

the ventral root filaments with the cathode consisting of a stainless 

steel electrode in the back muscles (see p. ̂ 8 of Chapter 1). 

EMG Recording 

Recording of the whole muscle and single muscle unit EMG was 

obtained by the use of a fine, flexible steel needle (8 mm long and 

1̂ 0 p. thick with a 28 p tip) which was thrust through the mid-portion 

of the muscle in a caudal-rostral direction along a central flat ten

don which runs the length of the muscle. The monopolar EMG and muscle 

nerve electrodes were referred to indifferent needle electrodes in the 

denervated adjacent musculature. 

Measurement of Active and Passive 
Muscle Tension 

During preliminary experiments, procedures described by 

Reinking et al. (1975) for measuring the length-tension properties of 
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stituent muscle units (twitch forces to less than 1 g) were applied to 

TP. The muscle was attached to the strain gauge system by a 8 cm 

length of flexible dacron line (0.75 mm thick, compliance less than 

0.5 ju/Kg/cm) that had previously proved valuable for a variety of 

studies on other cat hind limb muscles including soleus and TA (Mosher 

et al. 1972), FHL and FDL (Goslow et al. 1972), MG (Reinking et al. 

1975; Stephens and Stuart 1975a, 1975b) and TA and EDL (Goslow et al. 

1977a, 1977b, 1977c). The dacron line was tied to TP just caudal to 

the interface between the most distal muscle fibers and the common 

tendon of insertion. The forces produced by TP were unusually large 

for a muscle of its small size (fiber length approximately 6.0 to 

10.5 mm) and weight (679 to 977 mg in cats weighing from 2.7 to 3.5 Kg). 

As a result, the measurement of peak tetanic tension at optimal whole 

muscle length often resulted in either slippage of the knot or stretch

ing and tearing of the tendon. Sufficient data was accumulated in 

in these preliminary experiments to convince us that for the range of 

cat weights used, the peak tetanic tension of TP was from 2 to 3 Kg 

and that, as in MG (Stephens and Stuart 1975a, 1975b)» the optimal 

whole muscle length for peak tetanic tension was identical to that for 

peak muscle twitch. On the basis of these findings, the determination 

of whole muscle Lo for the present experiments was based on the twitch 

rather than peak tetanic tension measurements. 

In order to measure whole muscle isometric forces up to 3«5 Kg, 

a single strain ring was used with a total compliance of 10 ji/Kg with 

an overall "noise level" equivalent to 3 g rms. Whole muscle passive 
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forces were measured using a more sensitive single strain ring. A 

"track and hold" back-off circuit (Reinking and Stephens 1975) was 

used to remove the passive tension signal and allow subsequent high 

amplification of the small signals associated with muscle unit con

tractions. With this arrangement, whole muscle passive tension could 

be measured up to 700 g and the overall "noise" of the system for 

measuring muscle unit forces was equivalent to 30 mg rms. 

Despite testing from 23 to 339* of the total TP muscle unit popu

lation in a 15 to 21 hr recording period and completing each of the 

tests with a fatiguing procedure, it was not necessary to reject any of 

the individual muscle unit data on the basis of preparation "deterio

ration." The peak whole muscle twitch force developed by these muscles 

at the end of each experiment was approximately 70?o of that at the be

ginning. Furthermore, the peak tetanic force of individual muscle 

units measured in the first hour of each recording period did not 

differ from those measured in the last hour of recording. 

Isolation of Single Motor Units 

Single muscle units were isolated for study by dissection of 

ventral root filaments containing single functionally isolated alpha 

axons to TP using the technique originally described by McPhedran 

et al. (1965) and further refined by Bagust et al. (1973)- The fastest 

and most unequivocal method of isolating a single muscle unit involves 

graded anodal stimulation of divided ventral root filaments until an 

all-or-none EMG and twitch profile are observed up to 1QJC threshold 
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stimulation of the test filament. The ventral root filament was stimu

lated with 32 single 0.1 msec shocks delivered at 1/sec. An averaging 

computer (Nicolet 1072, Nicolet Instrument Corp., Madison, Wisconsin) 

triggered by the ventral root stimulus, was used to extract a single 

action potential associated with the active isolated muscle unit axon 

from the multi-unit muscle nerve record. Filaments were rejected un

less this unitary spike waveform could be elicited. This averaging 

procedure not only verifies unitary conditions (Fig. A-l in Appendix A) 

and provides a rapid measurement of axonal conduction velocity, but 

further is of particular value for achieving representative sampling 

in that it permits the unequivocal conclusion that a given ventral root 

filament contains an axon supplying the muscle. 

Experimental Procedures 

All mechanical property data from TP muscle units were col

lected, stored and partially analyzed on-line by use of a PIP 8/e 

laboratory computer (Digital Equipment Corp., Maynard, Mass.). Further 

analysis of these data were performed off-line using the same computer. 

At the start of each experiment the whole muscle length-tension 

curve for twitch was generated followed by measurement of whole muscle 

twitch force with muscle length set at whole muscle twitch Lo. Twitch 

force was based on an average of five twitches at 1/10 sec. After 

these measurements had been completed, successive muscle units were 

isolated for study and subjected to a series of tests as described 

below. At the end of the experiment, the whole muscle length-twitch 

tension curve was repeated. 
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For each muscle unit the sequence of tests was: (1) generation 

of a length tension curve to determine the unit's twitch and tetanus 

Lo; (2) measurement of average (non-potentiated) twitch force and con

traction time; (3) determination of potentiated twitch force and con

traction time; (4) profile of an unfused tetanus (the "sag" test of 

Burke, Levine, Zajac et al. 1971; Burke, Levine, and Associates 1973); 

and (5) estimation of fatigability. These muscle unit tests consumed 

approximately 15 min for each unit and the total number of units tested 

were 20, 18, 16, 19i l̂ f and 16 for the six muscle unit experiments, 

respectively. 

Length-Tension Curve 

In most cases measurements were made in 0.5 mm steps ranging 

from -̂ .0 mm to +1.5 mm relative to the parent whole muscle twitch ten

sion Lo. Muscle units with relatively fast twitch contraction times 

(CT) (< k3 msec) were stimulated at 1.5X threshold at 200 pps for 250 

msec. Units with twitch CT's longer than k5 msec were stimulated at 

100 pps for 800 msec. At each muscle length the muscle unit's tetanic 

force was measured followed 2 sec later by the twitch. The procedures 

were repeated 15 sec later at the next length setting. 

Average Twitch Force and Contraction 
Time 

V/ith the muscle length set at the muscle unit's twitch Lo, the 

unit was stimulated with single shocks (0.1 msec duration, 1.5X thresh

old) delivered at 1/10 sec. The average force of five of these 

twitches was determined and contraction time was measured from the iso

electric point of the EMG signal to the peak of the twitch. 
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Contraction Time of the Potentiated 
Twitch 

In this test, muscle length was also set at the muscle unit's 

twitch Lo. Faster-contracting muscle units were stimulated at 200 pps 

for 600 msec. Two sec later a supramaximal twitch was generated. 

This procedure was repeated at 10 sec intervals until the forces of 

three successive twitches were within of each other. For slower-

contracting units, the tetanus was elicited by 100 pps stimulation for 

1.5 sec. Twitch CT was measured as for the averaged twitches above. 

Profile of Unfused Tetanus 
(The "Sag" Test) 

In this test, muscle length was set at the muscle unit's 

tetanus Lo. Units were stimulated repetitively with interstimulus 

interval at 125̂  of the potentiated twitch contraction time. Train 

duration was 600 msec for units with CT faster than k5 msec and 1.5 

sec for units with CT longer than **5 msec. 

Fatigue Test 

For this final test, muscle length was set at the muscle unit's 

tetanus Lo. Units were stimulated at ̂ 0 pps for 330 msec at 1 sec 

intervals. This procedure was continued for k min. 

Following completion of measurement of mechanical properties, 

the muscle was removed for histochemical analysis and the animal was 

sacrificed by intravenous injection of MgSÔ . The conduction distance 

was measured by placing a suture thread along the course of the nerve 

from the ventral root electrode to the muscle nerve electrode. 



125 

Histochemical Procedures 

The experimental muscle was cleared of connective tissue, 

blotted dry and weighed, A block of tissue approximately 8 mm thick 

was cut from the belly of the muscle, mounted on freezing chucks coated 

with Ames OCT Compound (Miles Laboratories, Maperville, 111.). The 

muscle was frozen in 2-methylbutane cooled to -160°C in liquid nitrogen 

and stored in closed containers for 1 to k days at -60°C prior to sec

tioning. 

Serial sections (10 ji) from each muscle were cut in a cryostat 

at -20°C and dried at room temperature for 30 to 120 min. The sections 

were stained for NADH-TR activity and myofibrillar ATPase activity 

(pH 9»*0 according to the techniques outlined by Dubowitz and Brooke 

(1973)• NADH-TR sections were mounted in glycerine jelly and ATPase 

in Permount (Fisher Scientific Co., Fail Lawn, N.J,). Details of the 

histochemical procedures appear in Appendix C. 

The muscle cross-section was reconstructed from several photo

micrographs taken from microscope slides and enlarged 75X. Muscle 

fibers were classified as fast glycolytic (FG), fast oxidative-

glycolytic (FOG) or slow oxidative (SO) according to the histochemical 

classification scheme of Peter et al. (1972). A fourth fiber type 

(called FI), similar to the type 2 fiber of Hammarberg (197*0 and 

intermediate fiber of Gauthier and Lowey (1977)i was also identified. 

Cross-sectional areas of 25 fibers of each of the four types 

from each of six experimental muscles were measured by planimetry from 

camera lucida drawings of NADH-TR-stained sections cut in approxi

mately true cross-section and magnified 800X. 
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Normalization Procedures 

To test for distinctive features of the properties of muscle 

units in a given muscle, it was of value to compare these properties to 

those of units of other muscles of the same species as tested in the 

same and other laboratories. As explained above (see Table 2), there 

have been 2b reports since 1963 on the properties of muscle units in 

l'f cat hind limb muscles. However, of these reports, only 8 (Burke, 

Levine, and Associates 1973; Burke, Levine, and Associates 197̂ ; Proske 

and Waite 197̂ ; Reinking et al. 1975; Hammarberg and Kellerth 1975b; 

Goslow et al. 1977a, 1977c; Dum 1978) invite detailed comparison to the 

present sample of tibialis posterior units in that some or all of the 

tests developed by Burke and his colleagues (Burke, Levine, Zajac 

et al. 1971; see also Lannergren and Smith 1966) were used to subdivide 

the units into type S, FR, FF and sometimes FI sub-categories (see also 

Burke 1968; Olson and Swett 1971). A variety of further factors differ 

sufficiently in each study to complicate the comparison of muscle unit 

data both within and across laboratories. These include animal size 

and prior history, temperature of the test muscle and the muscle length 

at which muscle unit properties were tested. 

Animal and Muscle Size 

To reduce scatter related to animal and muscle size and weight, 

Close (1967) introduced a normalizing procedure whereby muscle unit 

forces in rat soleus and EDL were expressed as a percentage of whole 

muscle tetanic force. This procedure has been used in several subse

quent reports (Bagust et al. 1973; Proske and Waite 197̂ ; Bagust 197̂ ; 
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Reinking et al. 1975; Goslow et al. 1977a, 1977b, 1977c). This pro

cedure appears justified if the total scatter of muscle unit tensions 

is substantially reduced by normalizing. This is revealed to some 

extent by comparing the total scatter of absolute and normalized values 

for the total sample of muscle unit forces, but a more quantitative 

comparison would be of the coefficient of variation (S.D./mean) of the 

total sample. Only Bagust (197*0 has supplied these figures, and for 

102 soleus muscle units from 17 cats, the absolute (0.40) and normal

ized (0.39) coefficients of variation were virtually identical. How

ever, cat weights in that study were intentionally quite restricted 

(2.1 - 0.2 Kg). In an earlier report from the same laboratory on 85 

muscle units from 19 1.75 to 3.0 Kg cats (Bagust et al. 1973)* normal

ization may have reduced the coefficient of variation because total 

scatter was reduced one-third (from 815 mN/3 mN to 3.896/0.02*$). In 

re-examining data from the Reinking et al. (1975) study on 126 MG motor 

units from twelve 3.0 to 5.1 Kg cats and the Goslow et al. (1977a, 

1977b, 1977c) study on 68 TA units from four 2.9 to 3.5 Kg cats and 8l 

units from EDL from seven 3.0 to 5.5 Kg cats,v there was strikingly 

little difference in coefficients of variation for absolute (A) as 

compared to normalized (N) force values (MG: O.69 A, 0.61 N; TA: 0.90 

A, O.78 N; EDL: 0.66 A, O.85 N). For the present sample of 10̂  units 

from six 2.7 to 3«5 Kg cats, forces could only be expressed in absolute 

values because a measure of peak tetanic force was not available (see 

above). The coefficient of variation was not reduced, however, by 

normalizing to whole muscle twitch force nor to muscle weight (679 to 

977 mg), which should also provide a method of normalizing across 
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experiments (see, for example, Table 1 in Reinking et al. 1975). In 

summary, while it is intuitively attractive to normalize forces to peak 

whole muscle tetanic tension, the data base to justify this procedure 

is far from complete, at least for healthy adult cats in the 2.5 to 5«5 

Kg weight range. 

Prior History 

The possibility of prior history affecting the fatigability of 

muscle units has been raised in several recent reports (Edgerton et al. 

1969; Barnard et al. 1970; Burke 1975; Reinking et al. 1975; Goslow 

et al. 1977a» 1977b, 1977c), albeit indirectly. For the present study 

the cats were caged only 3 to 8 days prior to the experiment and were 

similar in all respects to previous samples from this laboratory (e.g., 

Reinking et al. 1975; Goslow et al. 1977a, 1977b, 1977c). 

Muscle Temperature 

In this and previous studies from this laboratory (Reinking 

et al. 1975; Goslow et al. 1972; Mosher et al. 1972), muscle tempera

ture was controlled at 37 - 1°C. This level was probably higher than 

that at many other laboratories and could account for the generally 

faster twitch contraction times reported from this laboratory, par

ticularly for type S units. Comparison of data from other laboratories 

is, however, possible by assuming that the for muscles between 30 

and kO°C is 1.55 (Gordon and Phillips 1953). 

Length-Tension 

A more difficult comparison across laboratories is absolute 

muscle and muscle unit twitch and tetanic forces when measured either 
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at some fixed passive whole muscle tension, which is largely dependent 

on the extent of extramuscular connective tissue left intact (Banus and 

Zetlin 1938; Houk, Singer and Henneman 1971)* or when measured at each 

muscle unit*s optimal length for twitch and tetanus. As initially re

ported by Bagust et al. (1973) and subsequently confirmed by Stephens 

et al. (1975)t single muscle units can vary widely in their whole 

muscle optimal length. Because of whole muscle series elasticity, 

twitch and tetanus length optima for single muscle units tend to be 

shorter than these optima for the whole muscle (Stephens et al. 1975)• 

This suggests that in many previous reports from this and other labora

tories, the maximum forces which muscle units are capable of developing 

have not been measured. Figure A-2 in Appendix A illustrates, for 

example, the extent of the potential error for cat tibialis posterior 

muscle units from both preliminary length tension studies (N = 50 units) 

and glycogen depletion studies (N = 12 units, unpublished data) and the 

present sample of 10̂  units. Figure A-2A shows the distribution of 

muscle unit optimum lengths for peak tetanus with reference to whole 

muscle twitch Lo. For the total of 166 muscle units, Lo ranged from 

-3.5 mm to +2.0 mm (X - S.D. = -1.65 - 1.02 mm), with 128 values be

tween - 3 and -1 mm and only 5 units with tetanus Lo longer than whole 

muscle Lo. For 83 of these units with an Lo relatively close to whole 

muscle Lo (-3*0 mm to +2.0 mm, x - S.D. = 1.10 i O.87 mm) tetanic force 

was also measured at whole muscle twitch Lo. As shown in Figure A-2B, 

the percent of force developed at whole muscle twitch Lo relative to 

muscle unit peak tetanic force ranged from k0.25o to lOCP/o (mean 82,7% 

- 12.3%). For the remaining 83 units the percent reduction in force 
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must have been considerably greater (at least reducing to C$0 because 

the Lo for this sample was further from whole muscle twitch Lo (-3.5 mm 

to -0.5 mm, x - S.D. = -2.2 - O.85 mm) than the sample shown in Figure 

A-2B. In the 83 units not shown in Figure A-2B muscle unit forces were 

not measured at whole muscle twitch Lo because the peak of the length-

tension curve was reached at a shorter muscle length and the test was 

stopped. For the total sample of 166 units, the mean percent reduction 

in force at whole muscle twitch Lo was probably much lower than 80̂  

since the forces ranged from about 0 to 100% of their maximum value 

when measured at whole muscle twitch Lo. These data emphasize both the 

importance of measuring muscle unit forces at their optimal whole 

muscle length for twitch and tetanus and the difficulty of comparing 

absolute force data across laboratories unless this issue was specifi

cally addressed. 

On the basis of these various issues, it would appear that the 

safest approach to comparing muscle unit properties across muscles in 

studies from the same or different laboratories is to limit the com

parisons to those in which the tripartite classification scheme has 

been used. Furthermore, rather than comparing absolute values of the 

various mechanical properties, a comparison of the ratio of these 

different values for the different motor unit types (e.g., mean tetanic 

tension for FF/mean tetanic tension for S or FR units, etc.) avoids 

many of the complicated issues discussed above while still offering 

the possibility of bringing out certain distinctive features of the 

muscle unit population of a given muscle. 



CHAPTER 3 

RESULTS 

The neuromechanical properties used to classify the muscle 

units of TP into four types are presented in detail in the Results sec

tion of Appendix A along with a histochemical analysis of the TP muscle. 

In Appendix B, the properties of TP units and muscle fibers are com

pared with equivalent data from another laboratory on the FDL and MG 

muscles. 

The physiological and histochemical approaches used to classify 

units of TP into types FF, FI, FR and S categories can be summarized as 

follows. 

1* The sample of TP units studied (N = 10*0 is probably represen

tative of the TP unit population considering: (a) the large sample 

size per experiment (23-33$> of the units were sampled per animal); and 

(b) the normal distribution of axonal conduction velocities (Fig. A-3) 

which is statistically comparable to that for TP motor axon diameters 

reported by Boyd and Davey (1968) and by Boyd (personal communication 

1978). 

2. TP muscle units were found to have a narrow range of muscle 

lengths at which maximum force could be elicited, emphasizing the 

importance of testing units at their Lo for twitch and tetanus (Fig. 

A-2). 
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3. Of the 1CA units tested, 93 could be unambiguously classified 

on the basis of their fatigability, "sag" susceptibility, mean tetanic 

force output and potentiated twitch contraction time (Table A-l). 

k. Ten of the units studied had one classification parameter which 

was considered aberrant, but these units could be classified on the 

basis of three of the four classification parameters (Table A-2). 

5. One unit was considered to have truly aberrant properties and 

defied classification by the criteria used to classify the other units. 

This unit was excluded from the data base (Table A-2). 

6. Both cumulative and progressive fatigue indices divided muscle 

units into types FF, FI and FR-S categories (Fig. A-5). There was 

relatively little overlap in fatigue indices among the units of these 

categories (Fig. A-11A). 

7. Five unfused tetanus profiles were identified for the standard

ized "sag" test (Fig. A-8), three which "sagged" and two which did not. 

This test divided the "non-fatigable" units into type FR ("sagging") 

and type S ("non-sagging") units. Each of the four unit types showed, 

in general, one or two "sag" profiles. Type FR units had either the 

type 1 or 2 "sag" profile ; type FI units showed type 1 "sag" (with one 

FI unit in the type 2 category); type FF units showed type 2 or 3 

"sag" (with one unit in the type 1 category). All unambiguously clas

sified type S units showed "non-sagging" type 4 or 5 profiles. 

8. TP was found to have many low force-producing units and had a 

few large units (Fig. A-'fC). Mean tetanic forces for FF, FI, FR and 

S units were 109.9 g» 6̂.0 g, 30.6 g and 9.6 g, respectively (Table 

A-l). Mean tetanic force for the total sample (N = 103 units) was 
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7̂.3 £• There was limited overlap in tetanic force values among the 

unit types (Fig. A-11B). 

9. Units could not be separated on the basis of potentiated twitch 

contraction time because of considerable overlap in this parameter from 

one unit type to another (Table A-l, Fig. A-11C). This finding further 

emphasized the utility of the "sag" test for distinguishing type FR 

from type S units. 

10. Muscle fibers of TP could be classified into four types on the 

basis of their histochemical staining reaction for NADH-TR and myo

fibrillar ATPase at pH These fiber types include the FG, FOG and 

SO categories described by Peter et al. (1972) and a fourth fiber type, 

called FI. The FI fiber was intermediate in staining intensity and 

distribution of the NADH-TR reaction product between the FG and FOG 

fiber types (Fig. A-12). The FI fiber was, however, smaller in diam

eter than the FOG fiber. 

11. A significant (P<0.01) correlation was found between the per

centage of unit types and the percentage of corresponding fiber types, 

assuming the FI muscle unit is made up of FI fibers (Table A-3). 

General and distinctive features of the muscle units of TP are 

described in Appendix B in relation to the properties of two other 

histochemically mixed hind limb muscles (FDL and MG) with "size" and 

functions different from those of TP. In the comparison of properties 

of units of these three muscles, the FI unit is omitted as a single 

category since it has a small representation in each muscle. The 

general features of the units of these muscles drawn from comparisons 

made in the present study are summarized below. 
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1. Based on the number of muscle units in each muscle, the number 

of muscle fibers in each muscle, the percentage of muscle fibers of 

each type and the percentage of muscle units of each type, estimates 

of innervation ratios were calculated for each unit type and were not 

significantly different for the different unit types (Table B-3). 

2. Mean twitch contraction times are similar for type F units but 

slower for type S units in all three muscles (Table B-3). 

3. The FF units contribute 70-7k% of the cumulative force output 

of each of the three muscles. The contribution to cumulative force by 

FR and S units varies widely from muscle to muscle (Table B-3)• 

Unit type correlates with constituent fiber type representation, 

especially for TP and MG (r = 0.92, P<0.01). 

5. Mean fiber cross-sectional area increases in the order S (SO), 

FR (FOG) and FF (FG) for all three muscles (Table B-3). For TP, the 

FI fiber is similar in size to the SO fiber and smaller than the FOG 

fiber (Fig. B-2). 

6. Type FF and FR units produce 2.k to 6.7 times more force per 

cross-sectional area than type S units. 

Distinctive features of the units of TP, FDL and MG are found 

in properties related more to force generation than to contraction 

time. These features are summarized below. 

1. Both TP and MG, which operate on the ankle joint, have units 

in each category which produce more absolute force than the units of 

FDL, which operates on the digits and claws. TP and MG units have 

similar force-producing capabilities. 
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2. Specific tension values of TP are greater for each unit type 

than corresponding unit values of FDL and MG with the exception of the 

FR units of TP and FDL which have similar values. 

3. Inter-unit ratio comparisons of mean force and mean force per 

unit cross-sectional area (Table B-4) emphasize the similarities in 

force-producing capabilities between the "smallest" and "largest" 

muscle of the comparison (TP and MG, respectively), in contrast to the 

lesser force-producing capabilities of FDL. 

k. TP has an unusually high percentage of non-fatigable type S 

units (k2%>) which contribute only 8.5̂  of the cumulative force. In 

FDL, 56.3% of its units are type FR that contribute 23.3̂  of the cumu

lative force, but over 95% of the "non-fatigable" force. 



CHAPTER k 

DISCUSSION 

A detailed discussion of the classification of TP muscle units 

is included in Appendix A. This is summarized below. 

1. The distributions of mechanical properties in a representative 

sample of TP units are compatible with the tetrapartite classification 

scheme proposed by Burke (1978, 1979b) for MG. This scheme is also 

applicable to units of TA and EDL (Dum 1978) and to FDL (Dum et al. 

1978), suggesting its generality for mammalian muscle composed of FG, 

FI, FOG and SO fibers. 

2. Glycogen depletion studies (manuscript in preparation) revealed 

that the FF, FR and S units of TP are composed of FG, FOG and SO 

fibers, respectively. No glycogen depletion data are available on the 

FI units of TP to determine if they are composed of the FI fibers 

identified in this muscle, a correlation suggested by the finding that 

the unit and fiber type are present in approximately equal proportions. 

3. The percentage of FI units in the same muscle of the cat hind 

limb has been found to vary from one laboratory to another, and this 

percentage may relate to prior exercise history of the animals or to 

other as yet unexplored factors such as animal weight and muscle 

"size." 

4. The findings that: (a) the FI unit has properties intermediate 

between the FF and FR unit; and (b) the FI fiber is intermediate in 
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staining intensity between the FG and FOG fiber suggest that the FI 

unit is composed of FI fibers. 

5. Of the four muscle unit mechanical properties used for type 

classification, the fatigue index (progressive or cumulative) and 

"sag" susceptibility together were the most valuable. While fatigue 

is an important parameter with respect to muscle unit and whole muscle 

function, the significance of the unfused tetanus profile ("sag") has 

not yet been addressed. Since natural movements involve, in part, 

unfused tetanic muscle unit contractions, the "sag" phenomenon may be 

just as fundamental to muscle mechanics as the more traditionally 

studied properties of fatigue, force output and contraction time. 

Appendix B contains a detailed discussion demonstrating the 

utility of Burke's classification scheme for bringing out general and 

distinctive features of TP as well as FDL and MG. Discussion of 

general features of TP, FDL and MG emphasized that: 

1. Mean twitch contraction times tend to be slower in "larger" 

muscles and range in contraction times is broader in "larger" than 

"smaller" muscles (see also Table 2). Contraction time appears to be 

slower in muscles with longer fibers. 

2. Absolute force output of the different unit types increases in 

the order S, FR and FF in all three muscles, and the magnitude of force 

output appears to be related to muscle function more than to muscle 

"size" (see below). 

3. The finding that innervation ratios are not statistically dif

ferent for the different unit types of TP may be due to compounding of 

errors in the determination of percentage of unit types based on only 
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six experiments. Direct determination of innervation ratios in MG 

supports the indirect estimates (Burke and Tsairis 1973) and suggests 

that type FF units have more fibers than FR and S units. If FF units 

do, in fact, have larger innervation ratios than the other unit types, 

then this and the overlap in conduction velocities between all unit 

types in TP would contradict the assumption (Olson, Carpenter and 

Henneman 1968; Knott, Lewis and Luck 1971) that larger innervating 

axons divide in the muscle to innervate more muscle fibers (Burke and 

Tsairis 1973; Burke 1979b). 

k. Although specific tension is much smaller for type S units in 

each of the three muscles, there is, to date, no electron microscopic 

or biochemical evidence indicating a difference in amount or activity 

of contractile proteins making up the fibers of type F and S units. 

5. The finding for all three muscles that FF units account for 

70-7̂  of the total force available from the muscle indicates the ex

tent to which these muscles are designed for powerful, fast contrac

tions. 

Discussion of the distinctive features of the different unit 

types of TP, FDL and MG emphasized that: 

1. Specific tension output of the FF and S units of TP was mark

edly greater than that of corresponding unit types in MG and FDL. The 

estimated specific tension value of TP's type FF units is at the upper 

end of the values thought feasible for mammalian musculature. The 

value for TP's type S units, while over twice that of type S units of 

FDL and MG, is similar to the specific tension value reported for 
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soleus type S units. The difference in type F and S unit specific 

tension should invite more biophysical examination. 

2. Distinctive features of TP, FDL and MG appear to be revealed 

in the relative representation of "non-fatigable" type S and FR units 

with regard to the contribution of these unit types to cumulative force 

output of the muscle and presumed muscle function. In particular, TP 

was calculated to have 42# type S units contributing only 8.6# of the 

total cumulative force, whereas FDL is composed of 56.3$ type FR units 

which contribute 95# of the "non-fatigable" unit cumulative force. 

3. The findings of large force-producing units of TP as well as 

many small type S units indicate both a powerful locomotor function 

(providing ankle stability during jumping and landing) as well as a 

postural role for this muscle. The large number of FR units in FDL 

indicate requirements of phasic contractions of moderate force and low 

fatigability. The detailed kinesiology required to confirm the pro

posed functions of these muscles is not yet available. 



APPENDIX A 

A MANUSCRIPT ON THE CLASSIFICATION OF 
TIBIALIS POSTERIOR MUSCLE UNITS 

Introduction 

Glycogen depletion studies on the cat ankle extensor, medial 

gastrocnemius (MG), by Burke and his collaborators indicate that the 

muscle fibers of a single muscle unit have quite similar histochemical 

profiles and that the mechanical properties of the muscle unit are 

consistent with these histochemical properties (Burke, Levine, Zajac 

et al. 1971; Burke, Levine, and Associates 1973; Burke and Tsairis 

1973)» As a result of these studies, MG was initially said to have 

three distinct muscle unit types: FF, for fast-contracting, rapidly 

fatiguing units; FR, for fast-contracting, fatigue resistant units; 

and S, for slow-contracting, fatigue resistant units. Units displaying 

histochemical and fatigability properties intermediate between those of 

FF and FR units were also encountered in these studies (see also Proske 

and Waite 197̂ ; Reinking et al. 1975; and Hammarberg and Kellerth 

1975b)» and they have been subsequently designated F(Int.) by Burke 

(1975) and FI by Goslow et al. (1977a)• 

More recent studies have suggested that Burke's tri- or tetra-

partite classification scheme is appropriate for three other muscles 

of the cat hind limb: the ankle flexors, tibialis anterior (TA) and 
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extensor digitorum longus (EDL, Dura 1978) and the digit flexor, flexor 

digitorum longus (FDL, Dum et al. 1978). 

Although the experimental protocol used in glycogen depletion 

studies (one unit/muscle) does not permit representative sampling among 

a muscle's total unit population, the mechanical properties of Burke's 

glycogen depleted MG units (Burke, Levine, and Associates 1973; Buike and 

Tsairis 1973) are all comparable to those reported for a larger sample 

of MG units that have been tested in his laboratory in a variety of 

studies (reviewed in Burke 1978, 1979b). 

The results of these studies suggest that the tetrapartite 

classification scheme might have quite general applicability to the 

muscle units of cat hind limb muscles. As a further test, we have 

examined another heterogeneous muscle of the cat hind limb. Our 

approach involved selecting a muscle which would permit representative 

sampling of its muscle unit population within a single experiment, and 

then comparing the mechanical properties of these units to the histo-

chemical and structural properties of muscle fibers in the same muscles. 

These experiments were supplemented by another series utilizing the 

glycogen depletion procedure (manuscript in preparation). 

As a test muscle, we selected the cat ankle inverter, tibialis 

posterior (TP) which offered the advantages of having only approxi

mately 60 motor units (Boyd and Davey 1968) and having its efferent 

axons distributed over a sufficiently broad spinal root level (1)4 seg

ments, Romanes 1951) that single alpha axons could be functionally 

isolated much more rapidly than in larger muscles. These features 

enabled us to analyze neuromechanical properties of from 23 to 33% 



of the total unit population before preparing the muscle for histo-

chemical analysis. 

In the present paper, evidence is presented that strongly sup

ports the validity of the tetrapartite classification scheme for the 

muscle units of cat tibialis posterior. In Appendix B, certain general 

and distinctive features of the units of this muscle to those of FDL 

and MG are compared. Further properties of the present sample of units 

will be described elsewhere (manuscript in preparation). 

Methods 

Physiological Procedures 

After three preliminary experiments that focused largely on the 

length-tension properties of tibialis posterior and its muscle units 

(N = 50), data for the present report were derived from six experiments 

on 2.7 to 3.5 Kg non-cage reared adult cats. Most of the electro

physiological techniques have been described in previous reports from 

this laboratory (Reinking et al. 1975; Binder et al. 1978) including a 

review of their historical development (Chapter 1). The present 

account emphasizes only those modifications of previously-explained 

techniques that are of particular importance for achieving a representa

tive sampling of muscle unit properties during each of the experiments. 

Isolation of Single Muscle Units. Single alpha motor axons 

innervating TP muscle units were functionally isolated by dissection 

of ventral root filaments using the technique originally described by 

McPhedran et al. (1965) and further refined by Bagust et al. (1973)• 
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A monopolar stainless steel electrode was used for anodal stimulation 

(0.1 msec shocks) of the ventral root filaments with the cathode con

sisting of a stainless steel electrode buried in the back muscles. The 

search for TP alpha axons among the ventral roots was facilitated by 

first cutting away those of the Lg to ventral roots which, when 

stimulated, produced no TP twitch force. The "active" filaments (often 

limited to L̂ ) were then divided into 30 natural subdivisions which 

were splayed out over a saline-soaked black cloth for color contrast 

at the base of the spinal mineral oil pool. Filaments were teased from 

their natural subdivisions. Functional isolation of a single motor 

unit axon was ascertained on the basis of an all-or-none EMG and twitch 

tension being produced by up to 10X threshold stimulation of the test 

filament. Filaments were rejected and further subdivided unless a 

unitary spike waveform emerged from the stimulus-triggered average of 

the multi-unit muscle nerve recording (Binder et al. 1978). This aver

aging procedure verifies unitary conditions (Fig. A-l) and provides a 

rapid measurement of axonal conduction velocity. Moreover, this tech

nique provides an unequivocal indication of whether or not a given 

ventral root filament contains an axon supplying the muscle, a critical 

factor in establishing a representative sample of a muscle's unit 

population. 

Experimental Procedures. At the start of each experiment the 

whole muscle length-tension curve for twitch was generated. Single 

muscle units were then isolated for study and subjected to a series of 

well-established and fully-described tests (Burke, Levine, and 



Figure A-l. Testing for single motor unit axons. 

A shows the output of a signal averager when the input is 
a multi-unit TP muscle nerve recording and the trigger is 
single shocks delivered to small groups of ventral root 
filaments. The upper trace shows a double-peak action 
potential waveform indicative of two motor units being 
activated simultaneously. The stimulated filaments were 
subsequently subdivided into two groupings and each of 
these were stimulated to reveal single peak average wave
forms (lower two traces) indicative of functional separa
tion of the two motor unit axons. 13 compares, for the 
same experiment, the amplitude of a large (219.8 g) (upper 
trace) and small (3.5 g) (lower trace) motor unit muscle 
nerve averaged waveform. Both traces are at the same 
gain. C_ shows that a single motor unit's muscle nerve 
average retains its unitary waveform both before (upper 
trace) and after (lower trace) a 12-15 rain series of 
muscle unit tests. Subtle changes in the tv/o waveforms 
are attributable to changes in the positioning in the 
muscle nerve electrode relative to the mineral oil-saline 
interface. The large negative-going deflections (onset 
indicated by arrows) in the C_ and upper 13 traces is a 
volume-conducted EMG signal as proven by its: (1) simul
taneous appearance with the muscle unit's EMG; and (2) 
disappearance when the nerve is dissected free of the 
muscle. 
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Figure A-1. Testing for single motor unit axonso 
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Associates 1973; Reinking et al. 1975» see Chapter 2) including: (1) 

generation of a length-tension curve for both twitch and tetanus; (2) 

determination of non-potentiated twitch force and contraction time 

(CT) based on the average of five twitches; (3) estimation of poten

tiated twitch CT and force; (k) profile of an unfused tetanus ("sag" 

test); and (5) estimation of fatigability. These muscle unit tests 

consumed approximately 15 min for each unit and the total number of 

units tested were 20, 18, 16, 19, 1'+, and 16, for the six muscle unit 

experiments, respectively. At the end of each experiment, the whole 

muscle twitch length-tension curve was repeated. Before the animal 

was sacrificed, the muscle was removed, trimmed of its tendon and con

nective tissues, weighed and frozen for histochemical analysis. 

Although the experiments required 15 to 21-hour recording 

periods, it was not cecessary to reject any of the individual muscle 

unit data on the basis of preparation "deterioration." The peak whole 

muscle twitch force developed by these muscles at the end of each ex

periment was approximately 70% of that at the beginning, despite the 

fact that 23 to 33% of the muscles' units had been subjected to fatigue 

tests. Furthermore, the peak tetanic force of individual muscle units 

measured in the first hour of each recording period did not differ from 

forces measured in the last hour of recording. 

Significance of the Length-Tension Relationships. On the basis 

of published data from various laboratories, it has been shown that it 

is not particularly valuable to normalize muscle unit force as a per

centage of the whole muscle's weight or peak twitch or tetanic force 
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(see Chapter 2). However, the peak force developed by single muscle 

units should be measured at each unit's optimal whole muscle length 

(Lo). These optima tend to be shorter than the optima for the whole 

muscle (Stephens et al. 1975)i a finding which suggests that in many 

previous reports from this and other laboratories, the maximum force 

developed by muscle units has been underestimated. Figure A-2A illus

trates the distribution of muscle unit Lo relative to the parent whole 

muscle's twitch Lo for all units tested (N = 166), which were derived 

from: (l) three preliminary length-tension experiments (N = 50 units); 

(2) 12 one unit/muscle glycogen depletion experiments (manuscript in 

preparation); and (3) six mechanical properties experiments (N = 104 

units) which form the basis of the present report. Figure A-2B shows 

that the mean value of peak tetanic force for TP units based on whole 

muscle Lo, rather than the muscle unit Lo, would be much lower than 

8C$ of the maximum force the units were capable of developing. For 

further details see Chapter 2. 

Histochemical Procedures and 
Fiber Typing 

An 8 mm block of tissue was cut from the belly of the experi

mental muscle, mounted on a freezing chuck and frozen in 2-methylbutane 

cooled to -160°C in liquid nitrogen. Serial cross-sections (10 ji) were 

cut at -20°C and dried at room temperature for 30 to 120 min before 

staining for NAEH-tetrazolium reductase (NADH-TR) and myofibrillar 

ATPase activity (pH 9«4) according to techniques outlined by Dubowitz 

and Brooke (1973)# 



Figure A-2. The relationship between muscle unit and whole muscle Lo. 

A shows the distribution of each muscle unit's optimal length (Lo) for measure
ment of peak tetanus relative to the peak twitch Lo of the whole muscle. B shows 
the distribution of the percentage of maximum muscle unit force developed by-
units at their parent muscle's twitch Lo for a select number of the units in k. 
For the total 166 units in A, mean ± S.D. Lo was -1.65 mm * 1.02 mm. For the 
83 of these 166 A units which are shown in B, mean Lo was -1.1 - O.87 mm. The 
mean percent of maximum force developed by these 83 units at their whole muscle 
Lo was 82.5̂  - 12.k%. For the remaining 83 units in which muscle unit tetanic 
force was not determined at whole muscle Lo, mean individual Lo was -2.2 mm ± 
0.85 mm. This 1.1 mm shorter mean Lo for the group in which force was not 
measured at whole muscle Lo suggests that the mean percent of their peak force 
at the longer whole muscle Lo would have been considerably less than 80%. The 
distributions of the present sample (N = lO'f) are shown in cross-hatch. Their 
mean optimal length (A distribution) was -1.52 mm ± 0.95 mm. Forty-six of these 
units, with a mean optimal length of -O.89 mm ± O.56 mm, are shown in the B 
distribution and the mean percentage of their peak force at whole muscle Lo 
was 85.5̂  - 10.2$. For the 58 units of the present study for which a force 
measure was not made at whole muscle Lo, mean optimal length was -2.02 mm ± 0.90 
mm, which is 1.13 mm shorter than the mean Lo for the cross-hatched units of the 
B distribution. Thus both the mechanical properties (N = 10*0 and the total 
Tn = 166) TP unit samples reveal a substantial reduction in peak tetanus for the 
muscle units at whole muscle Lo as opposed to their own individual Lo's. For 
further details, see Chapter 2. 
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Muscle fibers were classified as fast glycolytic (FG), fast 

oxidative-glycolytic (FOG) or slow oxidative (SO) according to the his-

tochemical classification scheme of Peter et al» (1972). A fourth 

fiber type (called FI), qualitatively similar to the type 2 fiber of 

Hammarberg (197*0 and intermediate fiber of Gauthier and Lowey (1977)* 

was also identified. Percentages of each unit type were determined 

from counts of 2100 to 6500 fibers per muscle. 

Results 

Sampling Considerations 

Tibialis posterior has approximately 60 motor unit axons (Boyd 

and Davey 1968). Since the number of units analyzed in the six experi

ments of the present study represent 33% 1 3°%i 2.7%, 32$, 23$ and 27% of 

the total population, it can be claimed that the sampling is the most 

representative to date in a complete study of muscle unit properties. 

The absence of any sampling bias is supported by the distribution of 

axonal conduction velocities. As shown in Figure A-3» conduction 

velocities for the 104 TP units of the present study range from 60 to 

120 m/sec with a normal distribution and mean - S.D. of 87.4 - 14.2 

m/sec. The coefficient of variation (S.D./ mean) for this sample was 

0.16 which compares quite favorably with coefficients of variation of 

0.10 and 0.12 which we derived from the published values of Boyd and 

Davey (1968) for the total fiber diameter of alpha axons in TP (from 

their Fig. Id and Fig. 24 respectively) and a value of 0.10 from a 

recent electron microscopic analysis of this nerve derived from un

published data provided by Boyd (personal communication 1978). 



1^9 

40 n 

35-

30-

z 25-

15-

10-

5-

30 4 5 60 75 90 105 120 135 150 

AXONAL CONDUCTION VELOCITY (m/sec) 

Figure A-3- Axonal conduction velocity. — Distribution of axonal 
conduction velocity for the total sample of TP motor 
units (N = 196). The data for the present report are 
cross-hatched (N = 10*0. 
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Mechanical Properties of TP 
Muscle Units 

On the basis of precedent studies (reviewed in Chapter 1), it 

appears that measurements of the four mechanical properties: fatigue 

susceptibility, "sag" susceptibility, tetanic force output and contrac

tion time are sufficient for the elaboration of a reproducible muscle 

unit classification scheme. Fatigue, force and contraction time have 

long been recognized as fundamental mechanical properties of muscle 

tissue, and in recent years, "sag," too, has come to be similarly con

sidered, particularly in studies of force output during natural move

ments (see Discussion). 

Figure k-k shows the distribution curves for fatigue suscep

tibility (A and B, indices explained below), force output (£) and con

traction time (D) for the present sample of 101* TP muscle units. The 

profiles of these four distributions are quite different. The two 

fatigue distributions are bimodal with a prominent discontinuity at 

values indicative of intermediate fatigability. The remaining two dis

tributions, £ and D, are clearly unimodal but skewed to reflect the far 

larger proportion of units with smaller force outputs and, to somewhat 

lesser extent, the units with faster contraction times, respectively® 

A "sag" distribution is not shown as units either exhibit "sag" (60% 

of the present sample) or they do not (̂ 0̂ ). 

On the basis of the bimodal fatigue and unimodal force and 

contractile speed distributions and the dichotomous description of 

muscle unit "sag" profile, if a tri- or tetrapartite classification 

is applicable to TP units, it will feature unit groups that have over

lapping values for at least two of the four properties. 
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Figure A-1*. Mechanical properties of tibialis posterior muscle units, 
— A and B show distributions of the progressive fatigue 
index (PFI, N = 10*0 and cumulative fatigue index (CFl, 
N = 102), respectively, for the present sample of TP 
muscle units. C shows the distribution of muscle unit 
maximum tetanic force measured at each unit's Lo 
(N = 10*0. D shows the distribution of potentiated 
twitch contraction time for the 10*f sample units. 
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Muscle Unit Classification 

In the sequence of studies that have presented a tripartite 

(FF, FR and S) classification scheme for the muscle units of cat medial 

gastrocnemius (Burke, Levine, Zajac et al. 1971), its modification to 

include the FI unit (Burke 1975) and its extension to another cat hind 

limb muscle, flexor digitorum longus (Dum et al. 1978), Burke and his 

collaborators have consistently found that only two mechanical proper

ties, "sag" and fatigue susceptibility are required to separate muscle 

units into four categories. Units were classified as type S if they 

did not "sag" during a standard unfused tetanus. Units that displayed 

"sag" were classified as type F and separated into FF, FI and FR on the 

basis of an index derived from a standardized fatigue test. From these 

data (MG and FDL) the following generalizations emerge: (1) fatigue 

indices for type FR and S units are more or less identical; (2) force 

output (i.e., mean tetanic tension) increases in the order S, FR, FI 

and FF with overlap between at least each sub-category; (3) contrac

tion time decreases in the order S, FR, FI-FF with virtually no overlap 

between type S and FR values, but considerable overlap between the 

three type F categories. 

For the present sample of TP units, the use of "sag" and 

fatigability as criteria separated 93 of the lO'f units studied into 

the same four groups, whose general properties are essentially equiva

lent to those described for MG and FDL (for exceptions, see Discussion). 

The neuromechanical properties of these "unambiguously-classified" 

units are presented in Table A-l and are, presumably, representative 

of the FF, FI, FR and S units in cat TP. 



Table A-l. Neuromechanical properties of unambiguously-classified muscle units of cat tibialis 
posterior.3 

FF FI FR S 

Sample Size (N) (27) (9) (19) (38) 

Classification Parameters 

Progressive Fatigue X .Ob .58 .89 .99 
Index S.D. .Ob .15 .09 .10 

Range .01 - .16 .31 - .83 .7^ - 1.09 .81 - 1.21 

"Sag" (+) (+) (+) ( - )  

Other Neuromechanical Properties 

Tetanic Tension X 109.9 J+6.0 30.6 9.6 
(g) S.D. 48.0 17.9 13.0 5-5 

Range *+5.5 - 219.8 25.0 - 8?.b 12.0 - 58.6 2.2 - 23.5 

Mean Twitch X 30.b 3b.5 3^.1 ^7-5 
Contraction S.D. b.l 5.7 5.3 9.0 
Time (msec) Range 23.0 - 39.6 28.8 - b2.8 23.0 - b?.6 33.6 - 76.2 

Conduction X 90.5 100.1 86.0 81.3 
Velocity S.D. 12.2 14.4 14.0 13.7 
(m/sec) Range 70.1 - 113.8 72.8 - 115.2 67.0 - 113.8 62.8 - 113.8 

aSample includes 93 units classified on basis of fatigue and "sag" tests. Excluded are 11 
additional units considered to have one (N = 10) or more (N = 1) atypical properties. These 
11 units are included in Table A-2. 
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To arrive at a more accurate estimate of the relative percent

age of each muscle unit type within TP, it was necessary to consider 

the properties of the remaining 11 units. These are presented sepa

rately in Table A-2. Of these units, only one (No. 1) was considered 

truly aberrant. The remaining ten were categorized on the basis of 

having values for three of the four properties which fell within the 

range of those displayed by other units in a given category. Neuro-

mechanical properties were "weighted" in the following order: (1) 

fatigue; (2) contraction time-force; and (3) "sag." The rationale for 

this "weighting" procedure is supported in Table A-2. Excluding the 

one truly aberrant unit, none have atypical fatigability, one (No. 3) 

had an atypical contraction time, two had atypical force outputs (Nos. 

2 and 6) and the remaining seven units were considered atypical in 

their "sag" susceptibility. A more detailed description of the fatigue 

and "sag" susceptibility of the total sample and the interrelationships 

between these two properties and those pertaining to force and con

traction time is presented in the following sections. 

Muscle Unit Fatigability 

For the fatigue test, muscle length was set at the optimum for 

muscle unit tetanus and each unit was stimulated at kO pps for 330 

msec at 1 sec intervals for four min. Fatigue was assessed by the re

duction in contractile force throughout this procedure. One of two 

indices has been used in previous studies to quantitate fatigue resis

tance, but as shown in Figure A-5, it proved valuable to use both 

measures for each of the tested muscle units. The abscissa in 



Table A-2. Neuromechanical properties of muscle units requiring a special interpretation 
for their classification.3 

Unit No. 
Fatigability 
(PFI) 

"Sag" 
(+) or (-) 

Force 
(g) 

Contraction 
Time 
(msec) 

Conduction 
Velocity 
(m/sec) 

Classified 
As 

1 .13* (+)•  S.k* b6.7* 108.3 Aberrant 

2 .11 (+)  26 M 3̂ .2 112.3 FF 

3 .17 (+)  96.0 k9.6* 88.7 FF 

k .02 ( - ) •  129.2 26.9 98.8 FF 

5 .00 ( - )*  132.9 3̂ .2 93.5 FF 

6 .76 (+)  9̂ .9* 3̂ .5 91.1 FR 

7 .97 (+)* 13.2 51.3 109.6 S 

8 .90 (+)*  11.8 59.5 77.3 S 

9 .96 (+)*  9.9 62.6 82.7 s 

10 .88 (+)* 14.0 65.9 87.2 s 

11 .93 (+)•  18.3 68.5 76.0 s 

ĥese units have one (Nos. 2-11) or more (No. 1) properties (indicated by *) that are 
considered atypical for the category into which the unit was classified. 
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Figure A-5» Fatigue resistance of tibialis posterior muscle units. — 
Two fatigue indices are shown for each muscle unit 
(N = 102). The abscissa shows a progressive fatigue 
index (PFI) in which a value <0.25 is considered appro
priate for FF units, >0.25 <0.75 for FI units, and> 0.75 
for FR and S units. The ordinate shows a cumulative 
fatigue index (CFI) in which values>0.8 are for FF 
units, <0.8 >0.6 for FI units and <0.6 for FR and S 
units. Lines join these boundary conditions to reveal 
that only two units (labeled a and b) fall distinctly 
outside them and only two other units (labeled js and _d) 
are on a borderline. The coefficient of correlation 
between the two indices is highly significant at 0.96 
(P <0.001). 
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Figure A-5 shows a modification of the progressive fatigue index (PFI) 

introduced by Burke and his colleagues (Burke, Levine, Zajac et al. 

1971) and defined here as the ratio of the mean tetanic tension pro

duced by three successive stimulus trains after two min of stimulation 

to the mean tension output produced by the first three trains of the 

test. On the basis of this index (but as based on single rather than 

the average of three trains), Burke and his colleagues (Burke, Levine, 

Zajac et al. 1971; Burke, Levine, and Associates 1973) have classified 

units with an index of <0.25 as FF, those with an index of >0.25 and 

<0.75 as FI, and those with an index of >0.75 as FR or S. The ordinate 

shows a cumulative fatigue index (CFI) based on a ratio of the cumula

tive force developed by the unit after two min of stimulation to the 

cumulative force at the end of four min of stimulation (Reinking et al. 

1975; Goslow et al. 1977a, 1977b, 1977c). For the present sample of 

units, the correlation between these two indices is particularly high 

(r = O.96, P <0.001). Boundary conditions for the CFI would appear to 

fall most logically at 0.6 (units with lesser indices being considered 

type FR or S) and 0.8 (units with greater indices being considered 

type FF). 

The boundary conditions for the two indices are enclosed in 

Figure A-5 to reveal how clearly the two indices separate units into 

FF, FI and FR-S categories. Only two units (No. a and b) fall signifi

cantly outside these boundaries. We examined in detail their pro

gressive force profiles throughout the full four min of the fatigue 

test. Unit _a fatigued so rapidly that the 100& cumulation was barely 

influenced by the high force output in the first six trains of the 



test. Thus, the PFI was of more significance than the CFI and the unit 

could legitimately be claimed to be of FF type (it also displayed "sag," 

had a twitch contraction time of 3̂ »7 msec and a peak tetanic tension 

of 55.6g). In contrast, unit I3 was relatively fatigue resistant for 

the first minute of stimulation and then fatigued dramatically in the 

second and subsequent minutes. Its fatigue resistance is better re

vealed by the CFI and it was classified as FI (it also displayed 

"sag," had a twitch contraction time of 28.8 msec and a peak tetanic 

tension of 39 g). 

The other units (numbered _c and jl) were at the edge of one of 

the FR-S boundaries. In both cases, their progressive force profiles 

throughout the entire test were more indicative of non-fatigable (FR-S) 

than intermediately-fatigable (FI) behavior. In both cases, one of the 

two fatigue indices (CFI for c_ and PFI for cl) had a numerical value 

consistent with FR classification. 

Association Between Fatigability, Force and Contraction Time. 

Figure A-5 demonstrates that the fatigue test alone permits classifi

cation of TP units into three categories (FF, FI and FR-S). The 

utility of this test is further strengthened by considering the inter

relationships between fatigability, force and contractile speed and 

their significance for the atypical units presented in Table A-2. 

Figure A-6A shows that the significant negative correlation (r = -.83 

P <0.001) between fatigability and force is strongly influenced by the 

tendency for non-fatigable units to develop small forces. Similarly, 

Figure A-6B shows that the significant positive correlation (r = .58, 
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Figure A-6. Relationship between muscle unit fatigability, force and contraction 
time. — In A,, peak tetanic tension is plotted against a progressive 
fatigue index (PFI) for the total lO'f unit sample. In B, the fully 
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P <0.001) between fatigability and contractile speed is strongly in

fluenced by the tendency for highly-fatigable units to have fast con

traction times. However, the most striking feature of Figure A-6 is 

that seven of the eleven units requiring special classification atten

tion (Table A-2) do not stand out as atypical in the Figure A-6A and 

A-6B plots. The remaining four of these 11 units are numbered identi

cally in Figure A-6 and Table A-2. Unit No. 1 is considered truly 

aberrant, as it combined the type FF characteristics of high fatiga

bility (PFI of 0.13) and "sag" with the type S characteristics of slow 

contraction time (CT = 46.7 msec) and low force output (8.4 g). Units 

Nos. 2 and 3 developed forces considered atypical for their categori

zation group. Unit No. 2 is classified as type FF in Table A-2 because 

it combined the properties of high fatigability (PFI of 0.11), "sag" 

and fast contraction time (CT = 34.2 msec) with a relatively low force 

output of 26.4 g. Conversely, unit No. 6 combined the normal FR 

properties of low fatigability (PFI of 0.76), "sag" and fast contrac

tion time (CT = 34.5 msec) with an unusually large force output 

(94.9 g). The other atypical unit of Figure A-6 (No. 3 in B plot) was 

classified as type FF in Table A-2 because it combined the typical 

properties of high fatigability (PFI of 0.17)« "sag" and high force 

output (96 g) with an atypically slow contraction time (4-9.6 msec). 

In summary, Figures A-5 and A-6 and the Table A-2 data empha

size that the interrelationships between fatigue, force and contraction 

time can be used to classify the muscle units of TP into three cate

gories (FF, FI, FR-S). However, FR and S units cannot be differentiated 
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by these tests alone. Thus, complete classification of TP muscle units 

requires analysis of the units' "sag" susceptibility. 

As has been noted previously (Reinking et al. 1975; Goslow 

et al. 1977a), the stimulation regime used in the fatigue test 

results in neuromuscular, in addition to contractile, fatigue. 

Figure A-7 gives examples of the averaged single muscle unit 

EMG profile during the first stimulus train of the fatigue test 

and during the train after two minutes of stimulation. Ex

amples of large and small reductions in EMG amplitude are shown 

for all four muscle unit types, and examples of potentiated EMG 

are also shown. The positive correlation between muscle unit 

mechanical fatigability and percent reduction in EMG amplitude, 

while significant (P <0.001), was not particularly striking 

(r = 0.53)• The mean percent reduction in EMG amplitude for 

units classified as type FF (from among the Table A-l units) 

was 39«7 - 24.7%. A one-way analysis of variance (Snedecor and 

Cochran 1973?258-298) showed that this value differed signifi

cantly (F = 3̂ .9i P<0.01) from the corresponding values for FI, 

FR and S units which were not significantly different from each 

other (FI, 6.2 - l6.k%; FR, k.5 - 22.1%; and S, 1̂ .2 - 13. W. 

Within the FF population there was no significant correlation 

between EMG reduction and fatigability. The difference between 

EMG reduction in FF units as compared to the remaining muscle 

unit sample may be attributable in part to amy or all of the 

following factors: (1) the interdependence between contractile 
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Figure A-7« Muscle unit EMG amplitude during the fatigue test. — 
Examples of FF, FI, FR and S units that exhibited large 
(22-2590 reduction (upper traces for each unit type) and 
small (0-8#) reduction (lower traces for each unit type) 
in EMG amplitude during the first stimulation train after 
two minutes of the fatigue test compared to the initial 
(0') train. The two lower traces are examples of 
potentiated EMG amplitudes for an FF and FR unit from 
the initial to the 2* train. Each waveform is the 
average of the 13 spikes of a single 330 msec stimulus 
train at kO pps. 
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failure and muscle action potential fatigue (Luttgau 1965); 

(2) faster fatiguing type FG fibers having fewer surrounding 

capillaries and their neuromuscular junctions having a poorer 

blood supply (Romanul 1965); and (3) the present type FF unit 

fibers having a larger cross-sectional area than other unit 

fiber types (see Appendix B) as to limit oxygen diffusion,, 

The "Sag" Property 

In the absence of a discontinuity in muscle unit twitch con

traction times, Burke and his collaborators (Burke, Levine, Zajac 

et al. 1971; Burke, Levine and Associates 1973) introduced the "sag" 

test, which involves noting the presence or absence of a decline in 

tension when a muscle unit is stimulated with a repetitive train of 

electrical shocks at an inter-stimulus interval set at 125of each 

unit's twitch contraction time. At this stimulus rate, there is no 

neuromuscular fatigue or muscle fiber drop-out as adjudged by EMG 

amplitude and yet some units exhibit an early tension peak that then 

declines ("sags") to a lower level (see Burke, Levine, Zajac et al. 

1971tFig. 1). In their studies on cat medial gastrocnemius (reviewed 

in Burke 1978) and flexor digitorum longus (Dum et al. 1978), Burke 

and his collaborators found that all "non-sagging" units were small, 

non-fatigable, slow-contracting, and in glycogen depletion experiments, 

had fibers that stained lightly for myofibrillar ATPase. Interest

ingly enough, in these studies, there was a rather clear separation of 

the contraction times of type S and FR units when classified on the 

basis of the "sag" test. However, in a study on tibialis anterior and 
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extensor digitorum longus, Dum (1978) found considerable overlap in the 

contraction times of type S and type FR units when similarly classified. 

Most mixed cat hind limb muscles contain a relatively high 

percentage of type SO fibers (from about 18$ in lateral gastroc

nemius to about 38# in adductor longus, according to Ariano 

et al. 1973)• In general, the proportion of slow-contracting 

(CT 50 msec) muscle units found in the physiological litera

ture (reviewed in Chapter 1) is not as high as would be antici

pated on the basis of the SO fiber representation. This im

balance between unit type and fiber type percentages offers 

further evidence that units composed of fibers that stain 

lightly for myofibrillar ATPase (type S units) may have contrac

tion times that overlap with units composed of fibers that 

stain darkly for this enzyme (FF, FI and FR units). 

In the present study, "sag" susceptibility was tested with 

muscle length set at the optimal for each unit's tetanus. As noted 

previously (Burke, Levine, and Associates 1973; Reinking et al. 1975), 

EMG amplitude and waveforms were consistent throughout the stimulation 

period. Examination of the unfused tetanus traces at high gain re

vealed five distinct "sag" profiles into which all units could be 

grouped, examples of which are shown in Figure A-8. Assessment of the 

three "sagging" (Nos. 1, 2 and 3) and one of the "non-sagging" (No. k) 

profiles was quite straightforward as adjudged on both the peaks and 

troughs of the individual twitches of the unfused tetanus. Particu

larly in "sagging" profiles, the later twitches of the trains often 
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Figure A-8. Unfused tetanus profiles during the "sag" test® — Five 
classes of unfused tetanus profile are shovm which were 
observed in the present study. Units displaying pro
files 1, 2 or 3 were considered "sagging," while those 
displaying profiles k or 5 were considered "non-sagging." 
For each class, two force profiles are shown to illus
trate the boundaries of the grouping. Time calibration 
represents 250 msec for profiles 1, 2, 3 and k (upper) 
and 500 msec for profiles k (lower) and 5« For further 
details, see text. 
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had faster rise times, shorter times to peak tension and smaller ampli

tudes than the earlier twitches of the trains, as has been noted pre

viously (Burke, Rudomin and Zajac 1976). More problematical was 

adjudgment of the fifth profile (No. 5) because fhe forces developed 

were particularly small with no clear-cut twitch responses to each 

single shock of the stimulus train. This small group was considered 

"non-sagging" but, in retrospect, an average of several responses would 

be required for a more accurate judgment. 

The type 1 profile shown in Figure A-8 is characterized by 

by an early progressive increment in force in response to the 

first 3-8 stimuli followed by a substantial decline. Included 

in this category were units which manifested a progressive de

cline throughout the remainder of the train (1, upper trace) as 

well as those in which the decline began to level off toward 

the end of the train (1, lower trace). The type 2 profile 

features a less prominent "sag," ranging from a near "flat-

topped" profile (2, upper trace) to one in which the tension 

began to rise toward the end of the train (2, lower trace). 

This secondary rise was suggestive of the "sag" property inter

acting with some potentiation. The type 3 profile definitely 

exhibits such an interaction which ranged from examples where 

the initial "sag" and subsequent potentiation were quite clear-

cut (3, upper trace) to examples where the potentiation was so 

pronounced that in some units the initial "sag" was only evi

dent by close examination of the trough of each individual 
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twitch response (3, lower trace). The predominant "non-

sagging" profile was quite distinct with examples that ranged 

from a progressive rise in force throughout the entire train 

(k, upper trace) to profiles which eventually became "flat-

topped" C+, lower trace). Examples of the more problematical 

fifth profile are also shown (59 upper and lower traces). 

Only seven of the 10A- units were thought to display an atypical 

"sag" profile with respect to their unit type classification. These 

are shown in Figure A-9 and are numbered according to the corresponding 

unit's number in Table A-2, where the other mechanical properties are 

listed. "Non-sagging" profiles are shown for two units (Nos. k and 5) 

whose other mechanical properties were unequi'vocally those of type FF 

units. The remaining five "sagging" profiles (Nos. 7 to 11) belonged 

to units with particularly long contraction times and relatively low 

force outputs. Referring to Table A-l where the force outputs and 

contraction times of unambiguously-classified type S and FR units are 

shown, it would appear that the "sagging" units of Figure A-9 more 

logically fit the type S classification than the type FR classification. 

Association Between "Sag" and Other Mechanical Properties. 

Figure A-10 presents "scattergrams" of the fatigability, force and 

contraction times of units grouped according to the five "sag" profiles 

shown in Figure A-8. Units considered atypical are numbered as in 

Table A-2 and Figure A-9. An association between the fast unit types 

and the three "sagging" profiles (Nos. 1 to 3) appears to exist. All 

the units in column 1 are either type FR or FI with one type 1 "sag" 
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Figure A-9. Atypical "sag" profiles® — The "sag" profiles of seven units are shown, 
numbered as in Table A-2 where the units* other mechanical properties are 
listed. "Non-sagging" profiles (Nos. k and 5) are for units classified 
as FF on the basis of their other properties. "Sagging" profiles (Nos. 
7-11) are for units with other properties more consistent with type S 
classification. Time calibration represents 250 msec for units *+, 5» 
7» 8, 9 and 11 and 500 msec for unit No. 10. 
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Figure A-10. Relationship between "sag" profile and other mechanical 
properties. — Muscle unit fatigability (A), maximum 
tetanic force (B) and potentiated twitch contraction time 
(C) of the 10k units of the present study are shown in 
relation to their "sag" profiles (outlined in Fig. A-8). 
Units considered to have atypical "sag" profiles are 
numbered as in Table A-2 and Figure A-9 where these units 
have mechanical properties which are at the extreme of 
the range for units with the same "sag" profile. 
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unit being a type FF. Units in column 2 are all types FF and FR and 

one is an FI unit. All the units of column 3 show the "sag" potentia

tion profile and have mechanical properties consistent with type FF 

categorization. The "non-sagging" units (columns k and 5) are all 

fatigue resistant (A), low force-producing (B) type S units with the 

exception of the two atypical units (Nos. k and 5) which were classi

fied as type FF units on the basis of fatigability, force and contrac

tion time. As there is no clear discontinuity in contraction times 

for the different unit types (Table A-l), the "sag" test proved to be 

especially useful for separating type S from FR units. 

Summary on the Physiological 
Classification of Muscle Units 

Eighty-nine percent (93 of 10k) of the muscle units were clas

sified quite clearly into four categories as adjudged by the mechanical 

properties of fatigue, "sag," force and contraction time. Less than 

1% (1 of 10*0 was considered truly aberrant, and the remaining 1C$ were 

classified with somewhat less certainty as they displayed a single 

atypical property among the four mechanical criteria. On the basis of 

the present sample, it appears that the percentages of each unit type 

in this muscle are 29.6$, 8.196, 20.*$ and ̂ 1.9# for FF, FI, FR and S 

units, respectively. 

Neuromechanical properties of the four unit types have already 

been presented in Table A-l. None of the mean values in that table are 

altered significantly by inclusion of the 10$ of the units that fea

tured an atypical value (Table A-2). However, to emphasize that the 

four muscle unit types, including their atypical members, have 
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overlapping mechanical properties, Figure A-ll presents "scattergrams" 

that compare the fatigability, force and contraction time of the four 

types excluding the one unit considered truly aberrant (No. 1 in Table 

A-2). Units with an atypical property are again numbered as in Table 

A-2 if that atypical property contributes to the overlap shown in 

Figure A-11A (that is, units Nos. 2, 3 and 6). Units numbered _b and c_ 

(similarly labeled in Figure A-5) had fatigue properties better repre

sented by the cumulative fatigue index than the presently used pro

gressive fatigue index. 

The most striking features of Figure A-ll are: (1) the sharp 

boundaries between the fatigue indices of FF, FI and FR-S sub-groupings; 

(2) the limited overlap in force between FR and S units; and (3) the 

overlap in contraction time between all four unit types. This latter 

point serves to again emphasize the value and need of the "sag" test 

for separating type S from FR units. 

Histochemical Properties and Classi
fication of TP Muscle Fibers 

Figure A-12 shows examples of the histochemical profiles of 

serial cross-sections of typical TP muscle fibers stained for NADH-TR 

activity (A) and myofibrillar ATPase activity at pH 9-̂  (B). The FG 

fiber has the largest cross-sectional area (see Appendix B for dis

cussion of fiber sizes), low NADH-TR and high myofibrillar ATPase 

activity. The FOG fiber is next in size to the FG fiber and is charac

terized by dense subsarcolemmal localization of formazan granules with 

but few granules in the center of the fiber. The FOG fiber has high 

myofibrillar ATPase activity. The NADH-TR reaction products of the 
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Figure A-ll. "Scattergrams" comparing mechanical properties of FF, 
FI, FR and S units. — The ordinates in _A, 'B and £ 
show muscle unit type while the abscissae plot each 
single unit's progressive fatigue index (A), peak 
tetanic tension (B) and twitch contraction time (£). 
Units numbered 2, 3 and 6 were considered to have a 
single atypical property (see Table A-2 for their 
other properties). Units labeled and jc had fatigue 
properties better revealed by the cumulative fatigue 
index than the presently-used progressive fatigue 
index, (see also Fig. A-5). 
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Figure A-12. Histochemical profiles of FG, FI, FOG and SO fibers of 
tibialis posterior. — The four histochemical fiber 
types are shown stained for activity of NADH-Tetrazolium 
Reductase (_A) and myofibrillar ATPase at pH 9.̂  (B). 
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smallest diameter SO fibers are evenly distributed throughout the cell 

as a dense network. This fiber type stains lightly for myofibrillar 

ATPase indicating lower activity of this enzyme in the SO than in the 

other fiber types. 

Throughout the whole muscle cross-section there is a small per

centage (mean = range 2.6-8.5̂ ) of fibers which cannot easily be 

classified as FG, FOG or SO fibers. These fibers are intermediate in 

size between the FOG and SO fibers, yet they stain darkly for myofi

brillar ATPase activity as do the FG and FOG fibers. The distribution 

of formazan granules is fairly uniform throughout the fiber cross-

section unlike the FOG fiber with its dense subsarcolemmal staining 

pattern or the FG with its sparsity of granules. This fourth fiber 

type is called the "FI" fiber, for fast-contracting (based on its 

intense staining reaction for myofibrillar ATPase activity) and inter

mediate staining and distribution of the NADH-TR reaction product. 

Muscle fibers of glycogen depleted units of TP (manuscript in 

preparation) could be classified according to the same criteria used 

to classify muscle fibers of TP from the present study. Fibers identi

fied as FG, FOG and SO in the present study have staining patterns and 

characteristics for NADH-TR and myofibrillar ATPase which are similar 

to those of fibers depleted of glycogen. In addition, cross-sectional 

areas of the glycogen depleted fibers are within the ranges of those 

measured for the fibers of the same histochemical type in the six 

muscles of the present sample. 

The glycogen depletion studies (manuscript in preparation) 

offer direct evidence that the FF muscle unit is composed of FG fibers, 



the FR unit of FOG fibers and the S unit of type SO fibers. The 8.1# 

of FI units found in TP may be composed of the FI fibers of this muscle 

which are present in a similarly low proportion (5«7&). There is, 

however, no direct evidence (as would be provided by glycogen depletion 

of an FI unit) to prove this relationship between muscle unit type and 

muscle fiber type (for further details, see Discussion). 

On the basis of the similarity in staining patterns and cross-

sectional areas between fibers of the present study and those of 

glycogen depleted units, it seems safe to assume that the classifica

tion criteria and counts of the different fiber types of TP based on 

whole muscle histochemistry are sound. 

The percentages of fiber types counted and muscle unit types 

studied in each of the six experiments are presented in Table A-3. The 

one truly aberrant unit of Table A-2 (unit No. 1) has been excluded. 

These data demonstrate a significant correlation P<0.01) between the 

percentage of unit types and fiber types (based on whole muscle histo

chemistry) found in TP in each experiment (r = 0.77) and for the total 

sample means (r = 0.93)• The fiber type percentages differ from those 

presented by Ariano et al. (1973) for TP. This discrepancy might be 

explained by differences in sample size (3̂ 3 fibers in three animals, 

in Ariano et al. 1973, compared to 2100 to 6500 fibers in each of six 

animals of the present study). Further associations between physio

logical, histochemical and morphological properties of these same units 

and fibers of TP are delineated in Appendix B. 

The chance of isolating any particular unit type is probably 

proportional to the relative frequency of that unit type in the 



Table A-3. Relationship between muscle unit sampling and whole muscle histochemistry. 

Percentage of Muscle Percentage of Fiber 
Experiment Units Studied , Types Counted 
Number N FF FI FR S N FG FI FOG SO 

1 20 35.0 20.0 10.0 35.0 2097 k2.3 6.6 lif.9 36.1 

2 18 16.6 5.6 27.8 50.0 3375 k2.k 3.7 18.2 35.6 

3 16 37.5 0.0 18.8 ^3.7 632k 39.7 7.2 10.7 if2.3 

if 19 36.8 15.8 5.3 if2.1 3^29 36.9 8.5 19.^ 35-1 

5 l*t lk.3 7.1 35.7 if2.9 6188 32.3 5.7 15.5 if6.if 

6 16 37.5 0.0 25.0 37.5 6if99 38.0 2.6 2k.0 35-^ 

Total Sample 
Mean 

(i S.D.) 

29.6 
(11.0) 

8.1 
(8.2) 

20.if 
(ll.it) 

ifl.9 
(5.2) 

38.6 
(3.8) 

5.7 
(2.2) 

17.1 
(if.5) 

38.5 
(if.7) 

= number of muscle units studied per experiment. 

= number of muscle fibers counted in a single cross-section taken through the belly 
of the muscle. 
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muscle's motor unit pool. The consistently high percentage of type S 

units studied in TP, therefore, probably reflects a large number of 

type S units that make up TP. The percentage of the other unit types 

isolated was considerably more variable from experiment to experiment 

(Table A-3). The percentages of each histochemical fiber type were 

quite consistent from muscle to muscle, demonstrating the validity of 

the muscle fiber classification scheme. 

Discussion 

Burke's tri- and subsequent tetrapartite classification scheme 

for mammalian muscle units was first based on glycogen depletion 

studies of cat medial gastrocnemius units (Burke, Levine, Zajac et al. 

1971; Burke, Levine, and Associates 1973; Burke 1975* 1978, 1979b). 

The glycogen depletion procedure precludes representative muscle unit 

sampling, but the mechanical properties of Burke's glycogen depleted 

units are consistent with those of a far larger sample of units that 

have been tested in his laboratory over the years (Burke 1978, 1979b). 

On the basis of similar glycogen depletion studies, the classification 

criteria were also shown to be applicable to units of tibialis anterior 

and extensor digitorum longus by Dum (1978). In the present study, a 

full array of mechanical properties were measured for a representative 

sample of muscle units in cat tibialis posterior, and these properties 

were found to be consistent with the use of the tetrapartite classifi

cation scheme, including its histochemical criteria. 

Histochemical counts of fiber types and measurements of fiber 

cross-sectional areas from the six test muscles of the present study 
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revealed four basic fiber types: FG, FI, FOG and SO. Glycogen de

pletion studies of type FF, FR and S muscle units of TP (manuscript in 

preparation) show that these units have physiological properties con

sistent with those of a representative sample of the same TP unit types 

from the present study. Furthermore, histochemical properties of the 

glycogen depleted FG, FOG and SO fiber types that make up the FF, FR 

and S units, respectively, are similar to histochemical properties of 

the present sample of FG, FOG and SO fibers categorized on the basis 

of their whole muscle histochemical staining patterns. 

The FI Unit and Fiber Type Classification 

No glycogen depletion studies are as yet available on the FI 

muscle units of TP, so it cannot be proven whether or not the FI muscle 

units of the present study are composed of the FI fiber type revealed 

by whole muscle histochemistry. However, the present FI units had 

physiological properties which were intermediate between those of the 

FF and FR units. 

The statistical chances of isolating an FI unit for glyco

gen depletion are as high as the proportion of that unit type in 

the motor unit pool. The chances of selecting an FI unit before 

the fatigue test would be improved if the unit's mechanical 

properties satisfied three criteria. The present work suggests 

that an FI unit in TP should have: (1) a fast contraction time; 

(2) a force output at the upper end of the range for TP units; 

and (3) a type 1 "sag" profile. In Figure A-10, all the type 
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1 "sagging" units are either type FR or FI (with one FF), and 

only one type FI unit was found with the type 2 "sag" profile. 

Evidence is available that indicates that the FI unit is a 

transitional unit type between the FF and FR types, particularly in 

its physiological properties (Burke 1975)• Higher percentages of FI 

units have been reported for muscles of non-cage reared cats (Reinking 

et al. 1975; Goslow et al. 1977a) than for the same muscles of cats 

caged for several weeks prior to the experiment (Burke, Levine and Asso

ciates 1973? Burke 1975; Dum 1978). Unfortunately these four studies 

are from four different laboratories, two of which used the cumulative 

fatigue index (Reinking et al. 1975? Goslow et al. 1977a) while the 

other two used the progressive fatigue index. However, in light of 

the high correlation between the cumulative and progressive fatigue 

indices found in the present study, the percentages of FI units in 

the same muscles might be compared across laboratories, albeit with 

caution. For non-cage reared animals, the percentage of FI units was 

reported to be 22$ in MG (Reinking et al. 1975) and 20$ in TA-EDL 

(Goslow et al. 1977a) In contrast, for cage reared cats, these 

values were reported to be 2.5-5̂  in MG (Burke, Levine, and Associates 

1973; Burke 1978) and 7.5-9̂  in TA-EDL (Dum 1978). 

The higher percentage of FI units in non-cage reared cats com

pared to cage reared animals is thought to be due to increased activity 

levels of the former group (Burke 1975; Reinking et al. 1975). 

P̂ercentages of FI units in MG (Reinking et al. 1975) and TA-EDL 
(Goslow et al. 1977a) were recalculated using the 0.6-0.8 cumulative 
fatigue index range for FI units as was used in the present study. 



180 

Certainly, a wide range in oxidative staining activity among the fast-

contracting fibers has been noted (Edgerton 1973)« and with endurance 

training, an increase in FOG fibers at the expense of FG fibers accom

panied by an increase in fatigue resistance has also been seen (Edger

ton et al. 1969, 1972; Barnard et al. 1970; Gollnick et al. 1972, 1973). 

However, the effects of exercise on unit and fiber type distributions 

have never been directly studied at the muscle unit level. The only 

type of overload studied at the muscle unit level is compensatory 

hypertrophy induced by denervation or removal of synergists. This was 

shown to increase tetanic force output of MG units, but did not affect 

unit or fiber type distributions (Walsh et al. 1978). 

Further complicating the issue of fiber and unit type distri

butions with different degrees of activity is the fact that in the 

present study, animals were caged only 3-8 days prior to the experi

ment, yet only 8.1% of the units were type FI, a value similar to the 

FI percentage in MG and TA-EDL from cage reared cats. This suggests 

that the relative percentage of FI units from any muscle determined 

in any laboratory may relate to a variety of other as yet unexplained 

factors including long-term exercise history of the animals, animal 

weight and muscle weight. 

The intermediate physiological properties of the FI unit and 

spectrum of staining intensities of fast-contracting fibers for NADH-

TR are suggestive of an association between the FI unit and an 

intermediate-type fiber such as the FI fiber described in the present 

study. The similarity in percentages of FI fibers (5.7&) in TP and 

muscle units (8.1%) suggests that these units are composed of FI 



fibers. If this is true, it might be expected that the FI fiber would 

be intermediate in staining characteristics between the FG and FOG 

fiber (see Hammarberg 197̂ ; Gauthier and Lowey 1977)• The FI fiber in 

TP is smaller in cross-sectional area than the FOG fiber (Appendix B), 

an unanticipated finding for a fiber thought to belong to the FI unit 

type and one that is at variance with observations on MG (Burke 1978), 

TA and gastrocnemius (Hammarberg 197*0 and rat diaphragm (Gauthier and 

Lowey 1977). This finding does not, however, negate the possibility 

that the FI unit is composed of FI fibers (Edgerton, personal communi

cation 1979)o 

If the FI unit is composed of FI fibers, the transition in 

fiber types from FG to FI to FOG might be thought to occur in two 

steps. First, the FG fiber might accumulate more mitochondria in re

sponse to increased oxidative demands, producing a fiber which has the 

staining characteristics of the FI fiber of the present study. An 

increase in mitochondrial yield (measured biochemically) with endur

ance training has been shown to accompany an increase in the percent

age of more oxidative fibers (Barnard et al. 1970). Second, a redis

tribution of the mitochondria toward the periphery where the capillaries 

are located might occur, producing a metabolically more efficient and 

fatigue resistant fiber with the dense subsarcolemmal staining appear

ance of the FOG fiber. This reasoning is purely speculative, however, 

and cannot explain the present finding of the smaller size of the FI 

relative to the FOG fiber in tibialis posterior. 

The results of this study and its precedents suggest that the 

tetrapartite classification scheme might have universal applicability 
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to at least the muscle units of cat hind limb muscles and perhaps any-

mammalian muscle in which fiber typing reveals the presence of FG, FI, 

FOG and type SO fibers. A possible exception to this generalization 

to date involves a small (N = 18) but thoroughly examined sample of 

muscle units from the first deep lumbrical muscle of the cat's foot 

which led Kernell et al. (1975) to conclude that the FF, FR and S 

classification scheme was not directly applicable to that muscle, 

Histochemical fiber typing, is not, however, available for this muscle. 

Significance of the Fatigue 
and "Sag" Tests 

It is remarkable that the fatigue and "sag" tests should so 

clearly separate four unit types in cat hind limb muscles with such a 

broad array in size, gross architectural arrangement and action as MG, 

TA, EDL, FDL and TP. Fatigue susceptibility would seem to be related 

to muscle unit and whole muscle function as well as to the quantity 

and activity of oxidative enzymes as revealed by histochemical as well 

as biochemical analysis of muscle tissue. The behavior of muscle units 

during unfused tetanic stimulation (i.e., the "sag" test) has not as 

yet widely attracted the attention of muscle physiologists or bio-

physicists. The present study contributes to our understanding of the 

"sag" phenomenon in several ways. First, the results support the find

ings of Burke et al. (1976) that the shape and amplitude of EMG re

sponses do not change throughout the "sag" test, indicating that the 

phenomenon is not related to fatigue. Second, in "sagging" units, the 

later twitches of the unfused tetanus train have faster rise times, 

shorter times to peak tension, and often have smaller amplitudes than 
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earlier twitches of the same train, indicating a "dis-enhancement" of 

tension generation as proposed by Burke et al. (1976). Third, the 

phenomena of potentiation and "sag" can occur simultaneously during an 

unfused tetanus. Fourth, by dividing the unfused tetanus profiles 

into five categories (Fig. A-8), a transition in muscle unit type and 

unfused tetanus behavior is seen where type FI units esdiibit primarily 

type 1 "sag;" type FR units exhibit either type 1 or 2 "sag," FF units 

exhibit type 2 or 3 "sag" and type S units are all "non-sagging" (types 

k and 5)• The changing "sag" behavior with different unit types may 

be related to structural or biochemical differences between the unit 

types. 

None of the present results provide insight into mechanism(s) 

of the unfused tetanus response. The "sag" property does appear to 

be related to the force-generating mechanisms of the contractile 

machinery taking one or more forms which may relate to function of the 

sarcoplasmic reticulum in release and reuptake of calcium, formation 

and efficacy of cross-bridges, etc., as suggested by Burke et al. (1976). 

Since natural movements are thought to involve graded force 

development by muscle units in unfused rather than fused tetanus, 

mechanical properties such as the "sag" and "catch" property (Burke 

et al. 1970, 1976) may affect force production during these natural 

movements. Not only has the "sag" property been found to be useful for 

separating type S from F units with somewhat overlapping contraction 

times (Burke, Levine, Zajac et al. 1971; Burke, Levine, and. Associates 

1973)i but the present results indicate that the property might also 

be useful in differentiating, to some extent, between the different 



types of fast-contracting units. In light of the present findings and 

the apparent activation frequency of muscle units during natural move

ments, it appears that the "sag" property is just as fundamental to 

muscle mechanics as fatigability, force output and contraction time. 

Perhaps "sag" susceptibility will attract more attention as the bio

physical level if it is found that the phenomenon can be used univer

sally to distinguish between units having similar contraction times 

yet different myofibrillar ATPase activities as determined histo-

chemically, biochemically and immunocytochemically. 



APPENDIX B 

COMPARISON OF MUSCLE UNIT PROPERTIES 
IN THREE CAT HIND LIMB MUSCLES 

Introduction 

The tetrapartite classification scheme first used by Burke and 

his collaborators to group the muscle units of the cat ankle extensor, 

medial gastrocnemius (MG) has been successfully applied to at least 

four other muscles of the cat hind limb including: the two pretibial 

ankle flexors, tibialis anterior (TA) and extensor digitorum longus 

(EDL); the ankle inverter, tibialis posterior (TP); and, the digit 

flexor (physiological extensor) and claw protruder, flexor digitorum 

longus (FDL). As reviewed by Burke (1978, 1979b), Dum (1978) and 

Chapter 1 of the present work, it is now appropriate to classify muscle 

units in these muscles into at least three distinct types that are 

composed of correspondingly distinct fiber types: FF, for fast-

contracting, fatigue resistant units composed of FG (IIB) fibers; FR, 

for fast-contracting, fatigue resistant units composed of type FOG 

(IIA) fibers; and S, for slow-contracting, fatigue resistant units 

composed of type SO (I) fibers. In addition, a fourth unit, FI or F 

(Int.) for fast-contracting, intermediately fatigable, haB been iden

tified physiologically and may correspond to the FI fiber (Burke 1979b; 

Gauthier and Lowey 1977) although this correlation has not been veri

fied directly using glycogen depletion procedures. 

185 
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In the present report, some select properties of TP muscle 

units as described in Appendix A are compared to the same properties 

of units of FDL and MG as measured in Burke's laboratory. These three 

muscles invite comparison of their muscle units by virtue of the fact 

that all three muscles are located in the posterior compartment of the 

lower leg and all three are histochemically mixed yet they differ 

widely in their "size" and action. The present comparison confirms 

and extends upon some previously proposed general features of muscle 

units (Burke, Levine, and Associates 1973; Burke 1978, 1979b) and, in 

addition, brings out certain distinctive features of the FF, FR and S 

muscle units of TP, FDL and MG that may relate more to the way a muscle 

may be used during natural movements than to differences in intrinsic 

properties of individual muscle fibers. 

Methods 

Myology 

The anatomical positions of the muscles and their fiber pro

jection plans are shown in Figure B-l. To a first approximation, TP 

and FDL share some similar gross structural features, both being 

slender bipennate muscles with a somewhat complex arrangement of some 

of their muscle fibers that have been studied in more detail in FDL 

(Al-Amood and Pope 1972) than in TP (see Chapter 2 of the present 

work). These muscles contrast sharply in gross architecture to MG 

which is a bulky unipennate muscle (Burke and Tsairis 1973)« 

The muscles are of different "size," increasing in the order 

TP, FDL and MG as based on whole muscle weight, number of units, total 
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Figure B-l. Anatomical positions and fiber projection plans of 
tibialis posterior, flexor digitorum longus and medial 
gastrocnemius. — A medial view is shown of the tibialis 
posterior, flexor digitorum longus and medial gastroc
nemius muscles in the posterior compartment of the hind 
limb. The fiber projection plans of the three muscles 
are also indicated including their relative sizes, gross 
structure, origins, insertions, fiber angulations and 
fiber lengths as presented in Table B-l. 
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number of muscle fibers, single fiber length and fiber cross-sectional 

area. Approximate values for all these parameters are presented in 

Table B-1 and are derived from both direct measurements and indirect 

calculations from several sources. These approximations are considered 

sufficiently accurate to bring out basic differences in the overall 

"size" of the three muscles. It is conceded that comparisons of this 

kind will never be entirely satisfactory until the data are all derived 

from a single study in which the measurements are made as precisely as 

those in the comparison of muscle fibers from cat soleus and FDL by 

Al-Amood and Pope (1972). 

TP, FDL and MG are also quite different in their actions, 

weight-bearing responsibilities, and presumably in the forces that they 

produce during natural movements. There is considerable information 

concerning these parameters for MG (Henneman and Olson 1965; Wetzel 

et al. 1973; Smith et al. 1976; Burke et al. 1977). MG is very active 

during powerful and short-lived actions such as jumping and landing, 

but displays only intermittent and/or minimal activity during postural 

events such as standing (Smith et al. 1976; Burke 1978). In contrast, 

very little is known about the action of FDL and TP during natural 

movements. Contrary to some descriptions (Reighard and Jennings 1935s 

208-209; Crouch 1969:119)i TP is not an ankle extensor. Single shock 

stimulation of individual nerves to cat hind limb muscles in an other

wise passive limb reveals that TP is the only inverter of the cat's 

foot (see Chapter 2 of the present work). As it lacks synergists, TP 

should participate in both postural and more phasic forceful activities. 

FDL has classically been considered a digit flexor (that is, 
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Table B-l. Comparison of some structural features of tibialis pos
terior, flexor digitorum longus and medial gastrocnemius 
in adult cats. 

Feature TP FDL MG 

Mean Weight (g) 0.75a,k l.la 8.5& 

No. of Muscle Fibers 25,500b 29,000° 170,000d 

No. of Muscle Units® 60 155 280 

Approximate Muscle b̂ /..f g,.a 
Length (mm) 

Approximate Single Fiber £ _ b f̂ 23 _ 2ifg 
Length (mm) 

FiSeaC(u2rSeCti°nal 1619 " '+°78 866 " 2245 1980 " k3°3 

Measured from left and right muscles of a 2.8 and Kg cat. 

Chapter 2 of the present study. 

°Burke (1979b). 

B̂urke and Tsairis (1975). 

eBoyd and Davey (1968). 

Âl-Amood and Pope (1972). 

Êdgerton, personal communication (1979)• 
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physiological extensor) and claw protruder (Reighard and Jennings 1935s 

207-208; Crouch 1969:117). A potential division of labor has been pro

posed for FDL and its main synergist, flexor hallucis longus (FHL), 

with FHL used predominantly for forceful and phasic digit flexions and 

claw protrusions and FDL's use limited largely to claw protrusion 

(Goslow et al. 1972). No EMG data are available, however, to support 

these proposed functions. 

Physiological and Histochemical 
Measurements 

Whole muscle histochemical properties of TP and mechanical 

properties of the constituent muscle units were presented in Appendix 

A. These data are used in the present report to compare TP to MG and 

FDL. The corresponding FDL and MG data are all described in a series 

of papers and reviews from Burke's laboratory (Burke, Levine, and Asso

ciates 1973; Burke and Tsairis 1973; Burke 1975« 1978, 1979b; Dum 

et al. 1978; Walsh et al. 1978). 

Morphological Measurements 

Techniques required to measure the cross-sectional area of the 

different muscle fiber types in FDL and MG are reviewed in Burke 

(1979b). Cross-sectional areas of TP muscle fibers for the present 

report came from the same six test muscles on which the mechanical 

properties and fiber typing are based (Appendix A). Each whole 

muscle's cross-section at near mid-point was reconstructed by forming 

a montage from several photomicrographs enlarged 75X. Muscle fibers 

were classified as fast glycolytic (FG), fast oxidative-glycolytic 
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(FOG) or slow oxidative (SO) according to the fiber-typing scheme of 

Peter et al. (1972). A fourth fiber type (called FI), similar in 

staining characteristics to the type 2 fiber of Hammarberg (197̂ ) and 

intermediate fiber of Gauthier and Lowey (1977) was also identified. 

Cross-sectional areas of 25 fibers of each of the four types from each 

of the six experimental muscles were measured by planimetry from camera 

lucida drawings of NADH-tetrazolium reductase (NADH-TR)-stained sec

tions cut in approximately true cross-section and magnified 800X. 

Normalization Procedures 

In the present studies, the test for general and distinctive 

features of the properties of the muscle units in TP involved a com

parison of the properties of FF, FI, FR and S units of this muscle to 

those of similar units in FDL and MG as tested in Burke's laboratory. 

A variety of factors (reviewed in Chapter 2 of the present work) may 

complicate such comparisons, even for data from the same laboratory. 

These factors include animal size and prior life history, temperature 

of the test muscle, and the muscle length at which muscle unit proper

ties were tested. The utility of normalizing muscle unit force as a 

percentage of the whole muscle's weight or peak twitch or tetanic force 

has been challenged previously (Appendix A). The importance of measur

ing peak muscle unit force at each unit's optimal muscle length has 

been demonstrated for TP where it was shown that peak force can vary 

dramatically from the force obtained with muscle length set to a stan

dard passive tension or at a commonly used whole muscle optimal length 

(Appendix A). Unfortunately, there are no data available on peak 
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tetanic force for FDL and MG units measured at each unit's optimal 

length. 

No attempt is made in the present report to assess differences 

in the absolute values of mechanical and structural properties of the 

different muscle unit types across laboratories, unless the differences 

are unusually pronounced. Comparisons of absolute values are only 

presented when they are from either the same laboratory (as with FDL 

and MG data) or from a single study that compares the different unit 

types. What is emphasized across muscles is the ratio of the mean 

value for select mechanical and structural properties in one type of 

unit as compared to another type (e.g., mean tetanic tension for FF/ 

mean tetanic tension for FR units, etc.). Comparing these ratios 

avoids many of the complicated issues discussed above, while still 

offering the possibility of bringing out certain general features of 

the different unit types. 

Results 

In order to compare the force-generating capabilities of the 

different unit types, both within and across muscles, it is necessary 

to have, in addition to absolute force output, estimates of the spe

cific tension output (force/cross-sectional area). This estimate is 

derived from the direct measurement of single fiber cross-sectional 

areas and the indirect estimation of mean innervation ratio for each 

unit type (Burke 1979b). These values were already available for FDL 

and MG and were estimated for TP largely from data from the six test 

muscles described in Appendix A. 
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In the present study the angulation of the muscle fibers 

relative to the longitudinal axis was not taken into account in 

calculations of specific tension for the muscle unit types. In 

TP, muscle fibers are oriented at angles 20-̂ 5° to the line of 

force development (see Fig. 1 and Chapter 2 of the present 

work). FDL's fibers are oriented at approximately 8-13° to the 

line of force development as estimated from Figure 2 of Al-Amood 

and Pope (1972). Fiber angulation values for MG range from 22° 

(Edgerton, personal communication 1979) to 38° (estimated from 

Figs. 1, 2 and 3 of Burke, Levine, Tsairis et al. 1973)• 

Cross-Sectional Areas of TP 
Muscle Fibers 

Figure B-2 presents the distribution of cross-sectional areas 

of all 600 of the fibers measured from the six test muscles (lOO/muscle) 

and for each 150-fiber sample of all four fiber types (25/muscle). The 

total distribution (A) is skewed toward the smaller fibers, over 62% 

of the sample having values less than the mean of 2̂ 3 p" (S.D. -

120k yrange 50̂ -7̂ *̂4 jû ). 

The distributions of the individual fiber type cross-sectional 

areas are shown in Figure B-2, ]3-E. All the distributions appear to 

be normal in profile, and their coefficients of variation (S.D./mean) 

were similar (FG, 0.25; FI, 0.30; FOG, 0.27; and SO, 0.32). The mean 

(- S.D.) cross-sectional area value for the total sample of FG fibers 

was U078 p" (- 1017 p̂ ) • This value was significantly (P <0.01) 

2 + 2 
greater than the total sample FOG mean of 23̂ 3 p (- 626 ;i ) which, in 

turn, was significantly (P<0.01) greater than the quite similar FI 
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Figure B-2. Distribution of cross-sectional areas for the muscle 
fibers of tibialis posterior. — k shows the total dis
tribution for the sample of 600 fibers of tibialis 
posterior which include 150 of each of the four fiber 
types. B-E show the individual distributions for FG, 
FI, FOG and SO fibers, respectively. 
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(1733 - 518 jî ) and SO (1619 - 513 p?) total sample means. The 

only unusual feature of these values and distributions is the rela

tively small cross-sectional areas of the type FI fibers (see Discus

sion). 

The cumulative distributions shown in Figure B-2 are equiv

alent to those for each 25-fiber sample of each of the four 

fiber types in each of the six experiments. For FG fibers, the 

individual sample means (in - S.D.) were *(487 - 965, ̂ 275 -

1039', Vf̂ 5 i 85*f, 386O t 715, 3185 i 67̂  and ̂ 217 - 1132. For 

FI fibers these values were 13^2 - ^33, 1731 - ^6^, 2092 - **7^» 

1909 - 337, 1̂ 55 - 311 and 1867 - 602. For FOG fibers the 

values were 2250 ± 755, 2*+90 - 757, 2519 - 515, 2218 ± 597, 

2190 - 3̂ 0 and 2390 - 6ll. Finally, the SO fiber values were 

1703 - 812, 1276 - 236, 1777 - 360, 1718 t 5̂ 2, 1̂ 07 - 30̂  and 

1834 t 318. 

Indirect Estimation of Muscle Unit Inner
vation Ratios and Specific Tension Outputs 
for the Different Unit Types in TP 

Table B-2 presents the data from which we have estimated mean 

innervation ratio and mean specific muscle unit tension (force/unit 

cross-sectional area) for the different unit types of TP. The major 

assumption involved in these indirect calculations is that the rela

tive percentage of each unit type as based on physiological experiments 

corresponds to the relative percentage of muscle fiber types based on 

whole muscle histochemistry of the test muscles used in the physio

logical experiments (Appendix A). 
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Table B-2. Indirect estimation of average innervation ratios and 
specific tensions in tibialis posterior muscle units. 

FF FF + FI FR S 

(1) % of muscle fibers presumed to 
belong to each unit type** 

38.6 
(3.8)° 

44.3 17.1 
(4.5) 

38.5 
(4.7) 

(2) Total number of muscle fibers 
in each category (assuming 
25,500 fibers in TP)d 

9843 11297 4361 9818 

(3) % of each unit type in TP̂  29.6 
(11.0) 

37.7 20.4 
(11.4) 

41.9 
(5.2) 

(4) Total number of each unit type 
in TP (assuming 60 motor unit 
axons in TP muscle nerve) 

18 23 12 25 

(5) Indirect estimation of mean 
innervation ratio (line 2/ 
line 4; in No. of fibers/unit) 

547 f 
(213) 

491 363 
(225) 

393 
(67) 

(6) Mean peak tetanic tension 
(in g)S 

109.9 
(48.0) 

94.2 30.6 
(13.0) 

9.6 
(5.5) 

(7) Mean cross-sectional area of 
single fibers in each unit 
type (ji2)h 

4078 
(491) 

3776 2342 
(143) 

1619 
(224) 

(8) Mean specific unit tension 
(line 6/line 5 x line 7; 
in Kg/cm̂ ) 

4.9 ̂  
(1.7) 

5.0 3.0 
(2.0) 

1.5 
(0. ) 

calculations excluded because of the relatively small percentage 
of muscle fibers (5«7?o) and unit types (8.1%). 

F̂rom Table A-3 in Appendix A. 
a 
Values in parenthesis are standard deviations of mean values from 
six experiments. 

F̂rom Chapter 2 of the present study. 

eFrom Boyd and Davey (1968). 
f Standard deviations of mean innervation ratios and specific tensions 
are derived from a propagation of errors analysis (Young 1962:96-101). 

®From Table A-l in Appendix A. 

*Vrom Figure B-2. 
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Since the FI percentages were quite small (8.1̂  of the units 

and of the fibers) they were excluded from these indirect esti

mations. Nonetheless, the contribution of FI units and fibers to their 

total respective populations were taken into account in the calcula

tions for the other three unit typesB 

A set of values is also provided in Table B-2 grouping the 

FF and FI fibers. These were required for subsequent compari

sons to the FDL and MG data from Burke's laboratory. In the 

FDL and MG studies, all of the FI unit properties and dimen

sions fall between those of FF and FR units. However, the 

cross-sectional areas of the FI fibers of TP are much smaller 

than both the fibers of the FF and FR unit populations. As a 

result, the grouping of FF and FI units is a more questionable 

procedure for TP, particularly when considering parameters 

that relate to force per cross-sectional area. 

Table B-2 shows that the mean innervation ratio for TP units 

was estimated to be 5̂ 7 fibers/unit for FF units, 363 for FR units and 

2 
393 for type S units. Mean specific tension was b.9 Kg/cm for FF, 

2 2 
3.6 Kg/cm for FR and 1.5 Kg/cm for type S units. Standard deviations 

of all these means were based on a propagation of errors analysis 

(Young 1962:96-101). The three innervation ratios were not signifi

cantly different from one another (0.05<P<0.10) but the mean speci

fic tension value for type S units was significantly different (P < 0.05) 

than the corresponding values for type FF and FR units. 
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In Table B-2 standard deviations are also given for the 

four measured variables required to estimate mean specific ten

sion. These include means for tetanic force, percentage of 

fibers and units of a particular type and cross-sectional area. 

Values for force and for cross-sectional area are all signifi

cantly different (P<0.05) from each other for FF, FR and S 

units. Mean percentage of fibers for FR units is significantly 

less (P <0.05) than that for FF and type S units while mean 

percentage of type S units is significantly greater (P<0.05) 

than that for both FF and FR units. 

General Features of the Different 
Muscle Unit Types in TP, FPL and MG 

Table B-3 provides data that permit comparison of some select 

properties of the present sample of TP units to those from Burke's 

laboratory on the units of FDL and MG. In view of its quite limited 

representation in all three muscles and small fiber cross-sectional 

areas in TP, the FI unit and fiber type are not compared across muscles 

as a separate category, but an FF + FI grouping is included. 

The present data on TP units confirms and extends to some 

extent, upon some general features of type FF, FR and S units that 

were first either elaborated upon by Burke and his collaborators or 

are implicit in their data (see in particular Burke, Levine, and Asso

ciates 1973; Burke and Tsairis 1973; Burke 1978, 1979b; Dum et al. 

1978). These features are numbered below as in Table B-3)* 

Mean Twitch Contraction Time (l). These values are relatively 

similar for the type FF and FR units but are distinctly slower for the 



Table B-3. Comparison of some properties of muscle units in three mixed muscles of the 
cat hind limb.a 

Property FF FF + FI 
Unit Type 

FR Muscle 

From Muscle Unit Physiology 

(1) Mean twitch contraction 
time (msec) 

30.4 
33.8 
3̂ .8 

31.4 34.1 
35.1 
40.9 

47.5 
56.2 
73.3 

TP 
FDL® 
MG 

(2) Mean peak tetanic 
tension (g) 

109.9 

31-7„ 
74.6d 

94.2 
30.0f 

71.4f 

30.6 

5-3̂  f 
28.7d»f 

9.6 
1.1 
7.6d«f 

TPe 

FDL 
MG 

(3) Percentage of units in 
muscle 

29.6 
28.7° 
45.0d 

37*7 
32.2f 

51.8f 

20.4 
56.3f 

23.0f 

41.9 
11.7 
25.2f 

Tpe 

FDL 
MG 

(4) Cumulative force*5 (%) 
70.0 
71.1 
74.2 

78.0 

75.6 
81.2 

13.4 
23.3 
14.6 

8.6 
1.0 
4.2 

TP 
FDL 
MG 

From Muscle Fiber Histochemistry 
and Morphology 

(5) Percentage of fibers presumed 
to belong to each unit type 

38.6 
54.lh 

50.3h 

44.3. 
59.1 
55.3f 

17.1 
30.lf 

20.2f 

38 • 5 
10.7° 
24.5f 

TP 
FDL 
MG 

(6) Mean fiber cross-sectional 
area (jî ) 

4078. 
2641* 
5290̂  

3776 
2245 
4503f 

2342 
H59! 
23701 

1619 
866£ 
1980f 

Tpe 

FDL 
MG 



Table B-3—Continue d. 

Unit Type 
Property FF FF + FI FR S Muscle 

Indirect Estimations 

(7) Mean innervation ratio 
(No. of fibers/unit) 

5̂ 7 
353 
679 

b91 
k26 
67̂  

363 
125 
55̂  

393 
213 
611 

TP® 

FDL 
MG 

(8) Mean specific unit tension̂ " 
(Kg/cnr) 

.̂9 
3.̂  
2.1 

5.1 
3.1 
2,b 

3.6 
3.7 
2.2 

1.5 
0.6 
0.6 

TP 
FDL 
MG 

âta on FI units and fibers not included as a separate category 

From Table A-l in Appendix A 

CFrom Dum et al. (1978) 

'Vrom Burke (1978) 

eFrom Table B-2 

*From Burke (1979b) 

Ĉalculated from lines (2) and (3) 

Âssuming approximately % FI fibers in both FDL and MG (Burke 1979b) 

Estimated on basis of MG ratio of FF/FF + FI fiber cross-sectional areas 

F̂rom Burke and Tsairis (1973) 

Based on assumption that the number of motor units in TP = 60; FDL = 155 and MG = 280 
(Boyd and Davey 1968) and the number of muscle fibers in TP = 25,500 (Appendix A), 
FDL = 29,000 (Burke 1979b) and MG = 170,000 

"*T.ine (2)/line (6) x line (7) 



201 

type S units. Within each of these categories, mean twitch contraction 

time increases in the order of increasing muscle "size" (TP<FDL<MG), 

an effect more noticeable in the type S units. 

Mean Tetanic Tension (2). These values increase in the order 

S, FR and FF with a more pronounced difference in absolute force be

tween FF and FR means, than between FR and S means. In all unit type 

categories, the two muscles that operate on the ankle (TP and MG) 

develop more force than FDL which operates on the digits and claws. 

Relative Representation of the Different Unit Types (3)» With

in the parent muscle these values illustrate that there is a strong 

representation of both non-fatigable (FR and S) and fatigable (FF and 

FI) units in all three muscles. In the fatigable component, the FF 

unit is far more prominent than the FI unit, but within the non-

fatigable component, the relative percentages of FR and S units vary 

widely. 

Cumulative Force (k). These values illustrate that irrespec

tive of the values for mean absolute tetanic tension and relative 

representation of the different unit types, parameters which may vary 

widely between unit types and across muscles, there is a rather con

sistent percentage of cumulative force (70-7̂ .290) that is attributable 

to the fatigable FF units. Again, however, the relative contribution 

to cumulative force from the non-fatigable FR and S units varies widely 

across muscles. 
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Relative Representation of the Different Muscle Fiber Types (5). 

These values are closely correlated with the representation of the dif

ferent unit types, especially for TP and MG (r = 0.92, P<0.01). How

ever, differences in innervation ratio can complicate the relationship 

between percentage of muscle units and muscle fibers. 

Mean Fiber Cross-sectional Area (6). These values increase in 

the order S, FR to FF, but with a greater separation in size between 

FF and FR values than between FR and S values. 

Mean Innervation Ratios (7)» These values are relatively 

similar for type FR and S units and greater for FF units, though for 

TP, the values are not statistically significantly different. 

Mean Specific Unit Tension (8). These values illustrate that 

when absolute force output, innervation ratio and the cross-sectional 

area of the total unit are all taken into account, differences in the 

specific tension of the type FF and FR population are from 2.4 to 6.7 

times larger than the value for the type S units. 

Distinctive Features of the Different 
Muscle Unit Types 

The search for distinctive features of a specific unit type 

within a given muscle involves consideration of: (1) the unit's indi

vidual properties (e.g., force output, cross-sectional area, etc.) as 

compared to the same properties in the other unit types both within 

and across muscles; (2) the ratios of the mean values for such proper

ties for the different unit types (FF/S, etc.) both within and across 

muscles; and (3) the extent to which the relative representation of a 
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given unit (fiber) type combines with general or distinctive features 

of the unit's mechanical and histochemical properties. A comparison of 

type S units and type SO fibers from MG and soleus illustrates how 

these considerations can bring out differences between the same unit 

and fiber type in different muscles as well as differences between 

muscles with similar action (Burke et al. 197̂ 5 Burke 1978; see also 

Chapter 1 of the present work). For TP, FDL and MG, the most distinc

tive features of the different unit types are found in properties 

associated with force generation rather than contraction time. 

Individual Properties of the Different Unit Types. In terms 

of absolute force production, the FF, FR and S units of FDL generate 

substantially less force than the corresponding units and fiber types 

of TP and MG. Considering the problems associated with comparing force 

across muscles (see Methods), TP and MG tend to be quite similar in 

absolute force-generating capabilities. 

The relatively low force production of FDL units can be largely 

ascribed to the smaller cross-sectional fiber areas relative to TP and 

MG. This is reflected in the specific tension output of its single 

units, as that of FDL's type S units is identical to that of MG type S 

units, and FDL's FR and FF values actually exceed those of MG. In 

contrast, the relative similarity in absolute force values of MG and 

TP units may mask a difference in their intrinsic force-generating 

capabilities as the specific tension values of the FF, FR and S units 

of TP are all distinctly in excess of those of the corresponding MG 

and FDL unit types, with the exception of the FR comparison for FDL 

in which the values are similar to those of TP« 
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Inter-unit Ratios Compared Across Muscles. Table B-k compares 

inter-unit ratios for absolute force production and specific tension of 

TP, FDL and MG. These comparisons tend to reinforce the notion that in 

terms of absolute force generation, the units of FDL are distinctly-

different from the units of TP and MG. The mean tetanic tension ratios 

increase in the order FR/S, FF/FR and FF/S. Quantitatively these three 

ratios for FDL are greater than the ratios for TP and MG which them

selves are quite similar. When innervation ratio and fiber cross-

sectional area are taken into account to provide a unit cross-sectional 

area value, the specific tension ratios reveal that the difference be

tween FDL and TP-MG is only pronounced for the FR/S ratio and remark

ably reduced for the FF/S and quite similar for the FF/FR value. The 

most striking feature of the values presented in Table B-4 is that the 

TP and MG ratios are all so similar even when comparing the specific 

tensions of their different unit types. 

Relative Representation of the Different Unit Types in Relation 

to Their Contribution to Cumulative Force Production. For TP, FDL and 

MG, a high percentage of the "non-fatigable" (FR and S) units con

tribute only a small percentage of the cumulative force. In TP, 62.3# 

of the "non-fatigable" units contribute 22# of the force; in FDL, 68# 

of the units contribute 24.3# of the force; and in MG, 1*8.2# of the 

units contribute 18.8# of the force (Table B-3). A distinctive feature 

of TP units is that almost 42# of the units are type S and contribute 

but 8.6# of the cumulative force. Similarly, a distinctive feature of 

FDL units is that 56.3# are type FR, but contribute only 23»3# of the 
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Table B-4. Inter-unit ratios for force-generating properties compared 
across muscles.a 

Property FF/FR 
Ratio 
FR/S FF/S Muscle 

Mean Peak Tetanic 3.5 3.2 11.4 TP 
Tension 

6.0 4.8 28.8 FDL 

2.6 3.8 9.8 MG 

Mean Force Per Unit 1.4 2.4 3.3 TP 
Cross-Sectional Area 

0.9 6.2 5.7 FDL 

1.0 3.7 3.5 MG 

âta for calculation of ratios from Table B-3. 
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cumulative force. The relatively non-fatigable units of MG are dis

tributed fairly evenly between type FR (23$) and S (25.2&) of these 

units, the type S contributing of the cumulative force and type 

FR contributing l*f.6?6 of the force. 

Discussion 

General Features of the Different 
Muscle Unit Types 

Previous data derived largely from glycogen depletion experi

ments (Burke, Levine, and Associates 1973? Burke and Tsairis 1973; Dum 

1978; Burke 1978, 1979b) have provided information on a variety of 

general features of the different muscle unit types that appear irre

spective of the muscle of origin. The present data on TP units add to 

this collective effort by confirming in a different muscle some pre

viously proposed general muscle unit features related to mechanical 

properties, innervation ratio and specific tension. In addition, com

parison of TP, FDL and MG muscle unit data reveals another general 

feature concerning the relative contribution of the different unit 

types to the cumulative force production of the muscle. 

Twitch Contraction Time. Within a muscle these values decrease 

in the order S, FR and FF with FI values between or similar to the FR 

and FF unit values. For the 11 cat hind limb muscles in which muscle 

unit contraction time has been studied (see Table 2, Chapter 1), there 

is a tendency for the mean value of twitch contraction time to be 

slower in large mixed muscles (130-300 units) and in soleus than in 

intermediate muscles (50-100 units), which, in turn, have generally 



207 

slower-contracting units than the smaller muscles (less than 50 units). 

In addition, the range of contraction time values is broader in larger 

than smaller muscles. 

The main significance of the correlation between unit con

traction time and overall muscle size is that the overlap be

tween the contraction time of type S and F units is more likely 

to occur in the smaller muscles which may complicate their unit 

typing. For the intermediate-sized TP muscle, such overlap did 

not preclude unit typing as most type S and F units were 

clearly separable by use of a standard "sag" test (Appendix A). 

Such a procedure was not, however, particularly helpful in 

classifying units of the much smaller 1st lumbrical muscle of 

the cat's foot (Kernell et al. 1975)• 

The maximum speed of shortening of whole muscle is thought to 

be determined by intrinsic properties of the contractile material such 

as the rate of hydrolysis of ATP by myosin (for review, see Close 

1972). The present comparison demonstrates differences in contraction 

time of muscle units of the same physiological type across muscles of 

different "size." Since these units are composed of fibers with histo-

chemically uniform myofibrillar ATPase activity, the differences in 

contraction time may be related to mean muscle fiber length. For 

example, contraction times of type S units increased in the order TP, 

FDL and MG (Table B-3) as did muscle fiber length (Table B-l). Fur

thermore, comparison of type S units in MG and soleus reveals a slower 

contraction time for soleus units (Burke et al. 197*0 • Soleus also 
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has longer fibers than MG but has about the same number of motor units 

as FDL (Boyd and Davey 1968). 

A general feature of muscle units is that their contraction 

times vary in a predictable fashion both within a muscle, decreasing 

in the order S to FR to FF, and across different muscles, with mean 

contraction time of a single unit type increasing in order from muscles 

with short fibers to those with longer fibers. 

Mean Tetanic Tension. These values increase in the order S, 

FR and FF with FI values intermediate between FR and FF values. The 

absolute values for tetanic force appear to be linked not so much to 

the "size" of the muscle as to its function. The units of TP produce 

on the average at least as much force as the units of MG and far 

greater force than the units of FDL (Table B-3). However, the order 

of increased "size" is TP, FDL and MG (Table B-l). This finding is 

not paradoxical considering that TP operates exclusively, and KG 

largely, on the ankle joint, whereas FDL operates on the digits and 

claws with synergic assistance from plantaris and flexor hallucis 

longus (at least for digit flexion). 

Mean Innervation Ratio. Of the variables on which innervation 

ratio is based (percentage of fibers and units of a particular type), 

the standard deviations of unit percentages are quite large, an error 

which is compounded in the propagation of errors calculation (Young 

1962:96-101) of the standard deviation of mean innervation ratio. A 

larger sample size than the six experiments on which these data were 

based would tend to reduce the variability in unit type percentages 
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and might, consequently, add significance to the differences in mean 

innervation ratio for type FF as compared to FR and S units. 

Innervation ratios determined directly by glycogen depletion 

of FF and FR units of MG (Burke and Tsairis 1973) are similar to in

direct estimations of this value, suggesting that the type FF muscle 

unit does, in fact, have the largest innervation ratio of the three 

types. The finding of an overlap in axonal conduction velocities for 

all unit types in TP (Table A-l, Appendix A) is contrary to the assump

tion (Olson et al. 1968; Knott et al. 1971) that larger innervating 

axons divide more in the muscle to innervate a greater number of 

muscle fibers (see also Burke and Tsairis 1973; Burke 1979b). 

Mean Specific Tension. The finding for TP of significantly 

greater mean specific tension for type FF and FR compared to type S 

units is supportive of the differences found in specific tension be

tween type F and S units of FDL and MG, respectively (for review see 

Burke 1979b). In the Table B-3 data, a three to six-fold difference 

was shown between type FF and S units for mean specific tensions of 

TP, FDL and MG units. The findings present an interesting biophysical 

problem and indicate a need for further morphological, biochemical and 

histochemical studies on contractile protein content, activity and 

force-generating properties of different muscle fiber types. 

Cumulative Force Production. Estimates of these values for the 

different unit types were based on the relative unit type representa

tion in TP, FDL and MG and mean peak tetanic tension values of these 

units. This calculation reveals a remarkable general feature that 
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type FF unit force accounts for 70-7*$ of the total available from the 

muscle. Since FF units are highly fatigable, the high percentage of 

cumulative force developed by these units illustrates the extent to 

which these muscles are designed for essentially emergency powerful 

and short-lived contractions, irrespective of their overall force-

producing capabilities. In other words, the cumulative force output 

for FF units is as pronounced in FDL, which operates on the digits and 

claws, as it is in the ankle muscles TP and MG (for somewhat similar 

reasoning on the "emergency" aspects of FF unit force production, see 

Smith et al. 1976; and Walmsley, Hodgson and Burke 1978). 

Distinctive Features of the 
Different Unit Types 

As described above, the comparisons between units of TP, FDL 

and MG revealed general rather than distinctive features concerning 

twitch contraction time. For force generation, there was some evidence 

of distinctive features, particularly for the units of TP. 

The mean specific tensions of TP's type FF and S units were 

markedly higher than values for the corresponding unit types in MG and 

FDL. In contrast, while the FDL units develop substantially less 

force than the corresponding MG unit types, these differences are 

apparently largely accountable for by differences in innervation ratio 

and cross-sectional area. Other intriguing features of TP's force 

generating capabilities are that the mean specific tension value for 

the type FF units (4.9 Kg/cm ) is at the upper end of values thought 

feasible for mammalian musculature (Close 1972; Schmidt-Nielsen 1979)• 

while the type S mean (1.5 Kg/cm ) which is over twice the value for 
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the type S units of FDL and MG, is actually quite similar to the 1.6 

Kg/cm value reported by Burke (1979b) for the type S units of soleus. 

It would appear that the most distinctive features of the 

muscles compared in this study are not at the single unit level. 

Rather, their distinctions lie in differences in the interrelationship 

between: (1) the relative proportion of the different unit types in 

each muscle; (2) the relative contribution of the different unit types 

to cumulative force production; and (3) the presumed actions of each 

muscle. It has already been noted that a general feature of the dif

ferent unit types is that type FF units contribute 70-7*$ of the total 

force available from the parent muscle. What appears distinctive is 

the wide variation in the extent to which the remaining force comes 

from type S as opposed to type FR units« 

TP was calculated to have k29o type S units contributing but 

8.6% of the total cumulative force. This is an unusually high percent

age of type S units for a mixed mammalian muscle (Ariano et al. 1973)« 

and it tends to emphasize that TP's ankle inversion action must be 

particularly prominent during postural and locomotor movements. At 

the same time, TP has some unusually large FF units that may be re

quired for ankle stability during jumping and landing activities. 

The most striking feature of FDL is that over 9556 of its "non-

fatigable" (FR + S) cumulative force is attributable to FR units. This 

suggests that FDL plays a particularly prominent role in activities 

requiring relatively rapid, non-fatigable contractions of relatively 

moderate force. 
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Of the three muscles, MG appears to be the most "balanced" in 

relation to the various factors that appear to concern the relative 

contribution of a muscle to postural and locomotor activity. It must 

be cautioned, however, that the detailed kinesiology required to sup

port these generalizations regarding the actions of these muscles 

during natural movements is not yet available. 



APPENDIX C 

HISTOCHEMICAL PROCEDURESa 

NADH-Tetrazolium Reductase; 

1. Cut cross-sections of muscle 10 fi thick at -20°C in a cryostat. 

2. Air dry sections on cover glasses. 

3. Incubate tissue for 30 rain at 37°C in the following solution: 
0.2 M Tris buffer (pH 7.̂ ) 10 ml 
NBT (Nitro Blue Tetrazolium) 10 mg 
NADH (reduced diphosphopyridine nucleotide) 8 mg 
Adjust pH to 7.k 

4. Extract with acetone in the order: 30&, 6C$, 90#, 60# 
and 30#. 

5. Rinse in distilled water. 

6. Mount in glycerine jelly. 

The use of acetone in this technique is for the removal of 
fat and will improve the quality of the sections, although 
causing some decrease in intensity of the stain. It is not 
essential and can be omitted. 

0.2 M Tris Buffer: 

Tris Hydroxymethylaminomethane 0.606 g 
Distilled water 58 ml 
0,1 H Hydrochloric Acid k2 ml 

The pH will be approximately 7.̂  

techniques outlined are all cited in Dubowitz and Brooke (1973:29-33). 
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Glycerine Jelly: 

Gelatin 10 g 
Distilled Water 60 ml 

Heat until gelatin is dissolved and add: 

Glycerine 70 ml 
Phenol 1 ml 

Myofibrillar ATPase (pH 9.b)i 

1. Cut cross-sections of muscle 10 p. thick at -20°C in a cryostat. 

2. Air dry sections on cover glasses. 

3. Incubate at room temperature for 15 min in the following 
solution: 
0.1 M Sodium barbital 2 ml 
0.18 M Calcium chloride 2 ml 
Distilled Water 6 ml 
Adjust pH to 9.̂  

4. Incubate for b3 min at 37°C in the following solution: 
0.1 M Sodium barbital 2 ml 
0.18 M Calcium chloride 1 ml 
Distilled Water 7 ml 
ATP disodium salt 25 mg 
Adjust pH to 9.k 

5. V/ash in three changes of ]$> calcium chloride for a total of 
10 min. 

6. Transfer to cobalt chloride for 3 min. 

7. V/ash well in four to eight changes of 0.1 M sodium barbital. 

8. V/ash in tap water for 15 to 60 sec. 

9. Place in 1% yellow ammonium sulphide for 20 to 30 sec. 

10. Rinse well in tap water. 

11. Dehydrate in 70&, 8($, 90&, 95̂ » 100& ethanol. 

12. Clear in xylene. 

13. Mount in Permount (Fisher Scientific Co., Fair Lawn, N.J.). 
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