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PREFACE


Dr. W. Henry Hollinshead, while heading the Section of Anatomy at the Mayo Clinic, realized a deficiency in available anatomical texts and wrote the first edition of what was then called Functional Anatomy of the Limbs and Back. His basic premise for creating the book was “to provide a readable account of that portion of anatomy which is of particular interest to those interested in the functions of muscle and movements of the body,” a text which could be utilized by the “beginning non-medical student of muscular movement” and as a “ready reference or review for the more advanced student or the medical graduate especially interested in this field.” With the death of Dr. Hollinshead before work on the sixth edition was started, the book's title was changed to Hollinshead's Functional Anatomy of the Limbs and Back in honor of a friend, mentor, colleague, and superb anatomist who contributed so much to the discipline. As the text has evolved through its numerous subsequent editions, the main coverage has remained true to the title, and it has been expanded to provide a more complete coverage of the body to create a better resource for those who use the book.


With the ninth edition, additional modifications will be evident. The text has been edited and modified, and the terminology has been updated to conform to the internationally accepted Terminologia Anatomica: International Anatomical Terminology developed by the Federative Committee on Anatomical Terminology. New “Analyses of Activities and Associated Movements” have been added. These discussions demonstrate the correlation between anatomy and function and illustrate how they relate to everyday activities. At the end of each chapter, separate sections with review questions and exercises have been expanded. These are included to assist readers in evaluating their understanding of the material and to provide examples of questions and practical exercises that can be used as a basis for developing additional questions for testing comprehension. Since anatomy is such a visual discipline, considerable emphasis has been placed upon evaluation and revision of the artwork. Over 60 new illustrations have been created to replace some of the original figures. Of the artwork that remains from the previous edition, significant changes have been made in the labeling, content, and color.


I hope you find the ninth edition of Hollinshead's Functional Anatomy of the Limbs and Back to be an informative, user-friendly, and useful resource in your studies and career. Anatomy is a fascinating discipline, particularly when you apply the information functionally and clinically.




David B. Jenkins, PhD
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INTRODUCTION TO TERMINOLOGY


Learning and understanding the terminology of any discipline are key components to mastery of the information. In the anatomical sciences, much of the terminology originated from Latin and Greek roots. Over the years, several published official guidelines have modified these terms to better fit the modern languages in which they were being used and to standardize the terms. The most recent guidelines, Terminologia Anatomica: International Anatomical Terminology (Federative Committee on Anatomical Terminology, 1998), were approved by the International Federation of Associations of Anatomists to provide an internationally accepted terminology for anatomy. Many commonly used, well-established terms have been modified or replaced to provide more clarity and to minimize the confusion associated with some of the older terms. For example, the terms common peroneal nerve and peroneus longus muscle, two structures within the leg, have been changed to common fibular nerve and fibularis longus muscle, respectively. Although peroneal and peroneus are derived from the Greek term perone, meaning “fibula,” for those not familiar with the derivation, fibular and fibularis localize the terms to the leg through an association with a bone of the leg, the fibula.


Not all terms, even with the new terminology, enable immediate recognition, but a medical dictionary can be consulted to obtain information on the original meaning of the term. In studying anatomy, it is most beneficial to understand the terminology rather than to simply memorize it. This makes the material easier to learn, because the terminology has meaning.


Eponyms (terms incorporating the proper name of an individual) have commonly been used in anatomy. Although a list of eponyms has been included in the new terminology, use of eponyms is discouraged.


This edition of Hollinshead’s Functional Anatomy of the Limbs and Back contains the terminology presented in Terminologia Anatomica. When appropriate, older terms have been included parenthetically with the new term so that the reader is not at a disadvantage when using older textbooks or when communicating with instructors and clinicians who use other terminology.









REGIONS AND PARTS OF THE BODY


The major subdivisions of the body are the head, neck, trunk, and limbs. Although the terms for these subdivisions are commonly used in anatomy, the subdivisions also have Latin names that are used in many terms related to these areas. The Latin term for head is caput, and capitis means “of the head.” The Latin term for neck is collum; cervix also means “neck,” especially its anterior part, and nucha refers to its posterior part. Therefore, colli means “of the neck,” and the terms cervical and nuchal or nuchae are also used in referring to structures in the neck.


The word trunk is obviously the same as the Latin truncus, but there is no particular reason to use the latter word. The Latin names for the subdivisions of the trunk, however, need to be understood. The Latin word for chest is thorax, and this word is often used in this form, in its possessive form, thoracis (which means “of the chest”), and in its adjectival form, thoracic. The term abdomen refers to the part of the trunk with muscular walls that lies below the thorax. It is most easily translated as the word “belly”, but because this is considered inelegant and there is no acceptable translation, the words abdomen and abdominal are used. (“Stomach”, commonly used and understood to mean the abdomen, means no such thing. The stomach is one of many organs in the abdominal cavity.) The lowest part of the trunk is the pelvis (meaning “basin”), and the Latin term is always used for this area. Pelvic is the adjective pertaining to the pelvis.


The Latin word for limb is membra (member), but this has no common usage. Appendage is a term long used by zoologists to describe limbs in general and sometimes appears in human anatomy in the adjectival form appendicular. The limbs are typically designated as the upper and lower limbs. Names of smaller subdivisions of the limbs are discussed in later chapters.









ANATOMICAL POSITION AND TERMS OF DIRECTION AND RELATIONSHIP


Certain general terms describe surfaces of the body, planes through the body, and relative positions of one structure to another. The surfaces of the trunk are described as the anterior (ventral), or front, surface; the posterior (dorsal), or back, surface; and the lateral surfaces, or sides. The cranium is the skull, and cephalon is the Greek word for head; therefore, both cranial and cephalic mean “toward the head.” Similarly, caudal means “toward the tail” or, in humans, toward where the tail would be had it persisted from embryonic life.


These terms are all understandable regardless of the position of the body. However, in order to understand other terms, the orientation of the body must first be established. For instance, superior, meaning “up” or “upward,” implies a relation to gravity and might differ entirely in meaning according to whether the person is erect, lying on the back, or standing on the head. For this reason, such terms of relative position should always be used in relation to a fixed position of the body, termed the anatomical position. The anatomical position (Fig. 1-1) is an erect position with the heels together and the feet pointing somewhat outward (laterally), the arms by the sides, and the palms facing forward or anteriorly. With reference to the anatomical position, superior always means “toward the head” and is used interchangeably with cephalic or cranial. Similarly, inferior means “toward the feet” and is usually synonymous with caudal. These and other terms are defined as follows (see Fig. 1-1):



Superior — toward the head



Inferior — toward the feet




Anterior (ventral) — toward the front of the body



Posterior (dorsal) — toward the back of the body



Medial — closer to the median plane of the body or midline of a structure



Lateral — farther from the median plane of the body or midline of a structure



Proximal — closer to the trunk or point of origin



Distal — farther from the trunk or point of origin



Superficial — closer to the surface



Deep — farther from the surface
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Figure 1-1 The anatomical position and terms of position.




For the limbs, some confusion might exist in regard to whether the terms medial and lateral refer to the body as a whole or to the limb itself. The little finger is medial to the other fingers in regard to the midline of the hand, but it is lateral, as is the thumb, in regard to the midline of the body. In this case, it is best to use medial and lateral only when referring to the limb as a whole and to its relation to the body in the anatomical position. If relative mediolateral relationships of structures within the limb are to be described, the terms radial and ulnar or tibial and fibular would be more meaningful. These terms refer to the paired bones of the limbs. In the upper limb, the radius is on the thumb side and the ulna on the little finger side (see Fig. 4-1), and in the lower limb, the tibia is on the side of the big toe and the fibula is on the side of the little toe (see Fig. 14-2). The sides of the limbs are therefore named according to the positions of these bones.









PLANES OF THE BODY


Considering the body in the anatomical position, several planes can be defined (Fig. 1-2). The median plane passes vertically through the body, dividing it into right and left halves; the median plane is occasionally referred to as a median sagittal or midsagittal plane. A sagittal plane parallels the median plane, dividing the body into unequal right and left parts. A frontal (coronal) plane divides the body into an anterior and a posterior portion, running approximately parallel with the coronal suture of the skull. A transverse (horizontal) plane divides the body or limbs into upper and lower parts; it is oriented at a right angle to the long axis of the body or limb.





[image: image]

Figure 1-2 Planes of the body.











TERMS OF MOVEMENT


The movement of flexion, which means “bending,” decreases the angle between two parts and brings the original anterior surfaces closer together (Figs. 1-3 and 1-4). In flexion of the forearm at the elbow, the forearm initially moves anteriorly in a sagittal plane (see Fig. 1-3, B). In flexion of the leg at the knee (see Fig. 1-4, B), the leg moves posteriorly (approximating the original anterior surfaces). Extension, the opposite of flexion, usually straightens out a bent part. If movement is continued, it is often termed hyperextension. Abduction means “moving apart,” or away from the midline, and adduction, the reverse, means “moving together,” or toward the midline; both of these terms are particularly useful in describing movements of the limbs (see Figs. 1-3 and 1-4). Protraction means moving a part forward or anteriorly; retraction means moving it backward or posteriorly. Elevation means lifting a part (moving it superiorly), while depression means lowering it (moving it inferiorly). Rotation is the twisting of a part around its longitudinal axis. Lateral (external) rotation occurs if the anterior surface of the part is turned laterally, and medial (internal) rotation occurs if it is turned medially. Circumduction is a combination of successive movements of flexion, abduction, extension, and adduction in such a way that the distal end of the part being moved, moves in a circle. More detailed descriptions of movements as they relate to specific regions are provided in later chapters.





[image: image]

Figure 1-3 Movements of the upper limb. A, Movements at the glenohumeral joint. B, Movements at the elbow joint. C, Movements at the wrist joint. D to F, Movements of the digits. D, The dashed line indicates the midline axis of the hand, around which abduction and adduction of the four fingers are defined. E, All digits are in flexion, and the arrow indicates the direction of movement for extension of the thumb; note that this movement is in a different plane than is extension-flexion of each of the other digits. F, Abduction of the thumb moves the thumb away from the plane of the palm, and adduction moves it toward the plane of the palm.







[image: image]

Figure 1-4 Movements of the lower limb. A, Movements at the hip joint. B, Movements at the knee joint.











CENTER AND LINE OF GRAVITY


Reference is made in this book to the center of gravity and the line of gravity, particularly in discussions of the stability and movements of the back and lower limbs. In brief, the center of gravity, or center of mass of the body, is considered the imaginary point around which the weight of all parts of the body is in balance. The location of this point depends on many factors, including the proportions of body parts, the distribution of fat and muscle mass in the body, posture, structural deformities, and external forces (such as in carrying a suitcase, in which extra weight is placed on one side of the body). In the “average” body, the center of gravity is a point on the midline, just anterior to the level of the second sacral vertebra. The line of gravity is a vertical line that passes through the center of gravity (Fig. 1-5).





[image: image]

Figure 1-5 Line of gravity.




In the erect human body, the line of gravity normally passes through the junctions of the various regions of the vertebral column: the skull with the cervical vertebrae, the cervical vertebrae with the thoracic vertebrae, the thoracic vertebrae with the lumbar vertebrae, and the lumbar vertebrae with the sacrum. At the hip, the line passes posterior to the joint but lies anterior to the knee and ankle joints. Muscles and ligaments help maintain the position of the body in relation to the line of gravity. Only minimal muscle activity at the vertebral column is necessary if the weight is balanced properly. Because of the position of the line of gravity at the hip and knee, weight supported by the lower limb helps keep these joints in extension, which limits muscle activity necessary to maintain the vertical support of the limb. The ligaments at these joints can provide much of the support needed in quiet standing. At the ankle, however, with the line of gravity passing anterior to the joint, there is a tendency of the joint to dorsiflex—that is, for the body to bend forward at the ankle joint. Muscle activity at this joint (particularly of the calf muscles) is necessary to maintain the body in an erect and balanced position.


Any change in the distribution of weight (e.g., bending over, reaching out to pull a book from a shelf, or standing on one leg) results in a change in the center of gravity and also in the line of gravity. More muscles must then be used to maintain balance.


The feet provide a base of support for the erect body. This area of the ground is occupied by the feet and the space between them. To maintain balance, the line of gravity must fall within this area. The area can be increased by widening the stance or by adding another point of support, such as a cane. As the line of gravity moves toward the perimeter of the base of support, muscle activity increases. Once the line falls outsideof the base of support, an erect position cannot be maintained without external support (e.g., a hand rail, a wall, or the support provided by another person).







REVIEW QUESTIONS






1 Describe the anatomical position.



2 Define the following terms:


a distal



b lateral



c anterior



d superficial






3 Which structure has a more proximal position, the big toe or the patella (knee cap)? Which is positioned more medially, the big toe or the little toe?



4 Which plane divides the body into anterior and posterior parts? Which plane divides the body into right and left halves?



5 Which movement refers to moving toward the midline? Which refers to moving away from the midline?



6 Carrying a bucket of water on one side of the body would have what effect on the center and line of gravity? What is the effect if the bucket is positioned in front of the body and lifted with both upper limbs? What actions would be necessary to compensate for the weight of the bucket?







EXERCISES






1 Demonstrate the following movements:


a flexion of the forearm at the elbow



b extension of the thigh at the hip joint



c abduction of the fingers



d adduction (ulnar deviation) of the hand at the wrist



e circumduction of the upper limb






2 Stand in an erect position with the feet about 1 foot apart. Lean anteriorly, posteriorly, and laterally, noting the increasing muscle activity as each movement progresses and the point where balance is lost. Try the same movements with the support of a cane (or an umbrella or a stick) and with the feet 2 feet apart. How do these changes (additional support and wider stance) affect the amount of movement possible before balance is lost?













Chapter 2 TISSUES OF THE BODY




CHAPTER CONTENTS



Epithelial Tissue




Connective Tissue




Muscle Tissue




Nervous Tissue






The human body, like most of the better-organized forms of animal life, consists of various types of specialized cells and a varying amount of intercellular substance. Much of the actual weight of the body is water, both inside and outside the cells. The cells represent the living portion of the organism, whereas the intercellular substance, regardless of its nature, represents nonliving material that owes its existence to the activities of the cells.


Most types of cells tend to occur in groups in which the component parts are somewhat similar in appearance and in function. Such organized groups of cells are known as tissues. The tissues of the body, in turn, are not independent of one another. Tissues are combined to form more complex anatomical and functional units known as organs or organ systems.


According to their general appearance and functions, the various tissues of the body are usually classified into four major types: epithelial tissue, connective tissue, muscular tissue, and nervous tissue.






EPITHELIAL TISSUE


Epithelial tissue occurs most commonly in sheets and is adapted especially for covering other tissues (Fig. 2-1). It serves the general functions of protection, absorption, and secretion. An epithelium is characterized by cells that are closely packed, with a minimum of intercellular material between them. The cells have various shapes: flat ones, called squamous cells (squama means “scale,” such as that of a fish); cuboidal cells, shaped somewhat like children’s blocks; and tall columnar cells. There are many subvarieties in shape, general appearance, and function.





[image: image]

Figure 2-1 Representative types of epithelium. A, Simple squamous. B, Simple cuboidal. C, Simple columnar (ciliated on the right). D, Pseudostratified ciliated columnar. E, Stratified squamous (keratinized on the right).




An epithelium may take the form of a single-layered sheet of cells (simple), a multilayered sheet (stratified), or essentially tubular outgrowths (glands) from such sheets. A pseudostratified epithelium is one that seems to be stratified but really is composed of only one layer of cells. All of the cells are positioned in the base of the epithelium, but not all of them reach the surface of the epithelium.


One type of epithelium covers the external surface of the body as the outer layer of the skin (epidermis). It is a stratified or multilayered epithelium with dead outer cells (keratinized layer). This stratified epithelium protects the more delicate deeper lying cells and helps seal off intercellular spaces from contact with the outside. Another type of epithelium, adapted for absorption and secretion, lines the digestive tract. Outgrowths from this epithelium form the digestive glands, including the characteristic cells of such large organs as the liver and pancreas. Other types of epithelium line the tubules of the kidneys, the ureters, and the urinary bladder and continue along the urethra (the tube leading from the bladder) to unite with the epithelium of the skin. Therefore, epithelium occurs primarily either on the outside of the body or as a lining of the cavities of the body that communicate with the exterior.


Two specialized types of epithelium are also found lining closed cavities within the body. Mesothelium is a single-layered, squamous epithelium. It lines the four great cavities of the trunk: the two pleural cavities surrounding the lungs, the pericardial cavity surrounding the heart, and the peritoneal cavity surrounding the abdominal viscera. Endothelium, essentially similar to mesothelium in appearance, forms the inner linings of the heart, of all the blood vessels, and of the lymphatic vessels.









CONNECTIVE TISSUE


Connective tissue, in sharp contrast to epithelial tissue, has cells that are more widely dispersed and separated from each other by nonliving intercellular material. The presence and character of this intercellular material gives connective tissue its specific characteristics. (The category of connective tissue includes blood, but blood is not discussed here.)






Fibrous Connective Tissue


The most pervasive type of connective tissue in the body is fibrous connective tissue (Fig. 2-2). In this tissue, the spaces between the cells are occupied by numerous fibers that make the tissues tough and capable of withstanding distortions and strains. The fibers between the cells may be of several types. They may occur in the form of a loosely woven net, with large quantities of fluid in the intervening spaces within the net, or as an apparently solid structure, such as a tendon, with closely packed fibers and very little interfibrillar space.





[image: image]

Figure 2-2 Connective tissue, illustrating collagen and elastic fibers embedded within the ground substance.




The most common type of fiber found in connective tissue is the collagen fiber. These fibers are essentially nonelastic. When they occur in places in which some deformation must be possible, they are arranged in wavy bundles that allow movement until the slack of these bundles is taken up. Elastic fibers are the other important type of intercellular fibers. These fibers actually are elastic, as their name implies. They may be stretched, and when the tension on them is relaxed, they shorten again. They are frequently mixed with more numerous collagen fibers, but in certain locations, great bundles of almost pure elastic tissue are found.


At intervals, in the spaces between connective tissue fibers, connective tissue cells occur. Some of these are responsible for the formation and repair of the connective tissue fibers; they are known as fibroblasts. Other cells possess the property of ingesting formed material. In this function, they may be aided by cells from the blood, some of which pass freely into the fibrous connective tissues as a part of the reaction of inflammation.


Collagen tissue, with or without elastic fibers, is the most widespread of all tissues. Taking various forms, they permeate and surround practically all the tissues of the body, serving as a binding agent for these tissues. If all the tissues of the body were removed so as to leave only the fibrous connective tissues, the essential organization of the body would still be represented and recognizable through the arrangement of this fibrous tissue.


The connective tissue underlying the epithelium (epidermis) of the skin is called the dermis. The dermis consists of a papillary layer of loose connective tissue immediately adjacent to the epidermis. The deeper lying part of the dermis, the reticular layer, is made up of dense irregular connective tissue. Most of fibers within the dermis are collagen fibers, but there are also elastic fibers to lend resiliency to the skin. The dermis of animals is the source of leather.


Deep to the skin, elastic and collagen fibers are more loosely woven (loose connective tissue) to form a subcutaneous layer, the superficial fascia, which allows movement of the skin over the deeper structures (see the following section). To a varying extent in different parts of the body and in different individuals, this subcutaneous connective tissue contains modified tissue cells that are filled with fat. If these fat cells are sufficiently numerous, the tissue is known as adipose tissue or fat.


Varying amounts of loose connective tissue, often containing fat, occur elsewhere throughout the body. This type of tissue forms padding between various organs, around blood vessels, and so forth. Special accumulations of connective tissue form the outer wall of blood vessels and surround and permeate nerves to bind their nerve fibers together. Epithelia are regularly supported by connective tissue. Muscles are surrounded and their cells are held together by connective tissue. Bone also contains large quantities of connective tissue fibers, and fibrous tissue permeates practically all the organs of the body.





FUNCTIONAL/CLINICAL NOTE 2-1


Because of its prevalence, fibrous connective tissue is almost always involved in any injury to the body. It normally plays an important part in the healing process. New connective tissue fibers form in the injured area and reunite the parts that were separated by the injury. Connective tissue formed in an attempt to repair an injury is known as scar tissue. If the injury is severe or of long duration, more scar tissue than necessary is formed to repair the defect. As this newly formed tissue grows older, the fibers shorten and become more densely packed together. They may form a hard mass of considerable size, which may—on a finger, for instance—interfere with movement of the part. Moreover, if the scar tissue is attached to a movable part—for example, a tendon in the finger that normally glides freely back and forth—it may interfere with movement by binding the part too closely to its less movable surroundings. As the scar tissue contracts and becomes denser, it may pull upon the tendon, which, in turn, forces the part to maintain a flexed and useless position. Therefore, scar tissue, although necessary for healing, also has its drawbacks. One of the common functions of a physical therapist or occupational therapist is to minimize the unwanted effects of scar formation after operation, accident, or disease, through the use of such methods as heat, massage, and exercise.












Fascia


When the normal connective tissues of the body are arranged in the form of enveloping sheaths, each layer is usually known as a fascia (meaning “bandage” or “band” and indicating a layer binding together other structures). The subcutaneous tissue is called the superficial fascia. Fascia deep to this superficial layer is termed deep fascia. Deep fascia can be especially well developed: for example, in the limbs, it forms heavy membranes surrounding the entire limb. Individual muscles are also surrounded by thin fascia called perimysium and are separated from each other by looser connective tissue. This is especially well developed where two adjacent muscles cross each other rather than running parallel. The fluid between the fibers of the tissue acts as a lubricant to allow free movement of one muscle upon the other. From the fascia surrounding a muscle, connective tissue septa pass into the muscle and subdivide it into bundles. These septa, in turn, divide until delicate connective tissue fibers surround each muscle fiber within a muscle.


In some locations between muscles, or between muscles or tendon and bone, or even beneath the skin over bony prominences, connective tissue spaces coalesce to form pocket-like accumulations of fluid. These structures are known as bursae (see Chapter 3).









Tendons and Ligaments


The connective tissue fibers of a fascia, although arranged in approximately the same plane to form membranes, run in various directions within this plane so that they appear interwoven, usually with no main direction of fibers predominating. In tendons and ligaments, in contrast, connective tissue fibers are arranged roughly parallel to one another and are closely packed to form definite cords or bands, specially adapted to resist movement in one direction.


Tendons are formed by heavy collagen bundles and delicate cross-fibers. A tendon is defined as such a bundle that attaches muscle to bone or, occasionally, to some other structure. A broad, flattened tendon is known as an aponeurosis. The tendons of most muscles are more narrow bands or, frequently, as is true of many of the tendons of the limbs, rounded cords. The fibers of the tendons are attached firmly to the muscle cells at one end; at the other end, they enter the bone and blend both with the connective tissue surrounding the bone (periosteum) and with the fibers within the bone itself.


Although most of the collagen fibers composing a tendon run in the same direction, they are not strictly parallel. Instead, they intertwine to form small bundles that, in turn, intertwine to form the larger parallel bundles that give tendons their distinctive appearance. Near the tendon’s attachment to the bone, the larger tendon bundles also intertwine with each other. The end result is that the pull of any part of the muscle, instead of being limited to a tendon bundle originating in that part, is widely spread through the tendon.


Ligaments represent another type of dense connective tissue, frequently similar to tendons in appearance but uniting bone to bone rather than muscle to bone. Most ligaments are composed of dense collagenous tissue, but a few are almost pure elastic tissue.









Cartilage


A type of connective tissue that at first sight appears to have little in common with fibrous connective tissue is cartilage. Like fibrous connective tissue, however, cartilage consists largely of intercellular material that contains scattered cells. Although it is frequently not apparent, the groundwork of intercellular material of cartilage is a feltlike mass of fibrous tissue. This fibrous tissue is, in turn, impregnated by a matrix that renders it harder, tougher, and more homogeneous than ordinary fibrous tissue. The fibers within cartilage are usually collagenous in nature, but in cases in which brittleness would be a disadvantage, as in the cartilages of the external ear and the tip of the nose, the cartilages contain elastic fibers.


Cartilage serves as a supporting framework for softer tissues because it is more resistant to deformation than is fibrous connective tissue but less resistant, and therefore more resilient, than is bone. The embryonic and fetal skeletons consist almost entirely of cartilage, but in the adult skeleton, most of this cartilage has been replaced by bone, and cartilage is found in relatively few locations. The thyroid cartilage (Adam’s apple) in the neck and the cartilaginous rings that support the trachea (windpipe) represent a supportive type of cartilage that is sufficiently strong to keep the airway to the lungs open and yet is less brittle than similar-sized bones would be. Because the most common type of cartilage, called hyaline cartilage due to its glassy appearance, has a much smoother surface than does bone, this type of cartilage is well suited for covering the ends of bones at joints that are freely movable. Hyaline cartilage typically forms the bearing surfaces between two adjacent bones as they move one upon the other. In other locations, where cartilage must support great crushing force, the collagen fibers within the cartilage are exceedingly heavy and prominent, and the cartilage is then known as fibrocartilage. Examples of fibrocartilage are the intervertebral discs, heavy pads forming a part of the vertebral column that must withstand the weight of the body while still allowing some movement between bones.









Bone


Bone is the hardest of the connective tissues and forms most of the skeleton of the adult human body. Like cartilage, bone consists of a fibrous connective tissue embedded in a more solid matrix. The matrix of bone contains a large amount of minerals, primarily in the form of tiny crystals of a complex compound of calcium and phosphorus, which are responsible for the hardness of bone.





FUNCTIONAL/CLINICAL NOTE 2-2


In young children, in whom the deposition of calcium has not been completed, the fibrous tissue of bone overbalances the mineral content, and the bone has toughness without adequate hardness. Therefore, the bones of young children are relatively easily deformed by weight bearing, and when young bones are broken, they tend to break irregularly, splintering like a greenstick. The disproportion between crystalline minerals and fibers leads to this splintering, which is termed a greenstick fracture because of its appearance. In young adults, the balance between calcium deposit and fibrous content of the bone is usually well maintained so that the bone possesses both maximum hardness and resistance to stress. In older adults, the ratio changes. The bone remains hard but is less resilient; this loss of resiliency, combined with a decrease in bone tissue volume, results in bones’ being more susceptible to fractures.





Bone occurs in two typical forms: compact and spongy. Compact bone forms the outer surface of all bones. Spongy (trabeculated or cancellous)bone is surrounded by compact bone. Compact bone varies in hardness and thickness but is distinguished by the fact that it is laid down in concentric layers and appears solid. Spongy bone actually appears spongy in texture. It is composed of very thin plates of bone that meet other plates at various angles, and the spaces between these plates, or trabeculae (trabecula means “beam”), are relatively large. In a typical long bone, such as one in the limbs (Fig. 2-3; see Fig. 3-1), compact bone forms the entire outer layer of the bone. Spongy bone lines the inside of the compact bone, surrounding the medullary (marrow) cavity, and is also found within each end of the bone.
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Figure 2-3 Typical structure of bone. Although the major part of the medullary (marrow) cavity is not illustrated, it would include the spaces between the bony processes of the spongy bone in this figure.




In a segment from a typical long bone of a limb (see Fig. 2-3), the bone is arranged mostly in layers around a series of branching tubes that contain the blood vessels. Each cylindrical unit, which contains a canal and its blood vessels, the concentric layers of bone tissue that surround it, and the bone cells in those layers, is known as an osteon or haversian system. The canal of the osteon is more specifically called the haversian canal. The concentric layers of bone around a haversian canal contain the bone cells, or osteocytes. The layers belonging to one osteon are bound to those of adjacent ones by layers resembling parts of osteons, the interstitial lamellae.


The blood vessels entering the bone are so distributed through the haversian canals that none of the cells that lie between the layers of bone is far removed from a blood vessel. The living cells within the bone, although separated by the layers of bone matrix, communicate with one another and, finally, with the haversian canal, by means of tiny threadlike processes. Through these communications, substances from the blood, especially calcium salts, may be passed out into the bone, or calcium from the bone may be passed back into the blood stream. Even the bone of an adult, in which both the growths in length and diameter have ceased, is not an inert, unresponsive mass of tissue. Rather, the living cells in and about the bone are capable of bringing about modifications within this tissue; therefore, bones constantly adapt themselves to changes in the body as a whole.





FUNCTIONAL/CLINICAL NOTE 2-3


Modification of the calcium deposit within the bone is especially striking in connection with tumors of the parathyroid glands. In persons with such tumors, calcium may be so withdrawn from the bones that even turning over in bed may cause fracture of a rib or a limb. Similarly, modifications of the entire bony structure may occur when a fractured bone is improperly set or when the forces exerted upon a bone, in the form of weight bearing and muscle pull, are markedly changed. In normal spongy bone, for instance, the trabeculae are arranged to support the stresses normally placed upon that bone. If the direction of these stresses is changed, much of the bone may undergo reorganization. This results in an entire rearrangement of the trabeculae with disappearance of those no longer useful and formation of new trabeculae to withstand the new forces acting upon the bone.















MUSCLE TISSUE


Muscle is a specialized type of tissue adapted for shortening or contraction, and it therefore consists of rather long cells. There are three distinct types of muscle in the human body: smooth muscle, cardiac muscle, and skeletal muscle.






Smooth Muscle


Smooth muscle (Fig. 2-4, B) typically occurs in sheets surrounding hollow viscera, such as the walls of the digestive tract and the walls of blood vessels. The individual smooth muscle cell is elongated with tapering ends and contains delicate muscle fibrils within its cytoplasm. Smooth muscle cells are usually firmly interlocked, and contraction occurs regionally rather than involving individual cells. Smooth muscle forms one of the two types of involuntary muscle. Involuntary smooth muscle is responsible for the movement of material along the digestive tract, for the contractive ability of such other hollow viscera as the urinary bladder and uterus, for the control of the very small arteries whose diameter is in turn so important in affecting the blood pressure, and for various other activities, including even the formation of “goose bumps” or “goose flesh” by small smooth muscle bundles connected with hair follicles.
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Figure 2-4 The three types of muscle tissue in longitudinal section (left) and cross-section (right). A, Skeletal muscle. B, Smooth muscle. C, Cardiac muscle.











Cardiac Muscle


Cardiac muscle (see Fig. 2-4, C) is confined to the heart and the bases of the great vessels immediately adjacent to the heart. Physiologically, this muscle resembles smooth muscle in that it also is involuntary. Anatomically, it appears to be somewhat intermediate between smooth muscle and skeletal muscle, because its cells, like those of skeletal muscle, have a striated appearance when viewed under the microscope. Cardiac muscle, however, differs sharply from skeletal muscle in one regard: its cells branch and are closely united to each other so that contraction starting within one localized region of cardiac muscle spreads widely over the heart through the close contact of the cardiac muscle cells with one another. Essentially, the cardiac muscle of the atria of the heart contracts as a unit, and that of the ventricles also contracts as a unit. Although various muscles or muscle layers in the heart are described, these consist of only partially separable sheets of fibers. As a whole, they form interconnecting layers by means of which an impulse for contraction may travel over the entire cardiac muscle of the atria or of the ventricles.









Skeletal Muscle


Skeletal muscle (see Fig. 2-4, A) constitutes by far the greatest mass of muscle in the body and is the tissue that in domestic animals is usually recognized as meat. The individual cells of skeletal muscle, which are very threadlike, are also termed muscle fibers (Fig. 2-5). Only a small fraction of a millimeter in diameter, they extend as much as 2 inches (about 5 cm) or more in length. The cell membrane of the fiber is called the sarcolemma. Immediately outside the sarcolemma is a very delicate layer of connective tissue, the endomysium. The endomysium binds the muscle fiber loosely to other muscle fibers and, of more importance, binds the end of the fiber to the end of another fiber or to the tendon. Bundles of muscle fibers are surrounded by the perimysium, and a connective tissue layer called the epimysium surrounds the entire muscle. These three layers are interconnected and contribute to the structure of the tendon of the muscle.
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Figure 2-5 Cross-section of a skeletal muscle.




Each skeletal muscle cell or fiber contains (1) numerous nuclei that are usually close to the sarcolemma and (2) closely packed, longitudinally arranged myofibrils that appear as alternating light and dark areas. The light and dark areas of each myofibril are approximately adjacent to the similar areas of other myofibrils, causing a striated appearance in these closely packed areas. This type of muscle differs from cardiac muscle in that the fibers run approximately parallel to one another, do not branch, and have no anastomoses with adjacent fibers. Each cell in skeletal muscle is associated with a nerve ending that deeply indents the sarcolemma. Under normal conditions, the muscle fiber contracts only as a result of impulses received through this nerve ending.


Myofibrils are the contractile elements of muscle fibers. They are present not only in skeletal muscle but also in smooth and cardiac muscle. Each myofibril, in turn, contains still smaller filamentous structures, visible only with the electron microscope, called myofilaments. Two types of myofilaments are described: thick ones that are composed primarily of the protein myosin and thin ones composed chiefly of another protein, actin.









Contraction of Muscle


Contraction of cardiac muscle cells and of many smooth muscle cells spreads from one cell to the next, although the contraction of one skeletal muscle fiber has no effect on adjacent muscle fibers. Cardiac muscle needs no nerve impulse to initiate its contraction, while skeletal muscle cannot contract (except by direct stimulation, as through an electrode) without a nerve impulse. The response of smooth muscle is somewhat in between. Some smooth muscle—for instance, that of much of the digestive tract—can contract in the absence of nerve impulses; other smooth muscle, such as that of blood vessels, is dependent on nerve impulses for contraction.


There are two aspects to the contraction of muscle: the mechanics of shortening and the biochemical basis of this shortening. In the uncontracted or resting skeletal muscle, the thick (myosin) myofilaments, which form the dark band of the fiber as a whole, are only partially overlapped by the thin (actin) myofilaments. These project beyond the ends of the thick filaments into the light band in the muscle fiber and are the only filamentous occupants of that band. During contraction, the light band shortens and finally disappears. This results from a sliding of the thin filaments toward each other, between the thick filaments, until they meet and are completely overlapped by the latter.


In contrast to this relatively simple mode of change in length, the biochemical changes responsible for and associated with contraction are very complicated and are only briefly summarized here. In the case of skeletal muscle, the nerve impulse initiates contraction by releasing acetylcholine at the nerve endings on the muscle. Acetylcholine changes the permeability of the sarcolemma to allow an influx of sodium ions. The resulting depolarization causes a high-velocity impulse to travel along the length of the muscle fiber. The impulse then causes release of calcium ions, which enables interaction of actin and myosin filaments to produce contraction.


The immediate source of energy for contraction is adenosine triphosphate (ATP). Glucose, derived from glycogen stored in the muscles and in the liver, is the chief original source of energy for muscle contraction. When sufficient oxygen is available, the glucose is oxidized to carbon dioxide (CO2) and water, and the energy released is used in part to form additional ATP (some, of course, is wasted in heat). When the respiratory and vascular systems cannot supply sufficient oxygen, as during vigorous exercise, the glucose is converted to lactic acid, but the lesser energy liberated by that reaction also helps form additional ATP. Because lactic acid is essentially a poison to the muscle and oxygen is necessary to remove it, the muscle is said to have accumulated an “oxygen debt.” The resting muscle, now receiving sufficient oxygen, uses that oxygen in part to re-form glucose and glycogen from lactic acid and in part to oxidize the lactic acid to CO2 and water.












NERVOUS TISSUE


Nervous tissue is specialized for conduction. The essential part of nervous tissue is the nerve cell, or neuron (Fig. 2-6), which has a somewhat rounded cell body distorted by processes that extend outward from this cell body. Every neuron has at least one process, and most neurons have many processes. One process of the neuron, the axon, is threadlike and rarely branches until it is close to its ending. Most neurons have other processes, known as dendrites, that are relatively short and branch abundantly, like the branches of a tree. The axon is the fiber that takes the nerve impulses away from the cell body. Dendrites, which are not as specialized in structure as are axons, conduct nerve impulses toward the cell body. As a rule, the dendrites of a cell are limited in their distribution to the immediate region of the cell body, but the axon may be short or long. The axons of some cells extend only to closely adjacent cells and may be only a fraction of a millimeter in length. In contrast, there are cells in the brain that have axons measuring up to 20 inches (about 500 mm) or more in length, and the neurons that supply the muscles of the foot have axons that extend the whole length of the lower limb and may be a yard or more (approximately 9000 mm) long, in spite of the fact that the axon may be approximately 10 μm (0.01 mm) or less in diameter.





[image: image]

Figure 2-6 Diagram of a neuron.




Most cell bodies of neurons lie within the central nervous system, forming a part of the brain or spinal cord. In these locations, the bodies of the neurons and their fibers are held in place by a special connective tissue, specific to the nervous system, known as the neuroglia. Other neurons routinely lie outside the central nervous system, forming groups of cell bodies known as ganglia. The term ganglion, which means “swelling,” may be applied to any swelling but is more often limited to a swelling produced by an accumulation of nerve cell bodies outside the central nervous system.


The bodies of neurons vary greatly in size and shape, but the largest ones rarely exceed 100 μm (0.1 mm) in diameter. Their shapes depend primarily on the number of processes to which they give rise. Because the process represents a nonnucleated extension of the cytoplasm of the cell body (the nucleus being located in this cell body), nerve fibers cannot survive after they have been detached from their connections with the cell bodies. Therefore, when a nerve fiber is cut in two, the part lying distal to the cut dies because it no longer has a connection with the nucleated part of the cell. Nerve fibers that have been interrupted outside the central nervous system can, under the proper circumstances, grow back and form connections that replace the old degenerated ones. However, when nerve fibers within the central nervous system are interrupted, there is no functional restitution of the degenerated fibers. Once neurons are formed, they are incapable of replacing themselves.


Nerve impulses typically travel through the cell body and out along the axon. These nerve impulses are initiated by an ionic change in the cytoplasm of the cell, which is essentially similar to that initiating contraction of muscle. An adequate stimulus allows the influx of sodium ions into the cytoplasm, producing a reversal of polarity so that the inside of the cell very briefly becomes positive in regard to the outside. The electrical change, in turn, triggers a similar change in polarity in the immediately adjacent part of the cell, so that the impulse travels through the cell or along the fiber. Through this electrical change, the speed and progress of the nerve impulse can be followed. The speed of the impulse varies according to the diameter of the fiber along which it is traveling, being faster in large axons and slower in small ones. Nevertheless, it is very fast in all types of nerve fibers: approximately 120 m/second in the faster fibers.


Nerve fibers are capable of conducting a nerve impulse in either direction, but nerve impulses proceeding in the wrong direction are kept from being propagated farther by the synapse, or junction between two neurons. The synapse, usually formed by the close apposition of the terminal branches of the axon of one cell to the dendrites or cell body of another cell, allows the nerve impulse to pass across it only in one direction. This is because conduction across the synapse involves chemical rather than electrical transmission, and neither dendrites nor the cell body can release the chemical substance; it can be released only by axons. The chemical substances (neurotransmitters) released by axons vary, but the best known are acetylcholine and noradrenaline (norepinephrine). Transmission across the synapse (and from axons to an effector organ, such as muscle) is brought about when the electrical nerve impulse reaches the axonal ending, where it causes the release of the chemical transmitter.


Neurons and nerve fibers usually conduct only in one direction. Motor (efferent) cells and fibers conduct impulses away from the central nervous system and to some effector organ such as a gland or muscle, and sensory (afferent) cells and fibers conduct impulses to the central nervous system from the skin, muscles, joints, viscera, and so forth. Within the central nervous system, many neurons have such numerous connections that it is difficult to classify them as motor or sensory. Instead, the cells are usually described as sending their fibers primarily up the central nervous system—that is, toward the brain—or down the central nervous system or making relatively local connections. Therefore, within the central nervous system, there are ascending fibers, descending fibers, and intercalary or connecting fibers and neurons.







REVIEW QUESTIONS






1 What is the difference between a tissue and an organ?



2 What are the four basic tissues?



3 Where would a mesothelium be found?



4 What type of tissue forms a scar?



5 Describe the following:


a fascia



b bursa



c tendon



d aponeurosis



e ligament






6 What is the difference between compact and spongy bone?



7 What are the three types of muscle tissue? Compare and contrast their structural characteristics.



8 What is a ganglion?



9 In what direction does an impulse associated with a motor or efferent fiber travel? In what direction does a sensory or afferent impulse travel?







EXERCISES






1 Make a simple sketch illustrating the features of the following:


a simple squamous epithelium



b simple columnar epithelium



c pseudostratified ciliated columnar epithelium






2 Draw a neuron and label its parts.
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An organ is a combination of several different tissues that work together to perform a given function, whereas organ systems are groups of organs of somewhat similar makeup and with somewhat similar functions. The stomach, for instance, an organ of the digestive system, is composed of epithelial tissue, connective tissue, and smooth muscle, with smaller amounts of vascular and nervous tissues. All of these tissues are necessary for the proper functioning of the stomach. In turn, the digestive organs as a whole are built on the same fundamental plan as the stomach, and each of the various organs contributes something toward the total digestive process.


In the same way that a single muscle can be considered an organ because it contains several different tissues, all the skeletal muscles together constitute the muscular system. The various individual bones (organs) together form the major portion of the skeletal system, and this is the pattern for other organ systems. In this chapter, only the general features of the various organs and organ systems are considered.






SKELETAL SYSTEM


The skeleton of the body consists largely of bones, with cartilage of one type or another located at strategic points. Bone, however, is usually preceded by a cartilaginous model. This is known as endochondral bone formation and includes the type of growth that occurs, for example, at the ends of long bones such as the femur. Some bones, however, such as the flat bones of the skull, are derived from mesenchymal tissue in what is termed intramembranous bone formation. This type of bone formation also occurs on the surface of the shaft of long bones.


In enchondral bone formation, while the cartilage is still growing, a blood vessel erodes the cartilage and grows into it near the midportion of the bone. The blood vessel brings with it bone-forming cells that begin to lay down bone. As the cartilage is eroded, bone is also laid down on the inside and outside, so that a hollow bone replaces the solid cartilage in the middle of the structure. In order to grow in diameter, this bone must be remodeled, with bone being removed on the inside and added on the outside. Therefore, growth of a bone from its first appearance as cartilage to its fully developed form involves a simultaneous destruction of previously formed cartilage or bone and addition of new bone. All of this must occur while the bone is providing support for surrounding tissues. This process is approximately comparable to enlarging the exterior of a house by advancing its outer walls while at the same time enlarging and changing the number of rooms and keeping the roof intact.






Bones


Bones can be classified according to their shape as long (e.g., femur), short (e.g., carpal bones), flat (e.g., parietal bone in the skull), irregular (e.g., vertebrae), and sesamoid (e.g., sesamoid bones in the foot) bones. Sesamoid bones are a special type, usually developed in connection with tendons. Most of these bones are tiny nodules, as implied by their name, which refers to a sesame seed, although the patella, which is quite large, is also a sesamoid bone.


A typical, mature long bone, such as most of those of the limbs, consists of a diaphysis, or shaft, and two epiphyses, one at each end of the bone (Fig. 3-1). The tapered junction between an epiphysis and the diaphysis is termed the metaphysis. The diaphysis of the bone is formed of cortical (compact) bone that surrounds a large medullary or marrow cavity. The red blood cells and many of the white blood cells are formed within the medullary cavity during a period of fetal life. During adult life, the marrow of many of the bones of the body ceases its function of producing blood cells. This function is then primarily restricted to the flat bones. The long bones may resume this function if there is an excessive demand for newly formed blood elements. In the bones not actively forming blood cells, the connective tissue of the marrow develops numerous fat cells, causing a yellowish-white appearance. Marrow active in the formation of red blood cells is known as red marrow. The marrow cavity is supplied by a nutrient artery that pierces the body of the bone to pass into and branch within the cavity. This artery is also the chief supply of the bone tissue itself, for many of its branches enter the bone to run in haversian canals.
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Figure 3-1 Features of a typical long bone.




The ends of long bones are provided with a thin outer shell of compact bone but are largely filled by spongy bone. There the marrow cavity is subdivided by the bony trabeculae.


The diaphysis and epiphyses of adult long bones are firmly united at the metaphyses. In childhood and early adolescence, however, there is a cartilaginous plate, the epiphyseal plate, between the diaphysis and each epiphysis. The epiphyseal plates are responsible for the growth in length of the diaphysis. As the epiphyseal plate grows, the part of it nearest the diaphysis is being constantly transformed into bone. As long as the epiphyseal plates are growing and are not being replaced by bone faster than new cartilage is formed, growth in a long bone continues. When the destruction of the epiphyseal plate and its replacement by bone proceed faster than the cartilage can grow, the cartilage soon disappears, and no further growth in length of the bone is possible. For a time after the epiphyseal plate has disappeared, its former position in the bone is often fairly apparent as the epiphyseal line.


The importance of the epiphyseal plates in growth in length of the long bones is dramatically illustrated by a condition, achondroplasia, in which for unknown reasons the epiphyseal plates cease their growth early in life. Because growth in diameter of a bone does not depend on the presence of cartilage but occurs as a result of deposition of successive layers of new bone on the periphery, the bones of the limbs continue to grow in diameter even though they have ceased to grow in length. In consequence, the limbs remain short, not much longer than those of an infant, although they attain a diameter approaching that in an adult. The trunk and head also usually reach normal size. The adult so affected has extremely short limbs attached to a more normal-sized trunk and is known as an achondroplastic dwarf.









Bone Growth and Formation


A number of factors may affect the growth of the epiphyseal plates and their transformation into bone. An important mechanical one is pressure, which must be much greater than that exerted by the weight of the body before it has any effect. It once was common for a limb paralyzed by poliomyelitis to grow more slowly than did the normal limb. One of the factors in this slower growth may have been the pressure exerted when the bone grew and paralyzed muscles failed to grow likewise. It is possible to insert staples across an epiphyseal plate so that they hold the diaphysis and epiphysis of a bone together, and as the growing cartilage builds up pressure, growth ceases. This stapling technique has been used to retard or halt growth of a normal limb so that there will not be too great a difference in length between the otherwise normal limb and a paralyzed one. Another method of accomplishing the same result is to remove one or more epiphyseal plates.


Hormones that affect growth of the body as a whole, particularly thyroxine secreted by the thyroid gland in the neck, and the growth hormone of the pituitary gland (hypophysis) lying in the skull just below the brain, also affect growth of bone. Too little secretion of either hormone leads to dwarfism.


In contrast to hyposecretion, hypersecretion of the growth hormone leads to growth that may go on far beyond the age at which the epiphyseal plates normally disappear. Such an overgrowth may produce marked gigantism. Sex hormones also affect epiphyseal plates but in a different manner than the growth hormone. They hasten the replacement of cartilage by bone and lead to total disappearance of the cartilage. Earlier sexual maturity is the cause of the earlier cessation of growth in girls than in boys.


The ages at which epiphyseal plates disappear and growth in length at that end stops have been carefully recorded. They vary greatly for different bones and even for the two ends of a single bone. There are also variations among individuals, but epiphyseal fusion tends to follow a general pattern in which there is usually a range of only a year or two among individuals of the same sex. Girls, however, typically have epiphyseal fusion as much as 3 years before boys.


Other bones that are first formed in cartilage—the ribs, most of the bones of the wrist and ankle, and many bones of the skull—do not have epiphyseal plates. In these cases, once the growing cartilage has been destroyed, the growth, like that of the diameter of long bones, occurs by addition of bone to the outside surfaces.


Although most bones are first formed in cartilage, some of the flat bones of the skull never go through a cartilaginous stage, and as mentioned previously, are formed in the process of intramembranous bone formation. The membranes connecting the bones of the roof of the skull have not, at birth, been completely transformed into bone, and the bones of the skull of an infant can overlap somewhat during childbirth.


Bones are covered by a dense fibrous connective tissue membrane called the periosteum (meaning “around the bone”). This tough membrane is usually united firmly to the bony tissue through some of its fibers, which penetrate the bone to mingle with the collagenous tissues. The tendons of muscles insert into the periosteum, blend with it, and send many of their fibers into the bone.


In addition to its fibrous, relatively vascular outer layer, periosteum has a more delicate and more cellular inner layer, lying against the outer surface of the compact bone. The cells (osteoblasts) of this inner layer are capable of forming bone, and in the fetus and child, these cells lay down new bone on the outside of the old bone, producing growth in the diameter of the bone. Other bone-forming cells lie on the inner surface of the cortical bone, lining the medullary cavity, to form the endosteum. There are also cells (osteoclasts) in the endosteum that are capable of destroying bone to allow enlargement of the medullary cavity and to prevent the bone from becoming too thick as more bone is added to the outer surface.


Although the cells within the cortical bone are living, it is the potential bone-forming cells of the endosteum and periosteum that are especially capable of new bone formation in the adult. When a fracture occurs, these bone-forming cells begin to lay down bone across the break. They usually overdo the process of repair and form an enlargement, or callus, where the fracture occurred.









Bone Strength


Although cortical bone varies much in strength, both its tensile strength (resistance to being pulled apart) and its compressive strength (resistance to being crumbled) exceed those of granite and of white oak, although they do not approach those of medium steel. Bone is reported to have a tensile strength along its long axis of 13,200 to about 17,700 lb/in.2 (91 to about 122 MPa) and a compressive one of 18,000 to 24,700 lb/in.2 (124 to 170 MPa). The corresponding statistics for granite are a tensile strength of 1500 lb/in.2 (10 MPa) and a compressive strength of 15,000 lb/in.2 (103 MPa); for white oak along the grain, a tensile strength of 12,500 lb/in.2 (86 MPa) and a compressive strength of 7000 lb/in.2 (48 MPa) and for medium steel, a tensile strength of 65,000 lb/in.2 (448 MPa) and a compressive strength of 60,000 lb/in.2 (414 MPa).









Joints


A joint (articulation) is defined as a union between two or more bones. Joints are typically classified into three major groups according to the method of union between the bones: fibrous joints, cartilaginous joints, and synovial joints. There are also subcategories of each group (Fig. 3-2).
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Figure 3-2 Examples of joints. Top left, Suture (between bones of the skull). Top right, Syndesmosis (interosseous membrane between the radius and ulna of the forearm) and hinge (elbow joint). Middle left, Symphysis (joint between vertebral bodies [intervertebral disc] and at the symphysis pubis) and ball-and-socket (hip joint). Middle right, Synchondrosis (epiphyseal plate of a growing long bone). Bottom left, Pivot (between the atlas and the dens process of the axis). Bottom right, Condyloid (metacarpophalangeal joint of a finger), saddle (carpometacarpal joint of the thumb), and plane (between carpal bones).








Fibrous joints


In fibrous joints, the bones are united by connective tissue fibers. Many of these joints are immovable because of the shapes of the articulating surfaces and because of the shortness of the collagenous fibers that bind them together. The subcategories of fibrous joints include suture, syndesmosis, and gomphosis.


A suture is the type of joint occurring between most of the bones of the skull (see Fig. 21-1). At a suture, the bones often have serrated edges that interlock and are held firmly together by a small amount of fibrous tissue.


In a syndesmosis, the two bones entering into this fibrous joint may be some distance from each other but are connected by a ligament or interosseous membrane. An example is the laminae of adjacent vertebrae (see Fig. 13-6), which are connected by ligaments made of elastic tissue (called the ligamenta flava); these ligaments allow considerable movement between the laminae. Another example of a syndesmosis is the connection of the shafts of the tibia and fibula by an interosseous membrane.


A gomphosis is a fibrous joint in which a tooth is held in place in the mandible or maxilla.









Cartilaginous Joints


The bones entering into a cartilaginous joint are united by hyaline cartilage or fibrocartilage; therefore, little or no movement is possible between the bones. Two subcategories are usually described: synchondrosis and symphysis.


A synchondrosis (primary cartilaginous joint) is the junction between two parts of a bone and consists of hyaline cartilage. This is a temporary, immovable joint formed by the epiphyseal plate that unites the shaft and ends of the bone. When bone growth ceases and the epiphyseal plate is replaced by bone, this joint is obliterated. Synchondroses are also found in some bones located in the base of the cranial cavity.


In most cartilaginous joints of the adult, union is by fibrocartilage instead of hyaline cartilage, and a small amount of movement is possible. Such a joint is called a symphysis (secondary cartilaginous joint). Examples of this type of cartilaginous joint are the unions between the bodies of the vertebrae, in which heavy fibrocartilaginous discs, the intervertebral discs (see Fig. 13-6), unite the bones and allow the limited movement between any two vertebrae that is necessary for movements of the back. Another example of a symphysis is the pubic symphysis between the two hip (pelvic) bones.









Synovial joints


Synovial joints, in which there is a cavity between the articular surfaces, are movable joints. Synovial joints may be simple (between two bones) or composite (between several bones). They are more completely classified according to the shapes of the articulating surfaces (see Fig. 3-2). These shapes in turn determine the type of movement allowed at the joint. Synovial joints can be further categorized by the movement occurring at the joint: A uniaxial synovial joint allows movements occurring in one plane or axis; a biaxial joint allows movements in two planes or axes; and a triaxial joint allows movements in three planes or axes.


In general, where two surfaces come together to form a synovial joint, they are reciprocally curved. The two curves are usually not identical. However, a certain amount of discrepancy allows better lubrication of the joint.


A hinge (ginglymus) joint is uniaxial. It allows primarily back-and-forth movement, similar to that which occurs at the hinge of a door. Examples of this type of joint are found at the elbow or the knee, where flexion and extension occur.


In a pivot (trochoid) joint, one element forming the joint resembles a peg and is held against the second element so that rotation is the primary movement allowed (uniaxial). An example of this type of joint is that within the neck between the first cervical vertebra (atlas) and the dens process of the second cervical vertebra (axis).


At a plane joint, the two articulating surfaces are almost flat and allow only a gliding movement. These joints are found between some of the carpal bones of the wrist. Movement is usually uniaxial; however, some joints may move in more than one plane or axis.


In a condyloid (ellipsoid) joint the surface of one bone entering the joint is typically convex in shape, whereas that of the other bone is concave. This type of articulation occurs at the bases of the fingers (metacarpophalangeal joints). Because the articular areas are often oval in shape, little or no rotation is possible and the joint is considered to be biaxial, enabling movement in two planes.


A saddle (sellar) joint is one in which both surfaces are saddle-shaped, concave in one direction and convex in the other; the concave surface of one fits onto the convex surface of the other, and vice versa. This structural arrangement enables considerable movement. An example of this type is the joint at the base of the thumb (carpometacarpal joint). This type of joint is considered to be a biaxial joint.


Ball-and-socket (spheroid) joints are triaxial joints, permitting movement in multiple planes or axes. At such a joint, one of the articular surfaces is rounded and the other is concave, as at the glenohumeral (shoulder) or hip joint. Unless movement is restricted by ligaments or muscles, this joint allows the greatest freedom of movement: flexion, extension, abduction, adduction, and even rotation around the long axis of the bone (circumduction).


A typical synovial joint, regardless of the shape of the articulating surfaces, has a constant structure (Fig. 3-3). The portions of the bones that are in contact with and move on each other constitute the articulating surfaces. These surfaces are typically covered with cartilage. This cartilage, usually of the hyaline type, offers a much smoother surface than can be obtained from the bone itself. These surfaces may be subject to considerable pressure, even in non–weight-bearing joints. For instance, when flexion of the extended forearm is attempted, the line of pull of the flexor muscles is almost parallel to the bones. Therefore, much of the muscle’s force is exerted on the elbow joint, forcing the articular surfaces against each other. Because of the lack of complete congruency, this pressure is concentrated into an area less than that of the apposed articular surfaces. If there is a weight in the hand, the muscles must contract still more strongly in order to flex the forearm, therefore exerting more pressure on the joint.
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Figure 3-3 A typical synovial joint.




In weight-bearing joints, the pressure on the joint may be greatly increased by the pull of supporting muscles. If all the weight of a 200-lb (91-kg) man is supported on one limb, the hip joint is subject not only to that weight minus the weight of one limb but also to the pull of the muscles necessary to maintain the weight on one limb. One limb should be about 15% of the body weight, or 30 lb (14 kg), leaving 170 lb (77 kg) to be supported. Using the formula for calculating the force necessary to balance the body on one limb (see the “Levers and Muscular Action” section), it can be calculated that this amounts to 425 lb. The hip joint is subjected to a pressure of 425 lb plus 170 lb, or a total of 595 lb. This is during quiet standing. Imagine the total stress on the joint when the person is running instead of standing still.


The ends of the bones entering into a synovial joint are enclosed by the joint (articular) capsule, which connects from one bone to the other. The outer layer of the joint capsule is the fibrous layer (membrane), which is composed typically of collagenous tissue. This layer completely surrounds the joint and blends with the periosteum of the bones entering into the joint. In many joints, this layer attaches some distance from the articular surfaces. The inner layer of the joint capsule is the synovial membrane. The synovial membrane is more vascular than the fibrous layer, is quite thin, and consists of an outer layer of connective tissue and a single layer of cells on its inner surface. The synovial membrane lines the inner surface of the fibrous layer but is also reflected along the bones to the edges of the articular cartilages. Therefore, a synovial cavity is lined by the synovial membrane except over the articular cartilages. The synovial membrane produces a viscous substance, the synovia or synovial fluid, that somewhat resembles the white of an egg (synovium means “like an egg”). The synovial fluid is the lubricant of the joint and also the source of nourishment to the articular cartilage.


The fibrous layers of synovial joints are thickened in certain locations by ligaments. These bands consist of dense fibrous connective tissue that is almost always collagenous. The constituent bundles run largely in the same direction (see Fig. 15-7). Most ligaments blend with the joint capsule on their deep surfaces and are really local thickenings of the capsule. In the case of a hinge joint, the anterior and posterior parts of the capsule are usually thin and protected by the muscles passing in front of and behind the joint, and the sides are reinforced by well-developed ligaments. In this way, the ligaments do not interfere with the moves of flexion and extension at the joint.


Ligaments play an important part in the physiology of the joints. Although the type of movement allowed at a joint usually depends primarily on the shape of the articular surfaces, ligaments sometimes guide the movement and regularly assist muscles in limiting the amount of movement. They are an important source of strength to the joint and are typically much stronger than is necessary to resist the forces that ordinarily act on them.





FUNCTIONAL/CLINICAL NOTE 3-1


If unusual forces act on the ligaments over a long period, the ligaments gradually stretch and allow the bones to slide out of their normal positions. An excellent example of this is acquired flatfoot, in which carrying the weight constantly on the inner border of the foot leads to stretching of the supporting ligaments and flattening of the arch. A certain amount of dislocation (termed subluxation) between bones may occur as a result of lax or stretched ligaments. For complete dislocation to occur, ligaments must be torn. A sprain is a tearing of ligaments without dislocation.


Any swelling of the capsules and ligaments of joints, whether produced by strain or sprain, infection, or arthritis, is painful because the capsules and ligaments are provided with nerve endings, some of which belong to pain fibers (sensory nerve fibers that conduct impulses associated with the sensation of pain). The articular cartilage itself has no nerve fibers in it. It is a general rule that a joint is innervated mainly by the nerves supplying the muscles that produce movement at that joint.


The swelling and stiffness typical of a joint that has been immobilized for a long time, as by a splint or cast, are caused, at least in part, by faulty circulation to the joint. When possible, joints distal to the immobilized one should be regularly exercised in order to increase the circulation.


















MUSCULAR SYSTEM


Muscles are composed primarily of skeletal muscle fibers but also contain a certain amount of connective tissue and abundant blood vessels and nerves. A typical muscle moves bone on bone and is attached to each of the two bones across a movable joint. For purposes of description, it is preferable to have terms by which one attachment of the muscle may be distinguished from the other attachment. The terms adopted for this purpose are origin and insertion. The origin of a muscle is considered to be the attachment that is, under usual circumstances, the less movable end of the muscle. Similarly, the insertion of a muscle is the attachment to the more movable part. Difficulties sometimes arise in deciding which of the skeletal attachments of a muscle is more likely to move when the muscle shortens, but as a whole, it is usually easy to distinguish between origin and insertion. In regard to the limbs, it is clear that in general, a more distal part of the limb may be moved more easily than a more proximal part. Therefore, the origins of limb muscles are usually at their proximal ends, and their insertions are at their distal ends.


The definitions of origin and insertion do not imply that the origin of a muscle may not be moved by contraction of that muscle. As a muscle shortens, its ends move closer together, but if particular circumstances cause the insertion of the muscle to be at the moment more fixed than is the origin, the origin of the muscle is then moved by contraction of the muscle. For instance, muscles that pass across the glenohumeral (shoulder) joint and move the arm generally have their origin on the shoulder or the back and their insertion on the arm. If the body is suspended by the arms, as in doing a pull-up, contraction of the shoulder muscles moves the body as a whole, because the limbs are then the fixed points. This reverses the typical description of origin and insertion and their relation to fixed versus movable attachment points.


An alternative terminology for attachment points, especially for muscles associated with the limbs, is to describe them as proximal or distal attachments. This terminology simply categorizes the attachments of a muscle according to their relative location with regard to the limb and body. (Where appropriate in the tables in this text, this terminology is used in addition to the terms origin and insertion.) Regardless of the terminology used, knowing the attachment points of a muscle provides a basis for understanding the various actions it is capable of performing.


Muscles are regularly attached to bone by dense fibrous connective tissue. At one end, this tissue attaches to the ends of the muscle fibers, and at the other end, it blends with the periosteum of the bone and with the fibrous connective tissue within the bone itself. If these connective tissue fibers are short, the muscle fibers may appear to arise almost directly from the bone, described as a fleshy origin of the muscle.


Many muscles arise by longer connective tissue bundles that are aggregated to form a tendon, and most muscles insert by tendons. A tendon has several advantages over muscle fibers. In crossing a bone or joint, for instance, a muscle closely applied to bone may be subjected to considerable wear and tear in this location, which may then lead to the injury or death of the muscle fibers. On the contrary, a tendon is composed of nonliving fibers and is much tougher than are living muscle cells. Tendons are much more suited to withstand strain. Another advantage of a tendinous insertion is that it allows a bulky muscle to insert on a very small area of bone, because tendon is much stronger than muscle and small tendons can withstand the pull of large muscle bellies. For instance, most of the muscles of the forearm attach in the hand. Obviously, if these muscles continued as muscle tissue into the hand, the hand would have to be much larger to accommodate them. The muscles are therefore replaced by tendons as they near the wrist, and the reduced bulk of these tendons contributes considerably to the flexibility of the hand.


As stated previously, tendons are much stronger than the muscles that act on them. A very large muscle can act through a small tendon or even a small part of a small tendon. The maximal tensile strength of muscle (its resistance to a pull) has been reported to be about 77 lb/in.2 (0.5 MPa), while tendons have been found to have a tensile strength of 8600 to 18,000 lb/in.2 (59 to 124 MPa).





FUNCTIONAL/CLINICAL NOTE 3-2


Although there is a great difference in the strength of different tendons, they are all much stronger than muscle. This strength accounts for the fact that normal tendons that are ruptured by sudden force never break in their middles but instead pull away from one end. If this occurs at the bony attachment, a piece of bone may be torn away from the tendon. If it is at the other end, the tear comes at the musculotendinous attachment. Certain tendons around the glenohumeral joint sometimes rupture in or near their middles, but this is a result of repeated damage to the tendon with its eventual weakening.









Bursae and Synovial Sheaths


Bursae were described briefly in Chapter 2 but merit a more detailed description here. A bursa is a flattened connective tissue sac that is lined by a synovial membrane (Fig. 3-4). It contains a small amount of fluid that eliminates friction on the opposing inner surfaces, allowing them to slide freely against each other. Bursae can lie between a muscle and bone, a tendon and bone, skin and bone, or another combination of structures, and they facilitate free movement of these structures on each other. Bursae lying adjacent to joints may communicate with the articular cavity of the joint.
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Figure 3-4 Bursa and synovial sheath. A, Drawing depicting a section through the patella and subcutaneous prepatellar bursa at the knee joint. B, Cut-away view of a synovial sheath surrounding a tendon. The visceral layer of the sheath lies on the surface of the tendon. C, Cross-section view of the tendon and sheath. The mesotendon enables vessels to gain access to the tendon. The size of the space between the visceral and parietal layers has been exaggerated for clarity; normally the two layers are closely apposed with only a thin layer of fluid between them.







FUNCTIONAL/CLINICAL NOTE 3-3


Bursitis, or inflammation of a bursa, can be caused by injury, chronic pressure, or infection. Inflammation causes additional fluid to be produced within the bursa, causing swelling. Application of pressure to the area or movement of structures between which the bursa lies can cause pain.





A synovial sheath (synovial tendon sheath) may be regarded as a bursa that completely surrounds a tendon. It has two walls. The inner wall (visceral layer) is closely attached to the tendon and forms a smooth, glistening outer surface on the tendon; the outer wall (parietal layer) of the sheath forms a closed sac, uniting with the inner layer at the edges of the sheath (see Fig. 3-4). Where the two sides of the sheath come together, a mesotendon is formed. It unites the inner and outer walls and serves as a point of entrance and exit for tiny blood vessels. The cavity of the synovial tendon sheath, between its inner and outer walls, contains a thin layer of fluid (similar to that occurring in joints) that acts as a lubricant to allow frictionless movement of the tendon. Synovial sheaths are especially numerous at the wrist and ankle, where the tendons pass close to bone and are held down by heavy ligaments.









Mechanics of Muscular Action and Arrangement of Muscle Fibers


The strength of a muscle and the range of movement that it can produce at a joint vary with several factors. The strength ultimately depends on the number and size of the constituent muscle fibers. However, the mechanical factors—the arrangements of fibers within muscles and the varying leverage afforded by the attachments of muscles across the joints—make it impossible to compare the effective movements and strengths of different muscles solely on the basis of their sizes. Individual muscle fibers, regardless of what muscle they are in, apparently can contract maximally to the same percentage of their length, about 50%. Each muscle crossing a joint, however, may contract by a different amount. The extent to which a muscle as a whole can contract is the distance over which it normally shortens as the part to which it is attached moves through its complete range of movement, from the extreme in one direction to the extreme in the other. Each muscle is accurately adapted to the amount of movement it can perform, and this adaptation depends on both the length of the muscle fibers and their arrangement in the muscle.


There are various arrangements of the fibers within muscles (Fig. 3-5). In muscles in which the fibers are arranged essentially parallel to the long axis of the muscle, most of the fibers run the length of the muscle, and the amount of shortening the muscle can undergo is approximately 50% of its length. A long muscle with parallel fibers (see Fig. 3-5, A-C) therefore produces a great range of movement. Strap muscles (e.g., the sartorius muscle of the thigh) and fusiform muscles (e.g., the biceps brachii muscle of the arm) are muscles in which the fibers have a parallel organization. The rectus abdominis in the abdominal wall is a strap-type muscle, but it is interrupted along its length by tendinous intersections into which its fibers attach. Its fibers are therefore shorter and do not run the length of the muscle. In the fusiform type, the muscle belly is rounded with tapering ends, and the fibers curve between their origins and insertions. Other groups of muscles in which the fibers have a parallel arrangement include flat, triangular, and quadrate muscles.
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Figure 3-5 Muscle fiber arrangements. A to C, Muscles with parallel fiber orientation: strap (A), fusiform (B), and parallel with tendinous intersections (C). D to F, Muscles with pennate arrangements: unipennate (D), bipennate (E), and multipennate (F).




In some muscles, the fibers insert at an angle into a tendon that passes through the muscle, somewhat as the barbs of a feather attach to its quill. In this case, the length of the muscle fibers is always less than the total length of the muscle. These are called pennate muscles. The distance over which the muscle can contract bears no fixed relation to the length of the muscle. Instead, it is proportional to the length of its muscle fibers. This characteristic varies from muscle to muscle, depending on the angle at which the fibers approach their insertion, the width of the muscle, and whether the muscle belly is flat or rounded.


There are several types of pennate muscles (see Fig. 3-5, D-F). In a unipennate (semipennate) muscle, the fibers are attached to only one side of a tendon (e.g., the flexor pollicis longus of the forearm). In a bipennate muscle, the fibers attach to two sides of a tendon that runs through the muscle. The rectus femoris of the thigh is an example of a bipennate muscle. In the multipennate muscle—for example, the deltoid muscle in the shoulder region—there are many tendons within the muscle to which the fibers attach.


Although the distance over which a muscle can contract depends on the length of its muscle fibers, the strength of contraction depends on the size and number of contracting fibers. The maximal strength of contraction of a muscle is therefore determined by the total cross-sectional size of all its muscle fibers. In the parallel type, this is also the cross-sectional area of the muscle, but in all other types it is different. Obviously, for a given muscle length, there are more muscle fibers in a unipennate muscle than in a parallel one of the same width and even more in a bipennate one. It is impossible to compare two muscles of different types on the basis of their sizes alone. Moreover, of two muscles of the same size in which the fibers are not parallel, the one with the longer fibers has fewer of them, so that although it has the greater range of contraction, it also has less strength.









Levers and Muscular Action


A similar inverse relationship between range and strength of movement, one being sacrificed to a greater or lesser extent for the other, appears when two muscles of similar size and shape differ appreciably in the distance of their insertion from the joint over which they act. Mechanical levers are used in many daily activities to increase strength (using a claw hammer to pull a nail) or to increase the range and rapidity of movement (swinging a golf club). Similarly, the musculoskeletal system is largely a series of levers.


The following are the four components of a lever system:



The lever itself, typically a rigid bar: in the case of the body, a bone or bones



A fulcrum, the axis or point at which movement of the lever takes place: the joint



An effort or force: the muscle acting on the lever



The resistance (load or weight) that the force must overcome to move the lever: the weight of the body part being moved; e.g., the forearm and hand and any additional weight, such as a hammer, being held by the hand


Levers are categorized into three classes, depending on the relationship among the fulcrum, the point at which the force is applied (effort point, which in the body is the insertion of the muscle), and the resistance.



In a first-class lever, the fulcrum (F) lies between the effort point (E) and the resistance (R); for example, a seesaw or an oar with the support of the seesaw or the oar holder representing the fulcrum:
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In a second-class lever, the resistance lies between the fulcrum and the effort point; for example, a wheelbarrow with the wheel being the fulcrum:
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In a third-class lever, the effort point lies between the fulcrum and the resistance; for example, an automatic storm door closer with the hinges being the fulcrum:
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All or almost all the levers in the body belong to either the first or third class. Figure 3-6 depicts two third-class levers; in both cases, the insertions of the muscles, the effort points lie between the joint (fulcrum) and the resistance or weight. All the muscles arising from the bone of the arm and passing in front of the elbow joint to either bone of the forearm use these bones as third-class levers.





[image: image]

Figure 3-6 Third-class levers illustrating the effect of the place of attachment of a muscle on the range of movement. Both muscles are shown shortening the same amount with contraction, but the one attached closer to the joint (A) moves the lever much more (the difference between the solid and broken outlines of the bones) than does the one farther from the joint (B).




Figure 3-6 indicates how a difference in the point of the attachment of the muscle affects the range of action, and a simple calculation shows how it also affects the strength the muscle needs to overcome a given resistance. In a lever system, a perpendicular line from the line of force (a line passing through the length of the muscle) to the fulcrum is called the effort arm (or effort moment arm), and a line from the resistance to the fulcrum is called the resistance arm (or resistance moment arm). In Figure 3-6, the effort arm is a measurement of a line that extends from the fulcrum (the joint) perpendicularly to a line that passes through the long axis of the muscle belly. Therefore, the value of the effort arm for Figure 3-6, A is less than that of Figure 3-6, B because the muscle belly of the latter is further from the joint. The resistance arm is the distance from the joint to the tip of the bone being moved, which is the same in both parts of the figure. For the lever to be in balance, the effort (E) multiplied by the length of the effort arm (EA) must equal the resistance (R) multiplied by the length of the resistance arm (RA), or E × EA must equal R × RA. In Figure3-6, A, the effort arm is initially about 0.2 in. and the resistance arm is about 1.5 in.; in Figure 3-6, B, the effort arm is initially about 0.5 in., and the resistance arm is, again, about 1.5 in. Assuming a weight or resistance of 10 lb, the equations would read as follows:
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Figure 3-6, A:
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Figure 3-6 B:
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When these equations are solved, the required efforts (E) for Figures 3-6, A and 3-6, B are 75 lb and 30 lb, respectively. Therefore the muscle in Figure 3-6, A would have to contract with 2.5 times the strength of the muscle in Figure 3-6, B in order to produce any movement. Through its closer attachment to the joint, the muscle in Figure 3-6, A has sacrificed strength in favor of range of movement and speed, inasmuch as range and speed parallel each other. The muscle in Figure 3-6, B, however, has gained effective strength at the expense of range and speed of movement.


The resistance arm has been found to be about 2.5 times greater than the effort arm. Therefore, in the calculation of the stress on the hip joint when standing on one limb (p. 25), the equation is as follows:
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The muscles shown in Figure 3-6 are flexors. A muscle arising from the posterior surface of the upper bone and inserting into the proximal end of the lower bone would be an extensor, and the lower bone would then function as a lever of the first class, the joint being between the insertion of the muscle and the resistance. There is a muscle of the arm, the triceps, that has these attachments. Obviously such a muscle, because it inserts so close to the joint, produces rapid movement over a wide range. However, a similar muscle inserting farther from the joint, an insertion that could be afforded by a longer posterior projection of the lower bone, would have greater effective strength but produce a smaller range of movement. Therefore, regardless of the type of lever, effective strength of a muscle and range and rapidity of movement vary inversely with each other.





FUNCTIONAL/CLINICAL NOTE 3-4


Another important aspect of levers in relation to muscular contraction is the effect of the length of the lever on speed. For instance, if the arm with extended forearm is abducted at the shoulder to an angle of 45 degrees, the elbow and the hand, although moving together, travel atdifferent speeds, because the tips of the fingers are approximately twice as far from the side as is the elbow. The use of multiple levers can increase this effect. Compare, for instance, throwing a baseball while limiting the movement to the shoulder and the usual throwing movement in which the lower limb, the trunk, and the upper limb act together to multiply the speed at which the ball leaves the hand.












Types of Contraction


In the previous discussion, shortening of a muscle as a result of its contraction has been assumed. In a smooth movement, such shortening may or may not demand any great variation in the strength of contraction but is called a concentric contraction nevertheless. If a movement that can be carried out by gravity, such as bending the knees, is to be controlled, muscles that oppose this movement must first contract and then gradually lengthen. This lengthening reaction is known as an eccentric contraction. Concentric and eccentric contraction are sometimes grouped together and known as isotonic contraction. In general, an isotonic contraction results in movement at the joint with either muscle shortening or lengthening. Muscle, however, may contract and perform work in other ways. If opposing muscles across a joint act with equal strength, there is no movement of the part, and neither set of muscles shortens in spite of their contraction. Because they retain the same length, this is called an isometric contraction.









Determination of the Actions of Muscles


The action of a muscle, meaning how it moves a part of the body, was originally determined from observations of the origin, insertion, and placement of the muscle. In time, these observations were supplemented by electrical stimulation of many of the muscles to obtain information on what muscles can do when they contract alone. Careful studies of patients with various paralyses have further defined the possible contribution of unparalyzed muscles to movements that they do not necessarily normally carry out. Palpation of superficial muscles during various movements has revealed in part which muscles normally do participate in a given movement.


With the technique of electromyography, or recording the electrical impulses generated by muscular contraction, it is possible to determine very precisely which muscles, superficial and deep, contract during a given movement. Electromyography can also provide information on the sequence in which each of several participating muscles contracts and can help in estimating the strength of contraction of each muscle.


Through electromyography, more accurate information concerning the actions of many muscles has been obtained, although the knowledge of others is still incomplete and research is continuing. Although the method is precise, the results must be interpreted very carefully in order to understand not only which muscles are contracting but also how they are participating in the movement or why they are contracting.


In analyzing the participation of various muscles in a movement, it has been customary to categorize them as prime movers, as synergists, and as antagonists. A prime mover, or agonist, is a muscle that carries out an action. When the chief action or actions of a muscle are described, it is the prime mover that is being defined. A synergist (synergy means “working together”) is a muscle that contracts at the same time as the prime mover, whereas an antagonist has an action that is, in varying degrees, directly opposed to that of the prime mover. Depending on the movements being considered, the same muscle may at one time be classified as a prime mover, at another as an antagonist, and perhaps at another as a synergist.


Although synergists are muscles that contract at the same time as the prime mover in order to facilitate or potentiate the effect of the prime mover, the term is a loose one. In a broad sense, it can include the second of any two muscles that regularly contract together, regardless of the function of the second muscle, and the term is sometimes used to describe the second of two muscles that carry out the same action. A more useful definition of a synergist is to regard it as a fixating or stabilizing muscle, one that contracts at the same time as the prime mover in order to prevent some unwanted movement that would otherwise take place.


It may be difficult to determine in the restricted sense whether a contracting muscle is serving as a second prime mover or as a synergist (although it can also be obvious), and examples of the latter function have long been known. For instance, clenching the fingers should also flex the wrist because the tendons of the fingers cross the front of the wrist, but if the wrist does flex, the fingers cannot make a tight fist because of the limited range of contraction of the finger flexors. (Grip a pencil with a clenched fist, and use the other hand to push the clenched hand with the pencil into flexion at the wrist. The tight grasp is lost.) In clenching the fingers, muscles that cross the back of the wrist contract synergistically to bend the wrist a little posteriorly (extension) and make the muscles moving the fingers more effective. Similarly, some muscles around the shoulder regularly contract synergistically with other muscles. The purpose is not to move the arm but to prevent displacement at the glenohumeral joint through the action of the prime mover.


Antagonists also require further definition. The word is useful in designating a muscle that has approximately the opposite action of the prime mover, but only in this sense can it be called an antagonist. In the normal individual, an antagonist does not fight against the prime mover. Instead, it either relaxes completely or cooperates with it, preventing some unwanted effect and actually acting as a synergist. In other instances, such as in lowering the outstretched arm or in bending over, gravity substitutes for the prime mover while the antagonist, by its lengthening reaction or eccentric contraction, controls the movement. Thus, in general, once a movement is learned, antagonists contract only when they can in some way aid the movement.









Nerve Supply


The nerve supply of a muscle is limited to the one or several nerves specifically destined for that muscle, while the blood supply is usually derived from all the blood vessels in the neighborhood. Learning the blood supply to a muscle is simply combining general knowledge concerning the location of that muscle and knowledge of the blood vessels in that area. However, a general knowledge of the locations of various nerves is of little significance in predicting which of these nerves will supply the muscle. Of several nerves in the neighborhood of a muscle, as a rule, only one supplies it. Therefore, nerve supplies of muscles must be learned.


Every muscle receives at least one but sometimes two or more nerve branches. These are regularly derived from more than one spinal nerve, so that most muscles have a multisegmental innervation. (In other words, they are supplied with fibers from two or more spinal nerves.) The activity of the muscle depends on the nerve or nerves reaching it. If the nerve supply to a muscle is destroyed, the muscle is paralyzed and remains so until a nerve supply is reestablished. As a nerve enters a muscle, it divides to be distributed within it. The branching is, for the most part, the separation of smaller bundles of nerve fibers. Eventually, however, individual nerve fibers branch, and every muscle fiber receives a nerve supply.


A typical nerve to a muscle does not consist entirely of motor fibers (i.e., fibers that cause the contraction of the muscle); it also contains a large number of sensory fibers. About 40% to 60% of the nerve fibers entering a muscle are sensory in character. Some of these are pain fibers, responsible for the conduction of impulses associated with the sensation of pain, as evidenced by the feeling of soreness in a muscle from overexertion or strain or the pain arising from tears of the muscles or tendons. These pain fibers are probably associated with the connective tissue and blood vessels of the muscle, rather than with the muscle fibers themselves, and are relatively few in number. Most of the sensory fibers are of the type known as proprioceptive fibers. These fibers are concerned with registering the stretch or contraction of a muscle and the tension within a tendon and with carrying impulses concerning the activity of the muscles and the pull on their tendons to the central nervous system.


The majority of the sensory or afferent impulses from muscle do not reach the level of consciousness but do play an extremely important part in the subconscious regulation of muscular contraction. Practically all movements require the coordination of a number of individual muscles, and each of these muscles must contract at exactly the proper moment and with exactly the proper force if the movement is to be a smooth one.





FUNCTIONAL/CLINICAL NOTE 3-5


The afferent fibers from muscles and tendons, together with similar fibers from around the joints, play a determining role in this coordination. Their importance is clearly highlighted in such diseases as tabes dorsalis (tabetic neurosyphilis), in which the larger fibers from muscles and joints are among the first to be affected. Such apparently simple everyday actions as buttoning a dress or coat, or even walking (really very complicated actions from the standpoint of the muscular coordination required) become difficult for a patient afflicted with tabes. The lack of both conscious and subconscious information as to what the muscles are doing and what the position of the fingers or limbs is at any particular moment results in clumsy and poorly coordinated movements that must be guided primarily by the eyes. Therefore, a patient with tabes, although suffering no paralysis or weakness of skeletal musculature, walks with a peculiar gait. The individual is unable to estimate how high the foot has been lifted from the ground. In order to keep from stumbling, the person may lift it too high. As the foot is put down, the person cannot estimate the movement required, and the foot is dropped or flung to the ground. The patient with tabes is able to walk better in the light because he or she can watch the feet and guide them somewhat consciously. In the dark, walking is much more difficult or even impossible. The learning of movements, both in infancy and in adulthood, and the acquisition of greater skill in movements are dependent primarily on the proprioceptive sensory fibers. These fibers from muscles, tendons, and joints are of great importance for the proper functioning of the muscles.









Muscle spindles


Nerve endings in tendons, in muscles, and around joints are of several different types. Some of those related to joints are particularly important in the conscious awareness of position and movement.


In muscle, the chief sensory structure is the muscle spindle, a group of 2 to 10 small muscle fibers. One sensory nerve fiber winds intricately around the center of the muscle spindle and is called an annulospiral or primary ending (Fig. 3-7, C). Other nerve fibers form what are called flower spray or secondary endings closer to the two extremities of the muscle fibers of the spindle. In addition, the tendons of muscles typically contain afferent end organs (Golgi tendon organs) close to the attachment of tendon and muscle fibers. None of the afferent fibers from these endings gives rise to impulses that reach consciousness.
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Figure 3-7 Motor and sensory (proprioceptive) nerve endings in skeletal muscle. A, Illustration of a small motor unit in which one nerve fiber innervates three muscle fibers. B, Enlargement of the shaded area shown in A: a motor end plate showing the synapse between a motor nerve fiber and a muscle fiber is seen here. C, Sensory ending at a muscle spindle.




Muscle spindles respond to stretching of their annulospiral regions. Therefore, they are commonly stimulated by stretching of the muscle as a whole. The annulospiral afferent fibers from the muscle spindles of a muscle make direct contact with the motor nerve cells in the central nervous system that supply that muscle, and contraction of the muscle in response to this stretch then ensues and relaxes the tension on the annulospiral region. The response of muscle to stretch is one of the basic reflexes (p. 42). This particular reflex is fundamental in resisting gravity and therefore in maintaining posture. It is the predominant reflex activity resulting from muscle stretch. Flower spray endings in muscle also respond to stretch but end differently in the central nervous system. Their activation facilitates flexion, regardless of the muscle stimulated. Finally, the tendon organs also respond to stretch, but because they do not lie within the muscle, this stretch can be imposed by either stretch of muscle and tendon or contraction of the muscle. Their sensitivity to stretch is far less than that of the annulospiral ending, and their action, which is inhibiting contraction of the muscle concerned, becomes prominent only when the stretch is excessive. It is a protective effect, tending to prevent undue strain on muscle and tendon.


The muscle fibers of the muscle spindle, like all skeletal muscle fibers, receive motor nerve fibers. These are distinctly smaller than the motor fibers to the rest of the muscle and arise from a different set of cell bodies in the central nervous system. They, and the neurons of which they are a part, are called gamma fibers and neurons; the neurons and fibers to the bulk of the muscle are designated as alpha fibers. The gamma neurons, in contrast to the alpha neurons, receive no impulses from the muscle spindles but do receive impulses from higher centers in the central nervous system. Their activity produces contraction of the two ends of muscle fibers of the spindle, therefore stretching the annulospiral region and sensitizing the spindle to stretch the muscle as a whole.





FUNCTIONAL/CLINICAL NOTE 3-6


Disturbance of the normal control over the gamma innervation in various disease conditions apparently accounts for the occurrence of the abnormal states of contraction of muscle known as spasticity and rigidity.












Motor nerve fibers


The motor nerve fibers to the muscles all end on muscle fibers and indent the cell membrane in such a way that they appear to be actually in the fiber (see Fig. 3-7, A and B). The specialized ending and the modified portion of muscle fiber in which it lies are called a motor end plate. The number of motor fibers entering a muscle is always disparate with the approximate number of muscle fibers within that muscle. For instance, in a certain muscle, the muscle fibers may outnumber the entering motor nerve fibers by about 100 to 1; in other words, there are about 100 muscle fibers for every motor fiber in the nerve or nerves entering the muscle. Normally, every muscle fiber within a muscle is capable of contraction, and no skeletal muscle fiber can contract unless it is supplied with a functional nerve ending. Therefore, each nerve fiber must branch repeatedly after it enters the muscle. Although the ratio between muscle fibers and nerve fibers varies greatly from one muscle to another, an average nerve fiber in the example given must give off about 100 branches or sub-branches in order to supply its quota of muscle fibers. Each of these terminal branches then ends on a single muscle fiber.


According to the “all-or-none law” of physiology in regard to muscle, if a given muscle fiber contracts, it contracts with all the force of which it is capable at that particular moment. Stated differently, a stimulated muscle fiber contracts with all its strength or does not contract at all. Although the all-or-none law is true concerning the contraction of individual muscle fibers, it is obvious that it does not apply to a muscle as a whole. For instance, the same muscles used to grasp and pick up a heavy steel ball could also be used to grasp and pick up a delicate eggshell. If the strength exerted to grasp the shell is the same as that used to lift the steel ball, the shell would be destroyed. It is evident with this example that voluntary movements are graded and that only the desired strength and speed are exerted during muscle activity. As far as any one muscle fiber is concerned, such gradation is impossible. Similarly, it is impossible to send an impulse of contraction to only one muscle fiber of the many innervated by a single nerve fiber. A nerve impulse, once started along a nerve fiber, is propagated along all the branches of that fiber. There is no known mechanism by which a nerve impulse can be routed along only certain branches of a single fiber.


It follows from this discussion that regulation of the strength of a movement depends on activation of groups of muscle fibers. If a delicate movement is desired, possibly only 10% of the nerve fibers to a muscle may be used to activate 10% of the muscle fibers in that muscle. If the strongest possible movement is required, impulses are sent along all the nerve fibers to the muscle, and all of the muscle fibers are activated. In any muscle, it is possible to get a smooth gradation of contraction, from a minimal one that produces no movement to a maximal one that produces the strongest movement possible.


Because all the muscle fibers that are innervated by a single nerve cell and its branching nerve fiber contract at the same time, the neuron and the group of muscle fibers it innervates constitute a motor unit (see Fig. 3-7, A). The size of the motor unit is determined by the number of muscle fibers composing it and varies from muscle to muscle. Because the motor unit represents the smallest number of fibers in a muscle that can contract at one time and the smallest increment by which strength of contraction can be increased, it might be expected that its size would vary with the type of movement demanded of the muscle. Therefore, some of the muscles around the hip and thigh, concerned in general with very coarse movements, have motor units variously reported as ranging from approximately 150 to possibly 1,600 muscle fibers. Those governing the rather delicate movements of the thumb have much smaller motor units. The muscles governing movements of the eye, which must be very precise, have the smallest motor units of all, averaging perhaps no more than three muscle fibers per nerve fiber. Some muscles, therefore, have a built-in delicacy of movement that others do not have and that no amount of training could establish.


Just as all the muscle fibers within a muscle do not have to contract together, the various larger portions of a muscle do not necessarily contract together. For instance, the pectoralis major muscle on the thorax is arranged so that some of its fibers aid in elevation of the arm and others aid in depressing the raised arm. Obviously, if both upper and lower fibers acted together, they would tend to cancel the action of each other. They are used together in some movements, and this use of the muscle as a whole results simply in pulling the arm toward the side or across the front of the chest. Either some of the upper fibers or some of the lower fibers, however, may be used alone. For example, if the upper limb is to be raised forward, the upper part of the pectoralis major, but not the lower part, is used with other muscles to accomplish this action. The lower fibers of the pectoralis major then assist in bringing the limb back to the side of the body. This selection of the proper portion of a muscle to carry out a given action is obviously brought about by selective activation of the nerve fibers going to that part of the muscle.












Integration of Muscular Action


The sending of impulses along only the nerve fibers that end in parts of muscles useful in carrying out a desired movement is automatic, effected by cellular arrangements within the brain. Although it is possible with special training to learn to contract a single motor unit, most individuals cannot at will contract only part of a muscle except by carrying out a movement that has been learned through experience to involve contraction of the desired part. Obviously, then, this selection lies largely below the conscious level. A given movement is produced not by deciding what muscles should be used but rather by deciding simply that a given movement is desired. Learning is involved here, but the important point is that the motor centers, especially the voluntary movement center in the cerebral cortex, are organized both anatomically, on the basis of muscles, and physiologically, on the basis of movements. Artificial stimulation of the motor cerebral cortex regularly produces integrated movements, and only in appropriate cases does it produce isolated contraction of an individual muscle. Similarly, movements are consciously and subconsciously learned, whereas integrated movements are produced when the motor centers are consciously stimulated. Depending on the movement and on the strength necessary to carry it out, one or several muscles, or only appropriate parts of one or several muscles, may be involved.


Many movements require, of course, very precise coordination in the timing and strength of contraction of various muscles and their synergists. Learning a movement often requires that a person first learn not to use the antagonists to that muscle, which interfere with it and make movement clumsy and difficult. Greater skill is then acquired by learning to use more precisely only the muscles that produce the desired effect.


Although everyone, in general, uses the same muscles in the same way, electromyography has shown that there may be differences among individuals. Of two muscles that produce the same movement, for instance, one may initiate the movement in one person, but the other one may do so in another person.









Consequences of Muscle Contraction


Mechanisms of muscle action have already been discussed, as have the physicochemical changes involved in the contraction of muscle fibers. Under conditions of insufficient oxygen, metabolites from the oxygenation of glucose, particularly lactic acid, accumulate in the muscle. This accumulation of metabolites is thought to be a cause of soreness after excessive exercise. Both massage and heat increase the blood circulation within the muscle and aid in the destruction or the removal of the metabolites and in the consequent relief from soreness.


Muscles, like engines, are not completely efficient in their use of energy, and some of the energy is dissipated in the form of heat. This production of heat as a result of muscular contraction is obvious and needs little comment. Exercise may lead to such increased body heat that the production and evaporation of sweat and the dilation of the blood vessels in the skin occur in order to dissipate this heat. Similarly, when a person is too cold, the skeletal muscles are called on to produce more heat, and shivering is the response of the muscles to this demand.









Neuromuscular Ending


Discussion of functional aspects of muscular contraction would be incomplete without some further reference to the neuromuscular endings or motor end plates. Anatomically, the neuromuscular end plate or junction represents the point of contact between two different tissues: nerve fibers and muscle fibers. Physiologically, it represents the mechanism by which the nerve impulse is transmitted to the muscle fiber and creates the muscle impulse that results in contraction. Because this transmission takes place through a humoral mechanism, and because transmission of the nerve impulse and spread of contraction along the muscle fiber are electrical phenomena, the neuromuscular ending presents features that are found neither in the nerve fiber nor in the muscle fiber. It is, instead, essentially similar to the synapse, or junction, between two nerve cells.


This similarity is emphasized by the presence of acetylcholine, which is the transmitter involved at the neuromuscular junction and is also the active agent at many synapses. Because the acetylcholine stored at the nerve endings cannot be replaced as rapidly as it can be released, the repetitive stimulation of the nerve fiber can result in such depletion of the acetylcholine that transmission between nerve and muscle becomes largely ineffective or ceases entirely. This is often referred to as fatigue of the neuromuscular junction. Continuous stimulation of a nerve to a muscle results at first in a tetanic (constantly maintained) contraction of the muscle, because the nerve impulses reach the individual muscle fibers so fast that none of the fibers relax. If such stimulation is of long duration, the muscle begins to relax in spite of stimulation and eventually becomes completely relaxed because of fatigue at the neuromuscular ending. This fatigue then prevents further contraction of the muscle until recovery has taken place. It can be shown, however, that the muscle fibers themselves are still capable of contraction (inasmuch as they can be stimulated directly with an electric current) and that the nerve fibers can still conduct impulses. Complete tiring of the muscle really involves an inability of the nerve impulses to pass the neuromuscular junction.


Under ordinary circumstances, fatigue at the motor end plate is minimized through a rotation of contraction among the muscle fibers that carry out a given movement or maintain a certain posture. If all a person’s strength is exerted in carrying out a certain movement, the person tires very quickly, and the movement soon becomes progressively weaker. The same movement, however, may be repeated for a much longer time if less effort is involved. If the desired strength of a movement requires only 5% of the total number of muscle fibers capable of carrying out that movement, then obviously any one motor unit could be used on an average of only once in every 20 contractions, which allows a considerable rest period before the same unit must be used again.


In addition to its susceptibility to fatigue, the neuromuscular junction is also susceptible to certain chemical agents. Among the best known of these is curare, long used by certain South American Indians as a poison to paralyze game and now of clinical importance. Curare blocks the neuromuscular junction, paralyzing skeletal muscles. In contrast to anesthetics, which affect primarily the nervous system rather than the neuromuscular junction, the carefully controlled clinical use of curare produces relaxation of the skeletal muscle without undue effect on the nervous system.









Effects of Training and Exercise on Muscle








FUNCTIONAL/CLINICAL NOTE 3-7


The supervision of therapeutic exercise plays an important part in the activities of the physical therapist and occupational therapist, and the physical educator must supervise normal motions. These clinicians should know what can and what cannot be accomplished through exercise. No amount of exercise will increase the number of muscle fibers in a muscle. Increase in size and strength of a muscle results from increase in the size (hypertrophy) of the muscle fibers already present. Because there are a maximal size and a maximal strength that muscle fibers can reach, the useful effects of exercise in increasing the strength of a muscle are limited. There is no way of restoring a muscle to normal if many fibers have completely degenerated and been replaced by fibrous tissue. All that can be done is to ensure the most effective action of the remaining muscle fibers and to hope that this action is functionally adequate.





The training of muscle really involves training the nervous system, because the activities of muscle depend entirely on the nervous system. If, in trying to produce a movement, the antagonists are also used, training must include relaxation of the antagonists, as well as the most efficient use of the prime movers. Also, because patterns of movement are learned, reeducation in a movement may allow a new pattern of muscular contraction to be set up in the central nervous system. In this way, the weakness of a given muscle or muscle group is at least partially compensated for by the use of other muscles, perhaps not habitually used in the weakened movement, but having functions overlapping with those of the weakened group.


An important factor in muscular imbalance is the fact that muscle fibers tend to adjust their lengths (under the control of the nervous system) so that they are exactly long enough, but no longer than is necessary, to bring about the range of movement ordinarily required of them. In order to retain their original lengths, they need to be stretched and made to contract over the total distance that they normally do. Therefore, if a part is so bent that the muscle or muscles crossing it need to contract over only half the distance ordinarily necessary, these muscles contract enough to take up the slack. The longer the part is kept in such a position, the more “set” the muscle fibers become in this short, partially contracted condition, and the more difficult it is later to stretch them back to their original lengths.


This shortening, or contracture, of muscle can occur either through a part being kept in a flexed position by splints or as a result of weakness of an opposing muscle group. In paralyses caused by peripheral nerve injuries, it often occurs that the unparalyzed muscles draw the part toward themselves, and if the regenerative process is lengthy, they can become fixed in this shortened position before the paralyzed muscles can recover. This shortening can be prevented by passively carrying the affected part through its complete range of movement to subject the unparalyzed muscles to a normal amount of stretch.


Another type of contracture that has nothing directly to do with muscle results from the deposition of collagen in joints, ligaments, and tendons, as in a completely paralyzed (flail) limb. Here also, the physical therapist, by taking the part through its complete range of normal movement, can stretch the newly formed tissue and prevent deformity.


Closely related to the problem of reeducation in cases of loss of muscular power is the possibility of substitute movements, sometimes known as “trick” movements. These depend primarily on taking advantage of some mechanical disposition of muscles and tendons at joints so that a movement that is otherwise impossible can be carried out. For instance, in paralysis of the extensors of the wrist and fingers, the wrist can frequently be extended adequately by clenching the fingers tightly, and some extension of the fingers can be obtained by sharply flexing the wrist. Both of these flexion movements mechanically put tension on the extensor tendons. Such substitute movements are very important, and the therapist must become familiar with many of these in order to aid the patient in overcoming physical disabilities.












NERVOUS SYSTEM


The essential elements of the nervous system are neurons and their processes: that is, cells that are especially differentiated for the conduction of impulses. These important cells are described briefly in Chapter 2. However, it is the arrangement of these cells, and their functional connections, that is important in understanding the nervous system. Although an adequate discussion of either the anatomy or the physiology of the nervous system is beyond the scope of this book, certain fundamentals of the organization and function of this system are necessary to understand the function of muscles and of the body in general.


Anatomically, the nervous system is divisible into two major parts: the central nervous system and the peripheral nervous system. The central nervous system is composed of the brain and spinal cord. The peripheral nervous system is made up of the cranial and spinal nerves and of the autonomic nervous system. Such a division is useful for descriptive purposes, but it must be clearly understood that all parts of the nervous system are dependent on one another. The peripheral nervous system arises in part within the central nervous system, and it both receives impulses from and sends impulses into the central nervous system. The central nervous system, in contrast, obtains all its information from and is able to exert its effects only through the peripheral nervous system. Various details of the distribution of the peripheral nervous system are described throughout this book. Some further basic features of the anatomy of the spinal cord and brain are described in Section 3 (“The Back”) and Section 5 (“The Head, Neck, and Trunk”).






Origin


The central nervous system arises as a thickening of the epithelium on the dorsal surface of the embryo. This thickening sinks into the underlying tissue to form a groove. The lips of the groove then roll together to form the neural tube, which separates from the overlying epithelium. As this separation occurs, epithelium at the junction of the neural groove and the overlying epithelium separates from both, to lie alongside the neural tube. This, the neural crest, forms the sensory ganglia of the spinal nerves and some cranial nerves, as well as the ganglia of the autonomic nervous system.


Only the cells adjacent to the lumen of the spinal cord and brain retain their epithelial shape. The others, after a period of proliferation, differentiate either into connective tissue unique to the central nervous system or into neuroblasts. A neuroblast becomes a neuron by giving rise to sprouts that grow out as dendrites and axons. Axons in the central nervous system grow for varying distances within that system or, if they are to emerge as motor fibers, leave it as components of a root of the nerve (anterior root for a spinal nerve). Each axon then must continue to grow until it reaches the muscle or other structure in which it is to end. The neuroblasts of the sensory ganglia likewise give rise to sprouts, but only two are formed. One grows centrally into the central nervous system, and the other grows peripherally to form a sensory ending.
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