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Skeletal Muscle Tissue and the Muscular System

Objective

• Specify the functions of skeletal muscle tissue.

Muscle tissue, one of the four primary types of tissue, consists chiefly of muscle cells that are highly specialized for contraction. Three types of muscle tissue exist: (1) skeletal muscle, (2) cardiac muscle, and (3) smooth muscle. lp. 132 Without these muscle tissues, nothing in the body would move, and no body movement could occur. Skeletal muscle tissue moves the body by pulling on bones of the skeleton, making it possible for us to walk, dance, bite an apple, or play the ukulele. Cardiac muscle tissue pushes blood through the circulatory system. Smooth muscle tissue pushes fluids and solids along the digestive tract and regulates the diameters of small arteries, among other functions.

This chapter primarily describes the structure and function of skeletal muscle tissue, in preparation for our discussion of the muscular system (Chapter 11). This chapter also provides an overview of the differences among skeletal, cardiac, and smooth muscle tissues.

Skeletal muscles are organs composed primarily of skeletal muscle tissue, but they also contain connective tissues, nerves, and blood vessels. Each cell in skeletal muscle tissue is a single muscle fiber. Skeletal muscles are directly or indirectly attached to the bones of the skeleton. Our skeletal muscles perform the following six functions:

1. Produce Skeletal Movement. Skeletal muscle contractions pull on tendons and move the bones of the skeleton. The effects range from simple motions such as extending the arm or breathing, to the highly coordinated movements of swimming, skiing, or typing.

2. Maintain Posture and Body Position. Tension in our skeletal muscles maintains body posture—for example, holding your head still when you read a book or balancing your body weight above your feet when you walk. Without constant muscular activity, we could neither sit upright nor stand.

3. Support Soft Tissues. The abdominal wall and the floor of the pelvic cavity consist of layers of skeletal muscle. These muscles support the weight of visceral organs and shield internal tissues from injury.

4. Guard Entrances and Exits. The openings of the digestive and urinary tracts are encircled by skeletal muscles. These muscles provide voluntary control over swallowing, defecation, and urination.

5. Maintain Body Temperature. Muscle contractions require energy; whenever energy is used in the body, some of it is converted to heat. The heat released by working muscles keeps body temperature in the range required for normal functioning.

6. Store Nutrient Reserves. When the diet contains inadequate proteins or calories, the contractile proteins in skeletal muscles are broken down, and the amino acids released into the circulation. Some of these amino acids can be used by the liver to synthesize glucose; others can be broken down to provide energy.

We will begin our discussion with the functional anatomy of a typical skeletal muscle, with particular emphasis on the microscopic structural features that make contractions possible.

Functional Anatomy of Skeletal Muscle

Objectives

• Describe the organization of muscle at the tissue level.

• Explain the unique characteristics of skeletal muscle fibers.

• Identify the structural components of a sarcomere.

Figure 10–1• illustrates the organization of a representative skeletal muscle. As we noted, in addition to skeletal muscle tissue, a skeletal muscle contains connective tissues, blood vessels, and nerves.

Organization of Connective Tissues

Three layers of connective tissue are part of each muscle: (1) an epimysium, (2) a perimysium, and (3) an endomysium. These layers and the relationships among them are diagrammed in Figure 10–1•.

¯I

The entire muscle is surrounded by the epimysium (ep-i-M Z-The epimysium separates the muscle from surrounding tissues and organs. It is connected to the deep fascia, a dense connective tissue layer (see Figure 4–18•). lp. 133

¯e

-um; epi-, on + mys, muscle), a dense layer of collagen fibers.

The connective tissue fibers of the perimysium (per-i-M Z

I¯

¯e

-um; peri-, around) divide the skeletal muscle into a series of

compartments, each containing a bundle of muscle fibers called a fascicle (FAS-i-kl; fasciculus, a bundle). In addition to possessing collagen and elastic fibers, the perimysium contains blood vessels and nerves that maintain blood flow and innervate the muscle fibers within the fascicles. Each fascicle receives branches of these blood vessels and nerves.

¯I

-M Z-vidual skeletal muscle cells, or muscle fibers, and loosely interconnects adjacent muscle fibers. This flexible, elastic connective tissue layer contains (1) capillary networks that supply blood to the muscle fibers; (2) satellite cells, embryonic stem cells that func-

Within a fascicle, the delicate connective tissue of the endomysium (en-d

¯o¯e

-um; endo-, inside) surrounds the indi

tion in the repair of damaged muscle tissue; and (3) nerve fibers that control the muscle. All these structures are in direct contact with the individual muscle fibers. lp. 132 AM: Disruption of Normal Muscle Organization

The collagen fibers of the perimysium and endomysium are interwoven and blend into one another. At each end of the muscle, the collagen fibers of the epimysium, perimysium, and endomysium come together to form either a bundle known as a tendon, or a broad sheet called an aponeurosis. Tendons and aponeuroses usually attach skeletal muscles to bones. Where they contact the bone, the collagen fibers extend into the bone matrix, providing a firm attachment. As a result, any contraction of the muscle will exert a pull on the attached bone (or bones).

Blood Vessels and Nerves

The connective tissues of the epimysium and perimysium contain the blood vessels and nerves that supply the muscle fibers. Muscle contraction requires tremendous quantities of energy. An extensive vascular network delivers the necessary oxygen and nutrients and carries away the metabolic wastes generated by active skeletal muscles. The blood vessels and the nerve supply generally enter the muscle together and follow the same branching course through the perimysium. Within the endomysium, arterioles supply blood to a capillary network that services the individual muscle fiber.

Skeletal muscles contract only under stimulation from the central nervous system. Axons, or nerve fibers, penetrate the epimysium, branch through the perimysium, and enter the endomysium to innervate individual muscle fibers. Skeletal muscles are often called voluntary muscles, because we have voluntary control over their contractions. Many skeletal muscles may also be controlled at a subconscious level. For example, skeletal muscles involved with breathing, such as the diaphragm, usually work outside our conscious awareness.

Next, we will examine the microscopic structure of a typical skeletal muscle fiber and relate that microstructure to the physiology of the contraction process.

Skeletal Muscle Fibers

Skeletal muscle fibers are quite different from the “typical” cells we described in Chapter 3. One obvious difference is size: Skeletal muscle fibers are enormous. A muscle fiber from a thigh muscle could have a diameter of 100 mm and a length equal to the distance between the tendons at either end (up to 30 cm, or 12 in.). A second obvious difference is that skeletal muscle fibers are multinucleate: Each contains hundreds of nuclei just internal to the cell membrane. The genes in these nuclei control the production of enzymes and structural proteins required for normal muscle contraction, and the more copies of these genes, the faster these proteins can be produced.

The distinctive features of size and multiple nuclei are related. During development, groups of embryonic cells called myoblasts (myo-, muscle + blastos, formative cell or germ) fuse, forming individual multinucleate skeletal muscle fibers (Figure 10–2•). Each nucleus in a skeletal muscle fiber reflects the contribution of a single myoblast. Some myoblasts, however, do not fuse with developing muscle fibers. These unfused cells remain in adult skeletal muscle tissue as the satellite cells seen in Figures 10–1 and Figure 10–2a•. After an injury, satellite cells may enlarge, divide, and fuse with damaged muscle fibers, thereby assisting in the repair of the tissue.

The Sarcolemma and Transverse Tubules

The sarcolemma (sar-k¯o-LEM-uh; sarkos, flesh + lemma, husk), or cell membrane of a muscle fiber, surrounds the sarcoplasm (SAR-k¯o-plazm), or cytoplasm of the muscle fiber (Figure 10–3•). Like other cell membranes, the sarcolemma has a characteristic transmembrane potential due to the unequal distribution of positive and negative charges across the membrane. lp. 94 In a skeletal muscle fiber, a sudden change in the transmembrane potential is the first step that leads to a contraction.

Even though a skeletal muscle fiber is very large, all regions of the cell must contract simultaneously. Thus, the signal to contract must be distributed quickly throughout the interior of the cell. This signal is conducted through the transverse tubules. Transverse tubules, or T tubules, are narrow tubes that are continuous with the sarcolemma and extend into the sarcoplasm at right angles to the cell surface (see Figure 10–3•). Filled with extracellular fluid, T tubules form passageways through the muscle fiber, like a network of tunnels through a mountain. The T tubules have the same general properties as the sarcolemma, so electrical impulses conducted by the sarcolemma travel along the T tubules into the cell interior. These impulses, or action potentials, are the triggers for muscle fiber contraction.

Myofibrils

Inside the muscle fiber, branches of the transverse tubules encircle cylindrical structures called myofibrils (see Figure 10–3•). A myofibril is 1–2 mm in diameter and as long as the entire cell. Each skeletal muscle fiber contains hundreds to thousands of myofibrils.

Myofibrils consist of bundles of protein filaments called myofilaments. Two types of myofilaments were introduced in Chapter 3: Thin filaments are composed primarily of actin, whereas thick filaments are composed primarily of myosin. lpp. 69, 70 In addition, myofibrils contain titin, elastic myofilaments associated with the thick filaments. (We will consider the role of titin later in the chapter.)

Myofibrils, which can actively shorten, are responsible for skeletal muscle fiber contraction. At each end of the skeletal muscle fiber, the myofibrils are anchored to the inner surface of the sarcolemma. In turn, the outer surface of the sarcolemma is attached to collagen fibers of the tendon or aponeurosis of the skeletal muscle. As a result, when the myofibrils contract, the entire cell shortens and pulls on the tendon. Scattered among and around the myofibrils are mitochondria and granules of glycogen, the storage form of glucose. Glucose breakdown through glycolysis and mitochondrial activity provides the ATP required by short-du-ration, maximum intensity muscular contractions. lp. 76

The Sarcoplasmic Reticulum

Wherever a transverse tubule encircles a myofibril, the tubule is tightly bound to the membranes of the sarcoplasmic reticulum. The sarcoplasmic reticulum (SR) is a membrane complex similar to the smooth endoplasmic reticulum of other cells. In skeletal muscle fibers, the SR forms a tubular network around each individual myofibril (see Figure 10–3•). On either side of a T tubule, the tubules of the SR enlarge, fuse, and form expanded chambers called terminal cisternae (sis-TUR-ne). The combination of a pair of terminal cisternae plus a transverse tubule is known as a triad. Although the membranes of the triad are tightly bound together, their fluid contents are separate and distinct.

In Chapter 3, we noted the existence of special ion pumps that keep the intracellular concentration of calcium ions (Ca2+) very low. lp. 90 Most cells pump the calcium ions across their cell membranes and into the extracellular fluid. Although skeletal muscle fibers do pump Ca2+ out of the cell in this way, they also remove calcium ions from the sarcoplasm by actively transporting them into the terminal cisternae of the sarcoplasmic reticulum. The sarcoplasm of a resting skeletal muscle fiber contains very low concentrations of Ca2+ around 10-7 mmol> L. The free Ca2+ concentration levels inside the terminal cisternae may be as much as 1000 times higher. In addition, cisternae contain the protein calsequestrin, which reversibly binds Ca2+ . Including both the free calcium and the bound calcium, the total concentration of Ca2+ inside cisternae can be 40,000 times that of the surrounding sarcoplasm.

A muscle contraction begins when stored calcium ions are released into the sarcoplasm. These ions then diffuse into individual contractile units called sarcomeres.

Sarcomeres

As we have seen, myofibrils are bundles of thin and thick filaments. These myofilaments are organized into repeating functional units called sarcomeres (SAR-k¯o-m¯erz; sarkos, flesh + meros, part).

A myofibril consists of approximately 10,000 sarcomeres, end to end. Each sarcomere has a resting length of about 2 mm. Sarcomeres are the smallest functional units of the muscle fiber. Interactions between the thick and thin filaments of sarcomeres are responsible for muscle contraction. A sarcomere contains (1) thick filaments, (2) thin filaments, (3) proteins that stabilize the positions of the thick and thin filaments, and (4) proteins that regulate the interactions between thick and thin filaments.

Differences in the size, density, and distribution of thick filaments and thin filaments account for the banded appearance of each myofibril. Each sarcomere has dark bands (A bands) and light bands (I bands) (Figure 10–4•). The names of these bands are derived from anisotropic and isotropic, which refer to their appearance when viewed under polarized light. You may find it helpful to remember that in a typical light micrograph, A bands are dArk and I bands are lIght.

The A Band The thick filaments are located at the center of a sarcomere, in the A band. The length of the A band is equal to the length of a typical thick filament. The A band, which also includes portions of thin filaments, contains the following three subdivisions (see Figure 10–4•):

1. The M Line. The central portion of each thick filament is connected to its neighbors by proteins of the M line. These dark-staining proteins help stabilize the positions of the thick filaments.

2. The H Zone. In a resting sarcomere, the H zone, or H band, is a lighter region on either side of the M line. The H zone contains thick filaments, but no thin filaments.

3. The Zone of Overlap. In the zone of overlap, thin filaments are situated between the thick filaments. In this region, each thin filament is surrounded by three thick filaments, and each thick filament is surrounded by six thin filaments.

The cross sectional views in Figure 10–5• should help you visualize these features of the three-dimensional structure of the sarcomere.

The I Band Each I band, which contains thin filaments, but not thick filaments, extends from the A band of one sarcomere to the A band of the next sarcomere (see Figure 10–4•. Z lines mark the boundary between adjacent sarcomeres. The Z lines consist of proteins called actinins, which interconnect thin filaments of adjacent sarcomeres. From the Z lines at either end of the sarcomere, thin filaments extend toward the M line and into the zone of overlap. Strands of the elastic protein titin extend from the tips of the thick filaments to attachment sites at the Z line (see Figure 10–4a and 10–5•). Titin helps keep the thick and thin filaments in proper alignment; it also helps the muscle fiber resist extreme stretching that would otherwise disrupt the contraction mechanism.

Two transverse tubules encircle each sarcomere, and triads are located in the zones of overlap, at the edges of the A band (see Figure 10–3•). As a result, calcium ions released by the SR enter the regions where thick and thin filaments can interact.

Each Z line is surrounded by a meshwork of intermediate filaments that interconnect adjacent myofibrils. The myofibrils closest to the sarcolemma are bound to attachment sites on the inside of the membrane. Because the Z lines of all the myofibrils are aligned in this way, the muscle fiber as a whole has a banded appearance (see Figure 10–2b•). These bands, or striations, are visible with the light microscope, so skeletal muscle tissue is also known as striated muscle. lp. 132 Figure 10–6• reviews the levels of organization we have discussed so far. We now consider the molecular structure of the myofilaments responsible for muscle contraction.

Thin Filaments A typical thin filament is 5–6 nm in diameter and 1 mm in length (Figure 10–7a•). A single thin filament contains four proteins: F actin, nebulin, tropomyosin, and troponin (Figure 10–7b•).

F actin is a twisted strand composed of two rows of 300–400 individual globular molecules of G actin (Figure 10–7b•). A long strand of nebulin extends along the F actin strand in the cleft between the rows of G actin molecules. Nebulin holds the F actin strand together; as thin filaments develop, the length of the nebulin molecule probably determines the length of the F actin strand. Each G actin molecule contains an active site that can bind to myosin much as a substrate molecule binds to the active site of an enzyme. lp. 36 Under resting conditions, myosin binding is prevented by the troponin–tropomyosin complex.

Strands of tropomyosin (tr¯o-p¯o-M¯I-¯o-sin; trope, turning) cover the active sites on G actin and prevent actin–myosin interaction. A tropomyosin molecule is a double-stranded protein that covers seven active sites. It is bound to one molecule of troponin midway along its length. A troponin (TRO-p¯o-nin) molecule consists of three globular subunits. One subunit binds to tropomyosin, locking them together as a troponin– tropomyosin complex; a second subunit binds to one G actin, holding the tro-ponin–tropomyosin complex in position; the third subunit has a receptor that binds a calcium ion. In a resting muscle, intracellular Ca2+ concentrations are very low, and that binding site is empty.

A contraction cannot occur unless the position of the troponin–tropomyosin complex changes, exposing the active sites on F actin. The necessary change in position occurs when calcium ions bind to receptors on the troponin molecules.

At either end of the sarcomere, the thin filaments are attached to the Z line (see Figure 10–7a•). Although it is called a “line” because it looks like a dark line on the surface of the myofibril, the Z line in sectional view is more like a disc with an open meshwork (see Figure 10–5a•). For this reason, the Z line is often called the Z disc.

Thick Filaments Thick filaments are 10–12 nm in diameter and 1.6 mm long (Figure 10–7c•). A thick filament contains roughly 300 myosin molecules, each made up of a pair of myosin subunits twisted around one another (Figure 10–7d•). The long tail is bound to other myosin molecules in the thick filament. The free head, which projects outward toward the nearest thin filament, has two globular protein subunits. When the myosin heads interact with thin filaments during a contraction, they are known as cross-bridges. The connection between the head and the tail functions as a hinge that lets the head pivot at its base. When pivoting occurs, the head swings toward or away from the M line. As we will see in a later section, this pivoting is the key step in muscle contraction.

All the myosin molecules are arranged with their tails pointing toward the M line (see Figure 10–7c•). The H zone includes a central region where there are no myosin heads. Elsewhere, the myosin heads are arranged in a spiral, each facing one of the surrounding thin filaments.

Each thick filament has a core of titin. On either side of the M line, a strand of titin extends the length of the thick filament and then continues across the I band to the Z line on that side. The portion of the titin strand exposed within the I band is elastic and will recoil after stretching. In the normal resting sarcomere, the titin strands are completely relaxed; they become tense only when some external force stretches the sarcomere. AM: The Muscular Dystrophies

Sliding Filaments and Muscle Contraction

When a skeletal muscle fiber contracts, (1) the H zones and I bands get smaller, (2) the zones of overlap get larger, (3) the Z lines move closer together, and (4) the width of the A band remains constant (Figure 10–8a•). These observations make sense only if the thin filaments are sliding toward the center of each sarcomere, alongside the thick filaments; this explanation is known as the sliding filament theory. The contraction weakens with the disappearance of the I bands, at which point the Z lines are in contact with the ends of the thick filaments.

During a contraction, sliding occurs in every sarcomere along the myofibril. As a result, the myofibril gets shorter. Because myofibrils are attached to the sarcolemma at each Z line and at either end of the muscle fiber, when myofibrils get shorter, so does the muscle fiber.

You now know how the myofilaments in a sarcomere change position during a contraction, but not why these changes occur. To understand this process in detail, we must take a closer look at the contraction process and its regulation.

Concept Check

✓ How would severing the tendon attached to a muscle affect the muscle’s ability to move a body part?

✓ Why do skeletal muscle fibers appear striated when viewed through a microscope?

✓ Where would you expect the greatest concentration of Ca2+ in resting skeletal muscle to be?

Answers begin on p. A–1

Review the sliding filament theory on the IP CD-ROM: Muscular System/Sliding Filament Theory.

The Contraction of Skeletal Muscle

Objectives

• Identify the components of the neuromuscular junction, and summarize the events involved in the neural control of skeletal muscles.

• Explain the key steps involved in the contraction of a skeletal muscle fiber.

Most of the rest of this chapter describes how muscles contract and how those contractions are harnessed to do what you want them to do. First, you have to understand some basic physical principles that apply to muscle cells. When muscle cells contract, they pull on the attached tendon fibers the way a line of people might pull on a rope. The pull, called tension, is an active force: Energy must be expended to produce it. Tension is applied to some object, whether a rope, a rubber band, or a book on a tabletop.

Tension applied to an object tends to pull the object toward the source of the tension. However, before movement can occur, the applied tension must overcome the object’s resistance, a passive force that opposes movement. The amount of resistance can depend on the weight of the object, its shape, friction, and other factors. When the applied tension exceeds the resistance, the object moves. In contrast, compression, or a push applied to an object, tends to force the object away from the source of the compression. Again, no movement can occur until the applied compression exceeds the resistance of the object. Muscle cells can use energy to shorten and generate tension, through interactions between thick and thin filaments, but not to lengthen and generate compression. In other words, muscle cells can pull, but they cannot push.

With that background, we can investigate the mechanics of muscle contraction in some detail. Figure 10–9• provides an overview of the “big picture” we will be examining.

•
Normal skeletal muscle is under neural control: Contraction occurs only when skeletal muscle fibers are activated by neurons whose cell bodies are in the central nervous system (brain and spinal cord). A neuron can activate a muscle fiber through stimulation of its sarcolemma. What follows is called excitation–contraction coupling.

•
The first step in excitation–contraction coupling is the release of calcium ions from the cisternae of the sarcoplasmic reticulum.

•
The calcium ions then trigger interactions between thick filaments and thin filaments, resulting in muscle fiber contraction and the consumption of energy in the form of ATP.

•
These filament interactions produce active tension.

The Control of Skeletal Muscle Activity

Skeletal muscle fibers contract only under the control of the nervous system. Communication between the nervous system and a skeletal muscle fiber occurs at a specialized intercellular connection known as a neuromuscular junction (NMJ), or myoneural junction (Figure 10–10a•).

Each skeletal muscle fiber is controlled by a neuron at a single neuromuscular junction midway along the fiber’s length. A single axon branches within the perimysium to form a number of fine branches. Each branch ends at an expanded synaptic terminal (Figure 10–10b•). The cytoplasm of the synaptic terminal contains mitochondria and vesicles filled with molecules of acetylcholine (as-¯e-til-K¯O-l¯en), or ACh. Acetylcholine is a neurotransmitter, a chemical released by a neuron to change the permeability or other properties of another cell membrane. In this case, the release of ACh from the synaptic terminal can alter the permeability of the sarcolemma and trigger the contraction of the muscle fiber.

The synaptic cleft, a narrow space, separates the synaptic terminal of the neuron from the opposing sarcolemmal surface. This surface, which contains membrane receptors that bind ACh, is known as the motor end plate. The motor end plate has deep creases called junctional folds, which increase its surface area and thus the number of available ACh receptors. The synaptic cleft and the sarcolemma also contain molecules of the enzyme acetylcholinesterase (AChE, or cholinesterase), which breaks down ACh.

A neuron stimulates a muscle fiber through a series of steps (Figure 10–10c•):

Step 1 The Arrival of an Action Potential. The stimulus for ACh release is the arrival of an electrical impulse, or action potential, at the synaptic terminal. An action potential is a sudden change in the transmembrane potential that travels along the length of the axon.

Step 2 The Release of ACh. When the action potential reaches the synaptic terminal, permeability changes in the membrane trigger the exocytosis of ACh into the synaptic cleft. This is accomplished when vesicles in the synaptic terminal fuse with the cell membrane of the neuron.

Step 3 ACh Binding at the Motor End Plate. ACh molecules diffuse across the synaptic cleft and bind to ACh receptors on the surface of the sarcolemma at the motor end plate. ACh binding changes the permeability of the motor end plate to sodium ions. Recall from Chapter 3 that the extracellular fluid contains a high concentration of sodium ions, whereas sodium ion concentrations inside the cell are very low. lp. 90 When the membrane permeability to sodium increases, sodium ions rush into the sarcoplasm. This influx continues until AChE removes the ACh from the receptors.

Step 4 Appearance of an Action Potential in the Sarcolemma. The sudden inrush of sodium ions results in the generation of an action potential in the sarcolemma. This electrical impulse originates at the edges of the motor end plate, sweeps across the entire membrane surface, and travels inward along each T tubule. The arrival of an action potential at the synaptic terminal thus leads to the appearance of an action potential in the sarcolemma.

Step 5 Return to Initial State. Even before the action potential has spread across the entire sarcolemma, the ACh has been broken down by AChE. Some of the breakdown products will be absorbed by the synaptic terminal and used to resynthesize ACh for subsequent release. This sequence of events can now be repeated should another action potential arrive at the synaptic terminal.

Review neural control of muscle on the IP CD-ROM: Muscular System/The Neuromuscular Junction.

Excitation–Contraction Coupling

The link between the generation of an action potential in the sarcolemma and the start of a muscle contraction is called excitation–contraction coupling. This coupling occurs at the triads. On reaching a triad, an action potential triggers the release of Ca2+ from the cisternae of the sarcoplasmic reticulum. The change in the permeability of the SR to Ca2+ is temporary, lasting only about 0.03 second. Yet within a millisecond, the Ca2+ concentration in and around the sarcomere reaches 100 times resting levels. Because the terminal cisternae are situated at the zones of overlap, where the thick and thin filaments interact, the effect of calcium release on the sarcomere is almost instantaneous.

Troponin is the lock that keeps the active sites inaccessible. Calcium is the key to that lock. Recall from Figure 10–7• that troponin binds to actin and to tropomyosin, and that the tropomyosin molecules cover the active sites and prevent interactions between thick filaments and thin filaments. Each troponin molecule also has a binding site for calcium; this site is empty when the muscle fiber is at rest. Calcium binding changes the shape of the troponin molecule and weakens the bond between tropinin and actin. The troponin molecule then changes position, rolling the tropomyosin strand away from the active sites (Figure 10–11•). At this point, the contraction cycle begins.

The Contraction Cycle

Figure 10–12• details the molecular events that occur during the contraction cycle. In the resting sarcomere, each myosin head is already “energized”—charged with the energy that will be used to power a contraction. The myosin head functions as ATPase, an enzyme that can break down ATP. lp. 56 At the start of the contraction cycle, each myosin head has already split a molecule of ATP and stored the energy released in the process. The breakdown products, ADP and phosphate (often represented as P), remain bound to the myosin head.

The contraction cycle involves five interlocking steps (see Figure 10–12•):

Step 1 Exposure of Active Sites. The calcium ions entering the sarcoplasm bind to troponin. This binding weakens the bond between the troponin–tropomyosin complex and actin. The troponin molecule then changes position, pulling the tropomyosin molecule away from the active sites on actin and allowing interaction with the energized myosin heads.

Step 2 Formation of Cross-Bridges. When the active sites are exposed, the energized myosin heads bind to them, forming cross-bridges.

Step 3 Pivoting of Myosin Heads. In the resting sarcomere, each myosin head points away from the M line. In this position, the myosin head is “cocked” like the spring in a mousetrap. Cocking the myosin head requires energy, which is obtained by breaking down ATP into ADP and a phosphate group. In the cocked position, both the ADP and the phosphate are still bound to the myosin head. After cross-bridge formation, the stored energy is released as the myosin head pivots toward the M line. This action is called the power stroke; when it occurs, the ADP and phosphate group are released.

Step 4 Detachment of Cross-Bridges. When another ATP binds to the myosin head, the link between the active site on the actin molecule and the myosin head is broken. The active site is now exposed and able to form another cross-bridge.

Step 5 Reactivation of Myosin. Myosin reactivation occurs when the free myosin head splits the ATP into ADP and a phosphate group. The energy released in this process is used to recock the myosin head. The entire cycle will now be repeated, several times each second, as long as calcium ion concentrations remain elevated and ATP reserves are sufficient. Each power stroke shortens the sarcomere by about 1 percent, because all the sarcomeres contract together, the entire muscle shortens at the same rate. The speed at which shortening occurs depends on the cycling rate (the number of power strokes per second): The higher the resistance, the slower the cycling rate.

To better understand how tension is produced in a muscle fiber, imagine that you are on a tug-of-war team. You reach forward, grab the rope with both hands, and pull it in. This action corresponds to cross-bridge attachment and pivoting. You then release the rope, reach forward and grab it, and pull once again. Your actions are not coordinated with the rest of your team; if everyone let go at the same time, your opponents would pull the rope away. So at any given time, some people are reaching and grabbing, some are pulling, and others are letting go. The amount of tension produced is thus a function of how many people are pulling at any given moment. The situation is comparable in a muscle fiber; the myosin heads along a thick filament work together in a similar way to pull a thin filament toward the center of the sarcomere.

Each myofibril consists of a string of sarcomeres, and in a contraction all of the thin filaments are pulled toward the centers of the sarcomeres. If neither end of the myofibril is held in position, both ends move toward the middle, as illustrated in Figure 10–13a•. This kind of contraction seldom occurs in an intact skeletal muscle, because one end of the muscle (the origin) is usually fixed in position during a contraction, while the other end (the insertion) moves. In that case, the free end moves toward the fixed end (see Figure 10–13b•). If neither end of the myofibril can move, thick and thin filament interactions consume energy and generate tension, but sliding cannot occur. This kind of contraction, called isometric, will be the topic of a later section.

AM: Problems with the Control of Muscle Activity

Relaxation

The duration of a contraction depends on (1) the duration of stimulation at the neuromuscular junction, (2) the presence of free calcium ions in the sarcoplasm, and (3) the availability of ATP. A single stimulus has only a brief effect on a muscle fiber because the ACh released after a single action potential arrives at the synaptic terminal does not remain intact for long. Whether it is bound to the sarcolemma or free in the synaptic cleft, the released ACh is rapidly broken down and inactivated by AChE. Inside the muscle fiber, the permeability changes in the SR are also very brief. Thus, a contraction will continue only if additional action potentials arrive at the synaptic terminal in rapid succession. When they do, the continual release of ACh into the synaptic cleft produces a series of action potentials in the sarcolemma that keeps Ca2+ levels elevated in the sarcoplasm. Under these conditions, the contraction cycle will be repeated over and over.

If just one action potential arrives at the neuromuscular junction, Ca2+ concentrations in the sarcoplasm will quickly return to normal resting levels. Two mechanisms are involved in this process: (1) active Ca2+ transport across the cell membrane into the extracellular fluid and (2) active Ca2+ transport into the SR. Of the two, transport into the SR is far more important. Virtually as soon as the calcium ions have been released, the SR returns to its normal permeability and begins actively absorbing Ca2+ from the surrounding sarcoplasm. As Ca2+ concentrations in the sarcoplasm fall, (1) calcium ions detach from troponin, (2) troponin returns to its original position, and (3) the active sites are re-covered by tropomyosin. The contraction has ended.

Once the contraction has ended, the sarcomere does not automatically return to its original length. Sarcomeres shorten actively, but there is no active mechanism for reversing the process. External forces must act on the contracted muscle fiber to stretch the myofibrils and sarcomeres to their original dimensions. We will describe those forces in a later section.

When death occurs, circulation ceases and the skeletal muscles are deprived of nutrients and oxygen. Within a few hours, the skeletal muscle fibers have run out of ATP and the sarcoplasmic reticulum becomes unable to pump Ca2+ out of the sarcoplasm. Calcium ions diffusing into the sarcoplasm from the extracellular fluid or leaking out of the sarcoplasmic reticulum then trigger a sustained contraction. Without ATP, the cross-bridges cannot detach from the active sites, so skeletal muscles throughout the body become locked in the contracted position. Because all the skeletal muscles are involved, the individual becomes “stiff as a board.” This physical state—rigor mortis—lasts until the lysosomal enzymes released by autolysis break down the Z lines and titin filaments 15–25 hours later. The timing is dependent on environmental factors, such as temperature. Forensic pathologists can estimate the time of death on the basis of the degree of rigor mortis and environmental conditions.

Before you proceed, review the entire sequence of events from neural activation through excitation– contraction coupling to the completion of a contraction. Table 10–1 provides a review of the contraction process, from ACh release to the end of the contraction.

100 Keys | Skeletal muscle fibers shorten as thin filaments interact with thick filaments and sliding occurs. The trigger for contraction is the appearance of free calcium ions in the sarcoplasm; the calcium ions are released by the sarcoplasmic reticulum when the muscle fiber is stimulated by the associated motor neuron. Contraction is an active process; the return to resting length is entirely passive.

Concept Check

✓ How would a drug that interferes with cross-bridge formation affect muscle contraction?

✓ What would happen to a resting skeletal muscle if the sarcolemma suddenly became very permeable to Ca2+?

✓ Predict what would happen to a muscle if the motor end plate failed to produce acetylcholinesterase.

Answers begin on p. A–1

Tension Production

Objectives

•
Describe the mechanism responsible for tension production in a muscle fiber, and discuss the factors that determine the peak tension developed during a contraction.

•
Discuss the factors that affect peak tension production during the contraction of an entire skeletal muscle, and explain the significance of the motor unit in this process.

• Compare the different types of muscle contractions.

When sarcomeres shorten in a contraction, they shorten the muscle fiber. This shortening exerts tension on the connective tissue fibers attached to the muscle fiber. The tension produced by an individual muscle fiber can vary, and in the next section we will consider the specific factors involved. In a subsequent section, we will see that the tension produced by an entire skeletal muscle can vary even more widely, because not only can tension production vary among the individual muscle fibers, but the number of stimulated muscle fibers can change from moment to moment.

Tension Production by Muscle Fibers

The amount of tension produced by an individual muscle fiber ultimately depends on the number of pivoting cross-bridges. There is no mechanism to regulate the amount of tension produced in that contraction by changing the number of contracting sarcomeres. When calcium ions are released, they are released from all triads in the muscle fiber. Thus, a muscle fiber is either “on” (producing tension) or “off” (relaxed). Tension production at the level of the individual muscle fiber does vary, depending on (1) the fiber’s resting length at the time of stimulation, which determines the degree of overlap between thick and thin filaments, and

(2) the frequency of stimulation, which affects the internal concentration of calcium ions and thus the amount bound to troponins.

Length–Tension Relationships

When many people pull on a rope, the amount of tension produced is proportional to the number of people pulling. Similarly, in a skeletal muscle fiber, the amount of tension generated during a contraction depends on the number of pivoting cross-bridges in all the sarcomeres along all the myofibrils. The number of cross-bridges that can form, in turn, depends on the degree of overlap between thick filaments and thin filaments within these sarcomeres. When the muscle fiber is stimulated to contract, only myosin heads in the zones of overlap can bind to active sites and produce tension. The tension produced by the entire muscle fiber can thus be related to the structure of individual sarcomeres.

A sarcomere works most efficiently within an optimal range of lengths (Figure 10–14a•). When the resting sarcomere length is within this range, the maximum number of cross-bridges can form, and the tension produced is highest. If the resting sarcomere length falls outside the range—if the sarcomere is compressed and shortened, or stretched and lengthened—it cannot produce as much tension when stimulated. This is because the amount of tension produced is largely determined by the number of cross-bridges that form. An increase in sarcomere length reduces the tension produced by reducing the size of the zone of overlap and the number of potential cross-bridge interactions (Figure 10–14b•). When the zone of overlap is reduced to zero, thin and thick filaments cannot interact at all. Under these conditions, the muscle fiber cannot produce any active tension, and a contraction cannot occur. Such extreme stretching of a muscle fiber is normally opposed by the titin filaments in the muscle fiber, which tie the thick filaments to the Z lines, and by the surrounding connective tissues, which limit the degree of muscle stretch.

A decrease in the resting sarcomere length reduces efficiency because the stimulated sarcomere cannot shorten very much before the thin filaments extend across the center of the sarcomere and collide with or overlap the thin filaments of the opposite side (Figure 10–14c•). This disrupts the precise three-dimensional relationship between thick and thin filaments (see Figure 10–5•) and interferes with the binding of myosin heads to active sites and the propagation of the action potential along the transverse tubules. Because the number of cross-bridges is reduced, tension declines in the stimulated muscle fiber. Tension production falls to zero when the resting sarcomere is as short as it can be (Figure 10–14d•). At this point, the thick filaments are jammed against the Z lines and the sarcomere cannot shorten further. Although cross-bridge binding can still occur, the myosin heads cannot pivot and generate tension, because the thin filaments cannot move.

In summary, skeletal muscle fibers contract most forcefully when stimulated over a narrow range of resting lengths. The normal range of resting sarcomere lengths in the body is 75 to 130 percent of the optimal length (see Figure 10–14•). The arrangement of skeletal muscles, connective tissues, and bones normally prevents extreme compression or excessive stretching. For example, straightening your elbow stretches your biceps brachii muscle, but the bones and ligaments of the elbow stop this movement before the muscle fibers stretch too far. During an activity such as walking, in which muscles contract and relax cyclically, muscle fibers are stretched to a length very close to “ideal” before they are stimulated to contract. When muscles must contract over a larger range of resting lengths, they often “team up” to improve efficiency. (We will discuss the mechanical principles involved in Chapter 11.)

The Frequency of Stimulation

A single stimulation produces a single contraction, or twitch, that may last 7–100 milliseconds, depending on the muscle stimulated. Although muscle twitches can be produced by electrical stimulation in a laboratory and can generate heat when you are shivering, they are too brief to be part of any normal activity. The duration of a contraction can be extended by repeated stimulation, and a muscle fiber undergoing such a sustained contraction produces more tension than it does in a single twitch. To understand why, we need to take a closer look at tension production during a twitch and then follow the changes that occur as the rate of stimulation increases. This is a subject with real importance, as all consciously and subconsciously directed muscular activities—stand-ing, walking, running, reaching, and so forth—involve sustained muscular contractions rather than twitches.

Twitches A twitch is a single stimulus–contraction–relaxation sequence in a muscle fiber. Twitches vary in duration, depending on the type of muscle, its location, internal and external environmental conditions, and other factors. Twitches in an eye muscle fiber can be as brief as 7.5 msec, but a twitch in a muscle fiber from the soleus, a small calf muscle, lasts about 100 msec. Figure 10–15a• is a myogram, or graph of twitch tension development in muscle fibers from various skeletal muscles.

Figure 10–15b• details the phases of a 40-msec twitch in a muscle fiber from the gastrocnemius muscle, a prominent calf muscle. A single twitch can be divided into a latent period, a contraction phase, and a relaxation phase:

1. The latent period begins at stimulation and typically lasts about 2 msec. During this period, the action potential sweeps across the sarcolemma, and the sarcoplasmic reticulum releases calcium ions. The muscle fiber does not produce tension during the latent period, because the contraction cycle has yet to begin.

2. In the contraction phase, tension rises to a peak. As the tension rises, calcium ions are binding to troponin, active sites on thin filaments are being exposed, and cross-bridge interactions are occurring. For this muscle fiber, the contraction phase ends roughly 15 msec after stimulation.

3. The relaxation phase lasts about 25 msec. During this period, calcium levels are falling, active sites are being covered by tropomyosin, and the number of active cross-bridges is declining. As a result, tension falls to resting levels.

Treppe If a skeletal muscle is stimulated a second time immediately after the relaxation phase has ended, the resulting contraction will develop a slightly higher maximum tension than did the contraction after the first stimulus. The increase in peak tension indicated in Figure 10–16a• will continue over the first 30–50 stimulations. Thereafter, the amount of tension produced will remain constant. Because the tension rises in stages, like the steps in a staircase, this phenomenon is called treppe (TREP-eh), a German word meaning “stairs.” The rise is thought to result from a gradual increase in the concentration of calcium ions in the sarcoplasm, in part because the ion pumps in the sarcoplasmic reticulum have too little time to recapture the ions between stimulations.

Wave Summation and Incomplete Tetanus If a second stimulus arrives before the relaxation phase has ended, a second, more powerful contraction occurs. The addition of one twitch to another in this way constitutes the summation of twitches, or wave summation (Figure 10–16b•). The duration of a single twitch determines the maximum time available to produce wave summation. For example, if a twitch lasts 20 msec (1 > 50 sec), subsequent stimuli must be separated by less than 20 msec—a stimulation rate of more than 50 stimuli per second. This rate is usually expressed in terms of stimulus frequency, which is the number of stimuli per unit time. In this instance, a stimulus frequency of greater than 50 per second produces wave summation, whereas a stimulus frequency of less than 50 per second will produce individual twitches and treppe.

If the stimulation continues and the muscle is never allowed to relax completely, tension will rise until it reaches a peak value roughly four times the maximum produced by treppe (Figure 10–16c•). A muscle producing almost peak tension during rapid cycles of contraction and relaxation is in incomplete tetanus (tetanos, convulsive tension).

Complete Tetanus Complete tetanus occurs when a higher stimulation frequency eliminates the relaxation phase (Figure 10–16d•). During complete tetanus, action potentials arrive so rapidly that the sarcoplasmic reticulum does not have time to reclaim the calcium ions. The high Ca2+ concentration in the cytoplasm prolongs the contraction, making it continuous.

Tension Production by Skeletal Muscles

Now that you are familiar with the basic mechanisms of muscle contraction at the level of the individual muscle fiber, we can begin to examine the performance of skeletal muscles—the organs of the muscular system. In this section, we will consider the coordinated contractions of an entire population of skeletal muscle fibers. The amount of tension produced in the skeletal muscle as a whole is determined by (1) the tension produced by the stimulated muscle fibers and (2) the total number of muscle fibers stimulated.

As muscle fibers actively shorten, they pull on the attached tendons which become streched. The tension is transferred in turn to bones which are moved against an external load. (We will look at the interactions between the muscular and skeletal systems in Chapter 11.)

A myogram performed in the laboratory generally measures the tension in a tendon. A single twitch is so brief in duration that there isn’t enough time to activate a significant percentage of the available cross-bridges. Twitches are therefore ineffective in terms of performing useful work.

However, if a second twitch occurs before the tension returns to zero, tension will peak at a higher level, because additional cross-bridges will form. Think of pushing a child on a swing: You push gently to start the swing moving; if you push harder the second time, the child swings higher because the energy of the second push is added to the energy remaining from the first. Each successive contraction begins before the tension has fallen to resting levels, so the tension continues to rise until it peaks. During a tetanic contraction, there is enough time for essentially all of the potential cross-bridges to form, and tension peaks. Muscle are rarely used this way in the body, but they can be made to contract tetanically in the laboratory.

Motor Units and Tension Production

The amount of tension produced by the muscle as a whole is the sum of the tensions generated by the individual muscle fibers, since they are all pulling together. Thus, you can control the amount of tension produced by a skeletal muscle by controlling the number of stimulated muscle fibers.

A typical skeletal muscle contains thousands of muscle fibers. Although some motor neurons control a few muscle fibers, most control hundreds of them. All the muscle fibers controlled by a single motor neuron constitute a motor unit. The size of a motor unit is an indication of how fine the control of movement can be. In the muscles of the eye, where precise control is extremely important, a motor neuron may control 4–6 muscle fibers. We have much less precise control over our leg muscles, where a single motor neuron may control 1000–2000 muscle fibers. The muscle fibers of each motor unit are intermingled with those of other motor units (Figure 10–17a•). Because of this intermingling, the direction of pull exerted on the tendon does not change when the number of activated motor units changes.

When you decide to perform a specific arm movement, specific groups of motor neurons in the spinal cord are stimulated. The contraction begins with the activation of the smallest motor units in the stimulated muscle. These motor units generally contain muscle fibers that contract relatively slowly. As the movement continues, larger motor units containing faster and more powerful muscle fibers are activated, and tension production rises steeply. The smooth, but steady, increase in muscular tension produced by increasing the number of active motor units is called recruitment.

Peak tension production occurs when all motor units in the muscle contract in a state of complete tetanus. Such powerful contractions do not last long, however, because the individual muscle fibers soon use up their available energy reserves. During a sustained contraction, motor units are activated on a rotating basis, so some of them are resting and recovering while others are actively contracting. In this “relay team” approach, called asynchronous motor unit summation, each motor unit can recover somewhat before it is stimulated again (Figure 10–17b•). As a result, when your muscles contract for sustained periods, they produce slightly less than maximal tension.

100 Keys | All voluntary muscle contractions and intentional movements involve the sustained contractions of skeletal muscle fibers. The force exerted can be increased by increasing the frequency of motor neuron action potentials or the number of stimulated motor units (recruitment).

Muscle Tone

In any skeletal muscle, some motor units are always active, even when the entire muscle is not contracting. Their contractions do not produce enough tension to cause movement, but they do tense and firm the muscle. This resting tension in a skeletal muscle is called muscle tone. A muscle with little muscle tone appears limp and flaccid, whereas one with moderate muscle tone is firm and solid. The identity of the stimulated motor units changes constantly, so individual muscle fibers can relax while a constant tension is maintained in the attached tendon.

Resting muscle tone stabilizes the positions of bones and joints. For example, in muscles involved with balance and posture, enough motor units are stimulated to produce the tension needed to maintain body position. Muscle tone also helps prevent sudden, uncontrolled changes in the positions of bones and joints. In addition to bracing the skeleton, the elastic nature of muscles and tendons lets skeletal muscles act as shock absorbers that cushion the impact of a sudden bump or shock. Heightened muscle tone accelerates the recruitment process during a voluntary contraction, because some of the motor units are already stimulated. Strong muscle tone also makes skeletal muscles appear firm and well defined, even at rest.

Activated muscle fibers use energy, so the greater the muscle tone, the higher the “resting” rate of metabolism. Increasing this rate is one of the significant effects of exercise in a weight-loss program. In such a program, you lose weight when your daily energy use exceeds your daily energy intake in food. Although exercise consumes energy very quickly, the period of activity is usually quite brief. In contrast, elevated muscle tone increases resting energy consumption by a small amount, but the effects are cumulative, and they continue 24 hours per day.

Review motor units and muscle tone on the IP CD-ROM: Muscular System/Contraction of Motor Units.

Isotonic and Isometric Contractions

We can classify muscle contractions as isotonic or isometric on the basis of their pattern of tension production.

Isotonic Contractions In an isotonic contraction (iso-, equal + tonos, tension), tension rises and the skeletal muscle’s length changes. Lifting an object off a desk, walking, and running involve isotonic contractions.

Two types of isotonic contractions exist: concentric and eccentric. In a concentric contraction, the muscle tension exceeds the resistance and the muscle shortens. Consider a skeletal muscle that is 1 cm2 in cross-sectional area and can produce roughly 4 kg of tension in complete tetanus. If we hang a 2-kg weight from that muscle and stimulate it, the muscle will shorten (Figure 10–18a•). Before the muscle can shorten, the cross-bridges must produce enough tension to overcome the resistance—in this case, the 2-kg weight. During this initial period, tension in the muscle fibers rises until the tension in the tendon exceeds the amount of resistance. As the muscle shortens, the tension in the skeletal muscle remains constant at a value that just exceeds the load (Figure 10–18b•). The term isotonic originated from this type of experiment.

In the body, however, the situation is more complicated. Muscles are not always positioned directly above the resistance, and they are attached to bones rather than to static weights. Changes in the relative positions of the muscle and the articulating bones, the effects of gravity, and other mechanical and physical factors interact to increase or decrease the amount of resistance the muscle must overcome as a movement proceeds. Nevertheless, during a concentric contraction, the peak tension produced exceeds that resistance.

The speed of shortening varies with the difference between the amount of tension produced and the amount of resistance. If all the motor units are stimulated and the resistance is relatively small, the muscle will shorten very quickly. In contrast, if the muscle barely produces enough tension to overcome the resistance, it will shorten very slowly.

In an eccentric contraction, the peak tension developed is less than the load, and the muscle elongates owing to the contraction of another muscle or the pull of gravity. Think of a tug-of-war team trying to stop a moving car. Although everyone pulls as hard as they can, the rope slips through their fingers. The speed of elongation depends on the difference between the amount of tension developed by the active muscle fibers and the amount of resistance. In our analogy, the team might slow down a small car, but would have little effect on a large truck.

Eccentric contractions are very common, and they are an important part of a variety of movements. In these movements, you exert precise control over the amount of tension produced. By varying the tension in an eccentric contraction, you can control the rate of elongation, just as you can vary the tension in a concentric contraction. During physical training, people commonly perform cycles of concentric and eccentric contractions, as when you hold a weight in your hand and slowly perform flexion and extension at the elbow. The flexion involves concentric contractions that exceed the resistance posed by the weight. During extension, the same muscles are active, but the contractions are eccentric. The tension produced isn’t sufficient to overcome the force of gravity, but it is enough to control the speed of movement.

Isometric Contractions In an isometric contraction (metric, measure), the muscle as a whole does not change length, and the tension produced never exceeds the resistance. Figure 10–18c• shows what happens if we attach a weight heavier than 4 kg to the experimental muscle and then stimulate the muscle. Although cross-bridges form and tension rises to peak values, the muscle cannot overcome the resistance of the weight and so cannot shorten (Figure 10–18d•). Examples of isometric contractions include carrying a bag of groceries, holding a baby, and holding our heads up. Many of the reflexive muscle contractions that keep your body upright when you stand or sit involve isometric contractions of muscles that oppose the force of gravity.

Notice that when you perform an isometric contraction, the contracting muscle bulges, but not as much as it does during an isotonic contraction. In an isometric contraction, although the muscle as a whole does not shorten, the individual muscle fibers shorten as connective tissues stretch. The muscle fibers cannot shorten further, because the tension does not exceed the resistance.

Normal daily activities therefore involve a combination of isotonic and isometric muscular contractions. As you sit and read this text, isometric contractions of postural muscles stabilize your vertebrae and maintain your upright position. When you turn a page, the movements of your arm, forearm, hand, and fingers are produced by a combination of concentric and eccentric isotonic contractions.

Resistance and Speed of Contraction

You can lift a light object more rapidly than you can lift a heavy one because resistance and the speed of contraction are inversely related. If the resistance is less than the tension produced, a concentric isotonic contraction will occur; the muscle will shorten. The heavier the resistance, the longer it takes for the movement to begin, because muscle tension (which increases gradually) must exceed the resistance before shortening can occur (Figure 10–19•). The contraction itself proceeds more slowly. At the molecular level, the speed of cross-bridge pivoting is reduced as the load increases.

For each muscle, an optimal combination of tension and speed exists for any given resistance. If you have ever ridden a 10speed bicycle, you are probably already aware of this fact. When you are cruising along comfortably, your thigh and leg muscles are working at an optimal combination of speed and tension. When you start up a hill, the resistance increases. Your muscles must now develop more tension, and they move more slowly; they are no longer working at optimal efficiency. If you then shift to a lower gear, the load on your muscles decreases and their speed increases, and the muscles are once again working efficiently.

Muscle Relaxation and the Return to Resting Length

As we noted earlier, there is no active mechanism for muscle fiber elongation. The sarcomeres in a muscle fiber can shorten and develop tension, but the power stroke cannot be reversed to push the Z lines farther apart. After a contraction, a muscle fiber returns to its original length through a combination of elastic forces, opposing muscle contractions, and gravity.

Elastic Forces When the contraction ends, some of the energy initially “spent” in stretching the tendons and distorting intracellular organelles is recovered as they recoil or rebound to their original dimensions. This elasticity gradually helps return the muscle fiber to its original resting length.

Opposing Muscle Contractions The contraction of opposing muscles can return a muscle to its resting length more quickly than elastic forces can. Consider the muscles of the arm that flex or extend the elbow. Contraction of the biceps brachii muscle on the anterior part of the arm flexes the elbow; contraction of the triceps brachii muscle on the posterior part of the arm extends the elbow. When the biceps brachii muscle contracts, the triceps brachii muscle is stretched. When the biceps brachii muscle relaxes, contraction of the triceps brachii muscle extends the elbow and stretches the muscle fibers of the biceps brachii muscle to their original length.

Gravity Gravity may assist opposing muscle groups in quickly returning a muscle to its resting length after a contraction. For example, imagine the biceps brachii muscle fully contracted with the elbow pointed at the ground. When the muscle relaxes, gravity will pull the forearm down and stretch the muscle. Although gravity can provide assistance in stretching muscles, some active muscle tension is needed to control the rate of movement and to prevent damage to the joint. In the previous example, eccentric contraction of the biceps brachii muscle can control the movement.

Concept Check

✓ Why is it difficult to contract a muscle that has been overstretched?

✓ During treppe, why does tension in a muscle gradually increase even though the strength and frequency of the stimulus are constant?

✓ Can a skeletal muscle contract without shortening? Explain.

Answers begin on p. A–1

Review tension production by skeletal muscle fibers and whole skeletal muscles on the IP CD-ROM: Muscular System/Contraction of Whole Muscle.

Energy Use and Muscular Activity

Objectives

• Describe the mechanisms by which muscle fibers obtain the energy to power contractions.

• Describe the factors that contribute to muscle fatigue, and discuss the stages and mechanisms involved in the muscle’s subsequent recovery.

A single muscle fiber may contain 15 billion thick filaments. When that muscle fiber is actively contracting, each thick filament breaks down roughly 2500 ATP molecules per second. Because even a small skeletal muscle contains thousands of muscle fibers, the ATP demands of a contracting skeletal muscle are enormous. In practical terms, the demand for ATP in a contracting muscle fiber is so high that it would be impossible to have all the necessary energy available as ATP before the contraction begins. Instead, a resting muscle fiber contains only enough ATP and other high-energy compounds to sustain a contraction until additional ATP can be generated. Throughout the rest of the contraction, the muscle fiber will generate ATP at roughly the same rate as it is used.

ATP and CP Reserves

The primary function of ATP is the transfer of energy from one location to another rather than the long-term storage of energy. At

rest, a skeletal muscle fiber produces more ATP than it needs. Under these conditions, ATP transfers energy to creatine. Creatine (KRE¯-uh-te¯n) is a small molecule that muscle cells assemble from fragments of amino acids. The energy transfer creates another high-energy compound, creatine phosphate (CP), or phosphorylcreatine:

ATP + creatine ¡ ADP + creatine phosphate

During a contraction, each myosin head breaks down ATP, producing ADP and a phosphate group. The energy stored in creatine phosphate is then used to “recharge” ADP, converting it back to ATP through the reverse reaction:

ADP + creatine phosphate ¡ ATP + creatine

The enzyme that facilitates this reaction is creatine phosphokinase (CPK or CK). When muscle cells are damaged, CPK leaks across the cell membranes and into the bloodstream. Thus, a high blood concentration of CPK usually indicates serious muscle damage.

The energy reserves of a representative muscle fiber are indicated in Table 10–2. A resting skeletal muscle fiber contains about six times as much creatine phosphate as ATP, but when a muscle fiber is undergoing a sustained contraction, these energy reserves are exhausted in only about 15 seconds. The muscle fiber must then rely on other mechanisms to generate ATP from ADP.

ATP Generation

As we saw in Chapter 3, most cells in the body generate ATP through (1) aerobic metabolism in mitochondria and (2) glycolysis in the cytoplasm. lp. 76

Aerobic Metabolism

Aerobic metabolism normally provides 95 percent of the ATP demands of a resting cell. In this process, mitochondria absorb oxygen, ADP, phosphate ions, and organic substrates (such as pyruvic acid) from the surrounding cytoplasm. The substrates then enter the TCA (tricarboxylic acid) cycle (also known as the citric acid cycle or the Krebs cycle), an enzymatic pathway that breaks down organic molecules. The carbon atoms are released as carbon dioxide. The hydrogen atoms are shuttled to respiratory enzymes in the inner mitochondrial membrane, where their electrons are removed. After a series of intermediate steps, the protons and electrons are combined with oxygen to form water. Along the way, large amounts of energy are released and used to make ATP. The entire process is very efficient: For each molecule of pyruvic acid “fed” into the TCA cycle, the cell gains 17 ATP molecules.

Resting skeletal muscle fibers rely almost exclusively on the aerobic metabolism of fatty acids to generate ATP. These fatty acids are absorbed from the circulation. When the muscle starts contracting, the mitochondria begin breaking down molecules of pyruvic acid instead of fatty acids. The pyruvic acid is provided by the enzymatic pathway of glycolysis, which breaks down glucose in the cytoplasm. The glucose can come either from the surrounding interstitial fluid or through the breakdown of glycogen reserves within the sarcoplasm. Because a typical skeletal muscle fiber contains large amounts of glycogen, the shift from fatty acid metabolism to glucose metabolism makes it possible for the cell to continue contracting for an extended period, even without an external source of nutrients.

Glycolysis

Glycolysis is the breakdown of glucose to pyruvic acid in the cytoplasm of a cell. It is an anaerobic process, because it does not require oxygen. Glycolysis provides a net gain of 2 ATP molecules and generates 2 pyruvic acid molecules from each glucose molecule. The ATP produced by glycolysis is therefore only a small fraction of that produced by aerobic metabolism, in which the breakdown of the 2 pyruvic acid molecules in mitochondria would generate 34 ATP molecules. Thus, when energy demands are relatively low and oxygen is readily available, glycolysis is important only because it provides the substrates for aerobic metabolism. Yet, because it can proceed in the absence of oxygen, glycolysis becomes an important source of energy when energy demands are at a maximum and the availability of oxygen limits the rate of mitochondrial ATP production.

The glucose broken down under these conditions is obtained primarily from the reserves of glycogen in the sarcoplasm. Glycogen is a polysaccharide chain of glucose molecules. lp. 44 Typical skeletal muscle fibers contain large glycogen reserves, which may account for 1.5 percent of the total muscle weight. When the muscle fiber begins to run short of ATP and CP, enzymes split the glycogen molecules, releasing glucose, which can be used to generate more ATP. When energy demands are low and oxygen is abundant, glycolysis provides substrates for anaerobic metabolism, and aerobic metabolism provides the ATP needed for contraction. However, during peak periods of muscular activity, energy demands are extremely high and oxygen supplies are very limited. Under these conditions, glycolysis provides most of the ATP needed to sustain muscular contraction.

Energy Use and the Level of Muscular Activity

As the level of muscular activity increases, the pattern of energy production and use changes:

•
In a resting skeletal muscle (Figure 10–20a•), the demand for ATP is low. More than enough oxygen is available for the mitochondria to meet that demand, and they produce a surplus of ATP. The extra ATP is used to build up reserves of CP and glycogen. Resting muscle fibers absorb fatty acids and glucose delivered by the bloodstream. The fatty acids are broken down in the mitochondria, and the ATP that is generated is used to convert creatine to creatine phosphate and glucose to glycogen.

•
At moderate levels of activity (Figure 10–20b•), the demand for ATP increases. This demand is met by the mitochondria. As the rate of mitochondrial ATP production rises, so does the rate of oxygen consumption. Oxygen availability is not a limiting factor, because oxygen can diffuse into the muscle fiber fast enough to meet mitochondrial needs. But all the ATP produced is needed by the muscle fiber, and no surplus is available. The skeletal muscle now relies primarily on the aerobic metabolism of pyruvic acid to generate ATP. The pyruvic acid is provided by glycolysis, which breaks down glucose molecules obtained from glycogen in the muscle fiber. If glycogen reserves are low, the muscle fiber can also break down other substrates, such as lipids or amino acids. As long as the demand for ATP can be met by mitochondrial activity, the ATP provided by glycolysis makes a relatively minor contribution to the total energy budget of the muscle fiber.

•
At peak levels of activity (Figure 10–20c•), ATP demands are enormous and mitochondrial ATP production rises to a maximum. This maximum rate is determined by the availability of oxygen, and oxygen cannot diffuse into the muscle fiber fast enough to enable the mitochondria to produce the required ATP. At peak levels of exertion, mitochondrial activity can provide only about one-third of the ATP needed. The remainder is produced through glycolysis. When glycolysis produces pyruvic acid faster than it can be utilized by the mitochondria, pyruvic acid levels rise in the sarcoplasm. Under these conditions, pyruvic acid is converted to lactic acid, a related three-carbon molecule.

The anaerobic process of glycolysis enables the cell to generate additional ATP when the mitochondria are unable to meet the current energy demands. However, anaerobic energy production has drawbacks. First, the lactic acid produced is an organic acid that dissociates in body fluids into a hydrogen ion and a negatively charged lactate ion. Thus, production of lactic acid can lower the intracellular pH. Buffers in the sarcoplasm can resist pH shifts, but these mechanisms are limited. Eventually, changes in pH will alter the functional characteristics of key enzymes so that the muscle fiber cannot continue to contract. Moveover, glycolysis is a relatively inefficient way to generate ATP. Under anaerobic conditions, each glucose molecule generates 2 pyruvic acid molecules, which are converted to lactic acid. In return, the cell gains 2 ATP molecules through glycolysis. Had those 2 pyruvic acid molecules been catabolized aerobically in a mitochondrion, the cell would have produced 34 additional ATP.

Muscle Fatigue

An active skeletal muscle is said to be fatigued when it can no longer continue to perform at the required level of activity. Many factors are involved in promoting muscle fatigue. For example, muscle fatigue has been correlated with (1) depletion of metabolic reserves within the muscle fibers, (2) damage to the sarcolemma and sarcoplasmic reticulum, (3) a decline in pH within the muscle fibers and the muscle as a whole, decreasing calcium ion binding to troponin and altering enzyme activities, and (4) a sense of weariness and a reduction in the desire to continue the activity, due to the effects of low blood pH and pain on the brain. Muscle fatigue is cumulative—the effects become more pronounced as more neurons and muscle fibers are affected. The result is a gradual reduction in the capabilities and performance of the entire skeletal muscle.

If a muscle fiber is contracting at moderate levels and ATP demands can be met through aerobic metabolism, fatigue will not occur until glycogen, lipid, and amino acid reserves are depleted. This type of fatigue affects the muscles of endurance athletes, such as marathon runners, after hours of exertion.

When a muscle produces a sudden, intense burst of activity at peak levels, most of the ATP is provided by glycolysis. After just seconds to minutes, the rising lactic acid levels lower the tissue pH, and the muscle can no longer function normally. Sprinters get this type of muscle fatigue. We will return to the topics of fatigue, athletic training, and metabolic activity later in the chapter.

Normal muscle function requires (1) substantial intracellular energy reserves, (2) a normal circulatory supply, (3) normal blood oxygen levels, and (4) blood pH within normal limits. Anything that interferes with any of these factors will promote premature muscle fatigue. For example, reduced blood flow from tight clothing, heart problems, or blood loss slows the delivery of oxygen and nutrients, accelerates the buildup of lactic acid, and promotes muscle fatigue.

The Recovery Period

When a muscle fiber contracts, conditions in the sarcoplasm change. Energy reserves are consumed, heat is released, and, if the contraction was at peak levels, lactic acid is generated. In the recovery period, the conditions in muscle fibers are returned to normal, preexertion levels. After a period of moderate activity, it may take several hours for muscle fibers to recover. After sustained activity at higher levels, complete recovery can take a week.

Lactic Acid Removal and Recycling

Glycolysis enables a skeletal muscle to continue contracting even when mitochondrial activity is limited by the availability of oxygen. As we have seen, however, lactic acid production is not an ideal way to generate ATP. It squanders the glucose reserves of the muscle fibers, and it is potentially dangerous because lactic acid can alter the pH of the blood and tissues.

During the recovery period, when oxygen is available in abundance, lactic acid can be recycled by conversion back to pyruvic acid. The pyruvic acid can then be used either by mitochondria to generate ATP or as a substrate for enzyme pathways that synthesize glucose and rebuild glycogen reserves.

During exertion, lactic acid diffuses out of muscle fibers and into the bloodstream. The process continues after the exertion has ended, because intracellular lactic acid concentrations are still relatively high. The liver absorbs the lactic acid and converts it to pyruvic acid. Roughly 30 percent of these pyruvic acid molecules are broken down in the TCA cycle, providing the ATP needed to convert the other pyruvic acid molecules to glucose. (We will cover these processes more fully in Chapter 25.) The glucose molecules are then released into the circulation, where they are absorbed by skeletal muscle fibers and used to rebuild their glycogen reserves. This shuffling of lactic acid to the liver and glucose back to muscle cells is called the Cori cycle.

The Oxygen Debt

During the recovery period, the body’s oxygen demand remains elevated above normal resting levels. The more ATP required, the more oxygen will be needed. The amount of oxygen required to restore normal, preexertion conditions is called the oxygen debt, or excess postexercise oxygen consumption (EPOC).

Most of the additional oxygen consumption occurs in skeletal muscle fibers, which must restore ATP, creatine phosphate, and glycogen concentrations to their former levels, and in liver cells, which generate the ATP needed to convert excess lactic acid to glucose. However, several other tissues also increase their rate of oxygen consumption and ATP generation during the recovery period. For example, sweat glands increase their secretory activity until normal body temperature is restored. While the oxygen debt is being repaid, breathing rate and depth are increased. As a result, you continue to breathe heavily long after you stop exercising.

100 Keys | Skeletal muscles at rest metabolize fatty acids and store glycogen. During light activity, muscles can generate

ATP through the aerobic breakdown of carbohydrates, lipids, or amino acids. At peak levels of activity, most of the energy is provided by anaerobic reactions that generate lactic acid as a byproduct.

Heat Production and Loss

Muscular activity generates substantial amounts of heat. During a catabolic process, such as the breakdown of glycogen or the reactions of glycolysis, a muscle fiber captures only a portion of the released energy. lp. 35 The rest is released as heat. A resting muscle fiber relying on aerobic metabolism captures about 42 percent of the energy released in catabolism. The other 58 percent warms the sarcoplasm, interstitial fluid, and circulating blood. Active skeletal muscles release roughly 85 percent of the heat needed to maintain normal body temperature.

When muscles become active, their energy consumption skyrockets. As anaerobic energy production becomes the primary method of ATP generation, muscle fibers become less efficient at capturing energy. At peak levels of exertion, only about 30 percent of the released energy is captured as ATP; the remaining 70 percent warms the muscle and surrounding tissues. Body temperature soon climbs, and heat loss at the skin accelerates through mechanisms introduced in Chapters 1 and 5. lpp. 12, 169

Hormones and Muscle Metabolism

Metabolic activities in skeletal muscle fibers are adjusted by hormones of the endocrine system. Growth hormone from the pituitary gland and testosterone (the primary sex hormone in males) stimulate the synthesis of contractile proteins and the enlargement of skeletal muscles. Thyroid hormones elevate the rate of energy consumption in resting and active skeletal muscles. During a sudden crisis, hormones of the adrenal gland, notably epinephrine (adrenaline), stimulate muscle metabolism and increase both the duration of stimulation and the force of contraction. (We will further examine the effects of hormones on muscle and other tissues in Chapter 18.)

Muscle Performance

Objectives

• Relate the types of muscle fibers to muscle performance.

• Distinguish between aerobic and anaerobic endurance, and explain their implications for muscular performance.

Muscle performance can be considered in terms of force, the maximum amount of tension produced by a particular muscle or muscle group, and endurance, the amount of time during which the individual can perform a particular activity. Two major factors determine the performance capabilities of any skeletal muscle: (1) the types of muscle fibers in the muscle and (2) physical conditioning or training.

Types of Skeletal Muscle Fibers

The human body has three major types of skeletal muscle fibers: fast fibers, slow fibers, and intermediate fibers (Table 10–3).

Fast Fibers

Most of the skeletal muscle fibers in the body are called fast fibers, because they can contract in 0.01 sec or less after stimulation. Fast fibers are large in diameter and contain densely packed myofibrils, large glycogen reserves, and relatively few mitochondria. The tension produced by a muscle fiber is directly proportional to the number of myofibrils, so muscles dominated by fast fibers produce powerful contractions. However, fast fibers fatigue rapidly because their contractions use ATP in massive amounts, and there are relatively few mitochondria to generate ATP. As a result, prolonged activity is supported primarily by anaerobic metabolism. Other names used to refer to these muscle fibers include white muscle fibers, fast-twitch glycolytic fibers, and Type II-B fibers.

Slow Fibers

Slow fibers have only about half the diameter of fast fibers and take three times as long to reach peak tension after stimulation. These fibers are specialized to enable them to continue contracting for extended periods, long after a fast fiber would have become fatigued. The most important specializations improve mitochondrial performance.

One of the main characteristics of slow muscle fibers is that they are surrounded by a more extensive network of capillaries than is typical of fast muscle tissue; thus, they have a dramatically higher oxygen supply to support mitochondrial activity. Slow

fibers also contain the red pigment myoglobin (MI¯-¯o-gl¯o-bin). This globular protein is structurally related to hemoglobin, the red oxygen-carrying pigment in blood. Both myoglobin and hemoglobin reversibly bind oxygen molecules. Although other muscle fiber types contain small amounts of myoglobin, it is most abundant in slow fibers. As a result, resting slow fibers contain substantial oxygen reserves that can be mobilized during a contraction. Because slow fibers have both an extensive capillary supply and a high concentration of myoglobin, skeletal muscles dominated by slow fibers are dark red. Slow fibers are also known as red muscle fibers, slow-twitch oxidative fibers, and Type I fibers.

With oxygen reserves and a more efficient blood supply, the mitochondria of slow fibers can contribute more ATP during contraction. In addition, the cross-bridges in slow fibers cycle more slowly than those of fast fibers, and this reduces demand for ATP. Thus, slow fibers are less dependent on anaerobic metabolism than are fast fibers. Some of the mitochondrial energy production involves the breakdown of stored lipids rather than glycogen, so glycogen reserves of slow fibers are smaller than those of fast fibers. Slow fibers also contain more mitochondria than do fast fibers. Figure 10–21• compares the appearance of fast and slow fibers.

Intermediate Fibers

Most properties of intermediate fibers are intermediate between those of fast fibers and slow fibers. In appearance, intermediate fibers most closely resemble fast fibers, for they contain little myoglobin and are relatively pale. They have a more extensive capillary network around them, however, and are more resistant to fatigue than are fast fibers. Intermediate fibers are also known as fast-twitch oxidative fibers and Type II-A fibers.

Muscle Performance and the Distribution of Muscle Fibers

The percentages of fast, intermediate, and slow fibers in a skeletal muscle can be quite variable. In muscles that contain a mixture of fast and intermediate fibers, the proportion can change with physical conditioning. For example, if a muscle is used repeatedly for endurance events, some of the fast fibers will develop the appearance and functional capabilities of intermediate fibers. The muscle as a whole will thus become more resistant to fatigue.

Muscles dominated by fast fibers appear pale and are often called white muscles. Chicken breasts contain “white meat” because chickens use their wings only for brief intervals, as when fleeing from a predator, and the power for flight comes from the anaerobic process of glycolysis in the fast fibers of their breast muscles. As we saw earlier, the extensive blood vessels and myoglobin in slow fibers give these fibers a reddish color; muscles dominated by slow fibers are therefore known as red muscles. Chickens walk around all day, and these movements are powered by aerobic metabolism in the slow fibers of the “dark meat” of their legs.

Most human muscles contain a mixture of fiber types and so appear pink. However, there are no slow fibers in muscles of the eye or hand, where swift, but brief, contractions are required. Many back and calf muscles are dominated by slow fibers; these muscles contract almost continuously to maintain an upright posture. The percentage of fast versus slow fibers in each muscle is genetically determined. As noted earlier, the ratio of intermediate fibers to fast fibers can increase as a result of athletic training.

Muscle Hypertrophy and Atrophy

As a result of repeated, exhaustive stimulation, muscle fibers develop more mitochondria, a higher concentration of glycolytic enzymes, and larger glycogen reserves. Such muscle fibers have more myofibrils than do fibers that are less used, and each myofibril contains more thick and thin filaments. The net effect is hypertrophy, or an enlargement of the stimulated muscle. The number of muscle fibers does not change significantly, but the muscle as a whole enlarges because each muscle fiber increases in diameter.

Hypertrophy occurs in muscles that have been repeatedly stimulated to produce near-maximal tension. The intracellular changes that occur increase the amount of tension produced when these muscles contract. The muscles of a bodybuilder are excellent examples of muscular hypertrophy.

Clinical Note

A skeletal muscle that is not regularly stimulated by a motor neuron loses muscle tone and mass. The muscle becomes flaccid, and the muscle fibers become smaller and weaker. This reduction in muscle size, tone, and power is called atrophy. Individuals paralyzed by spinal injuries or other damage to the nervous system will gradually lose muscle tone and size in the areas affected. Even a temporary reduction in muscle use can lead to muscular atrophy; you can easily observe this effect by comparing “before and after” limb muscles in

someone who has worn a cast. Muscle atrophy is initially reversible, but dying muscle fibers are not replaced. In extreme atrophy, the functional losses are permanent. That is why physical therapy is crucial for people who are temporarily unable to move normally. Electrical stimulation by an external device can substitute for nerve stimulation and prevent or reduce muscle atrophy.

Because skeletal muscles depend on motor neurons for stimulation, disorders that affect the nervous system can indirectly affect the muscular system. In polio, a virus attacks motor neurons in the spinal cord and brain, causing muscular paralysis and atrophy.

AM: Problems with the Control of Muscle Activity

Physical Conditioning

Physical conditioning and training schedules enable athletes to improve both power and endurance. In practice, the training schedule varies, depending on whether the activity is supported primarily by aerobic or anaerobic energy production.

Anaerobic endurance is the length of time muscular contraction can continue to be supported by glycolysis and by the existing energy reserves of ATP and CP. Anaerobic endurance is limited by (1) the amount of ATP and CP available, (2) the amount of glycogen available for breakdown, and (3) the ability of the muscle to tolerate the lactic acid generated during the anaerobic period. Typically, the onset of muscle fatigue occurs within 2 minutes of the start of maximal activity.

Activities that require above-average levels of anaerobic endurance include a 50-meter dash or swim, pole vaulting, and competitive weight lifting. These activities involve the contractions of fast fibers. The energy for the first 10–20 seconds of activity comes from the ATP and CP reserves of the cytoplasm. As these reserves dwindle, glycogen breakdown and glycolysis provide additional energy. Athletes training to improve anaerobic endurance perform frequent, brief, intensive workouts that stimulate muscle hypertrophy. AM: Delayed Onset Muscle Soreness

Aerobic endurance is the length of time a muscle can continue to contract while supported by mitochondrial activities. Aerobic endurance is determined primarily by the availability of substrates for aerobic respiration, which muscle fibers can obtain by breaking down carbohydrates, lipids, or amino acids. Initially, many of the nutrients catabolized by muscle fibers are obtained from reserves in the sarcoplasm. Prolonged aerobic activity, however, must be supported by nutrients provided by the circulating blood.

During exercise, blood vessels in the skeletal muscles dilate, increasing blood flow and thus bringing more oxygen and nutrients to the active muscle tissue. Warm-up periods are therefore important not only in that they take advantage of treppe, the increase in tension production noted on p. 303, but also because they stimulate circulation in the muscles before the serious workout begins. Because glucose is a preferred energy source, endurance athletes such as marathon runners typically “load” or “bulk up” on carbohydrates for the three days before an event. They may also consume glucose-rich “sports drinks” during a competition. (We will consider the risks and benefits of these practices in Chapter 25.)

Training to improve aerobic endurance generally involves sustained low levels of muscular activity. Examples include jogging, distance swimming, and other exercises that do not require peak tension production. Improvements in aerobic endurance result from two factors:

1. Alterations in the Characteristics of Muscle Fibers. The composition of fast and slow fibers in each muscle is genetically determined, and individual differences are significant. These variations affect aerobic endurance, because a person with more slow fibers in a particular muscle will be better able to perform under aerobic conditions than will a person with fewer. However, skeletal muscle cells respond to changes in the pattern of neural stimulation. Fast fibers trained for aerobic competition develop the characteristics of intermediate fibers, and this change improves aerobic endurance.

2. Improvements in Cardiovascular Performance. Cardiovascular activity affects muscular performance by delivering oxygen and nutrients to active muscles. Physical training alters cardiovascular function by accelerating blood flow, thus improving oxygen and nutrient availability. Another important benefit of endurance training is increased capillarity, providing better blood flow at the cellular level. (We will examine factors involved in improving cardiovascular performance in Chapter 21.)

Aerobic activities do not promote muscle hypertrophy. Many athletes train using a combination of aerobic and anaerobic exercises so that their muscles will enlarge and both anaerobic and aerobic endurance will improve. These athletes alternate an aerobic activity, such as swimming, with sprinting or weight lifting. The combination is known as interval training or cross-training. Interval training is particularly useful for people engaged in racquet sports, such as tennis or squash, which are dominated by aerobic activities but are punctuated by brief periods of anaerobic effort. AM: Power, Endurance, and Energy Reserves

100 Keys | What you don’t use, you lose. Muscle tone is an indication of the chronic background level of activity in the motor units in skeletal muscles. When inactive for days or weeks, muscles become flaccid, and the muscle fibers break down their contractile proteins and grow smaller and weaker. If inactive for long periods, muscle fibers may be replaced by fibrous tissue.

Concept Check

✓ Why would a sprinter experience muscle fatigue before a marathon runner would?

✓ Which activity would be more likely to create an oxygen debt: swimming laps or lifting weights?

✓ Which type of muscle fibers would you expect to predominate in the large leg muscles of someone who excels at endurance activities, such as cycling or long-distance running?

Answers begin on p. A–1

Review muscle metabolism, muscle fatigue, and types of skeletal muscle fibers on the IP CD-ROM: Muscular System/Muscle Metabolism.

Cardiac Muscle Tissue

Objective

• Identify the structural and functional differences between skeletal muscle fibers and cardiac muscle cells.

We introduced cardiac muscle tissue in Chapter 4 and briefly compared its properties with those of other types of muscle. Cardiac muscle cells, also called cardiocytes or cardiac myocytes, are found only in the heart.

Like skeletal muscle fibers, cardiac muscle cells contain organized myofibrils, and the presence of many aligned sarcomeres gives the cells a striated appearance. However, significant structural and functional differences exist between skeletal muscle fibers and cardiac muscle cells.

Structural Characteristics of Cardiac Muscle Tissue

Important structural differences between skeletal muscle fibers and cardiac muscle cells include the following:

•
Cardiac muscle cells are relatively small, averaging 10–20 mm in diameter and 50–100 mm in length.

•
A typical cardiac muscle cell (Figure 10–22a,b•) has a single, centrally placed nucleus, although a few may have two or more nuclei.

•
The T tubules in a cardiac muscle cell are short and broad, and there are no triads (Figure 10–22c•). The T tubules encircle the sarcomeres at the Z lines rather than at the zones of overlap.

•
The SR of a cardiac muscle cell lacks terminal cisternae, and its tubules contact the cell membrane as well as the T tubules (see

Figure 10–22c•). As in skeletal muscle fibers, the appearance of an action potential triggers the release of calcium from the SR and the contraction of sarcomeres; it also increases the permeability of the sarcolemma to extracellular calcium ions.

•
Cardiac muscle cells are almost totally dependent on aerobic metabolism to obtain the energy they need to continue contracting. Energy reserves are maintained in the form of glycogen and lipid inclusions. The sarcoplasm of a cardiac muscle cell contains large numbers of mitochondria and abundant reserves of myoglobin that store the oxygen needed to break down those energy reserves during times of peak activity.

• Each cardiac muscle cell contacts several others at specialized sites known as intercalated (in-TER-ka-l -ted) discs. lp. 134

¯a

Intercalated discs play a vital role in the function of cardiac muscle, as we will see next.

Intercalated Discs

At an intercalated disc (see Figure 10–22a,b•), the cell membranes of two adjacent cardiac muscle cells are extensively intertwined and bound together by gap junctions and desmosomes. lp. 110 These connections help stabilize the relative positions of adjacent cells and maintain the three-dimensional structure of the tissue. The gap junctions allow ions and small molecules to move from one cell to another. This arrangement creates a direct electrical connection between the two muscle cells. An action potential can travel across an intercalated disc, moving quickly from one cardiac muscle cell to another.

Myofibrils in the two interlocking muscle cells are firmly anchored to the membrane at the intercalated disc. Because their myofibrils are essentially locked together, the two muscle cells can “pull together” with maximum efficiency. Because the cardiac muscle cells are mechanically, chemically, and electrically connected to one another, the entire tissue resembles a single, enormous muscle cell. For this reason, cardiac muscle has been called a functional syncytium (sin-SISH--um; a fused mass of cells).

Functional Characteristics of Cardiac Muscle Tissue

In Chapter 20, we will examine cardiac muscle physiology in detail; here, we will briefly summarize four major functional specialties of cardiac muscle:

1. Cardiac muscle tissue contracts without neural stimulation. This property is called automaticity. The timing of contractions is normally determined by specialized cardiac muscle cells called pacemaker cells.

2. Innervation by the nervous system can alter the pace established by the pacemaker cells and adjust the amount of tension produced during a contraction.

3. Cardiac muscle cell contractions last roughly 10 times as long as do those of skeletal muscle fibers. They also have longer refractory periods and do not readily fatique.

4. The properties of cardiac muscle cell membranes differ from those of skeletal muscle fiber membranes. As a result, individual twitches cannot undergo wave summation, and cardiac muscle tissue cannot produce tetanic contractions. This difference is important, because a heart in a sustained tetanic contraction could not pump blood.

Smooth Muscle Tissue

Objectives

• Identify the structural and functional differences between skeletal muscle fibers and smooth muscle cells.

• Discuss the role that smooth muscle tissue plays in systems throughout the body.

Smooth muscle tissue forms sheets, bundles, or sheaths around other tissues in almost every organ. Smooth muscles around blood vessels regulate blood flow through vital organs. In the digestive and urinary systems, rings of smooth muscle, called sphincters, regulate the movement of materials along internal passageways. Smooth muscles play a variety of other roles in various body systems:

•
Integumentary System: Smooth muscles around blood vessels regulate the flow of blood to the superficial dermis; smooth muscles of the arrector pili elevate hairs. lp. 164

•
Cardiovascular System: Smooth muscles encircling blood vessels control the distribution of blood and help regulate the blood pressure.

•
Respiratory System: Smooth muscle contraction or relaxation alters the diameters of the respiratory passageways and changes the resistance to airflow.

•
Digestive System: Extensive layers of smooth muscle in the walls of the digestive tract play an essential role in moving materials along the tract. Smooth muscle in the walls of the gallbladder contract to eject bile into the digestive tract.

•
Urinary System: Smooth muscle tissue in the walls of small blood vessels alters the rate of filtration in the kidneys. Layers of smooth muscle in the walls of the ureters transport urine to the urinary bladder; the contraction of the smooth muscle in the wall of the urinary bladder forces urine out of the body.

•
Reproductive System: Layers of smooth muscle help move sperm along the reproductive tract in males and cause the ejection

of glandular secretions from the accessory glands into the reproductive tract. In females, layers of smooth muscle help move oocytes (and perhaps sperm) along the reproductive tract, and contraction of the smooth muscle in the walls of the uterus expels the fetus at delivery.

Figure 10–23a• shows typical smooth muscle tissue as seen by light microscopy. Smooth muscle tissue differs from both skeletal and cardiac muscle tissues in structure and function (Table 10–4).

Structural Characteristics of Smooth Muscle Tissue

Actin and myosin are present in all three types of muscle tissue. In skeletal and cardiac muscle cells, these proteins are organized in sarcomeres, with thin and thick filaments. The internal organization of a smooth muscle cell is very different:

•
Smooth muscle cells are relatively long and slender, ranging from 5 to 10 mm in diameter and from 30 to 200 mm in length.

•
Each cell is spindle shaped and has a single, centrally located nucleus.

•
A smooth muscle fiber has no T tubules, and the sarcoplasmic reticulum forms a loose network throughout the sarcoplasm. Smooth muscle cells also lack myofibrils and sarcomeres. As a result, this tissue also has no striations and is called nonstriated muscle.

•
Thick filaments are scattered throughout the sarcoplasm of a smooth muscle cell. The myosin proteins are organized differently than in skeletal or cardiac muscle cells, and smooth muscle cells have more myosin heads per thick filament.

•
The thin filaments in a smooth muscle cell are attached to dense bodies, structures distributed throughout the sarcoplasm in a network of intermediate filaments composed of the protein desmin (Figure 10–23b•). Some of the dense bodies are firmly attached to the sarcolemma. The dense bodies and intermediate filaments anchor the thin filaments such that, when sliding occurs between thin and thick filaments, the cell shortens. Dense bodies are not arranged in straight lines, so when a contraction occurs, the muscle cell twists like a corkscrew.

•
Adjacent smooth muscle cells are bound together at dense bodies, transmitting the contractile forces from cell to cell throughout the tissue.

•
Although smooth muscle cells are surrounded by connective tissue, the collagen fibers never unite to form tendons or aponeuroses, as they do in skeletal muscles.

Functional Characteristics of Smooth Muscle Tissue

Smooth muscle tissue differs from other muscle tissue in (1) excitation–contraction coupling, (2) length–tension relationships, (3) control of contractions, and (4) smooth muscle tone.

Excitation–Contraction Coupling

The trigger for smooth muscle contraction is the appearance of free calcium ions in the cytoplasm. On stimulation, a blast of calcium ions enters the cell from the extracellular fluid, and additional calcium ions are released by the sarcoplasmic reticulum. The net result is a rise in calcium ion concentrations throughout the cell. Once in the sarcoplasm, the calcium ions interact with calmodulin, a calcium-binding protein. Calmodulin then activates the enzyme myosin light chain kinase, which in turn enables the attachment of myosin heads to actin. This mechanism is quite different from that in skeletal and cardiac muscles, in which the trigger for contraction is the binding of calcium ions to troponin.

Length–Tension Relationships

Because the thick and thin filaments are scattered and are not organized into sarcomeres in smooth muscle, tension development and resting length are not directly related. A stretched smooth muscle soon adapts to its new length and retains the ability to contract on demand. This ability to function over a wide range of lengths is called plasticity. Smooth muscle can contract over a range of lengths four times greater than that of skeletal muscle. Plasticity is especially important in digestive organs that undergo great changes in volume, such as the stomach. Despite the lack of sarcomere organization, smooth muscle contractions can be just as powerful as those of skeletal muscles. Like skeletal muscle fibers, smooth muscle cells can undergo sustained contractions.

Control of Contractions

Many smooth muscle cells are not innervated by motor neurons, and the neurons that do innervate smooth muscles are not under voluntary control. Smooth muscle cells are categorized as either multiunit or visceral. Multiunit smooth muscle cells are innervated in motor units comparable to those of skeletal muscles, but each smooth muscle cell may be connected to more than a single motor neuron. In contrast, many visceral smooth muscle cells lack a direct contact with any motor neuron.

Multiunit smooth muscle cells resemble skeletal muscle fibers and cardiac muscle cells in that neural activity produces an action potential that is propagated over the sarcolemma. However, the contractions of these smooth muscle cells occur more slowly than those of skeletal or cardiac muscle cells. Multiunit smooth muscle cells are located in the iris of the eye, where they regulate the diameter of the pupil; along portions of the male reproductive tract; within the walls of large arteries; and in the arrector pili muscles of the skin. Multiunit smooth muscle cells do not typically occur in the digestive tract.

Visceral smooth muscle cells are arranged in sheets or layers. Within each layer, adjacent muscle cells are connected by gap junctions. As a result, whenever one muscle cell contracts, the electrical impulse that triggered the contraction can travel to adjacent smooth muscle cells. The contraction therefore spreads in a wave that soon involves every smooth muscle cell in the layer. The initial stimulus may be the activation of a motor neuron that contacts one of the muscle cells in the region. But smooth muscle cells also contract or relax in response to chemicals, hormones, local concentrations of oxygen or carbon dioxide, or physical factors such as extreme stretching or irritation.

Many visceral smooth muscle networks show rhythmic cycles of activity in the absence of neural stimulation. These cycles are characteristic of the smooth muscle cells in the wall of the digestive tract, where pacesetter cells undergo spontaneous depolarization and trigger the contraction of entire muscular sheets. Visceral smooth muscle cells are located in the walls of the digestive tract, the gallbladder, the urinary bladder, and many other internal organs.

Smooth Muscle Tone

Both multiunit and visceral smooth muscle tissues have a normal background level of activity, or smooth muscle tone. The regulatory mechanisms just detailed stimulate contraction and increase muscle tone. Neural, hormonal, or chemical factors can also stimulate smooth muscle relaxation, producing a decrease in muscle tone. For example, smooth muscle cells at the entrances to capillaries regulate the amount of blood flow into each vessel. If the tissue becomes starved for oxygen, the smooth muscle cells relax, whereupon blood flow increases, delivering additional oxygen. As conditions return to normal, the smooth muscle regains its normal muscle tone.

Concept Check

✓ What feature of cardiac muscle tissue allows the heart to act as a functional syncytium?

✓ Why are cardiac and smooth muscle contractions more affected by changes in extracellular Ca2+ than are skeletal muscle contractions?

✓ Smooth muscle can contract over a wider range of resting lengths than skeletal muscle can. Why?

Answers begin on p. A–1

Review the anatomy of cardiac and smooth muscle on the IP CD-ROM: Muscular System/Anatomy Review: Skeletal Muscle Tissue.

Chapter Review

Selected Clinical Terminology

botulism: A severe, potentially fatal paralysis of skeletal muscles, resulting from the consumption of a bacterial toxin. [AM] Duchenne’s muscular dystrophy (DMD): One of the most common and best understood of the muscular dystrophies. [AM] muscular dystrophies: A varied collection of inherited diseases that produce progressive muscle weakness and deterioration. [AM] myasthenia gravis: A general muscular weakness resulting from a reduction in the number of ACh receptors on the motor end plate.

[AM] polio: A disease resulting from the destruction of motor neurons by a certain virus and characterized by the paralysis and atrophy of

motor units. (p. 315 and [AM]) rigor mortis: A state following death during which muscles are locked in the contracted position, making the body extremely stiff.

(p. 298) tetanus: A disease in which sustained, powerful contractions of skeletal muscles are stimulated by the action of a bacterial toxin. (p. 304)

Study Outline

Skeletal Muscle Tissue and the Muscular System 284

1.
The three types of muscle tissue are skeletal muscle, cardiac muscle, and smooth muscle.

2.
Skeletal muscles attach to bones directly or indirectly. Their functions are to (1) produce skeletal movement, (2) maintain posture and body position, (3) support soft tissues, (4) guard entrances and exits, and (5) maintain body temperature.

Functional Anatomy of Skeletal Muscle p. 284

Organization of Connective Tissues p. 284

1.
Each muscle cell or fiber is surrounded by an endomysium. Bundles of muscle fibers are sheathed by a perimysium, and the entire muscle is covered by an epimysium. At the ends of the muscle are tendons or aponeuroses that attach the muscle to bones. (Figure 10–1)

Blood Vessels and Nerves p. 285

2.
The epimysium and perimysium contain the blood vessels and nerves that supply the muscle fibers.

Skeletal Muscle Fibers p. 286

3.
A skeletal muscle fiber has a sarcolemma, or cell membrane; sarcoplasm (cytoplasm); and sarcoplasmic reticulum (SR), similar to the smooth endoplasmic reticulum of other cells. Transverse (T) tubules and myofibrils aid in contraction. Filaments in a myofibril are organized into repeating functional units called sarcomeres. (Figures 10–2 to 10–6)

4.
Myofilaments called thin filaments and thick filaments form myofibrils. (Figures 10–2 to 10–6)

5.
Thin filaments consist of F actin, nebulin, tropomyosin, and troponin. Tropomyosin molecules cover active sites on the G actin subunits that form the F actin strand. Troponin binds to G actin and tropomyosin and holds the tropomyosin in position. (Figure 10–7)

6.
Thick filaments consist of a bundle of myosin molecules around a titin core. Each myosin molecule has an elongated tail and a globular head, which forms cross-bridges during contraction. In a resting muscle cell, the attachment of myosin heads to active sites on G actin is prevented by tropomyosin. (Figure 10–7)

Sliding Filaments and Muscle Contraction p. 291

7.
The relationship between thick and thin filaments changes as a muscle fiber contracts. (Figure 10–8)

Muscular System/Sliding Filament Theory

The Contraction of Skeletal Muscle p. 292

1.
When muscle cells contract, they create tension and pull on the attached tendons. (Figure 10–9)

The Control of Skeletal Muscle Activity p. 293

2.
The activity of a muscle fiber is controlled by a neuron at a neuromuscular (myoneural) junction (NMJ). (Figure 10–10)

3.
When an action potential arrives at the synaptic terminal, acetylcholine (ACh) is released into the synaptic cleft. The binding of ACh to receptors on the opposing junctional folds leads to the generation of an action potential in the sarcolemma. (Figure 10–10)

Muscular System/The Neuromuscular Junction

Excitation–Contraction Coupling p. 295

4.
Excitation–contraction coupling occurs as the passage of an action potential along a T tubule triggers the release of Ca2+ from the cisternae of the SR at triads. (Figure 10–11)

5.
Release of Ca2+ initiates a contraction cycle of attachment, pivoting, detachment, and return. The calcium ions bind to troponin, which changes position and moves tropomyosin away from the active sites of actin. Cross-bridges of myosin heads then bind to actin. Next, each myosin head pivots at its base, pulling the actin filament toward the center of the sarcomere. (Figure 10–12/10–13)

6.
Acetylcholinesterase (AChE) breaks down ACh and limits the duration of muscle stimulation. (Summary Table 10–1)

Relaxation p. 298

100 Keys | p. 300

Tension Production p. 300

Tension Production by Muscle Fibers p. 300

1.
The amount of tension produced by a muscle fiber depends on the number of cross-bridges formed.

2.
Skeletal muscle fibers can contract most forcefully when stimulated over a narrow range of resting lengths. (Figure 10–14)

3.
A twitch is a cycle of contraction and relaxation produced by a single stimulus. (Figure 10–15)

4.
Repeated stimulation at slow rate produces treppe, a progressive increase in twitch tension. (Figure 10–16)

5.
Repeated stimulation before the relaxation phase ends may produce summation of twitches (wave summation), in which one twitch is added to another; incomplete tetanus, in which tension peaks because the muscle is never allowed to relax completely; or complete tetanus, in which the relaxation phase is eliminated. (Figure 10–16)

Tension Production by Skeletal Muscles p. 304

6.
The number and size of a muscle’s motor units determine how precisely controlled its movements are. (Figure 10–17)

100 Keys | p. 305

7.
Resting muscle tone stabilizes bones and joints.

Muscular System/Contraction of Motor Units

8.
Normal activities generally include both isotonic contractions (in which the tension in a muscle rises and the length of the muscle changes) and isometric contractions (in which tension rises, but the length of the muscle remains constant). (Figure 10–18)

9.
Resistance (load) and speed of contraction are inversely related. (Figure 10–19)

10. The return to resting length after a contraction may involve elastic forces, the contraction of opposing muscle groups, and gravity.

Muscular System/Contraction of Whole Muscles

Energy Use and Muscular Activity p. 308

1.
Muscle contractions require large amounts of energy. (Table 10–2)

ATP and CP Reserves p. 309

2.
Creatine phosphate (CP) can release stored energy to convert ADP to ATP. (Table 10–2)

ATP Generation p. 309

3.
At rest or at moderate levels of activity, aerobic metabolism can provide most of the ATP needed to support muscle contractions.

4.
At peak levels of activity, the cell relies heavily on the anaerobic process of glycolysis to generate ATP, because the mitochondria cannot obtain enough oxygen to meet the existing ATP demands.

Energy Use and the Level of Muscular Activity p. 310

5.
As muscular activity changes, the pattern of energy production and use changes. (Figure 10–20)

Muscle Fatigue p. 310

6.
A fatigued muscle can no longer contract, because of changes in pH due to the buildup of lactic acid, the exhaustion of energy resources, or other factors.

The Recovery Period p. 312

7.
The recovery period begins immediately after a period of muscle activity and continues until conditions inside the muscle have returned to preexertion levels. The oxygen debt, or excess postexercise oxygen consumption (EPOC), created during exercise is the amount of oxygen required during the recovery period to restore the muscle to its normal condition.

100 Keys | p. 312

Hormones and Muscle Metabolism p. 312

8.
Circulating hormones may alter metabolic activities in skeletal muscle fibers.

Muscle Performance p. 313 Types of Skeletal Muscle Fibers p. 313

1.
The three types of skeletal muscle fibers are fast fibers, slow fibers, and intermediate fibers. (Table 10–3; Figure 10–21)

2.
Fast fibers, which are large in diameter, contain densely packed myofibrils, large glycogen reserves, and relatively few mitochondria. They produce rapid and powerful contractions of relatively brief duration. (Figure 10–21)

3.
Slow fibers are about half the diameter of fast fibers and take three times as long to contract after stimulation. Specializations such as abundant mitochondria, an extensive capillary supply, and high concentrations of myoglobin enable slow fibers to continue contracting for extended periods. (Figure 10–21)

4.
Intermediate fibers are very similar to fast fibers, but have a greater resistance to fatigue.

Muscle Performance and the Distribution of Muscle Fibers p. 314

5.
Muscles dominated by fast fibers appear pale and are called white muscles.

6.
Muscles dominated by slow fibers are rich in myoglobin and appear as red muscles.

Muscle Hypertrophy and Atrophy p. 315

7.
Training to develop anaerobic endurance can lead to hypertrophy (enlargement) of the stimulated muscles.

Physical Conditioning p. 315

8.
Anaerobic endurance is the time over which muscular contractions can be sustained by glycolysis and reserves of ATP and CP.

9.
Aerobic endurance is the time over which a muscle can continue to contract while supported by mitochondrial activities.

100 Keys | p. 316

Muscular System/Muscle Metabolism

Cardiac Muscle Tissue p. 316 Structural Characteristics of Cardiac Muscle Tissue p. 316

1.
Cardiac muscle tissue is located only in the heart. Cardiac muscle cells are small; have one centrally located nucleus; have short, broad T tubules; and are dependent on aerobic metabolism. Intercalated discs are found where cell membranes connect. (Figure 10–22; Table 10–4)

Functional Characteristics of Cardiac Muscle Tissue p. 317

2.
Cardiac muscle cells contract without neural stimulation (automaticity), and their contractions last longer than those of skeletal muscle.

3.
Because cardiac muscle twitches do not exhibit wave summation, cardiac muscle tissue cannot produce tetanic contractions.

Smooth Muscle Tissue p. 318 Structural Characteristics of Smooth Muscle Tissue p. 319

1.
Smooth muscle tissue is nonstriated, involuntary muscle tissue.

2.
Smooth muscle cells lack sarcomeres and the resulting striations. The thin filaments are anchored to dense bodies. (Figure 10–23; Table 10–4)

Functional Characteristics of Smooth Muscle Tissue p. 319

3.
Smooth muscle contracts when calcium ions interact with calmodulin, which activates myosin light chain kinase.

4.
Smooth muscle functions over a wide range of lengths (plasticity).

5.
In multiunit smooth muscle cells each smooth muscle cell acts relatively independently of other smooth muscle cells in the organ. Visceral smooth muscle cells are not always innervated by motor neurons. Neurons that innervate smooth muscle cells are not under voluntary control.

Muscular System/Anatomy Review: Skeletal Muscle Tissue

Review Questions

MyA&P | Access more review material online at MyA&P. There you’ll find learning activities, case studies, quizzes, Interactive Physiology exercises and more to help you succeed. To access the site, go to www.myaandp.com.

Answers to the Review Questions begin on page A–1.

LEVEL 1 Reviewing Facts and Terms

1.
The connective tissue coverings of a skeletal muscle, listed from superficial to deep, are

(a) endomysium, perimysium, and epimysium

(b) endomysium, epimysium, and perimysium

(c) epimysium, endomysium, and perimysium

(d) epimysium, perimysium, and endomysium

2.
The command to contract is distributed deep into a muscle fiber by the

(a) sarcolemma

(b) sarcomere

(c) transverse tubules

(d) myotubules

(e) myofibrils

3.
The detachment of the myosin cross-bridges is directly triggered by

(a) the repolarization of T tubules

(b) the attachment of ATP to myosin heads

(c) the hydrolysis of ATP

(d) calcium ions

4. A muscle producing peak tension during rapid cycles of contraction and relaxation is said to be in

(a) incomplete tetanus

(b) treppe

(c) complete tetanus

(d) a twitch

5. The type of contraction in which the tension rises, but the resistance does not move, is

(a) a wave summation

(b) a twitch

(c) an isotonic contraction

(d) an isometric contraction

6. Which of the following statements about myofibrils is not correct?

(a) Each skeletal muscle fiber contains hundreds to thousands of myofibrils.

(b) Myofibrils contain repeating units called sarcomeres.

(c) Myofibrils extend the length of a skeletal muscle fiber.

(d) Filaments consist of bundles of myofibrils.

(e) Myofibrils are attached to the cell membrane at both ends of a muscle fiber.

7. An action potential can travel quickly from one cardiac muscle cell to another because of the presence of

(a) gap junctions

(b) tight junctions

(c) intercalated discs

(d) a and c are correct

8. List the three types of muscle tissue in the body.

9. What three layers of connective tissue are part of each muscle? What functional role does each layer play?

10. The ___ contains vesicles filled with acetylcholine.

(a) synaptic terminal

(b) motor end plate

(c) neuromuscular junction

(d) synaptic cleft

(e) transverse tubule

11. What structural feature of a skeletal muscle fiber is responsible for conducting action potentials into the interior of the cell?

12. What five interlocking steps are involved in the contraction process?

13. What two factors affect the amount of tension produced when a skeletal muscle contracts?

14. What forms of energy reserves do resting skeletal muscle fibers contain?

15. What two mechanisms are used to generate ATP from glucose in muscle cells?

16. What is the calcium-binding protein in smooth muscle tissue?

LEVEL 2 Reviewing Concepts

17. An activity that would require anaerobic endurance is

(a) a 50-meter dash

(b) a pole vault

(c) a weight-lifting competition

(d) a, b, and c are correct

18. Areas of the body where you would not expect to find slow fibers include the

(a) back and calf muscles (b) eye and hand

(c) chest and abdomen (d) a, b, and c are correct

19. During relaxation, muscles return to their original length because of all of the following except

(a) actin and myosin actively pushing away from one another

(b) the contraction of opposing muscles

(c) the pull of gravity

(d) the elastic nature of the sarcolemma

(e) elastic forces

20. According to the length–tension relationship

(a) longer muscles can generate more tension than shorter muscles

(b) the greater the zone of overlap in the sarcomere the greater the tension the muscle can develop

(c) the greatest tension is achieved in sarcomeres where the actin and myosin initially do not overlap

(d) there is an optimum range of actin and myosin overlap that will produce the greatest amount of tension

(e) both (b) and (d)

21. Describe the graphic events seen on a myogram as tension is developed in a stimulated calf muscle fiber during a twitch.

22. What three processes are involved in repaying the oxygen debt during a muscle’s recovery period?

23. How does cardiac muscle tissue contract without neural stimulation?

24. Atracurium is a drug that blocks the binding of ACh to receptors. Give an example of a site where such binding normally occurs, and predict the physiological effect of this drug.

25. The time of a murder victim’s death may be estimated by the flexibility of the body. Explain why.

26. Which of the following activities would employ isometric contractions?

(a) flexing the forearm

(b) chewing food

(c) maintaining an upright posture

(d) running

(e) writing

LEVEL 3 Critical Thinking and Clinical Applications

27. Many potent insecticides contain toxins, called organophosphates, that interfere with the action of the enzyme acetylcholinesterase. Ivan is using an insecticide containing organophosphates and is very careless. He does not use gloves or a dust mask and absorbs some of the chemical through his skin. He inhales a large amount as well. What symptoms would you expect to observe in Ivan as a result of the organophosphate poisoning?

28. Linda’s father suffers an apparent heart attack and is rushed to the emergency room of the local hospital. The doctor on call tells her that he has ordered some blood work and that he will be able to tell if her father actually had an attack by looking at the levels of CPK, LDH, and cardiac troponin the blood. Why would the level of these enzymes help to indicate if a person suffered a heart attack?

29. Bill broke his leg in a football game, and after 6 weeks in a cast, the cast is finally removed. As he steps down from the table after the cast is removed, he loses his balance and falls. Why?

| SUMMARY TABLE 10–1 | STEPS INVOLVED IN SKELETAL MUSCLE CONTRACTION

STEPS THAT INITIATE A CONTRACTION:

1. At the neuromuscular junction (NMJ), ACh released by the synaptic terminal binds to receptors on the sarcolemma.

2. The resulting change in the transmembrane potential of the muscle fiber leads to the production of an action potential that spreads across the entire surface of the muscle fiber and along the T tubules.

3. The sarcoplasmic reticulum (SR) releases stored calcium ions, increasing the calcium concentration of the sarcoplasm in and around the sarcomeres.

4. Calcium ions bind to troponin, producing a change in the orientation of the troponin–tropomyosin complex that exposes active sites on the thin (actin) filaments. Cross-bridges form when myosin heads bind to active sites on F actin.

5. The contraction begins as repeated cycles of cross-bridge binding, pivoting, and detachment occur, powered by the hydrolysis of ATP. These events produce filament sliding, and the muscle fiber shortens.

STEPS THAT END A CONTRACTION:

6. Action potential generation ceases as ACh is broken down by acetylcholinesterase (AChE).

7. The SR reabsorbs calcium ions, and the concentration of calcium ions in the sarcoplasm declines.

8. When calcium ion concentrations approach normal resting levels, the troponin–tropomyosin complex returns to its normal position. This change re-covers the active sites and prevents further cross-bridge interaction.

9. Without cross-bridge interactions, further sliding cannot take place, and the contraction ends.

10.
Muscle relaxation occurs, and the muscle returns passively to its resting length.

TABLE 10–2 Sources of Energy Stored in a Typical Muscle Fiber

Number of Twitches 
Duration of Isometric Tetanic

Energy 



Supported by Each 
Contraction Supported by Each

Stored as 
Utilized through 
Initial Quantity 
Energy Source Alone 
Energy Source Alone

ATP 
ATP 
¡ ADP + P 
3 mmol 
10 
2 sec

CP
ADP + CP ¡ ATP + C

Glycogen
Glycolysis (anaerobic) Aerobic metabolism

20 mmol 70
15 sec

100 mmol 670 130 sec 12,000 2400 sec (40 min)

TABLE 10–3 Properties of Skeletal Muscle Fiber Types Property Slow Cross-sectional diameter Small Tension Low Contraction speed Slow Fatigue resistance High Color Red Myoglobin content High Capillary supply Dense Mitochondria Many Glycolytic enzyme concentration Low

in sarcoplasm Substrates used for ATP generation Lipids, carbohydrates, amino

during contraction acids (aerobic) Alternative names Type I, S (slow), red, SO (slow

Intermediate Fast Intermediate Large Intermediate High Fast Fast Intermediate Low Pink White Low Low Intermediate Scarce Intermediate Few High High

Primarily carbohydrates Carbohydrates (anaerobic)

(anaerobic) Type II-A, FR (fast resistant), Type II-B, FF (fast fatigue),

oxidizing), slow-twitch oxidative fast-twitch oxidative white, fast-twitch glycolytic

TABLE 10–4 A Comparison of Skeletal, Cardiac, and Smooth Muscle Tissues

Property 


Skeletal Muscle 
Cardiac Muscle 
Smooth Muscle

Fiber dimensio
ns 
100 
mm 
to 30 cm * up 
10 –20 mm 
* 50 – 100mm 
5 – 
10 mm 
* 30 – 200 mm

(diameter 
* 
length) 









Nuclei Multiple, near sarcolemma Generally single, centrally located Single, centrally located

Filament organization In sarcomeres along myofibrils In sarcomeres along myofibrils Scattered throughout sarcoplasm

SR Terminal cisternae in triads at SR tubules contact T tubules at Dispersed throughout sarcoplasm,

zones of overlap Z lines no T tubules

Control mechanism Neural, at single neuromuscular Automaticity (pacemaker cells) Automaticity (pacesetter cells),

junction neural or hormonal control

Ca2 source Release from SR Extracellular fluid and release Extracellular fluid and release

from SR from SR

Contraction Rapid onset; may be tetanized; Slower onset; cannot be tetanized; Slow onset; may be tetanized;

rapid fatigue resistant to fatigue resistant to fatigue

Energy source Aerobic metabolism at moderate Aerobic metabolism, usually lipid or Primarily aerobic metabolism

levels of activity; glycolysis carbohydrate substrates

(anaerobic during peak activity)

• FIGURE 10–1 The Organization of Skeletal Muscles. A skeletal muscle consists of fascicles (bundles of muscle fibers) enclosed by the epimysium. The bundles are separated by connective tissue fibers of the perimysium, and within each bundle the muscle fibers are surrounded by the endomysium. Each muscle fiber has many superficial nuclei, as well as mitochondria and other organelles (see Figure 10–3).

• FIGURE 10–2 The Formation of a Multinucleate Skeletal Muscle Fiber. (a) The formation of a muscle fiber by the fusion of myoblasts. (b) A diagrammatic view and a micrograph of one muscle fiber.

• FIGURE 10–3 The Structure of a Skeletal Muscle Fiber.

The internal organization of a muscle fiber.

• FIGURE 10–4 Sarcomere Structure, Part I. (a) A longitudinal section of a sarcomere. (b) A corresponding view of a sarcomere in a myofibril from a muscle fiber in the gastrocnemius muscle of the calf.

• FIGURE 10–5 Sarcomere Structure, Part II. (a) A superficial view of a sarcomere. (b) Cross-sectional views of different portions of a sarcomere. Dashed lines show the relationships between thick and thin filaments in the zone of overlap.

• FIGURE 10–6 Levels of Functional Organization in a Skeletal Muscle

• FIGURE 10–7 Thick and Thin Filaments. (a) The gross structure of a thin filament, showing the attachment at the Z line. (b) The organization of G actin subunits in an F actin strand, and the position of the troponin–tropomyosin complex. (c) The structure of thick filaments, showing the orientation of the myosin molecules. (d) The structure of a myosin molecule.

• FIGURE 10–8 Changes in the Appearance of a Sarcomere during the Contraction of a Skeletal Muscle Fiber. (a) During a contraction, the A band stays the same width, but the Z lines move closer together and the I band gets smaller. (b) When the ends of a myofibril are free to move, the sarcomeres shorten simultaneously and the ends of the myofibril are pulled toward its center.

•FIGURE 10–9 An Overview of Skeletal Muscle Contraction. The major factors are indicated here as a series of interrelated steps and processes. Each factor will be described further in a related section of the text. A simplified version of this figure will appear in later figures as a Navigator icon; its presence indicates that we are taking another step in the discussion.

• FIGURE 10–10 Skeletal Muscle Innervation. The Navigator in the shadow box highlights your location in the discussion. (a) A diagrammatic view of a neuromuscular junction. (b) Details of the neuromuscular junction. (c) Changes at the motor end plate that trigger an action potential in the sarcolemma.

• FIGURE 10–11 The Exposure of Active Sites. (a) In a resting sarcomere, the tropomyosin strands cover the active sites on the thin filaments, preventing cross-bridge formation. (b) When calcium ions enter the sarcomere, they bind to troponin, which rotates and swings the tropomyosin away from the active sites. (c) Cross-bridge formation then occurs, and the contraction cycle begins.

• FIGURE 10–12 The Contraction Cycle

• FIGURE 10–13 Shortening During a Contraction. (a) When both ends are free to move, the ends of a contracting muscle fiber move toward the center of the muscle fiber. (b) When one end of a myofibril is fixed in position, and the other end free to move, the free end is pulled toward the fixed end.

• FIGURE 10–14 The Effect of Sarcomere Length on Active Tension. (a) Maximum tension is produced when the zone of overlap is large but the thin filaments do not extend across the sarcomere’s center. (b) If the sarcomeres are stretched too far, the zone of overlap is reduced or disappears, and cross-bridge interactions are reduced or cannot occur. (c) At short resting lengths, thin filaments extending across the center of the sarcomere interfere with the normal orientation of thick and thin filaments, reducing tension production. (d) When the thick filaments contact the Z lines, the sarcomere cannot shorten—the myosin heads cannot pivot and tension cannot be produced. The width of the light purple area represents the normal range of resting sarcomere lengths.

• FIGURE 10–15 The Development of Tension in a Twitch. (a) A myogram showing differences in tension over time for a twitch in different skeletal muscles. (b) The details of tension over time for a single twitch in the gastrocnemius muscle. Notice the presence of a latent period, which corresponds to the time needed for the conduction of an action potential and the subsequent release of calcium ions by the sarcoplasmic reticulum.

• FIGURE 10–16 Effects of Repeated Stimulations. (a) Treppe is an increase in peak tension with each successive stimulus delivered shortly after the completion of the relaxation phase of the preceding twitch. (b) Wave summation occurs when successive stimuli arrive before the relaxation phase has been completed. (c) Incomplete tetanus occurs if the stimulus frequency increases further. Tension production rises to a peak, and the periods of relaxation are very brief. (d) During complete tetanus, the stimulus frequency is so high that the relaxation phase is eliminated; tension plateaus at maximal levels.

• FIGURE 10–17 The Arrangement and Activity of Motor Units in a Skeletal Muscle. (a) Muscle fibers of different motor units are intermingled, so the forces applied to the tendon remain roughly balanced regardless of which motor units are stimulated. (b) The tension applied to the tendon remains relatively constant, even though individual motor units cycle between contraction and relaxation.

• FIGURE 10–18 Isotonic and Isometric Contractions. (a, b) This muscle is attached to a weight less than its peak tension capabilities. On stimulation, it develops enough tension to lift the weight. Tension remains constant for the duration of the contraction, although the length of the muscle changes. This is an example of isotonic contraction. (c, d) The same muscle is attached to a weight that exceeds its peak tension capabilities. On stimulation, tension will rise to a peak, but the muscle as a whole cannot shorten. This is an isometric contraction.

• FIGURE 10–19 Resistance and Speed of Contraction. The heavier the resistance on a muscle, the longer it will take for the muscle to begin to shorten and the less the muscle will shorten.

• FIGURE 10–20 Muscle Metabolism. (a) A resting muscle breaks down fatty acids by aerobic metabolism to make ATP. Surplus ATP is used to build reserves of creatine phosphate (CP) and glycogen. (b) At moderate activity levels, mitochondria can meet ATP demands through the aerobic metabolism of fatty acids and glucose. (c) At peak activity levels, mitochondria cannot get enough oxygen to meet ATP demands. Most of the ATP is provided by glycolysis, leading to the production of lactic acid.

• FIGURE 10–21 Fast versus Slow Fibers. (a) A longitudinal section, showing more mitochondria (M) and a more extensive capillary supply (cap) in a slow fiber (R, for red) than in a fast fiber (W, for white). (b) Cross sections of both types of fibers. Note the larger diameter of fast fibers.

• FIGURE 10–22 Cardiac Muscle Tissue. (a) A light micrograph of cardiac muscle tissue. Notice the striations and the intercalated discs. (b, c) The structure of a cardiac muscle cell; compare with Figure 10–3.

• FIGURE 10–23 Smooth Muscle Tissue. (a) Many visceral organs contain several layers of smooth muscle tissue oriented in different directions. Here, a single sectional view shows smooth muscle cells in both longitudinal (L) and transverse (T) sections. (b) A single relaxed smooth muscle cell is spindle shaped and has no striations. Note the changes in cell shape as contraction occurs.
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