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The Muscular System

PRÉCIS

Muscles are the primary effector organs of vertebrates. Their actions bring about most of an animal’s responses as well as help support the animal and generate body heat. We will examine the structure and actions of muscles and how the various types are used. After considering the development of muscles and their grouping, we will trace their major evolutionary changes.
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Muscles brace bones across joints and thereby help to support the body. They move the body and most materials through the digestive tract, the airways, the blood vessels, and most of the ducts and other passages of the body. Cilia assist the muscles in moving materials in some passages, including mucus in the respiratory ducts. Muscles are responsible for vocalization and other forms of sound production. Heat is generated as a by-product of muscle contraction. Heat is dissipated in most vertebrates, but much of it is utilized to maintain a high body temperature in endothermic birds and mammals and an elevated temperature in selected organs in some ectothermic vertebrates.

We begin this chapter by examining the types of muscle tissue. Then we will explore the structure of muscles and consider many aspects of muscle contraction. After this background, we will discuss the various muscle groups and their evolution. We conclude the chapter by considering how certain muscles are modified in some fishes as electric organs, which are used in electrolocation and defense.

Types of Muscle Tissue

Muscle cells develop embryonically by the elongation of mesenchyme cells to form myoblasts (Gr., myo- 5 muscle 1 blastos 5 germ, bud). Myoblasts continue to divide, but at some point division stops. The myoblasts then elongate further as actin and myosin, and other muscle-specific proteins develop and become organized into myofilaments. The myoblasts become the adult muscle cells, which are known as myocytes, or muscle fibers. The cessation of myoblast division and their differentiation into muscle cells are regulated by a family of myoblast regulatory genes first discovered in 1987 by Davis and his coworkers. The development of cross bridges between myofilaments and a sliding action between the myofilaments leads to the development of tension along the longitudinal axis of the muscle fibers. This tension enables muscles to perform their functions.

Muscles can be classified in many ways: by their mode of embryonic development and location within the body (somatic or visceral muscles), by their method of nervous control (voluntary or involuntary muscles), and by their microscopic appearance. In this part, we examine their microscopic appearance and recognize three broad categories of muscle tissue (Fig. 10-1): (1) skeletal muscles are associated with the skeleton, (2) cardiac muscles form the musculature of the heart wall, and (3) smooth muscles contribute to the walls of blood vessels and many visceral organs. Each type is described here, and their characteristics are summarized in Table 10-1.

Skeletal Muscle

Skeletal muscle tissue is the most common type in the body because it forms the many individual muscles that attach to skeletal elements. The cells, or muscle fibers, of skeletal muscle are very large, multinucleated cells. Mammalian skeletal muscle fibers range in diameter from 0.1 mm to 0.5 mm and in length from 1 cm to 30 cm. Some muscle fibers extend the length of short muscles, but most end in the connective tissue within a muscle. Skeletal muscle fibers develop embryonically when the myoblasts cease to multiply, adhere to one another, line up longitudinally, and finally fuse. Each adult skeletal muscle fiber is thus a syncytium (Gr., syn 5 together 1 kytos 5 hollow vessel or cell), that is, a single cell that may contain several hundred nuclei. The nuclei are located peripherally in mammalian cells. The actin and myosin myofilaments of skeletal muscle fibers partially overlap, and they are arrayed in such a way that the muscle fibers appear striated (Figs. 10-1A and 10-2). The partial overlapping of actin and myosin myofilaments increases the ability of the myofilaments to interact with each other and, therefore, skeletal muscle can contract with considerable force. Contraction is initiated by nerve impulses and so is described as neurogenic. A single nerve cell or nerve fiber, which is called a neuron, branches and terminates at motor end plates on the muscle fibers within a muscle. When a muscle fiber is stimulated, a redistribution of ions across its plasma membrane leads to the development of an electrical action potential, which travels rapidly to all parts of the muscle fiber, and the fiber contracts. The activity of most skeletal muscles can be controlled voluntarily in the sense that an animal can decide whether to stand or move, but the complex sequence of contractions of different muscles needed for each activity is executed subconsciously. We need not consciously consider which muscles to contract when we walk.

Cardiac Muscle

Cardiac muscle of the heart wall is composed of moderately elongated cells—about 80 micrometers (m) long—that frequently branch (Fig. 10-1B). Each cell originates from a single myoblast, so it contains a single nucleus, which is located near the center of the cell. As in skeletal muscle fibers, the myofilaments partially overlap and are arranged in such a way that the muscle cell appears striated. The individual cells are firmly united with each other, end to end, at specialized junctions known as intercalated disks. Unlike skeletal muscle, the contraction of cardiac muscle is involuntary. One cannot voluntarily control the heart rate. Contraction is myogenic (Gr., genesis 5 origin), that is, it originates within the muscle tissue itself. A contraction originates in a region of specialized muscle fibers in the heart wall known as the pacemaker, or sinoatrial node (Chapter 19), and the action potential spreads rapidly from cell to cell across the intercalated disks. Bundles of specialized cardiac muscles, the Purkinje cells, carry the action potential rapidly between more distant parts of the heart. Nerve fibers terminate on the pacemaker and on many other cardiac muscle fibers, so the inherent myogenic rhythm of cardiac muscle is modulated by neurogenic control. Cardiac muscle does not fatigue, and the partial overlapping of its myofilaments enables cardiac muscle to contract with a force nearly as great as in some skeletal muscles.

Smooth Muscle

Smooth muscle fibers are elongated, spindle-shaped cells. Because each arises from a single myoblast, it has a single nucleus near the center of the cell (Fig. 
10-1C). The cells range in length from about 15 m in the walls of small arteries to more than 500 m in the wall of the uterus. Actin and myosin myofilaments are present in the cytoplasm, but they are not lined up in a regular manner, so groups of them cannot be seen by light microscopy. Thus, smooth muscle, unlike other types of muscle tissue, appears to have a homogeneous texture.

Smooth muscle fibers are a part of the walls of blood vessels and many visceral organs, and they also attach to the hairs in mammalian skin. Their actions are involuntary, and their contractions tend to be slow and sustained. They do not fatigue. Two types of smooth muscle fibers, which differ in their modes of action and innervation, are recognized in amniotes.

Unitary smooth muscle fibers are found in the walls of the digestive tract, uterus, and urinary ducts. They have spontaneous, rhythmic contractions that are usually initiated by the stretching of the muscle fibers as the organs of which they are a part fill. When a fiber becomes active, an action potential spreads along its surface. The action potential of active fibers spreads slowly to others. Neurons terminate on some of the muscle fibers, and nerve impulses appear to modulate their rate and force of contraction, but the contraction itself is primarily myogenic. Unitary smooth muscle is well suited for the slow and sustained contractions needed to move food down the digestive tract, urine along the ureter, and so forth.

Multiunit smooth muscle fibers are found in the walls of many blood vessels, in the iris of the eye, and in the walls of the sperm ducts. Neurons terminate on most of the cells, and contraction is initiated by nerve impulses; that is, it is neurogenic. The degree of contraction of arteries and the pupil of the eye, and the ejaculation of sperm, are involuntary actions that must be more carefully regulated than the movements of the gut.

Muscle Structure

Muscle Organization and Connective Tissue

In all types of muscle tissue, the individual muscle fibers are enveloped by a thin layer of connective tissue, known as the endomysium (Gr., endon 5 within 1 my- 5 muscle), through which blood vessels and nerves that supply the fibers travel (Fig. 10-2). Smooth and cardiac muscle fibers are organized as sheets or layers within the walls of the visceral organs. Their fibers do not have well-defined points of attachment but pull on each other and the wall of the organs of which they are a part. They act on the contents of an organ by changing the organ’s size and shape (as in the stomach or heart) or by changing the tension in its wall (as in some blood vessels).

Skeletal muscle tissue is more complexly organized than is smooth or cardiac muscles and forms distinct units. Groups of skeletal muscle fibers surrounded by their endomysium form small bundles, or fasciculi (L., fasciculus 5 small bundle), which are held together by a layer of connective tissue known as the perimysium. Many fasciculi, in turn, are surrounded by an epimysium and aggregated into units that we recognize as the individual muscles.
Muscle Attachments

Skeletal muscles have distinct attachments to skeletal elements or to well-defined connective tissue septa by tendons (Fig. 10-3). Tendons consist of an extension of the connective tissue within a muscle into the connective tissue periosteum that surrounds a bone. Frequently, the connective tissue of the tendon penetrates the bone. When the muscle and bone to which it attaches are close together, as in the humeral origin of the triceps muscle (Fig. 10-3), the attachments to the bone are inconspicuous. But tendons usually are conspicuous, cordlike bands. Some cordlike tendons are very long, extending, for example, from the muscle tissue in the proximal part of the antebrachium or crus to the digits. There are mechanical advantages to keeping bulky muscles proximally (Chapter 11). Sometimes tendons form broad, thin sheets, in which case they are called aponeuroses (Gr., apo 5 from 1 neuron 5 nerve, sinew). The tendons and connective tissue within muscles do play a role in their actions, as we shall see.

Skeletal muscles or their tendons extend across one or more joints and either move skeletal elements relative to one another, as when you bend your knee, or stabilize the skeletal elements at the joint so they do not move, as when you stand still. It is convenient to describe the opposite attachments of a skeletal muscle as its origin and insertion (Fig. 10-3). The origin is often thought of as the attachment that remains fixed in position when the muscle shortens, and the insertion as the end attached to the element that moves, but the end that moves may change with circumstances. By convention, the origin of a limb muscle is its proximal end, and the insertion is its distal end.

Motor Units

The muscle fibers within a skeletal muscle are organized into motor units. Each motor unit consists of a motor neuron and the muscle fibers it supplies. All muscle fibers in a motor unit are activated when the neuron supplying them is activated. Muscle fibers belonging to a single motor unit may be widely dispersed through a muscle, and many motor units, which are interspersed with each other, are present in a single muscle. Muscles differ with respect to the number of muscle fibers in a motor unit. Where a very fine regulation of contraction is needed, as in the small muscles that control the movements of the eyeball, each motor unit contains only a dozen or fewer muscle fibers. Activating only one or a few motor units can cause a delicate movement. Where a strong force must be generated, as in the large leg muscles that maintain posture, each motor unit may contain 2000 muscle fibers or more. During normal muscle activity, an ever-changing rotation of active, relaxing, and quiescent motor units occurs. As functional demands on a muscle change, the proportion of active motor units increases or decreases.

Muscle Contraction

Skeletal Muscle Ultrastructure

Examination of skeletal muscle by electron microscopy at different stages of contraction, coupled with biochemical analysis, has revealed how muscle contracts. Although the biochemistry of muscle contraction is beyond the scope of this book, it is important to recognize that muscle contraction results from the interaction of actin and myosin myofilaments. Within a single skeletal muscle fiber, the myofilaments are arrayed in groups, called myofibrils, that can just be seen with the light microscope (Fig. 10-2). The myofibrils have a banded appearance with dark A bands alternating with light I bands. The striated appearance of a muscle fiber is caused by the A and I bands of adjacent myo-fibrils being in register, that is, each type of band of one myofibril lies in the same transverse plane within a muscle fiber as the corresponding band in adjacent 
myofibrils. The banding of a myofibril, in turn, results from the arrangement of the myofilaments within it. Thicker myosin myofilaments overlap thin actin myo-filaments in the darker A bands, and only actin myofilaments occur in the lighter I bands. Another light area, the H zone, which is within an A band, is a region where only myosin myofilaments are present. A thin, dark Z line, to which actin myofilaments attach, crosses the I band. The Z lines demarcate functional units of the myofibril, known as the sarcomeres (Gr., sark 5 flesh 1 meros 5 part).

An action potential initiated on the membrane of a muscle fiber by a nerve impulse or by other means initiates a series of biochemical changes that lead to the formation of cross bridges between myosin and actin myofilaments. The heads on the myosin myofilaments bind to sites that have become active on the actin myo-filaments (Fig. 10-2). The heads swivel, and the actin myofilaments are pulled into the array of myosin myo-filaments. The heads let go of the actin myofilaments, reattach at new sites, and the process continues. This mechanism is known as the sliding filament hypothesis of muscle contraction. The attachment and detachment of each myosin head require one molecule of energy in the form of ATP (adenosine triphosphate). As the actin myofilaments slide between the myosin ones, the sarcomeres shorten (i.e., the Z lines come closer together) and the H zone becomes narrower or disappears. The amount of tension or force that a muscle fiber can generate is a function of the number of actin–myosin attachments that can be made at one time. A maximum is reached when a fiber is slightly stretched (Focus 10-1).

Modes of Muscle Contraction

The tension that results from the interaction of myosin and actin myofilaments within a muscle is called muscle contraction. Depending on circumstances, the muscle may or may not shorten. If the muscle shortens, it will cause bones or other structures to which it attaches to move, or the organ of which the muscle fibers are a part may change size or shape, as when a bladder contracts. A muscle contraction that induces a shortening of a muscle against a constant load or force is called isotonic contraction (Gr., isos 5 equal 1 tonos 5 strain). Movements of the body and its parts are caused by isotonic contractions. Work, as the term is used by physicists, is performed during isotonic contraction because:

Work 5 (the force developed)  (the distance through which the force works)

(Chapter 5). In isometric contraction (Gr., metron 5 measure), tension develops, but little if any shortening of the muscle occurs because the ends of the muscle are held in place by other forces. Muscles that support an animal or hold a part in a fixed position contract isometrically, but we usually are not aware of their activity. We can sense the tension that develops during isometric contraction by trying to lift an object that is firmly attached to the floor. Maximum muscle force is developed during isometric contraction, but no work in the physical sense is performed, for no movement occurs. Sometimes a muscle may increase in length as tension develops, which is called negative work contraction. An example is the action of the hamstring muscles (semimembranosus, semitendinosus, and biceps femoris) on the posterior surface of your thigh when you stand from a sitting position. Place your hand on these muscles or their tendons near your knee while sitting and then stand up. You can feel tension developing in these muscles as they help pull the thigh caudad under the body, but other muscles stretch them as the leg straightens at the knee, and the distance between their points of attachment increases.

Types of Muscle Action

Muscles perform their functions by developing tension and often shortening. They are restored to their resting length upon relaxation by an antagonistic force that operates in a direction opposite to the direction of contraction. Usually, muscles are arranged in antagonistic groups such that one muscle pulls a structure in one direction, and its antagonist pulls it in the opposite direction and restores the resting length. One example of an antagonistic set is the biceps and triceps muscles, which move the forearm in opposite directions (Fig. 10-3). The longitudinal and circular layers of muscle in the wall of the intestine are another example. The longitudinal muscles shorten the intestine and exert a force on the intestinal contents that causes the diameter of the intestine to increase; the contraction of circular muscles has the opposite effect, decreasing the diameter of the intestine and increasing its length. The antagonistic force need not be another muscle. The walls of blood vessels, for example, contain only circularly arranged muscle fibers. These work against and help control the hydrostatic pressure of the blood within the vessels. The hydrostatic force is the antagonistic force.

Sets of terms define many antagonistic actions. The movement of a distal limb segment toward a more proximal one, that is, bending the limb by decreasing the angle between the two segments, is called flexion. Extension is the opposite movement that straightens the limb. In general, flexion causes some type of bending, and extension causes a straightening. A ventral bending of the head or trunk also is called flexion; a dorsal movement of these parts is called extension. Ventral appendicular muscles, which lower the appendage and bend its distal segments, often are called flexor muscles; dorsal ones, which elevate an ap-pendage and straighten its distal segments, are called extensor muscles. The forward movement of the brachium or thigh at the shoulder or hip joints is called protraction. Retraction is the opposite movement. Adduction describes the movement of a part, such as a leg, toward some point of reference—in this case, the midventral line of the body. Abduction is the opposite movement. Rotation is the movement of a bone around some axis. Pronation and supination of the hand are special cases of rotation. Pronation is the rotation of the radius around the ulna such that the palm of the hand faces the ground. Supination is a rotation that causes the palm to face upward. A simple sliding of one bone on another, called translation, occurs at some joints, including many joints between bones within the wrist and ankle. Some muscles are named according to the actions they cause. Most terms are self-evident: levators, depressors, sphincters, dilators.
These are useful descriptive terms, but muscle action is more complex than they imply. Electromyographic studies have shown that muscles seldom act individually but rather work together in synergistic groups (Gr., syn 5 together 1 ergon 5 work). One muscle stabilizes a joint so it maintains its position, another may initiate a movement at the joint, and others become active later in the movement as skeletal elements move apart or toward each other. One muscle may restrict certain movements at a joint and allow other muscles to cause a more limited movement. For example, contracting flexor muscles in your forearm and hand will cause your hand to form a fist. However, the simultaneous contracting of certain extensor muscles on the back of the hand will prevent the proximal phalanges from flexing, so you flex just the ends of your fingers. Movements also require that the antagonistic muscles relax in synchrony with the contracting muscles.

Tonic and Twitch (Phasic) Muscles

Skeletal muscles vary in their physiological contractile properties and in their biochemistry. Two broad categories are recognized: tonic and phasic. Each muscle fiber in a tonic muscle receives multiple motor end plates from the neuron that supplies it. The action potential resulting from a single nerve impulse does not propagate far, so only sarcomeres near the motor end plates become active. A rapid succession of nerve impulses causes a more extensive propagation of the action potential and activates more sarcomeres. In this case, the extent and force of contraction are graded by the frequency of nerve stimulation. The rate of contraction of tonic muscles also is rather slow, and tonic muscles do not fatigue easily. These muscles are well adapted for slow, sustained, and carefully graded contraction. They are often small muscles. The muscles that move the eyeball are among the few tonic muscles in mammals, but some of the postural muscles of early tetrapods are tonic.

Most vertebrate skeletal muscles are twitch (phasic) muscles. Each muscle fiber in a twitch muscle has a single motor end plate. One nerve impulse may not be adequate to initiate an action potential, but several in rapid succession will do so. The action potential propagates easily and rapidly along the muscle fiber, so the contraction of individual fibers is not graded, as in tonic muscle, but is all or none. If the stimulus is adequate to initiate contraction of a muscle, the entire muscle is activated after a brief latent period, and a brief contraction, or muscle twitch, results (Fig. 
10-4). Muscle tension decreases during a relaxation period. Repetitive stimulation before the muscle has relaxed from the first twitch can cause a second or third twitch to be superimposed, or summated, on the first. Very rapid stimulation can lead to a maximum tetanic contraction of the muscle. The force of contraction can be graded in part by the rate of nerve stimulation. Because phasic muscles are usually larger than tonic ones and contain many motor units, the number of motor units active at a given time also grades force.

Twitch muscle fibers differ in their metabolism and many aspects of their contraction (Table 10-2). Slow-twitch fibers, also called slow oxidative (SO) fibers, derive most of their energy from oxidative metabolism. They have a high mitochondrial content because mitochondria contain the enzymes for oxidative metabolism. They are richly supplied with blood vessels that carry an abundant supply of oxygen to the muscles, and they contain a large amount of myoglobin, which is a hemoglobin-like molecule that facilitates the transfer of oxygen from the blood to the muscle fibers. Their myoglobin content gives them a reddish color, and sometimes they are called red muscle. These muscle fibers contract relatively slowly and no faster than oxygen can be delivered to them, so they do not fatigue easily. They are particularly well adapted for isometric contractions and for slow, repetitive, isotonic contractions.

Fast-twitch fibers, also called fast glycolytic (FG) fibers, are adapted for rapid movements of brief duration. They derive their energy primarily from glycolysis, the anaerobic metabolism of glycogen, so they can contract more rapidly than oxygen can be delivered to them. As would be expected, glycogen content is higher than in the slow-twitch fibers, and mitochondrial content is lower. Fast-twitch fibers contain little myoglobin and appear white, so they are sometimes called white muscle. Because little of the pyruvic acid resulting from glycolysis is oxidized during the bursts of activity, it is transformed into lactic acid. Fast-twitch fibers fatigue quickly and go into an oxygen debt, which represents the amount of oxygen that must eventually be delivered to oxidize and remove the lactic acid. Other twitch fibers have intermediate properties. One intermediate type is the fast oxidative glycolytic (FOG) fibers, or pink muscle.
Many muscles contain populations of each fiber type. The slow-twitch fibers are recruited first and are used in maintaining posture and in slow movements. When rapid, brief contractions are needed, fast-twitch fibers or some intermediate fiber type (i.e., fast-oxidative glycolytic) become active. In a sense, the muscle has two or more gears: low, intermediate, and high. Other muscles are composed entirely of one fiber type or the other. Many fishes have a band of dark, slow-twitch fibers along each side of the flank that are used in slow swimming; white, fast-twitch fibers that make up the rest of the trunk and tail musculature are recruited when bursts of speed are needed. The dark meat of a chicken’s leg is composed of slow-twitch fibers well adapted for sustaining posture and walking. The white meat of the breast is composed of fast-twitch fibers used in rapid wing movements of brief duration when chickens try to fly.

Whole Muscle Contraction

Role of Muscle Elasticity

In addition to a contractile component (the interaction of myofilaments), muscles contain elastic elements that have a profound effect on force generation. A parallel elastic component consists of elastic elements that parallel the myofibrils, that is, the plasma membranes of the muscle fibers and the connective tissue surrounding individual fibers and groups of fibers (Figs. 10-2 and 10-5). A series elastic component consists of elastic elements that lie in series with the myofilaments; among these are the tendons of the muscles. In many repetitive movements, such as the lateral undulations of a swimming fish or the oscillations of the limbs in a moving tetrapod, groups of muscle act in concert. Consider, for example, the movements of a mammal’s limb. The first group of muscles to contract (the protagonists) lifts a limb from the ground and moves it forward. In doing this, they stretch their antagonistic muscles, and elastic energy is stored in their elastic components. When the antagonistic muscles become active, they place the foot on the ground and exert through the limb a force on the ground that moves the mammal forward. This force derives both from the contraction of the antagonistic muscles and from the release of their stored elastic energy. The cycle continues. The stored elastic energy contributes significantly to the total force that the muscles generate (Focus 10-2). The faster the mammal runs, the greater the extent of limb oscillation, and the more elastic energy is stored and released.

The protagonist and antagonist muscles can be thought of as a pair of springs linked though the common lever that they move back and forth. The contraction of the protagonistic spring stretches the antagonistic spring, the stored elastic energy in the antagonistic spring stretches the protagonistic spring, and the release of this energy again stretches the antagonistic spring. Muscle contraction starts the cycle of the storage and release of elastic energy, and a continuing input of energy from muscle contraction is needed to keep the mechanism going, but much of the total force and work generated comes from the storage and release of elastic energy. Lou et al. (1999) have found that all of the energy stored in the series elastic component in fish myomeres is recovered in useful work.

Importance of Muscle Architecture

Muscles also differ in the length and arrangement of the muscle fibers within them—that is, in their architecture (Fig. 10-6). Strap-shaped muscles contain long, parallel fibers and have relatively broad attachments. Fusiform muscles are similar, except that their fibers lead into narrow tendons at the ends of a muscle, so the force of contraction is concentrated on a smaller area. Pennate muscles contain short, diagonally arranged fibers that insert on a tendon on one side of the muscle (unipennate muscles) or on one or more tendons more centrally located (bipennate or multipennate muscles). Examples of these types of muscles can be seen in the shoulder and arm of a cat (see Fig. 10-21C: teres major [strap], biceps [fusiform], and subscapularis [multipennate]).

These variables in muscle architecture affect the degree a muscle can contract, the velocity of contraction, the force of contraction, and the power a muscle can develop. The degree to which a muscle can contract depends on the length of its muscle fibers. Most muscle fibers can contract about one third of their resting length before the actin myofilaments are completely pulled into the array of myosin ones. Strap and fusiform muscles contain longer fibers than pennate ones of the same mass, so they can contract a longer distance and can induce a more extensive movement. They also contract faster because the rate of contraction or shortening is a function of the number of sarcomeres in series. Because each sarcomere contracts at the same rate, the more sarcomeres in series, the faster the muscle as a whole can contract. Long fibers have more sarcomeres than do short ones. A strap or fusiform muscle is used when movements are extensive or rapid.

Pennate muscles, on the other hand, can develop a greater force than strap or fusiform muscles of the same mass. This is partly because they contain a great deal of elastic material (the connective tissue), but primarily because the force a muscle develops is a function of the number of myosin–actin connections, or cross bridges, made at one time. Thus, force depends to a great extent on the number of myofilaments in a fiber and the number of muscle fibers in a muscle. The number of fibers in a muscle can be estimated by 
a “physiological cross section” that cuts as many fibers as possible at right angles. Such a section would be transverse to the long axis of a strap or fusiform muscle but would have to curve around the periphery of a pennate muscle. Because pennate muscles contain many short fibers, they can generate more force per unit of muscle than can muscles with other fiber arrangements. The useful force developed in a pennate muscle is not the force developed along the line of action of the muscle fibers but is the resultant of this force along the axis of the tendon (Fig. 10-6D). Force along the other resultant is lost as heat, but the useful force far exceeds that in a parallel-fibered muscle of equal mass.

Pennate muscles are well adapted for forceful isotonic contractions of short extent and for isometric contractions. They often initiate a movement, which is completed by strap or fusiform muscles. Pennate fibers usually do not perform as much work as do parallel-fibered muscles because they do not shorten greatly.

Because they do not shorten much, pennate muscles also do not bulge much during contraction. They sometimes are found where space is limited, such as inside of a lobster’s claw, or where body contours need to be maintained, such as on the surface of a fish (Chapter 11). Most muscles develop maximum forces in the order of 3 to 6 kg/cm2 of cross-sectional surface.

Force and velocity of contraction are inversely related. This can be seen in a force–velocity curve (Fig. 10-7). Note that, as force increases, the velocity of contraction decreases. This has an implication for the total power that a muscle can generate because power is the rate of doing work:

Power = (force)  (velocity of contraction)

As shown in Figure 10-7, power output can be calculated from a force–velocity curve. When force is low (but above zero) and velocity is high, or force is high and velocity is low, power is low. Maximum power is generated at about 30% of the maximum force. Thus, muscles can move heavy loads (i.e., develop more power) when they contract slowly. Although pennate muscles can develop more force than can others of equal mass, they do not necessarily generate more power because their fibers are short and contraction velocity is low.

Muscle Development and Groups

Somatic and Visceral Muscles

A regional grouping of the muscles (e.g., those of the shoulder and arm) or a functional grouping (e.g., protractors and extensors) is useful in dissection or in functional studies, but such groups often include muscles of different evolutionary, or phylogenetic, origins. For example, the shoulder group of muscles of tetrapods includes muscles derived from the appendicular, trunk, and gill arch muscles of fishes (see Fig. 
10-21). During the course of evolution, muscles sometimes change their positions in the body and even their attachments. For this reason, the phylogenetic or evolutionary group to which a muscle belongs is most accurately determined not by adult position or attachments (although these can be helpful) but by its embryonic development and nerve supply. The embryonic origin and innervation of muscles are conservative, are the best criteria for homology, and can be recognized in different evolutionary lines.

The small muscles within the iris of the eye develop embryonically from the same ectodermal tissue (the optic cup) that gives rise to the iris and retina (Chapter 12), but all other muscle tissue is derived from mesodermal mesenchyme. Following the useful, but sometimes artificial, division of the body into somatic and visceral parts (Chapter 7), we can classify these muscles as somatic or visceral. Most somatic muscles lie in the “outer” tube of the body. As we discussed in Chapter 4, most of these muscles develop from the segmented muscle segments, or myotomes, which are derived from the embryonic somites (Fig. 4-16). The ventral extension of each myotome peripheral to the lateral plate mesoderm forms most of the flank musculature (Fig. 10-8), but some flank muscles arise, at least in amniotes, from mesenchyme derived from the outer, somatic layer of the lateral plate. Visceral muscles develop in the “inner” tube of the body from the inner, or splanchnic, layer of the lateral plate. Visceral muscles, therefore, are located more deeply in the body than are somatic muscles. They contribute to the walls of most of the digestive tract and other visceral organs and to the walls of the heart and blood vessels. As explained in Chapter 4, blood vessels begin their development in the splanchnic mesoderm but gradually extend to other parts of the body.

The derivation of somatic muscles from the somites and somatic layer of the lateral plate mesoderm, and of visceral muscles from the splanchnic layer of the lateral plate, is quite clear in the trunk. For most of the 20th century, zoologists believed that this was also true in the head. Zoologists followed Goodrich’s interpretation (1918, 1930) that the head is segmented in a manner similar to the trunk (Fig. 4-37). Trunk somites continued into the head, although one or more in the otic region are transitory. The somites give rise to the somatic muscles of the head, such as the extrinsic ocular muscles that move the eyeball. A group of muscles, called branchiomeric muscles (Gr., branchia 5 gills 1 meros 5 part), develop in the pharynx wall and attach to the visceral arches. Although techniques available in Goodrich’s time did not allow investigators to follow closely the migration of cells during development, it was assumed that the branchiomeric muscles developed from a cranial extension of the splanchnic layer of the lateral plate. This conclusion was reasonable because the branchiomeric muscles lie in the wall of the pharynx. Branchiomeric muscles, therefore, were assumed to be visceral.

Zoologists now realize that segmentation of the head is not as well defined as in the rest of the body, and the embryonic origin of muscles in the head is not as clear as in the trunk. The paraxial mesoderm, which lies beside the neural tube and gives rise to the somites and myotomes in the trunk, does extend into the head. Although the paraxial mesoderm forms somites in the head of chondrichthyans (Fig. 4-37), only the part of the paraxial mesoderm lying caudal to the otic capsule forms distinct somites in amniotes (Figs. 4-39 and 10-9). Four somites and body segments lie in the head caudal to the otic capsule of gnathostomes. The fate of the paraxial mesoderm rostral to the otic capsule only now is being clarified. Studies by Jacobson (1988), Meier (1981, 1982), and Noden (1983, 1991) indicate that this part of the paraxial mesoderm does not become completely segmented in amniotes; rather, it forms a series of somitomeres, or whorls of mesenchymal cells, that are only partially separated from each other by slight indentations. The number of somitomeres varies with taxon, but often seven of them are present. Northcutt (1990) suggests that the first six somitomeres of amniotes can be grouped by twos into units that appear comparable with the first three somites of chondrichthyans, as defined by earlier investigators. The seventh somitomere appears to represent the remains of a fourth somite (Fig. 10-9). If couplets of somitomeres can be equated with well-defined somites, then the head of jawed vertebrates contains eight somites and body segments (four preotic and four postotic ones), as Goodrich believed. Later authors (e.g., Butler and Hodos, 1996) have accepted this interpretation.

To determine the fate of cranial somites and somitomeres, Noden (1983) transplanted groups of Japanese quail head somites and somitomeres into embryos of the domestic chick. He could follow their subsequent development because tissue that differentiated from quail cells carried distinctive nuclear condensations of chromatin. He concluded that the first three somitomeres and the fifth gave rise to the somatic extrinsic ocular muscles that move the eyeball (Fig. 10-10). Similarly, myoblasts from the most caudal head segments and several anterior trunk segments migrate forward beneath the pharynx to form the hypobranchial muscles that lie in the floor of the pharynx and enter the tongue of tetrapods. The dorsal parts of these somites form the epibranchial muscles, which lie dorsal to the gill region. The origin of ocular, hypobranchial, and epibranchial muscles from somites and somitomeres confirms earlier studies that these are somatic muscles.

The surprising aspect of Noden’s study is that the myoblasts that give rise to the branchiomeric muscles also migrate from somitomeres 4, 6, and 7 and from the four postotic somites (Figs. 10-9 and 10-10); they are not derived from a forward extension of the lateral plate. A similar origin for branchiomeric muscles now has been confirmed for most major vertebrate groups. Branchiomeric muscles, therefore, should be considered to be somatic muscles and not visceral ones. In addition to their origin from somites and somitomeres, branchiomeric muscles resemble other somatic muscles in being striated and in being innervated by motor neurons that travel directly to them from the central nervous system. We restrict the term “visceral muscles” to those of the gut wall (except for the branchiomeric ones), other viscera, blood vessels, and heart. All receive their motor innervation through the autonomic nervous system, which, unlike the pattern of innervation of somatic muscles, involves a peripheral motor relay (Chapter 13). All visceral muscles, except for those of the heart, are smooth.

It may seem unusual that somatic muscles, normally restricted to the “outer” tube of the body, attach onto the visceral arches located deep in the pharynx wall. However, you will recall (Fig. 4-39C) that these arches develop from ectodermal neural crest cells that migrate into the pharynx wall and not from cells in the wall. The connective tissue that permeates the branchiomeric muscles is also of neural crest origin.

Somatic Muscle Groups

Visceral muscles will be discussed with the organs of which they form a part and will not be discussed further in this chapter. Zoologists subclassify the somatic muscles as axial muscles located along the longitudinal axis of the body or appendicular muscles that develop from mesenchyme that migrates from the myotomes (and sometimes from the somatic layer of the lateral plate) into the limb buds (Fig. 10-8 and Table 10-3).

Axial muscles can be further subclassified according to the group of body segments from which they arise. The extrinsic ocular muscles develop from the first three and the fifth somitomeres (Fig. 10-10). A specific cranial nerve is associated with each of these somitomeres and supplies the muscle(s) that develop from them (Figs. 4-37 and 10-10): somitomeres 1 and 2 with the oculomotor nerve (III), somitomere 3 with the trochlear nerve (IV), and somitomere 5 with the abducens nerve (VI).

The branchiomeric muscle develops from the remaining somitomeres and from the four postotic head somites. A specific cranial nerve supplies the muscles that develop from each (Figs. 4-37, 10-9, and 10-10). Mandibular muscles arise from somitomere 4 and are supplied by the trigeminal nerve (V). Hyoid muscles arise from somitomere 6 and are supplied by the facial nerve (VII). The remaining branchiomeric muscles, which are called branchial muscles, attach to the third visceral arch (i.e., first branchial arch) and to the remaining four arches. Muscles of the third visceral arch develop from somitomere 7 and are supplied by the glossopharyngeal nerve (IX). The remaining branchial muscles arise from the four postotic somites and are supplied by the vagus nerve (X). These visceral arches sometimes are given the name of the nerve associated with them: glossopharyngeal arch, vagal arches.

The dorsal parts of the postotic somites and of the first several trunk somites also give rise, at least in fishes, to a small group of epibranchial muscles that lie above the gill region. Hypobranchial muscles below the gill region develop in all vertebrates from the forward migration of myoblasts from more caudal postotic and the more anterior trunk somites around the back of the gill region (Fig. 10-10). Epibranchial and hypobranchial muscles are innervated in fishes by a group of occipital nerves, which leave the central nervous system from the occipital region of the skull, and by several anterior spinal nerves. Branches of the nerves that supply the hypobranchial muscles usually aggregate to form a conspicuous hypobranchial nerve. Epibranchial muscles retain their embryonic segmentation in many anamniotes; hypobranchial muscles tend to fuse and form longitudinal bands, but traces of segmentation often remain.

The remaining myotomes form the muscles of the trunk and tail. These muscles remain segmented in fishes, but parts of many myotomes fuse to form longitudinal bundles and broad sheets in tetrapods. The myotomes become divided in all gnathostomes by the horizontal skeletogenous septum (Chapter 8), which extends from the vertebral column to the body surface at the lateral line (Fig. 10-8). The portions of the myo-tomes that lie dorsal to the horizontal septum become the epaxial muscles; those ventral to it become the hypaxial muscles. Branches of the spinal nerves innervate trunk and tail muscles. Dorsal branches, or rami (L., ramus 5 branch), supply the epaxial group; ventral rami supply the hypaxial group.

Appendicular muscles are defined as those that begin their differentiation within the limb bud. The mesenchyme that forms these muscles arises in fishes as buds from the ventrolateral surfaces of a number of adjacent myotomes (Fig. 10-8). Appendicular muscles also are innervated by the ventral rami of spinal nerves, as are the ventrolateral trunk muscles. Appendicular muscles always insert on the girdles or bones of the paired appendages, but the origins of some migrate medially to the trunk. Some trunk and branchiomeric muscles secondarily shift their insertions onto the girdles, but these are not considered part of the appendicular musculature because embryonically they develop from mesenchyme outside of the limb buds. Appendicular muscles can be sorted into dorsal and ventral groups that primitively lie dorsal and ventral to the appendicular skeleton and girdles.

The Evolution of the Axial Muscles

Vertebrates have many individual muscles, and they change greatly as the methods of support, locomotion, feeding, gas exchange, and other activities of vertebrates change during their adaptation to their many habitats and modes of life. It is impossible to give a comprehensive view of muscle evolution in a book of this scope. We focus on the pattern of the muscles in a generalized jawed fish (e.g., a shark), on the major changes that occurred in the adaptation to land, and on additional changes that accompanied the evolution of an active, endothermic terrestrial life. We will consider some additional muscles as we discuss the functional anatomy of particular organ systems. We trace the evolution of muscles by the groups we have defined because these can be recognized in all vertebrates.

Extrinsic Ocular Muscles

The most rostral axial muscles belong to the extrinsic ocular group. These small, strap-shaped muscles arise from the wall of the orbit and insert on the surface of the eyeball. They rotate the eyeball as needed, such as when an animal shifts its field of vision or continues to look at a fixed object while moving. The ability to rotate the eyeball is common to all vertebrates with well-developed eyes, regardless of the habitat in which they live, so these muscles tend to be conservative. They change little during the course of evolution. Nearly all vertebrates have the six muscles shown in Figure 10-11, which are found in a jawed fish. The ventral oblique, ventral rectus, medial rectus, and dorsal rectus arise embryonically from the first two somitomeres, or first head segment (Fig. 10-10), and so are supplied by the nerve of this segment, the oculomotor nerve (III). The dorsal oblique arises from the third somitomere (second head segment) and is supplied by the trochlear nerve (IV); the lateral rectus arises from the fifth somitomere (third head segment) and is supplied by the abducens nerve (VI).

Most tetrapods have evolved upper and lower eyelids and, often, a transparent nictitating membrane that can move across the surface of the eyeball. These structures, and associated glands, clean and protect the eyeball in an environment where the surface of the eyeball is not bathed in water. Most, but not all, tetrapods have a retractor bulbi that can pull the eyeball deeper into the orbit and so facilitates the movement of the nictitating membrane across its surface. Innervation of the retractor bulbi by the abducens nerve indicates its evolution from the third head segment.

Parts of the bird’s dorsal and ventral rectus have separated as a levator palpebrae superioris and a depressor palpebrae inferioris that act on the upper and lower eyelids, respectively. These muscles, as would be expected, are innervated by the oculomotor nerve. Mammals also have a levator palpebrae superioris, and some species have a depressor palpebrae inferioris.

Branchiomeric Muscles

The branchiomeric muscles lie in the lateral wall of the pharynx between the hypobranchial muscles, which lie ventral to the pharynx, and the epibranchial muscles, which lie dorsal to the pharynx (Fig. 10-12). The branchiomeric and hypobranchial muscles act together in breathing movements, capturing food, manipulating food within the mouth and pharynx, and swallowing. In some cases, the epibranchial muscles assist them. The ways in which these activities occur are affected greatly by whether a vertebrate lives in water or on land, so epibranchial, branchiomeric, and hypobranchial muscles change greatly during the course of evolution. We discuss feeding in Chapter 16 and breathing movements in Chapter 18. At this time, we will consider the general pattern of the muscles involved, beginning with the branchiomeric muscles.

Muscles of a Typical Fish Branchiomere  Ancestral vertebrates were jawless, so all of their branchiomeric muscles likely acted to move a current of water into the mouth, through the pharynx, and out of the gill slits. Aside from providing for gas exchange, this current brought in small food particles. The branchiomeric muscles associated with each visceral arch were probably similar, and they may have resembled the pattern found in the caudal two thirds of the pharynx in contemporary sharks. A shark’s last five visceral arches, or branchial arches, lie adjacent to the pharyngeal lumen, and interbranchial septa extend from all but the last arch outward toward the side of the head. Muscles associated with these branchial arches (sensu strictu) collectively are called branchial muscles. Most of each interbranchial septum is composed of an interbranchial muscle, the fibers of which have a circular arrangement (Fig. 10-12A). Skeletal branchial rays also extend from the arches into the septa, which they help stiffen. Gills lie on the anterior and posterior surfaces of a representative septum, and pharyngeal pouches lie between successive septa. As the septa 
approach the body surface, the interbranchial muscle fibers change their direction slightly and form superficial sheets that cover the dorsal and ventral parts of the pharyngeal pouches, leaving only small openings, the external gill slits, to the body surface. These sheets of muscle are the dorsal and ventral superficial constrictor muscles (Fig. 10-12B). Primitively, each branchial arch probably had a levator muscle that extended from the fascia overlying the epibranchial muscles to the dorsal part of the arch, and these muscles would have helped expand the pharynx. In contemporary sharks, the levators of all of the branchial arches have united to form a triangular muscle, the cucullaris (L., cucullus 5 hood), most of which inserts on the scapular region of the pectoral girdle. This is an example of a branchial muscle that functionally has become associated with the appendicular skeleton, even though part of the muscle still inserts on the last branchial arch. Small adductor and interarcual muscles interconnect segments of the branchial arches (Fig. 10-12A).

Contraction of the branchial muscles (except for the levators) draws the parts of the branchial arches together and compresses the pharynx and pharyngeal pouches. These muscles are responsible for discharging a current of water across the gills and out the external gill slits. The cranium is elevated, the mouth is opened, and the pharynx is expanded, drawing water and food in by the elastic recoil of the branchial arches, assisted by the contraction of the hypobranchial and epibranchial muscles (Chapters 16 and 18).

The Evolution of Mandibular Muscles  The muscles of the mandibular and hyoid arches became modified with the evolution of jaws and the incorporation of the hyoid arch as part of the jaw-suspension mechanism. Most of the mandibular musculature of the first arch of sharks forms a powerful adductor mandibulae, which closes the jaws (Fig. 10-12B). Another part, the levator palatoquadrati, helps lift the palatoquadrate cartilage during prey capture. This muscle is serially homologous to the branchial levators. The spiracularis of elasmobranchs controls the opening and closing of the spiracle, the preorbitalis protracts the jaws during feeding, and an intermandibularis helps compress the throat. The intermandibularis is in series with the ventral branchial constrictors. All of the mandibular muscles are innervated by the trigeminal nerve (V; Table 10-4).

Because of their embryonic association with the mandibular arch and their innervation by the trigeminal nerve, the mandibular muscles of other vertebrates can be recognized and are homologous as a group with those of a shark. But during embryonic development, the premuscular mandibular tissue cleaves and differentiates in different patterns among the many vertebrate taxa. Unless the pattern of embryonic differentiation has been studied and compared between groups, it is not always possible to homologize individual mandibular muscles in the adult of one group with those in another group. But often, an approximation can be made based on position, attachments, and other criteria. The same can be said for other groups of branchiomeric muscles and, indeed, for all muscle groups.

Most of the mandibular muscles continue to act on the jaw mechanism during the evolution of tetrapods. The large mandibular adductor complex forms the most conspicuous of the jaw-closing muscles. The division of the adductor mandibulae in the various lines of tetrapod evolution correlates with divergences in their methods of feeding. The pattern seen in Necturus is shown in Figure 10-13A and Table 10-4. As the jaws become stronger and their movements more complex in the line of evolution toward mammals, the adductor complex becomes divided into several distinct muscles (Fig. 10-13B). A temporalis lies in the temporal fossa, one or two pterygoids originate from the pterygoid processes on the underside of the skull, and a masseter (Gr., maseter 5 one who chews) originates from the zygomatic arch (Fig. 10-13B). The evolution of these muscles is closely related to the evolution of temporal fenestration and to the jaw changes that occurred during the evolution of mammals (Chapter 7). In mammals, all of these muscles insert on the dentary bone, but one small part of the original adductor complex remains attached to the mammalian derivative of the mandibular cartilage, that is, the malleus in the middle ear. This muscle is the tensor tympani. Mammals also have a small tensor veli palati, which lies in the soft palate.

Amphibians, reptiles, and birds with kinetic skulls retain mandibular muscles, such as a levator pterygoidei and protractor pterygoidei (see Focus 16-1), which attach onto palatal bones and help elevate the cranium when the jaws are opened. Tetrapods with akinetic skulls, including mammals, lack these muscles.

An intermandibularis remains in tetrapods as a compressor of the floor of the mouth (Fig. 10-13A). It helps pump air into the lungs of amphibians (Chapter 18). This sheet is represented in mammals by a mylohyoid, which extends between the two sides of the lower jaw, and by the anterior part of the digastric muscle, the posterior part of which develops from hyoid muscles (Fig. 10-13B).

The Evolution of Hyoid Muscle  The hyoid muscles of a shark include a levator hyomandibulae, a dorsal and a ventral hyoid constrictor, and an interhyoideus (Fig. 10-12B and Table 10-4). They help suspend the jaw and compress the pharynx. Hyoid muscles always are supplied by the facial nerve (VII).

Considerable hyoid musculature remains in amphibians. Superficial ventral sheets form an interhyoideus and sphincter colli (L., collum 5 neck; Fig. 10-13A). A depressor mandibulae and branchiohyoideus lie caudal to the jaw joint. The depressor mandibulae is new to tetrapods. It inserts on a retroarticular process of the lower jaw and, along with some hypobranchial muscles (see subsequent discussion), depresses the lower jaw in nonmammalian tetrapods.

The remodeling of the jaw that occurred during the evolution of mammals has been accompanied by some changes in jaw-opening mechanisms. Some hypobranchial muscles remain important in opening the jaws, but the digastric muscle functionally replaces the depressor mandibulae in placental mammals. The digastric extends between the caudal part of the skull and the ventral border of the dentary bone (Fig. 10-13B). In many species of mammals, the digastric is divided into two bellies, as its name implies, by a central tendon that attaches to the hyoid apparatus. The posterior belly develops from the hyoid musculature and is innervated by the facial nerve; the anterior belly develops from mandibular muscles and is supplied by the trigeminal nerve.

A small stylohyoid (see Fig. 10-15B), which extends from the styloid process of the skull (a derivative of the hyoid arch) to the hyoid, and a stapedius, which attaches to the stapes, are the only parts of the hyoid musculature that remain attached to the hyoid arch or its derivatives in mammals. (Recall that the stapes evolved from the hyomandibula.)

The superficial sheets of the hyoid musculature lose their connection to the hyoid in mammals and spread out beneath the skin of the neck and face to form the platysma (Gr., platysma 5 flat object) and facial muscles (Fig. 10-14). Facial muscles insert into the scalp and the base of the auricle, encircle the eye, and form the fleshy cheeks and lips of mammals. The evolution of fleshy cheeks and lips is coupled with the evolution of nipples on the mammary glands and the ability to suckle. Movements of the lips and face are also an important way of communicating in many mammals. The facial nerve receives it name because it innervates these muscles, but it also supplies the rest of the hyoid musculature.

The Evolution of the Branchial Muscles  We described the basic pattern of branchial muscles in a shark earlier. Aquatic salamanders, such as Necturus, retain many branchial muscles. However, during the transition from water to land, lungs replaced gills as sites for gas exchange, and many branchial muscles were lost. Those branchial muscles associated with the parts of the visceral skeleton that contributed to the larynx and hyobranchial apparatus remained, as did those that had secondarily shifted their insertion to the pectoral girdle.

In mammals, deep muscles in the wall of the pharynx are of branchial origin. They are supplied by the glossopharyngeal nerve (IX). Also, the small intrinsic muscles of the larynx, which extend between the laryngeal cartilages, are of branchial origin. It is not surprising that the laryngeal muscles are innervated by a branch of the vagus nerve (X) because these cartilages develop from parts of the fourth, fifth, and sixth visceral arches.

The cucullaris of fishes and amphibians expands considerably in mammals and divides to form a trapezius group of muscles on the dorsal surface of the shoulder and a sternocleidomastoid complex, which extends from the base of the skull to the sternum and clavicle (see Fig. 10-21A). Although branchiomeric in origin, these muscles no longer act on the visceral skeleton but help move the shoulder and head. Their motor innervation in amniotes is from the spinal accessory nerve (XI), which evolved from the branch of the vagus that supplied the cucullaris. Branches of cervical spinal nerves also enter these muscles but are believed to carry sensory feedback from muscle activity rather than motor neurons.

Hypobranchial Muscles

The hypobranchial muscles of fishes represent a rostral extension of the hypaxial trunk muscles from the pectoral girdle into the floor of the pharynx. Although not of branchiomeric origin, they have acquired insertions onto the ventral parts of the mandibular arch, hyoid arch, and some of the branchial arches. They help open the jaws and expand the pharynx during feeding and breathing.

Traces of the segmentation that characterize the trunk muscles of fishes may remain, but, for the most part, the hypobranchial muscles form continuous, longitudinal bundles. It is convenient to classify them as prehyoid muscles, which lie, or at least insert, rostral to the hyoid arch, and posthyoid muscles, which lie caudal to the hyoid arch (Table 10-5). In sharks, the prehyoid group is represented by a coracomandibularis, which extends from the mandible toward the coracoid region of the pectoral girdle (Fig. 10-15A). A rectus cervicis complex, which extends caudad from the hyoid arch to the pectoral girdle, represents the posthyoid group. The rectus cervicis complex of sharks often includes a coracohyoideus and coracoarcuals. The latter extend deeply to attach onto the branchial arches. In teleosts, a geniohyoideus (Gr., geneion 5 chin) separates from the coracomandibularis, and a sternohyoideus develops from the rectus cervicis. Hypobranchial muscles of fishes are innervated by the ventral rami of the spino-occipital nerves, which unite to form the hypobranchial nerve.
Hypobranchial muscles are quite complex in terrestrial vertebrates because food is not supported and carried by a current of water. The hyobranchial apparatus and a muscular tongue, both controlled by hypobranchial muscles, transport food in the mouth, swallow it, and sometimes even catch it.

Hypobranchial muscles lying rostral to the hyo-branchial apparatus in amphibians include a  geniohyoideus and one or more slips that enter the newly evolved, muscular tongue. Often, only a single genio-glossus (Gr., glossa 5 tongue), which retracts the tongue and moves food back into the gullet, is present. The rectus cervicis of many amphibians often does not differentiate into separated muscles. An amphibian uses fishlike movements of the pharynx floor to move air into the lungs rather than water across the gills (Chapter 18). In Necturus and some other species, slips of the rectus cervicis, such as an omoarcual (Gr., omos 5 shoulder) and pectoriscapularis, attach to the pectoral girdle (Fig. 10-13A).

Hypobranchial muscles become more complex in amniotes, especially in mammals that use their tongues to manipulate food between their teeth during mastication (Fig. 10-15B and Table 10-5). In addition to the geniohyoideus and genioglossus present in some amphibians, mammals have several additional prehyoid muscles that extend into the tongue: a hyoglossus, a styloglossus, and a lingualis. The lingualis is an intrinsic muscle of the tongue that is confined to the organ and constitutes much of its substance. Muscles extending between the sternum, the thyroid cartilage of the larynx, and the hyoid are a sternohyoideus, a sternothyroideus, a thyrohyoideus, and sometimes an omohyoid. The actions of the hypobranchial muscles of mammals are very important in the complex movements of the hyoid apparatus and larynx that occur during jaw opening, food transport, and swallowing (Chapter 16). This group of muscles continues to be innervated by the equivalent of the ventral rami of spino-occipital nerves. The occipital component of this nerve in amniotes emerges from the back of the skull as a distinct cranial nerve, the hypoglossal nerve (XII).

Epibranchial Muscles

The rostral part of the epibranchial musculature, which lies dorsal to the gill region, attaches onto the cranium. Epibranchial muscles play a role in some fishes and amphibians in elevating the cranium when the mouth is opened during feeding (Chapter 16). But for the most part, the epibranchial muscles represent a forward extension of the epaxial trunk muscles.

Trunk and Tail Muscles

Fishes  The embryonic myotomes of the trunk and tail develop into a series of folded muscle segments, the myomeres, of adult fishes (Fig. 10-16). The sequential contraction of the myomeres, acting with the vertebral column, causes a series of lateral undulations by which fishes swim. Myomere structure is, therefore, correlated closely with the pattern of swimming (Chapter 11). The individual myomeres are separated from each other by connective tissue myosepta, which extend inward to the vertebral axis. A horizontal skeletogenous septum does not develop in jawless fishes, but one is present in all jawed fishes and divides the myomeres into epaxial and hypaxial parts (Fig. 
10-8A and Table 10-6).

Most parts of the embryonic myotomes transform into the myomeres, but, in addition, small buds that separate from the myotomes become associated with the median fins. The buds differentiate into small muscles that attach to the radial elements in the dorsal and anal fins and control the shapes and movements of the fins. Most of these movements help maintain stability, but some species of teleosts swim slowly by undulations that travel along the fins rather than down the trunk.

Tetrapods  Major changes occurred in the trunk and tail muscles of tetrapods because the role of lateral undulations of the trunk and tail decreases in locomotion, whereas the importance of appendicular movements increases. Lateral undulations of the trunk and tail continue to contribute to locomotion in some amphibians (salamanders) and reptiles (squamates), and the myo-meres remain segmented. Segmentation of the trunk is greatly reduced in birds and mammals. Although trunk muscles become less important in locomotion, they play an important role in mediating flexion and extension of the spine and in supporting the body against gravity. Trunk muscles also control the movement of the head, which becomes independent of trunk movements, and the actions of some help ventilate the lungs.

Epaxial Muscles of Tetrapods  The epaxial muscles are particularly important in supporting the body and moving the vertebral column and head. They are represented in salamanders primarily by a dorsalis trunci, which remains segmented (Figs. 10-17A and 10-18B, Table 10-6). Deep parts form a series of small interspinalis muscles that interconnect adjacent vertebrae.

As trunk and head movements became more complex in reptiles and mammals, the epaxial muscles have become more specialized. Typically, three longitudinal bundles extend forward from the sacrum and pelvis to the head (Figs. 10-17B and 10-18C). The most medial and deepest bundle in reptiles is a transversospinalis system, which consists of short fibers extending between adjacent vertebrae, or only across a few body segments. A more lateral longissimus dorsi consists of longer fibers, many of which extend from the sacrum to the neck. As the most lateral iliocostalis extends forward from the sacrum and part of the pelvic girdle (the ilium), it gives off slips that insert on the ribs or parts of the cervical vertebrae derived from ribs. All three of these bundles remain partly segmented.

Segmentation of the epaxial musculature is lost in mammals, except in the deeper parts of the transversospinalis system. This band of muscles is represented primarily by the multifidi and spinalis dorsi (Fig. 
10-17B). The posterior parts of the mammalian longissimus dorsi and iliocostalis often partially unite to form a large erector spinae. As these bundles approach the head, they become subdivided into many smaller muscles that support and move the head (Table 10-6). All of the epaxial muscles are innervated by dorsal rami of spinal nerves.

Hypaxial Muscles of Tetrapods  The hypaxial muscles of tetrapods are subclassified into three major groups (Figs. 10-18B and C and 10-19):


1.
A subvertebral group (Table 10-6) lies ventral to the vertebral column, acts on the vertebral axis, and assists the epaxial muscles in supporting the body and bending the vertebral column.


2.
A ventral group includes the rectus abdominis, which extends longitudinally on either side of the midventral line. It helps support the abdomen, and its longitudinal fibers allow it to contribute to lateral and ventral flexion of the trunk.


3.
A lateral group lies on the flank and forms three or four layers. These layers are particularly distinct in the abdomen, where we may find (from the surface inward) an obliquus externus (which may be divided into superficial and deep layers in salamanders and squamates), an obliquus internus, and a transversus abdominis (Figs. 10-18B and C and 10-19A and B). Simons and Brainerd (1999) have surveyed this musculature in salamanders and found considerable variation. The obliquus externus may or may not be subdivided, and, in a few species, either the obliquus internus or the transversus abdominis may be absent. Fibers in each layer run at different angles. The layers are thick and continue to be segmented in salamanders, but they form broad, thin sheets in amniotes.

Multiple layers of hypaxial muscles with fibers running in different directions certainly support and strengthen the trunk wall, as multiple layers strengthen plywood. There are three layers of intercostal muscles in the parts of the trunk in which ribs are present, including the mammalian thorax. External and internal intercostals are well developed in all amniotes (Fig. 10-18C). The innermost transverse layer is also well developed in reptiles, where it forms a subcostalis, but in mammals, this layer is represented by an incomplete transversus thoracis. These muscles also play important roles in locomotion, trunk stabilization, and respiration (Focus 10-3 p. 341).

The Evolution of Appendicular Muscles

The paired appendages of most fishes do not deliver major propulsive thrusts. The fins may provide lift, but they are used primarily in maintaining stability, braking, and maneuvering. Paired fin movements and appendicular muscles usually are quite simple (Fig. 10-20A). Often, as in sharks, a single dorsal muscle, called the extensor,1 is located on the dorsal part of the fin. It pulls the fin dorsally. A ventral muscle, the flexor, is located on the ventral surface of the fin and pulls the fin ventrally. In species whose fin movements are more complex, the simple flexor and extensor muscles become subdivided and more specialized.

The structure and movements of the paired appendages of terrestrial vertebrates are far more complex than those of the paired fins of fishes because the limbs support the body and provide the major propulsive thrusts. Indeed, appendicular muscles constitute the bulk of the muscular system in many tetrapods. Despite their complexity, tetrapod appendicular muscles can be subdivided into dorsal and ventral groups on the basis of their embryonic development from two premuscular masses that lie, respectively, above and below the developing appendicular skeleton. These masses cleave into many components during the later development of a tetrapod. Collectively, the muscles that develop from the dorsal mass are homologous to the fish extensor; those from the ventral mass, to the fish flexor (Table 10-7).

We will discuss the functional anatomy of support and locomotion in Chapter 11. At this time, we can say that the dorsal muscles of both tetrapod pectoral and pelvic limbs abduct and extend the limbs as a whole and their various segments. These actions occur during the swing phase of a step, when each limb in turn is removed from the ground and extended. Ventral muscles do the opposite—they adduct the limbs as a whole and flex their distal segments. These actions occur during the stance phase, when each limb in turn is placed on the ground and develops a propulsive thrust. In addition to these actions, the pectoral and pelvic limbs as a whole are advanced or protracted during the swing phase. A force is developed that could retract or draw the limbs caudad during the stance phase, but because the feet remain on the ground, this force advances the trunk relative to the feet. Both dorsal and ventral muscles participate in these actions, depending on whether their lines of action lie anterior (protraction) or posterior (retraction) to the shoulder and hip joints. Limb muscles also brace the bones across the joints, holding the body up on the legs.

The splayed limb position of amphibians and most reptiles necessitates a powerful ventral musculature that adducts the humerus and femur and flexes the antebrachium and crus so as to raise the body from the ground. Nearly vertical bony columns support the body of many mammals more directly because the limbs have rotated closer to the body axis, and movement of all limb segments is primarily back and forth in a parasagittal plane. Powerful limb adductors no longer are needed. Ventral muscles that act across the shoulder joint become much less important. Ventral parts of the girdle are reduced, as we have seen (Chapter 9), and some ventral muscles are reduced or shifted dorsally. Dorsal muscles are better positioned to protract and retract the mammalian humerus. Some reduction of the ventral muscles that act across the hip joint also has occurred during the evolution of mammals, but reduction of the ventral parts of the pelvic girdle and its muscles is not as pronounced as in the shoulder. Limb movements became more complex as tetrapods evolved into more active and agile animals, and, with this, some subdivision and multiplication of both dorsal and ventral muscles also has occurred.

Appendicular muscles of tetrapods are exceedingly numerous and are best sorted out in the laboratory. We will consider the major muscles of the pectoral girdle and brachium as an example of the evolutionary changes that occur in appendicular muscles. Major changes can be appreciated by comparing these muscles in a reptile (lizard) and a mammal.

The simple extensor and flexor muscles of fishes cleave into many separate muscles in early tetrapods as limb movements become more complex, but dorsal and ventral muscle groups can be recognized. Dorsal appendicular muscles on the shoulder and brachium of reptiles (Fig. 10-20B and C, Table 10-7) are a latissimus dorsi, deltoid, and triceps brachii, and, more deeply, a scapulohumeralis anterior and a subcoracoscapularis. Notice in particular that the subcoracoscapularis extends from the posterior border of the scapula and coracoid to the proximal end of the humerus. Ventral muscles are large. A pectoralis, biceps brachii, and brachialis lie superficially, and a supracoracoideus and coracobrachialis lie more deeply. The supracoracoideus and powerful coracobrachialis arise from the large coracoid plate (which lies deep to the supracoracoideus). The coracobrachialis extends to the distal end of the humerus.

The mammalian shoulder is covered dorsolaterally by muscles that are not true appendicular muscles in the sense that they did not develop from mesenchyme within the limb bud (Fig. 10-21A). The sternomastoid and the three parts of the trapezius are branchiomeric muscles that have secondarily acquired an attachment to the pectoral girdle. They evolved from the fish cucullaris (Fig. 10-12B). The omotransversarius (also called the levator scapulae) is one of several hypaxial trunk muscles that act on the scapula. Others attach to the medial side of the scapula (Fig. 11-11).

Dorsal appendicular muscles continue to be important, for they help to brace the bones and hold the animal up on its limbs, and they are in a good position to swing the limb fore and aft (Fig. 10-21). The deltoid often is subdivided to a greater extent than in reptiles, and a part of the reptilian latissimus dorsi separates as a teres major. The reptilian scapulohumeralis anterior remains as a small teres minor, but it is located very deeply and is not shown in the figures. The reptilian subcoracoscapularis enlarges greatly and covers the medial surface of the scapula. It is now called the subscapularis because the large coracoid plate of reptiles is reduced in mammals to a small coracoid process on the scapula.

Because the limbs of mammals are no longer splayed but are pulled nearly under the trunk, major changes have occurred in the ventral appendicular muscles. The pectoralis remains an important muscle in adducting the limbs and participating in their protraction and retraction. It is often subdivided into several parts. With the loss of the coracoid plate, the supracoracoideus migrates dorsally during embryonic development onto the lateral surface of the scapula, part passing in front of and part behind the scapular spine. These muscles are now called the supraspinatus and infraspinatus, respectively, and are in a good position to assist in the fore and aft swing of the appendage. The large coracobrachialis of reptiles remains as a small coracobrachialis, which extends from the coracoid process of the scapula only to the proximal end of the humerus.

Many mammals can wiggle their skin in order, for example, to shake off insects. A thin but extensive cutaneous trunci fans out from the armpit to insert onto the skin over the trunk. Its origin from the base of the pectoralis and latissimus dorsi indicates its evolutionary origin from these muscles. It is listed in Table 10-6 but not shown in the figures. Some mammals also have a small tensor fasciae antebrachii, a derivative of the triceps that inserts into the fascia over the forearm.

Electric Organs

Many tissues, such as muscles, glands, and nerves, generate weak electric currents when they become active. Such currents travel through water because water, even fresh water, contains ions. Many fishes and a few other aquatic vertebrates have evolved electroreceptors that detect the weak currents generated by the muscle activity of other animals, and they utilize this information in finding prey (Chapter 12). About 250 species of fishes have evolved specialized electric organs that produce stronger electric currents. They use these, coupled with their electroreceptors, for electrocommunication, navigation, and sometimes in prey capture and defense. We will consider electric organs at this time because the tissue in electric organs is usually modified muscle.

Electric organs occur in many different groups, differ in many aspects of their construction, and must have evolved independently many times. Electric organs occur in some tropical teleosts: the gymnotids (relatives of minnows) of Central and South America, the mormyrids (osteoglossomorphs) of Africa, and the electric catfish, Malapterurus, of the Nile. The only saltwater fishes with electric organs are several rays, of which Torpedo is the most famous, and the stargazer, Uranoscopus. The electric organs of mormyrids and most of the gymnotids generate trains of relatively weak electric pulses. Some pulses are used in species and sex recognition; others form an electric field that the fish uses to navigate in the murky waters of its habitat. Objects whose electric conductive properties differ from that of the water distort the field, and the fish detects these distortions. The fish avoids distorting the electric field itself by keeping its trunk and tail straight and swimming slowly by undulating an elongated anal or dorsal fin. A familiar example of a gymnotid is the knifefish (Apteronotos albifens), often sold in aquarium stores. It easily moves forward or backward, or stays in position, by undulations of an exceedingly long anal fin, which extends forward to the underside of the head. Other fins are much reduced or absent.
The electric eel, the electric catfish, and the marine species can generate electric currents sufficiently strong to stun, and sometimes kill, prey or predators. Torpedo and Electrophorus have the most powerful organs. Torpedo can generate a current flow as high as 50 amperes at 50 volts. (Amperage is a measure of the amount of current; voltage is the push or force driving the current.) This is a total power of 2500 watts (watts 5 amperes  volts). Electrophorus also can generate a power of 2000 watts or more, but it must do so at a higher voltage, up to 500 volts, because fresh water is a poorer conductor of electricity than is salt water. The amperage in Electrophorus is much lower, about 4 amperes. The powerful electric organs likely evolved from weaker ones used for communication and navigation. Once they attained enough power to stun other organisms, natural selection could favor this use. Darwin was hard put to explain the early stages in the evolution of these powerful organs, for fish with weaker organs were unknown in his time.

Different tissues or groups of muscles are utilized in the various fish groups (Fig. 10-22). The electric organ of the electric “eel,” Electrophorus (a gymnotid), consists of modified hypaxial trunk muscles; that of Malapterurus forms a sheath directly beneath the skin of the trunk and tail. It may be specialized glandular tissue. Branchiomeric muscles form the electric organ of Torpedo, and extrinsic ocular muscles form that of Uranoscopus.

Most electric organs consist of a series of disk-shaped electroplaques, each of which represents a modified muscle cell or its motor end plate. In one gymnotid, Sternarchus, the electroplaques evolved from the motor neurons themselves rather than from the motor end plates. The structure and activity of an electric organ can be appreciated by examining that of Electrophorus. Each electroplaque is a multinucleated, disk-shaped cell that is flat on the innervated side and highly folded on the other side (Fig. 10-23). Most 
myofibrils have been lost, although traces are sometimes found. At rest the outside of the plasma membrane is positive relative to the inside. The resting potential across the membrane is 84 millivolts (mv), about the same as in a normal muscle cell. When the organ discharges, only the innervated surface becomes depolarized, and its potential rises to 167 mv. This gives a total voltage range across the entire electroplaque of 151 mv: 167 mv on the depolarized surface to 84 mv on the other. The exceedingly high voltage of the entire organ in Electrophorus derives from the stacking of the electroplaques in long longitudinal columns along the trunk (Fig. 10-22), each containing up to 10,000 electroplaques. About 70 such longitudinal columns are found on each side of the body. Because the electroplaques in each column are in series and discharge simultaneously, the voltage of each one is added to that of the others in the same series. The columns of electroplaques in Torpedo extend vertically, so they are much shorter, but as many as 2000 parallel columns are present on each side of the body. The parallel arrangement reduces the resistance to current flow and results in a higher amperage than in Electrophorus, but the shorter columns lower the voltage.

SUMMARY


1.
Muscles are the major effectors of vertebrates. They move the body and most materials through it, and they help support the body by bracing limb bones across joints.


2.
Skeletal muscle tissue consists of long, multinucleated, and striated cells. Contraction is initiated by nerve impulses that reach the cells at the motor end plates of neurons.


3.
Cardiac muscle tissue is composed of moderately elongated, striated, and branching cells that are tightly united to each other by intercalated disks. Its myogenic rhythm is modulated by nerve impulses.


4.
Smooth muscle tissue is composed of moderately elongated, nonstriated, spindle-shaped cells. Its contraction is slower and more sustained than in other muscle tissue. The control of unitary smooth muscle, which occurs in the wall of most visceral organs, is myogenic but is modulated by nerve impulses. The control of multiunit smooth muscles in the walls of blood vessels is neurogenic.


5.
Smooth and cardiac muscle fibers are arranged in sheets and layers within the walls of visceral organs and blood vessels. Skeletal muscle fibers usually attach to parts of the skeleton by the extension of the connective tissue within them to form tendons and aponeuroses.


6.
Muscle fibers within a muscle are organized as motor units, each of which consists of a motor neuron and all of the fibers it supplies. Motor units containing few muscle fibers are adapted for delicate movements; those with many fibers are adapted to generate a strong force.


7.
Muscle cells or fibers contain protein myofilaments composed primarily of actin and myosin. In striated and cardiac muscle, the myofilaments are grouped into myofibrils, which are barely visible by light microscopy. Muscle contraction results from interactions between actin and myosin myo-filaments, which causes the actin myofilaments to be pulled into the array of myosin ones.


8.
Muscle may shorten against a fixed load (isotonic contraction), contract when their ends are held in a fixed position (isometric contraction), or lengthen as they generate force (negative work contraction).


9.
Muscles contract against an antagonistic muscle or force, which restores the muscle to its resting length. Muscles usually act in synergic groups.


10.
Tonic skeletal muscle fibers have multiple motor end plates. The number of motor impulses reaching them grades their contraction. Tonic muscles are usually small and occur where slow, sustained, and carefully graded contractions are needed.


11.
Most vertebrate muscles are twitch, or phasic. Twitch fibers have single motor end plates. Their contraction is all or none, but the force of contraction of an entire muscle can be increased by the temporal summation of nerve impulses and by the recruitment of more motor units.


12.
The metabolism of twitch fibers may be slow oxidative, fast glycolytic, or intermediate. Slow-
oxidative fibers contract slowly and no faster than oxygen can be delivered to them, so they do not fatigue easily. Fast-twitch fibers derive their energy by anaerobic glycolysis. They contract rapidly but fatigue easily.


13.
Many muscles are multigeared and contain populations of different fiber types. The slow fibers are recruited for slow, sustained contractions; the fast ones are recruited when a rapid but brief contraction is needed.


14.
The connective tissues surrounding muscle fibers and their tendons are elastic elements that can store elastic energy when they are stretched and release this energy when they recover. Much of the force generated by whole muscles during their cyclic activity derives from elastic energy.


15.
Strap-shaped and fusiform muscles containing long, parallel fibers can induce a more extensive movement than pennate muscle containing many short fibers because muscle fibers can contract about one third of their resting length. Strap-shaped and fusiform fibers also contract faster because long fibers contain more sarcomeres in series.


16.
Pennate muscles with many short fibers develop more force than do other types of muscle of equal mass because the force that a muscle generates is a function of the number of myosin–actin cross bridges made at one time.


17.
Force and velocity of contraction are inversely related, so muscles can generate more force when they contract slowly. Because

Power 5 (force)  (velocity of contraction)



maximum power is generated at intermediate forces and velocities of contraction.


18.
Somatic muscles, most of which lie in the body wall and appendages, develop from the paraxial somites and somatic layer of the lateral plate mesoderm. Visceral muscles develop from the splanchnic layer of the lateral plate mesoderm and form the wall of most of the gut and visceral organs. Recent studies have shown that the branchiomeric muscles of the pharynx wall also develop from paraxial mesoderm, so they are somatic muscles and not visceral ones. Except for cardiac muscles, which are striated, visceral muscles are smooth, and all are innervated by the autonomic nervous system.


19.
Somatic muscles can be classified as axial or appendicular.


20.
The most rostral group of axial muscles is the small, extrinsic muscles that move the eyeball. They can be classified into three subgroups innervated by the oculomotor nerve (cranial nerve III), the trochlear nerve (IV), and the abducens nerve (VI). Extrinsic ocular muscles are quite conservative and change only slightly during evolution.


21.
The next group of axial muscles is the branchiomeric muscles associated with the visceral skeleton. They can be sorted into the mandibular muscles that attach to the mandibular arch and are innervated by the trigeminal nerve (cranial nerve V), the hyoid muscles that attach onto the hyoid arch and are innervated by the facial nerve (VII), and the branchial muscles that attach onto the remaining branchial arches. Those attaching onto the first branchial arch (visceral arch 3) are supplied by the glossopharyngeal nerve (IX); those attaching to the remaining arches are innervated by the vagus nerve (X).


22.
The mandibular muscles primarily act to close the jaws, and, in some species, especially those with kinetic skulls, they help move them back and forth. Jaw movements are quite complex in mammals that masticate their food, and mandibular muscles differentiate into many components. 
One part of the mandibular musculature, the tensor tympani, remains attached to the malleus of the middle ear, a derivative of the mandibular arch.


23.
The hyoid musculature attaches onto the hyoid arch in fishes, so it is often involved in the suspension and movement of the jaws. A part of the hyoid musculature of amphibians forms the depressor mandibulae, the primary jaw opening muscle of nonmammalian tetrapods. The remodeling of the jaw that occurred in the evolution of mammals led to the formation of another jaw-opening muscle, the digastric, which is derived partly from mandibular and partly from hyoid musculature. Most of the hyoid musculature of mammals forms the facial muscles on the head and the superficial platysma on the neck. The small stylohyoid and stapedius muscles, which attach to the stapes in the middle ear, are the only parts of the hyoid musculature that remain attached to derivatives of the hyoid arch.


24.
The branchial muscles are quite complex in fishes, for they are the major muscles that compress the pharynx and drive out the respiratory current of water. The superficial levator muscles of the branchial arches, which primitively may have helped to expand the pharynx, aggregate to form a cucullaris, most of which inserts and acts on the pectoral girdle. Most of the branchial muscles are reduced greatly in tetrapods, along with the loss of gills. In mammals, muscles in the wall of the pharynx and larynx represent the branchial muscles. The cucullaris expands in tetrapods and forms in mammals the trapezius and sternocleidomastoid complexes of muscles that extend from the head to the shoulder and sternum.


25.
A hypobranchial group of axial muscles lies ventral to the pharyngeal region. Although not of branchiomeric origin, these muscles have acquired attachments to the ventral parts of the mandibular, hyoid, and branchial arches. They expand the pharynx and open the jaws in fishes, drawing in a current of water. Spino-occipital nerves innervate them in fishes. These muscles become divided and more complex in tetrapods, for they supply the newly evolved muscular tongue. In mammals, they participate in food manipulation in the mouth and in swallowing. The occipital component of the spino-occipital nerve of fishes becomes the hypoglossal nerve (i.e., cranial nerve XII).


26.
Epibranchial axial muscles elevate the cranium in some fishes and salamanders and thus help open the mouth. They become a part of the dorsal trunk muscles in most tetrapods.


27.
The trunk and tail axial musculature of fishes forms a series of segmented myomeres that cause the lateral undulations of the body by which fishes swim. They are divided in all jawed vertebrates into the dorsal epaxial muscles and the ventrolateral hypaxial muscles.


28.
Trunk muscles tend to lose their segmental nature in adult tetrapods. The epaxial muscles play a prominent role in supporting the body against the pull of gravity and in moving the head. Most of the hypaxial musculature forms three or four thin sheets that support the body wall, participate in trunk undulations and stabilization in amphibians and reptiles, and participate in breathing movements. The diaphragmatic muscles belong in this group. Hypaxial muscles ventral to the vertebral column assist the epaxial muscles in body support. Several hypaxial muscles connect to the scapula and transfer body weight from the trunk to the pectoral girdle.


29.
Appendicular muscles are those that develop from mesenchyme within the limb buds. Some branchial and trunk muscles secondarily attach to the pectoral girdle. The appendicular muscles of sharks are a single dorsal extensor muscle and ventral flexor. Appendicular muscles become large and numerous in tetrapods as the girdles and appendages assume the major role in locomotion. Evolutionary changes in the appendicular muscles parallel the changes in limb position and movements.


30.
Muscle tissue of various origins forms the electric organs in most of those species of fishes that have such organs. Electric organs generate weak pulses used in navigation and electrocommunication in some species. This may have been their primitive function. The organs become powerful in other species and can generate currents strong enough to stun prey or predators.
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1These muscles often are called the abductor (dorsal muscles) and adductor (ventral muscle) in sharks because they respectively pull the fin away from the midventral line of the body, the point of reference for the action of these muscles, or away from it. In actinopterygians, the reference point is the lateral surface of the body, so the dorsal fin muscle is the adductor, and the ventral one, the abductor. Calling them the flexor and extensor avoids this confusion.

Figure 10-1

A–C, The three types of muscle tissue. (Modified from Romer and Parsons.)

Table 10-1
Characteristics of Mammalian Muscle Types




Unitary 
Multiunit Characteristic
Skeletal Muscle
Cardiac Muscle
Smooth Muscle
Smooth Muscle

Location in body
Muscles attaching to 
Heart wall
Walls of many visceral 
Iris, blood vessel walls

  skeleton

  organs: digestive and 



  urinary tracts

Cell size, shape
Long (#30 cm), 
Moderately elongated, 
Moderately elongated 
Slightly elongated 

  blunt-ending fibers
  single, branching cells; 
  (#500 mm) single, 
  (#15 mm), single, 


  united to others at 
  spindle-shaped cells
  spindle-shaped cells 


  intercalated disks

Nuclei
Many nuclei located 
Single nucleus near 
Single nucleus at widest 
Single nucleus at 

  peripherally
  cell center
  part of cell
  widest part of cell

Embryonic origin
Fusion of many myoblasts
Single myoblast
Single myoblast
Single myoblast

Myofilament arrangement
Partially overlap, fiber 
Partially overlap, fiber 
Scattered, fiber appears 
Scattered, fiber 

  appears striated
  appears striated
  smooth
  appears smooth

Force of contraction
Strong
Strong
Weaker
Weaker

Control
Voluntary, but muscle 
Involuntary
Involuntary
Involuntary

  interactions controlled 




  subconsciously

Number of neuron endings 
Single (twitch fiber) or 
Few neuron endings in 
Few neuron endings 
Neuron ending on 
  per cell
  multiple (tonic fiber)
  the muscle
  in the muscle
  most cells

Stimulus for contraction
Neurogenic
Myogenic with some 
Myogenic with some 
Neurogenic


  neuron modulation
  neuron modulation

Rate of contraction
Varies with muscle, 
Moderate speed
Slow, sustained
More rapid

  can be fast

Fatigue
Fatigues, but degree 
Does not fatigue
Does not fatigue
Does not fatigue

  varies

Figure 10-2

The structure of skeletal muscle. Successive stages of magnification have been used to show the structure from an entire muscle to the ultramicroscopic myofilaments of actin and myosin. (Modified from Williams et al.)

Figure 10-3

The attachments and actions of two antagonistic muscles of the upper arm, showing origins, insertions, and actions.
Focus
10-1

Tension–Length Curve for Muscle Fibers

When the forces or tension that can be developed within muscle fibers is measured as the muscle fibers are stretched over a range of lengths, a tension–length curve can be drawn as shown in the figure. When a fiber is fully contracted, it can generate no tension. As the fiber is stretched, tension rises to a certain maximum and then begins to fall. A fully stretched fiber also generates no tension. These observations, which were made before the ultrastructure of muscle fibers was known, support the sliding filament hypothesis of muscle contraction. When a fiber is fully contracted, the actin myofilaments are pulled completely into the array of myosin myofilaments, so no further contraction is possible. Tension generation is thus zero. When a muscle fiber is fully stretched, actin and myosin filaments are completely separated and cannot make attachments with each other, and tension is again zero. Only when a muscle fiber is partly stretched can attachments be made. The maximum number of attachments is reached at an intermediate length, which is close to the length the fibers have in a body muscle at rest. A resting muscle is ready to generate its maximum force but will not do so unless all of its motor units are activated.
Figure 10-4

A–C, Tension development during the isometric contraction of a twitch, or phasic, muscle. 
(After Dorit et al.)

Table 10-2
Characteristics of Major Twitch Type Muscle Fiber Types*

Characteristic
Slow-Twitch Fibers (SO)
Fast-Twitch Fibers (FG)

Metabolism
Oxidative
Glycolytic

Mitochondria
Abundant
Fewer

Glycogen content
Low
High

Blood supply
Rich
Moderate

Oxygen supply
Rich
Moderate

Myoglobin content
High
Low or absent

Color of fibers
Red
White

Contraction rate
Slow
Fast

Fatigue
Do not fatigue
Fatigue quickly

Oxygen debt
Do no go into debt
Debt develops that is worked off later


  by oxidation of accumulated lactic acid

Use in body
Isometric contractions, 
Rapid isotonic contractions

  slow isotonic contractions

*Some twitch fibers, which are called fast-oxidative glycolytic (FOG), or pink muscle, have intermediate characteristics.

Figure 10-5

The contractile and elastic components of a muscle.

Focus
10-2

Tension–Length Curve for Whole Muscle

In Focus 10-1, we discussed the tension–length curve for individual muscle fibers. A similar analysis can be done for a whole muscle by stretching the muscle to a series of different lengths, holding the ends in a fixed position at each length so contraction will be isometric, and maximally stimulating the muscle (see the figure). As with individual muscle fibers, total tension increases as muscle length increases up to an intermediate peak. This phase of tension development results from the contraction of the muscle fibers. The peak coincides with the length that the muscle has within the body when at rest (i.e., its resting length). Total tension levels off or falls slightly after this peak, as it does for the contraction of individual muscle fibers. But as length continues to increase, tension again rises and continues to increase until the muscle cannot be stretched further. The difference between this curve and the tension–length curve for muscle fibers results from the elastic components in whole muscle.

The effect of the elastic components, called the passive tension, can be determined separately by stretching a muscle (without stimulation), and measuring its tension at each length. The same could be done with a spring. No passive tension occurs until the muscle is at its resting length, and then passive tension increases along a curve, becoming greater and greater. (In a living vertebrate, the development of the passive tension derives partly from the pull of the muscle against its attachments and partly from the action of antagonistic muscles.)

The difference between the total tension and passive tension curves can be called the developed tension. The developed tension is the same as the total tension up to the intermediate peak. Thereafter, it falls, as shown by the dashed line in Figure A. The developed tension is the tension developed by the contractile component of the muscle, and not surprisingly, it has the same shape as the tension–length curve for muscle fibers. Stated in other terms:

Total tension 5 (developed tension) 1 (passive tension)

As the developed tension begins to fall, passive tension begins to increase, and it increases at a faster rate than the fall in developed tension, so the total tension rises sharply. It is clear from such an analysis that the elastic components of a muscle add significantly to the total tension that a muscle can develop.
Figure 10-6

A–D, The architecture, or arrangement, of muscle fibers within a muscle. (After Williams et al.)

Figure 10-7

Force–velocity and power output curves for the contraction of a skeletal muscle.

Figure 10-8

The difference in the development of somatic and visceral muscles as seen in a cross section through the trunk of a vertebrate at the level of the pectoral girdle. An early developmental stage is shown on the left; a later stage is shown on the right. Axial muscles and visceral muscles are shown in red; appendicular muscles, in green.
Figure 10-9

The segmentation of the head of an amniote and the development of cranial muscles from somites and somitomeres. All cranial muscles are therefore somatic. This diagram is based on studies of a bird embryo by Noden (1983). (After Northcutt.)

Figure 10-10

The continued development of cranial muscles in an amniote. The cranial nerves that innervate the extrinsic ocular muscles and branchiomeric muscles are indicated by Roman numerals. The origin of epibranchial and hypobranchial muscles from postotic and trunk somites also is shown.
Table 10-3

Groups of Somatic Muscles

Muscle Groups
Innervation*

Axial muscles

  Extrinsic ocular muscles
Oculomotor (III), trochlear (IV), and abducens (VI) nerves

  Branchiomeric muscles

    Mandibular muscles
Trigeminal (V) nerve

    Hyoid muscles
Facial (VII) nerve

    Branchial muscles
Glossopharyngeal (IX) and vagus (X) nerves

  Epibranchial muscles
Dorsal rami of occipital and anterior spinal nerves

  Hypobranchial muscles
Ventral rami of spino-occipital nerves, form hypobranchial nerve

  Trunk and tail muscles

    Epaxial muscles
Dorsal rami of spinal nerves

    Hypaxial muscles
Ventral rami of spinal nerves

Appendicular muscles

  Dorsal group
Ventral rami of spinal nerves

  Ventral group
Ventral rami of spinal nerves

*The innervation shown is for a fish, such as a shark. Some name changes occur in amniotes. Part of the vagus, and the muscles it supplies, becomes the spinal accessory nerve (XI). The hypobranchial nerve becomes the hypoglossal nerve (XII).

Figure 10-11

The extrinsic ocular muscles of a fish. The right eye has been removed from the orbit and is viewed from its back, or medial, side. The cranial nerves that supply the muscles are indicated by Roman numerals.
Figure 10-12

The head muscles of a dogfish, Squalus. A, A cross section through the pharynx at the level of a pharyngeal pouch. B, A lateral view of the head and front of the trunk. Colors used are the same as in Figure 10-8, except that red is used for branchiomeric muscles. (After Walker and Homberger.)

Table 10-4Branchiomeric Muscles*

Group
Shark
Amphibian/Reptile
Mammal

Mandibular muscles (trigeminal nerve)


Temporalis




Masseter


Adductor mandibulae
Adductor mandibulae
Pterygoideus




Tensor tympani




Tensor veli palati


Levator palatoquadrati
Levator pterygoidei, 
—


Protractor pterygoidei


Spiracularis
—
—


Preorbitalis
—
—


Intermandibularis
Intermandibularis
Mylohyoideus



Anterior digastric

Hyoid muscles (facial nerve)
Levator hyomandibuli
—
Stapedius


Dorsal constrictor
Depressor mandibuli
—



Branchiohyoideus


Interhyoideus
Interhyoideus
Stylohyoid




Posterior digastric


Ventral constrictor
Sphincter coli
Platysma




Facial muscles

Branchiomeric muscles of 
Cucullaris
Cucullaris
Trapezius complex
remaining arches (glossopharyngeal; 

Levatores arcuum
Sternocleidomastoid complex
vagus; and, in amniotes, spinal 

accessory nerve)
Interarcuals, 
—
—

  branchial adductors
Dilator laryngis

Superficial constrictors 
Subarcuals
Intrinsic muscles of the larynx 

  and interbranchials
Transversi ventralis
  and certain pharyngeal 


Depressores arcuum
  muscles

*Muscles in each group are homologous as a group between taxa, but muscles cleave during development in different ways in each taxon, so it is not always possible to exactly homologize individual muscles between taxa.
Figure 10-13

Evolution of the branchiomeric muscles. A, A lateral view of the branchiomeric muscles of Necturus. Parts of the adjacent hypobranchial and pectoral muscle are shown. B and C, Superficial and deeper views of the mandibular muscles of an opossum, Didelphis. The posterior belly of the digastric muscle is of hyoid origin. In C, the lower jaw is drawn as though it were transparent so you can seen the pterygoideus muscles that attach to its medial surface. (B and C, After Romer and Parsons.)

Figure 10-14

The platysma, facial muscles, and adjacent muscles of a human. Only the platysma and facial muscles are of hyoid origin and are innervated by the facial nerve (VII). (After Neal and Rand.)
Table 10-5

Hypobranchial Muscles*

Group
Shark
Amphibian (Necturus)
Mammal




Genioglossus


Genioglossus

Prehyoid muscles
Coracomandibular

Lingualis



Geniohyoideus


Geniohyoideus
Hyoglossus



Styloglossus



Sternohyoideus
Posthyoid muscles
Rectus cervicis (coracohyoideus,
Rectus cervicis
Sternothyroideus

  coracoarcual,
Omoarcuals
Thyrohyoideus

  coracobranchials)
Pectoriscapularis
Omohyoid

*Ventral rami of spino-occipital nerves in anamniotes, hypoglossal nerve and cervical plexus in amniotes.

Figure 10-15

Evolution of the hypobranchial muscles. Hypobranchial muscles are shown in yellow; adjacent branchiomeric muscles, in red; appendicular muscles, in green. A, A ventral view of the hypobranchial muscles of the dogfish, Squalus. B, A lateral view of the hypobranchial muscles of a cat, Felis.
Figure 10-16

A lateral view of the trunk muscles of a salmon, Salmo. (After Bond.)

Table 10-6Trunk Muscles

Group
Fish
Amphibian
Mammal



Interspinalis
Interspinalis




Intertransversarii




Occipitals
Transversospinalis




Multifidi



Dorsalis trunci
Spinalis




Semispinalis




Longissimus dorsi
Longissimus




Splenius




Iliocostalis
Iliocostalis




Longus colli



Subvertebralis
Psoas minor
Subvertebral




Quadratus lumborum



Levator scapulae
Omotransversarius



Thoraciscapularis
Serratus ventralis (part)




Serratus ventralis (part)




Rhomboideus




Serratus dorsalis



External oblique
Scalenus




Rectus thoracis
Lateral




External oblique




External intercostals




Internal oblique



Internal oblique
Internal intercostals




Transversus abdominis



Transversus
Transversus thoracis




Diaphragm muscles



Rectus abdominis
Rectus abdominis
VentralEpaxial muscles (dorsal 
  rami of spinal nerves)Epaxial portion of 
  myomeresHypaxial muscles (ventral 
  rami of spinal nerves)Hypaxial portion of 
  myomeres

Figure 10-17

The evolution of the epaxial muscles. A, Dorsal view of the trunk muscles of a salamander, Necturus. B, Dorsal view of the epaxial muscles of a rabbit, Oryctolagus. (B, after Walker and Homberger.)

Figure 10-18

Evolution of the trunk muscles as seen in cross sections through the trunk. Epaxial muscles are stippled; hypaxial ones are not. A, A shark. B, A urodele. C, A lizard. Lizards have well-developed ribs, and in C, a rib is assumed to be present dorsally. The dorsal hypaxial names in C are those used in the rib-bearing region; the ventral names are those used in the abdominal region. (After Romer and Parsons.)

Figure 10-19

Evolution of the hypaxial muscles as seen in lateral views. Parts of superficial muscle layers are removed to show deeper layers. A, A salamander, Dicamptodon. B, A cat. (A, After Carrier; B, after Walker and Homberger.)
Focus
10-3

Actions of Trunk Muscles in Tetrapods

Because all parts of the myomeres of fishes contribute to lateral bending of the trunk and tail, it is logical to assume that this continues in tetrapods, such as salamanders and squamates, in which lateral undulations continue to play a role in locomotion. Frolich and Biewener (1992) demonstrated that activity of the epaxial muscles does correlate with lateral bending in the salamander, Ambystoma tigrinum. Does activity of the hypaxial muscles also contribute to lateral bending? Carrier (1993) found that they do participate in lateral bending during swimming of the Pacific giant salamander, Dicamptodon ensatus. But during walking, only the two external obliques are active on the flexing side; the internal oblique and transversus are active only on the opposite side. Because the actions of these two sets of muscles are opposing each other, Carrier believes that they could not contribute significantly to lateral flexion. Carrier proposes that the oblique orientation of most of these muscles, together with their different lines of action, enables them to help resist the torsion of the trunk that occurs during walking (see Fig. 8-11B).

Ritter (1995, 1996) has studied the locomotor functions of the trunk muscles in the lizards Iguana iguana and Varanus salvator. He finds that the epaxial iliocostalis and longissimus dorsi are active on the side of the body in which a rear leg is providing support and thrust. Because the front leg on the same side (ipsilateral) of the body tends to be off of the ground and moving forward, the ipsilateral shoulder would tend to fall toward the ground. Ritter proposes that the epaxial muscles act to stabilize the back, that is, to prevent the shoulder from dropping too far. He also finds that lateral bending of the trunk correlates not with epaxial muscle activity, but with the contraction of the hypaxial external oblique and rectus abdominis.

This finding does not completely agree with Carrier’s for salamanders. Carrier did find that the action of the external oblique correlated with lateral bending but that muscles on the opposite side of the body opposed it. Carrier did not study the activity of the rectus abdominis. These questions are being studied further. Ritter proposes that with the evolution of amniotes the role of the epaxial muscles shifted from primarily causing lateral bending of the trunk to a supportive and stabilizing role. This correlates with the change in the morphology of the most conspicuous epaxial muscles from being composed of short segmented fibers to the formation of long longitudinal columns.

One or more hypaxial muscles of tetrapods extend from the trunk to the pectoral girdle (see Fig. 11-11). These muscles act on the girdle, often transferring body weight from the trunk to the pectoral girdle and appendage. No direct bony connection exists between the pectoral girdle and the vertebral column, although, in amniotes, the girdle usually has an indirect connection via the sternum and ribs. Among these muscles in mammals are a large serratus ventralis, a rhomboideus, and an omotransversarius (or levator scapulae; Table 10-6).

In addition to their roles in abdominal support, locomotion, and trunk stabilization, hypaxial muscle layers have a major role in respiration in amniotes (Chapter 18). This includes both inspiration and expiration. Other hypaxial muscles may participate in mammals. These include a serratus dorsalis and a scalenus group. The primary inspiratory muscle of mammals lies in the diaphragm, a partition that separates the thoracic and abdominal cavities (Chapter 4). It, too, is of hypaxial origin because it develops embryonically from the ventral part of cervical myotomes. All hypaxial muscles are innervated by the ventral rami of spinal nerves.

It had long been thought that hypaxial muscles have no role in respiration in amphibians, but recent studies have shown that contraction of at least the transversus abdominis is important in expiration (Brainerd et al., 1993; Brainerd and Monroy, 1998).
Figure 10-20

Evolution of the pectoral appendicular muscles. Dorsal appendicular muscles are shown in dark green; ventral ones, in yellow-green. A, Anterolateral view of the muscles in a sturgeon, Acipenser; B and C, superficial and deep lateral views of the muscles in a lizard, Lacerta. (After Romer and Parsons.)

Table 10-7
Appendicular Muscles of the Pectoral Girdle and Appendage

Group
Fish
Reptile (Lizard)
Mammal




Cutaneous trunci (part)



Latissimus dorsi
Latissimus dorsi




Teres major



Subcoracoscapularis
Subscapularis



Deltoid
Deltoid complex

Dorsal group
Extensor
Scapulohumeralis anterior
Teres minor




Triceps brachii
Triceps brachii




Tensor fasciae antebrachii



Antebrachial extensors
Antebrachial extensors



Pectoralis
Cutaneous trunci (part)




Pectoralis complex



Supracoracoideus
Supraspinatus




Infraspinatus

Ventral group
Flexor
Biceps brachii
Biceps brachii



Brachialis
Brachialis



Coracobrachialis
Coracobrachialis



Antebrachial flexors
Antebrachial flexors

Figure 10-21

Pectoral appendicular muscles of a cat. Dorsal appendicular muscles are shown in dark green; ventral ones, in yellow-green; branchiomeric ones, in red; and axial muscles that act on the shoulder, in 
yellow. A, A lateral view of the superficial muscles. B, Lateral view of the deeper muscles. C, Medial view of the muscles.

Figure 10-22

The location of the electric organs in representative fishes as seen in surface views and in transverse sections. A, The electric “eel,” Electrophorus. B, The electric catfish, Malapterurus. C, The electric ray, Torpedo. D, The stargazer, Uranoscopus. (A–C, After Portman; D, after Bond.)

Figure 10-23

Two electroplaques from the electric organ of Electrophorus. The resting potential is indicated in the 
top one; the action potential, in the bottom one. Only the innervated surface becomes depolarized. (After Hoar.)
