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Preface

Textbooks are, by their nature, works in progress. Each published edition is an updated snapshot of that ongoing process. To make this edition of the book relevant and useful to students and instructors, we had to address some difficult questions such as: what material from the preceding edition should be retained, and what should be left out? What new knowledge and terminology should replace older information? What new features would make the book more useful? How has clinical veterinary technology changed since the last edition?

This third edition continues the logical progression from the first edition to the second edition. Popular features, such as “Test Yourself” boxes, a complete glossary of anatomy and physiology terms, “Clinical Application” boxes, and much of the original content have been retained. The accompanying Laboratory Manual has been revised for this edition and now includes critical thinking activities. The Laboratory Manual is filled with interactive exercises, step-by-step guidelines, and full-color photos and illustrations. It is designed to enhance understanding of A&P in in the clinical setting and allows for the application of knowledge in the laboratory setting.

New features and expanded content in this edition include:


• The sequence of the chapters has been reordered.

• All chapters were revised and updated, and many illustrations were added.

• The Amazing Cell chapter from the second edition has been divided into two separate chapters: Anatomical Structure of the Cell and Physiology of the Cell.

• The Blood, Lymph, and Immunity chapter from the second edition has been divided into two separate chapters: Blood, Lymph, and Lymph Nodes and Immunity and Defense.

• “Vocabulary Fundamentals,” a listing of key terms with phonetic pronunciations, has been added to each chapter. This pronunciation system is an easy-to-learn approach for mastering the sounds of veterinary language. It is not overloaded with linguistic marks and variables. The following rules apply:

1. Hyphens are used to separate syllables.

2. Stressed syllables are noted in bold type, as in class-room.

3. Any vowel that has a dash above it represents the long sound:



	ā
	as in
	sāy



	ē
	as in
	wē



	ī
	as in
	pīe



	ō
	as in
	gō



	ū
	as in
	ūniform





4. Any vowel that is followed by the letter “h” represents the short sound:



	ah
	as in
	about



	eh
	as in
	pet



	ih
	as in
	pit



	oh
	as in
	hot



	uh
	as in
	mutt





5. Unique vowel combinations are as follows:



	aw
	as in
	caught



	eər
	as in
	care



	eer
	as in
	here



	ər
	as in
	butter



	oo
	as in
	loot



	ou
	as in
	out



	oy
	as in
	boy





• Evolve Resources

• Instructor resources include a 1000 question test bank in ExamView format with rationales. Two image collections are included; one with all figures from the textbook and the second with all figures from the Laboratory Manual. A PowerPoint collection is arranged chapter-by-chapter with the textbook. The answers to the Laboratory Manual are available. Instructors also have access to all student resources.

• Student resources include Chapter Summaries, Test Yourself Answers, and Crosswords that correspond to each chapter of the Laboratory Manual.



Our goal for this third edition continues what we have undertaken from the start: to provide a practical, interesting, clinically relevant source of veterinary anatomy and physiology information to you, the reader. We hope it will foster an appreciation for the elegant organization, intricate relationships, and functional beauty of the wonderful living machine that is the animal body.
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Vet Tech Threads

With this revision of Clinical Anatomy and Physiology for Veterinary Technicians, we continue using features and design elements that are shared with other vet tech titles on the Mosby and Saunders lists. The purpose of the “Vet Tech Threads” is to make it easier for students and instructors to incorporate multiple books into the fast-paced and demanding vet tech curriculum.

The shared features in Clinical Anatomy and Physiology for Veterinary Technicians, Third Edition, include the following:


• Cover and internal design similarities: the colorful, student-friendly design encourages reading and learning of the core content

• A Chapter Outline and list of Objectives begins each chapter

• Clinical Application boxes demonstrate clinical relevance of anatomy and physiology principles

• An extensive Glossary of the key terms at the end of the text
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Introduction to Anatomy and Physiology

Thomas Colville
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Learning Objectives

When you have completed this chapter, you will be able to:


1. Define the terms anatomy and physiology.

2. Differentiate between microscopic and macroscopic anatomy.

3. Differentiate between the study of regional anatomy and the study of systemic anatomy.

4. Describe the four anatomic planes of reference.

5. List and describe the anatomic terms of direction.

6. List and describe common regional terms for the body.

7. List the components of the dorsal body cavity.

8. List the components of the ventral body cavity.

9. List the four basic types of body tissue.

10. Define homeostasis.






Vocabulary Fundamentals


Adiposeahd-ih-pōs



Anatomyah-naht-ah-mē



Anteriorahn-teer-ē-ɘr



Barrelbeɘr-uhl



Bilateral symmetrybī-laht-ɘr-ahl sihm-ih-trē



Brisketbrihs-kiht



Cannonkahn-nuhn



Cardiac musclekahr-dē-ahck muhs-uhl



Carpuskahr-puhs



Caudalkaw-dahl



Connective tissuekuh-nehck-tihv tihsh-yoo



Cranialkrā-nē-ahl



Craniumkrā-nē-uhm



Deepdēp



Digestive systemdih-jehs-tihv sihs-tehm



Distaldihs-tahl



Dorsaldohr-sahl



Dorsal body cavitydohr-sahl boh-dē kahv-ih-tē



Dorsal planedohr-sahl plān



Epithelial tissueehp-ih-thē-lē-ahl tihsh-yoo



Equilibriumē-kwuh-lihb-rē-uhm



Externalehcks-tɘr-nahl



Fetlockfeht-lohck



Fight or flight systemfīt or flīt sihs-tehm



Flankflahngk



Gastrointestinal (GI) tractgahs-trō-ihn-tehs-tih-nahl trahkt



Gross anatomygrōs ah-naht-ah-mē



Healthhehlth



Hockhohck



Homeostasishō-mē-ō-stā-sihs



Inferiorihn-feer-ē-ɘr



Inflammationihn-fluh-mā-shuhn



Internalihn-tɘr-nahl



Knee—carpus of hoofed animalsnē—kahr-puhs of hooft ahn-uh-muhlz



Laterallaht-ɘr-ahl



Macroscopic anatomymah-krō-skohp-ihck ah-naht-ah-mē



Medialmē-dē-ahl



Medial planemē-dē-ahl plān



Microscopic anatomymī-krō-skohp-ihk ah-naht-ah-mē



Muscle tissuemuhs-uhl tihsh-yoo



Organohr-gahn



Palmarpahl-mɘr



Parietal layerpah-rī-eh-tahl lā-ɘr



Pasternpahs-tɘrn



Physiologyfihz-ē-ohl-uh-jē



Plane of referenceplān of rehf-ɘr-uhnz



Plantarplahn-tahr



Pleuraploor-ah



Pollpōl



Posteriorpō-steer-ē-ɘr



Proximalprohck-sih-mahl



Regional anatomyrē-juhn-ahl ah-naht-ah-mē



Rostralrohs-trahl



Sagittal planesahj-ih-tahl plān



Skeletal muscleskehl-ih-tahl muhs-uhl



Smooth musclesmooth muhs-uhl



Spinal canalspī-nahl kuh-nahl



Stiflestī-fuhl



Superficialsoo-pɘr-fihsh-ahl



Superiorsuh-peer-ē-ɘr



Systemsihs-tehm



Systematic anatomysihs-tuh-maht-ihck ah-naht-ah-mē



Tailheadtā-uhl-hehd



Tarsustahr-suhs



Thoraxthohr-ahx



Tissuetihsh-yoo



Transverse planetrahnz-vɘrs plān



Ventralvehn-trahl



Ventral body cavityvehn-trahl boh-dē kahv-ih-tē



Visceravih-sɘr-ah



Visceral layervih-sɘr-ahl lā-ɘr



Witherswihth-ɘrz



Xiphoid processzī-foyd proh-sehs
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Introduction

Life is a tricky proposition. It is difficult, messy, fragile, and a lot of work. The bodies of living animals have to be organized just right and maintained within very narrow limits to allow the hectic choreography of life to unfold throughout their lives.

We don't usually think of animals as living mechanisms, but the study of anatomy and physiology is really the study of the animal machine, what makes it up, and how the whole thing works. The language of anatomy and physiology uses terms like cells, tissues, organs, and systems, but we're really talking about the component parts of this living machine. These living parts are amazingly intricate and their functions delicately interrelated. As veterinary health care professionals, we must understand how animals are put together and how their bodies work. Fortunately, the animal body is fascinating to study in and of itself, but even more so when we appreciate how important normal anatomy and physiology are to animal health.

The various parts of the body must work together in near-perfect harmony to maintain the life and well-being of an animal. The interesting part of this truth is that the apparently simple and automatic states of life and health are not as they seem. Life is not simple, and health is not automatic. Life is extraordinarily complicated, and health is the result of numerous things going just right. At first glance it seems as though health is the normal state of affairs, and disease and death result from some awful outside influences attacking the body. However, outside influences alone usually play smaller roles than we might think. Disease and death often result from the absence of normal body structure and functioning. Normal anatomy and physiology are critical to an animal's health and survival, and our knowledge of them is critical to our ability to influence the animal's health and survival in cases of disease or injury.




Anatomy and Physiology

Anatomy and physiology describe two complementary but different ways to look at the animal body. Anatomy deals with the form and structure of the body and its parts—what things look like and where they are located. Physiology deals with the functions of the body and its parts—how things work and what they do. They can be studied as separate subjects, but such an approach makes it difficult to gain a complete picture of how the amazing animal machine works. This book examines anatomy and physiology together as we go along.

We can approach the study of anatomy in different ways, for example microscopic anatomy versus macroscopic anatomy. Microscopic anatomy deals with structures so small we need a microscope to see them clearly, such as cells and tissues. Macroscopic anatomy, also called gross anatomy, deals with body parts large enough to be seen with the unaided eye, such as organs, muscles, and bones. Both aspects are presented in this book as we examine the animal body in detail. We also delve into the submicroscopic level occasionally to explain things occurring at the microscopic and macroscopic levels. Discussions at the submicroscopic level include the components that make up cells and the chemical molecules and ions that serve important roles in the body.

Another way to approach anatomy is to study individual regions of the body (regional anatomy) versus individual systems of the body (systemic anatomy). In the regional approach, all the components of each region of the body are examined; for example, the anatomy of the neck (cervical) region would include all the cells, tissues, blood vessels, nerves, muscles, organs, and bones present in the neck. The problem is that the body is not always easy to subdivide this way, and there is often overlap between adjacent regions; that is, where does the neck region end and the shoulder region begin? It's not always clear.

The systematic approach to anatomy, however, deals with the systems of the body, such as the nervous system and the skeletal system, as separate topics. The many interrelationships between the body systems can be described as the systems are examined. This approach lets us look at the whole body by breaking it down into clear, logical components. The main systems of the body are listed in Table 1-1. We will take a systematic approach to anatomy and physiology in this book, and in addition to these systems, we examine cells, epithelial and connective tissues, and blood, lymph, and immunity.


[image: image] Test Yourself 1-1


1. How does the anatomy of a muscle or bone differ from its physiology? Which describes appearance and location and which describes function?

2. How might abnormalities in an animal's anatomy or physiology have a negative impact on its health and well-being?






TABLE 1-1

Main Body Systems



	SYSTEM
	MAIN COMPONENTS




	Skeletal
	Bones and joints



	Integumentary
	Skin, hair, nails, and hooves



	Nervous
	Central nervous system and peripheral nerves



	Cardiovascular
	Heart and blood vessels



	Respiratory
	Lungs and air passageways



	Digestive
	Gastrointestinal tube and accessory digestive organs



	Muscular
	Skeletal, cardiac, and smooth muscle



	Sensory
	Organs of general and special sense



	Endocrine
	Endocrine glands and hormones



	Urinary
	Kidneys, ureters, urinary bladder, and urethra



	Reproductive
	Male and female reproductive structures










Terminology

To be clear and accurate with descriptions of body parts, we have to use terms that leave no doubt about their meanings. Terms such as up, down, above, below, and beside are not very useful because they depend on the orientation of the animal (upright, on its side, on its back, and so on). If an animal is lying on its left side, is its right lung above its left lung or beside it? If the animal stands up, what is the relationship between the lungs then? Even the position of the observer can make a difference in terms such as left and right. If a structure in an animal is located “to the right” of another structure, does the meaning change if the observer is facing the animal head-on or facing the same direction as the animal? Anatomic terms must have the same meaning regardless of the orientation of the animal or the position of the observer. Basic anatomic terminology is based on imaginary slices, called planes, through the animal body that can be used as points or areas of reference and on sets of directional terms that have opposite meanings from each other.


Anatomic Planes of Reference

There are four anatomic planes of reference, two of which are variations of each other. Each plane is an imaginary slice through the body that is oriented at right angles to the other two. The four reference planes (Figure 1-1) are as follows:


Sagittal plane: A plane that runs the length of the body and divides it into left and right parts that are not necessarily equal halves.

Median plane: A special kind of sagittal plane that runs down the center of the body lengthwise and divides it into equal left and right halves. It could also be called a midsagittal plane, but that term is not commonly used.

Transverse plane: A plane across the body that divides it into cranial (head-end) and caudal (tail-end) parts that are not necessarily equal.

Dorsal plane: A plane at right angles to the sagittal and transverse planes. It divides the body into dorsal (toward the animal's back) and ventral (toward the belly) parts that are not necessarily equal. If an animal stands in water with its body partially submerged, the surface of the water describes a dorsal plane. In humans this plane is called the frontal plane (Figure 1-2).




[image: image]Clinical Application


Radiography Positioning Terminology

Radiographs, commonly called x-rays, are two-dimensional images of what is inside an animal. Radiographs are described according to the path the x-ray beam takes through the body using anatomic directional terms. For example, imagine a dog lying on an x-ray table on its back. The x-ray tube is above it, and the x-ray film is beneath it in a light-tight case called a cassette. During the exposure, the x-rays will enter the animal's ventral surface, pass through the abdomen, and exit the animal's dorsal surface before striking the film. We call this a ventro-dorsal (VD) view of the abdomen, because the x-rays enter the ventral surface and exit the dorsal surface of the body. A dorso-palmar (DP) view of a horse's front fetlock joint, which is the joint between the large metacarpal bone and the proximal phalanx, will have the x-ray machine positioned in front of the leg and the x-ray cassette behind the joint. The x-rays will enter the dorsal surface of the leg and exit the palmar surface. Lateral radiographic views are taken by passing the x-ray beam through the area of study from side to side. They are named according to which side of the animal is closest to the film. If the animal's right side is closest to the film for an abdominal radiograph, the view is called a right lateral view of the abdomen.






[image: image]
FIGURE 1-1 Anatomic planes of reference and directional terms. (Modified from McBride DF: Learning veterinary terminology, ed 2, St Louis, 2002, Mosby.)





[image: image]
FIGURE 1-2 Directions and planes of the human body. (From Thibodeau GA, Patton KT: Anatomy and physiology, ed 8, St Louis, 2013, Mosby.)









Directional Terms

Directional terms in anatomy provide a common language for accurately and clearly describing body structures regardless of the position of the animal's body. These terms generally occur in pairs that have opposite meanings and are used chiefly to describe relative positions of body parts. Since humans walk upright, there are a few differences between human directional terms and those of nonhuman animals (Table 1-2).


TABLE 1-2

Directional Terms: Domestic Animals versus Humans



	DIRECTION
	DOMESTIC ANIMAL
	HUMAN




	Individual's left
	Left
	Left



	Individual's right
	Right
	Right



	Toward the head end of the body
	Cranial
	Superior



	Toward the tip of the nose (head only)
	Rostral
	Nasal



	Toward the tail end of the body
	Caudal
	Inferior



	Toward the back
	Dorsal
	Posterior



	Toward the belly
	Ventral
	Anterior



	Toward the median plane
	Medial
	Medial



	Away from the median plane
	Lateral
	Lateral



	Toward the center (whole body or part)
	Deep (internal)
	Deep (internal)



	Toward the surface (whole body or part)
	Superficial (external)
	Superficial (external)



	Toward the body (extremity)
	Proximal
	Proximal



	Away from the body (extremity)
	Distal
	Distal



	“Back” of forelimb from carpus distally
	Palmar
	Palmar



	“Back” of hindlimb from tarsus distally
	Plantar
	Plantar



	“Front” of forelimb and hindlimb from carpus and tarsus distally
	Dorsal
	Anterior







Left and right always refer to the animal's left and right sides. The spleen, an organ with several important functions, is located on the left side of a cow's abdomen. The duodenum, the first short portion of the small intestine, exits the stomach on the right side of a dog's abdomen.

Cranial and caudal refer to the ends of the animal as it stands on four legs. Cranial means toward the head (cranium), and caudal means toward the tail (cauda). A horse's shoulder is located cranial to its hip. The caudal end of the sternum (breastbone) is called the xiphoid process. In humans superior is used in place of cranial, and inferior is used in place of caudal.

Rostral is a special term used only to describe positions or directions on the head. The term cranial loses its meaning on the head because the cranium is part of the head. Caudal retains its normal meaning on the head because it still means toward the tail end of the animal. Rostral means toward the tip of the nose (rostrum). An animal's eyes are located rostral to its ears. In humans the term nasal means toward the nose.

Dorsal and ventral refer to “up and down” directions or positions with the animal in a standing position. Dorsal means toward the back (top surface) of a standing animal, and ventral means toward the belly (bottom surface) of a standing animal. Dorsal and ventral are easiest to visualize in a standing animal, but they retain their meanings regardless of the animal's position. When one prepares to ride a horse, the saddle is placed on the animal's dorsal surface, and the cinch goes around the horse's ventral surface. In humans posterior takes the place of dorsal, and anterior takes the place of ventral.

Medial and lateral refer to positions relative to the median plane. Medial means toward the median plane (toward the center line of the body), and lateral means away from the median plane. The medial surface of an animal's leg is the one closest to its body. The lateral surface of the leg is the outer surface.

Deep (internal) and superficial (external) refer to the position of something relative to the center or surface of the body or a body part. Deep means toward the center of the body or a body part. (Internal is sometimes used in place of deep.) Superficial means toward the surface of the body or a body part. (External is sometimes used in place of superficial.) The deep digital flexor muscle is located closer to the center of the leg than the superficial digital flexor muscle, which is located nearer to the surface of the leg.

Proximal and distal are used to describe positions only on extremities, such as legs, ears, and tail, relative to the body. Proximal means toward the body, and distal means away from the body. The proximal end of the tail attaches it to the body. The toes are located on the distal end of the leg.

When it comes to describing the front and back surfaces of the legs, things get just a little more complicated. There are different terms depending on whether we are referring to the distal or proximal parts of the legs. The proximal–distal dividing line for the front leg is the proximal end of the carpus (equivalent to our wrist), and the dividing line for the rear leg is the proximal end of the tarsus (equivalent to our ankle). The back surface of the front leg from the carpus distally is called the palmar surface—like the palm of our hand—and proximal to the carpus it is the caudal surface. The back of the hind leg from the tarsus distally is called the plantar surface—like the plantar or ground surface of our foot—and proximal to the tarsus it is called the caudal surface, just like the front leg. The “front” surface of both the front and hind legs is termed dorsal from the carpus and tarsus distally and cranial proximal to them.


Common Regional Terms

Common regional terms (Figure 1-3) give us a shorthand way of recording anatomic locations in veterinary records. It is easier to refer to the “fetlock” of a horse than to have to write “the joint between the large metacarpal or metatarsal bone and the proximal phalanx.” Table 1-3 gives the meanings of commonly used regional terms, including some that are unique to the horse and other hoofed animals.


[image: image] Test Yourself 1-2


1. How does each of the anatomic planes of reference (sagittal, median, transverse, and dorsal) divide a cow's body?

2. If you are facing a cat head-on, is its left ear on your left or right side?

3. Why must the term rostral be used instead of cranial to describe structures on a hedgehog's head, but the term caudal works just fine?

4. If your left hand is on a goat's belly and your right hand is on its back, which hand is on the animal's dorsal surface and which is on its ventral surface?

5. The next time you see a dog, differentiate between the medial and lateral surfaces of one of its elbows and the proximal and distal ends of one of its legs.

6. If you insert a hypodermic needle into a horse's muscle to give it an injection, which end of the needle—the tip or the hub—is located deep in the muscle, and which end is located superficially?

7. What surface of a hamster's front leg is in contact with the ground when it is walking normally? What surface of the hind leg?





[image: image]
FIGURE 1-3 Common regional terms.






TABLE 1-3

Common Regional Terms



	TERM
	REGION




	Barrel
	Trunk of the body—formed by the rib cage and the abdomen



	Brisket
	Area at the base of the neck between the front legs that covers the cranial end of the sternum



	Cannon
	Large metacarpal or metatarsal bone of hoofed animals



	Fetlock
	Joint between cannon bone (large metacarpal/metatarsal) and the proximal phalanx of hoofed animals



	Flank
	Lateral surface of the abdomen between the last rib and the hind legs



	Hock
	Tarsus



	Knee
	Carpus of hoofed animals



	Muzzle
	Rostral part of the face formed mainly by the maxillary and nasal bones



	Pastern
	Area of the proximal phalanx of hoofed animals



	Poll
	Top of the head between the bases of the ears



	Stifle
	Femorotibial/femoropatellar joint—equivalent to human knee



	Tailhead
	Dorsal part of the base of the tail



	Withers
	Area dorsal to scapulas
















General Plan of the Animal Body

Before studying the individual parts of the animal body, let's take a look at the overall arrangement of the body. Our focus is on the principle of bilateral symmetry, the two main cavities (spaces) in the body, and the levels of organization that make up the body.



Bilateral Symmetry

Bilateral symmetry means that the left and right halves of an animal's body are essentially mirror images of each other. Although not absolute, the principle of bilateral symmetry accurately reflects the basic inner and outer structure of the body. Paired structures, such as the kidneys, lungs, and legs, are approximately mirror images. For example, in looking at your hands, you see that they are not identical—the thumb of one of your hands is where the little finger is on the other hand—but they are mirror images of each other. Paired internal organs are similar.

Single structures in the body are generally found near the center of the body, near the median plane. This is true of structures such as the brain, the heart, and the gastrointestinal (GI) tract. At first glance the GI tract does not seem to obey this rule. After all, it is extensively folded and more or less fills the abdominal cavity. Actually the GI tract is located near the median plane, but it is so long that it has to be intricately folded so it fits in the abdomen. If we were to stretch it out, it would form one long tube. Even with all its twists, turns, and convolutions, the GI tract does not wander far from the median plane.




Body Cavities

The animal body has two main cavities (spaces)—a small dorsal cavity and a much larger ventral cavity (Figure 1-4).

[image: image]
FIGURE 1-4 Body cavities.






Dorsal Body Cavity

The dorsal body cavity contains the brain and spinal cord, that is, the central nervous system. It consists of two parts: a somewhat spherical cranial cavity in the skull and a long, narrow spinal cavity running down the spine. The cranial cavity is also known as the cranium. It is formed from several bones of the skull, and it houses and protects the brain. The spinal cavity is also known as the spinal canal. It is formed from the vertebrae of the spine, and it houses and protects the spinal cord.




Ventral Body Cavity

The ventral body cavity is much larger than the dorsal one. It contains most of the soft organs (viscera) of the body. It is divided by the thin diaphragm muscle into the cranial thoracic cavity, also known as the thorax or chest, and the caudal abdominal cavity, also known as the abdomen.

Major structures in the thoracic cavity include the heart, lungs, esophagus, and many major blood vessels coming to and going from the heart. All of the organs in the thoracic cavity are covered by a thin membrane called the pleura. Even the cavity itself is lined by pleura. The layer that covers the organs is called the visceral layer of pleura because it lies right on the viscera (the organs). The layer that lines the whole thoracic cavity is called the parietal layer of pleura. The potential space between the two layers is filled with a small amount of lubricating fluid. The smooth pleural surfaces are lubricated by the pleural fluid to ensure that the two surfaces slide over each other easily during breathing. If the pleural surfaces become thickened and roughened by inflammation, a condition called pleuritis or pleurisy, the surfaces scrape over each other with each breath, making breathing very painful.

The abdomen contains the digestive, urinary, and reproductive organs. It is lined by a thin membrane called the peritoneum, which also covers its contents. The visceral layer of peritoneum covers the abdominal organs, and the parietal layer lines the abdominal cavity. As in the thorax, a potential space filled with peritoneal fluid separates the two layers. Inflammation of the peritoneum (peritonitis) is very painful and most commonly results either from a wound that penetrates into the abdomen from the outside or from a rupture or perforation of the GI tract. When performing surgery on the digestive tract, we must take care to suture it securely closed to prevent leakage, which could lead to peritonitis.


[image: image] Test Yourself 1-3


1. According to the principle of bilateral symmetry, single structures in the body are located on or near which anatomic plane of reference?

2. Where is the pleura found? Where is the peritoneum found?

3. What is the difference between the visceral and parietal layers of pleura and peritoneum?











Levels of Organization


Cells

Cells are the basic functional units of animal life—the smallest subdivisions of the body that are capable of life. A simple, single-celled animal like an ameba has to carry out all the life functions necessary to support itself within its one cell. It must do things such as: grow; respond to positive and negative stimuli; seek out, engulf, and absorb food; eliminate wastes; and reproduce. It has no ability to influence its environment and has to take things as they come. If environmental conditions are favorable, the amoeba survives. If not, it dies.

In the complex animals we discuss in this book, the body's cells must divide the work. The sheer size of a dog or horse results in most of the animal's cells being far removed from the outside environment. The animal's body must create and support an internal environment that allows all of its cells to live and function. To accomplish this, cells must specialize in some functions and eliminate others. For example, some cells specialize in absorbing nutrients (intestinal lining cells), others in carrying oxygen (red blood cells), and still others in organizing and controlling body functions (nerve cells). A particular cell in the body depends on the rest of the body's cells all doing their jobs to ensure its survival. At the same time, all the other cells in the body rely on that cell doing its job to contribute to their survival.


Tissues

When specialized cells group together, they form tissues. The entire animal body is made up of only four basic tissues: epithelial tissue, connective tissue, muscle tissue, and nervous tissue. The basic characteristics and functions of the four body tissues are summarized in Table 1-4.


TABLE 1-4

Body Tissues



	TISSUE
	CHARACTERISTICS
	FUNCTIONS




	Epithelial
	Composed only of cells
	Covers and protects (surfaces)



	
	
	Secretes (glands)



	
	
	Absorbs (intestinal lining)



	Connective
	Composed of living cells and non-living intercellular substances
	Binds cells and structures together and supports the body



	Muscle
	Skeletal (voluntary)
	Movements



	
	Cardiac (heart)
	



	
	Smooth (involuntary)
	



	Nervous
	Composed of nerve cells (neurons) and supporting cells
	Transmits information around body; Coordinates and controls activities







Epithelial tissue is composed entirely of cells, and its main jobs are to cover body surfaces, secrete materials, and absorb materials. The surface of the skin is covered by epithelium, as are the linings of the mouth, intestine, and urinary bladder. Epithelial tissue also forms glands, which are structures that secrete useful substances and excrete wastes. The secreting units of sweat glands, salivary glands, and mammary glands are all composed of specialized epithelial tissues. The epithelium that lines the GI tract is specialized to absorb nutrients from the lumen of the tube.

Connective tissue holds the body together (connects its cells) and gives it support. Cells are very soft and cannot support themselves without outside help. Connective tissues range from very soft, such as adipose tissue (commonly called fat) to very firm, such as cartilage and bone. Connective tissues are composed of cells and a variety of nonliving intercellular substances, such as fibers, that add strength.

Muscle tissue moves the body inside and out. It exists as three types: skeletal muscle, cardiac muscle, and smooth muscle. Skeletal muscle moves the bones of the skeleton and is under conscious nervous system control. Cardiac muscle makes up the heart and works “automatically” (no conscious effort is required). Smooth muscle is found in internal organs such as the digestive tract and urinary bladder. It also works pretty much automatically.

Nervous tissue transmits information around the body and controls body functions. It transmits sensory information from the body to the brain, processes the information, and sends instructions out to tell the body how to react to changing conditions.

Epithelial and connective tissues are discussed in more detail in Chapter 5. Muscle and nervous tissues are more complicated, so each has its own chapter.




Organs

The next level up from tissues is organs. Organs are made up of groups of tissues that work together for common purposes. For example, the kidney is an organ composed of various tissues that function together to eliminate wastes from the body. Some organs, such as the eyes, lungs, and kidneys, occur in pairs. Others, such as the brain, heart, and uterus, are single structures.




Systems

Systems are the most complex level of body organization. Systems are groups of organs that are involved in a common set of activities. For example, the digestive system is concerned with obtaining, digesting, and absorbing nutrients to fuel the rest of the body. It is composed of the organs that make up the digestive tube, such as the esophagus, stomach, and intestine, as well as accessory digestive organs, such as the salivary glands, pancreas, and liver. Table 1-1 lists all the major systems of the body.


[image: image] Test Yourself 1-4


1. What is the difference between a cell, a tissue, an organ, and a system in an animal's body?

2. What are the four basic tissues that make up an animal's body?














Health

The term health has a lot of meanings. Probably the simplest way to think of health is as a state of normal anatomy and physiology. When the structures or functions of the body become abnormal, disease results. Maintaining health is a complicated process. In terms of the levels of organization of the body, the health of the body as a whole depends on the health and proper functioning of each of its systems, organs, tissues, and cells. On the other hand, each of the body's cells depends on the health and proper functioning of all the tissues, organs, systems, and the body as a whole. All structures and functions in the body are interrelated; nothing takes place in isolation. We can represent these interrelationships with the following diagram:

[image: image]







Homeostasis

Imagine that you are driving a car. To reach your destination, you cannot just put the car in gear and then sit back, relax, and expect it automatically to take you there. You have to be actively involved in the process. You must accelerate to the proper speed, monitor and avoid other traffic, steer as the road twists and turns, accelerate up hills, brake while going down hills, stop when necessary, and generally oversee conditions and make adjustments throughout the journey. This description is an analogy for homeostasis in the body. The road is life, the car is the animal's body, and homeostasis is all the little inputs and corrections necessary to keep the body (car) alive (on the road).

Homeostasis is the maintenance of a dynamic equilibrium in the body. The word dynamic implies activity, energy, and work, and equilibrium refers to balance. Together they summarize all the physiological processes that actively maintain balance in the various structures, functions, and properties of the body. Consider this: An animal's body temperature cannot vary more than a few degrees from either side of the normal range without starting to interfere with other body functions. Or consider how acid–base balance, fluid balance, hormone levels, nutrient levels, and oxygen levels cannot vary by much if the body is to operate normally; they must be kept within fairly narrow operational ranges. The processes that monitor and adjust all the various essential parameters of the body are summarized by the term homeostasis.

Is some particular part of the body responsible for homeostasis? The answer is no. The whole body is responsible for homeostasis. All the body systems are involved in the many mechanisms of homeostasis, which require a lot of energy and work. Like all the little inputs and corrections that keep a car safely traveling down the road, the various homeostatic mechanisms in the body keep it functioning amid the twists and turns of life. To put it more mechanistically, the processes of homeostasis help maintain a fairly constant internal environment in the body as conditions inside and outside the animal change. Along with normal functioning of the body's cells, tissues, organs, and systems, the processes of homeostasis make life possible.


[image: image] Test Yourself 1-5


1. How does the normal anatomy and physiology of cells in an animal's body impact the health of the animal as a whole? How does the normal anatomy and physiology of the animal's body as a whole impact the health of each of its cells?

2. How do homeostatic mechanisms influence the health of an animal?





If you are beginning to view the concepts of life and health as a little less ordinary and more unique, you are starting to appreciate the amazing complexity of the animal body. Only by understanding what is normal in the body can we hope to help sick or injured animals. With this in mind, we can proceed with our examination of the fascinating machine that is the animal body.


[image: image]Clinical Application


Homeostasis and Congestive Heart Failure

The processes in the body that try to maintain the functioning of a failing heart offer some excellent illustrations of how important homeostasis is as it attempts to maintain the health and life of an animal. Congestive heart failure is a clinical term used to describe a heart that is not pumping adequate amounts of blood. This results in blood “backing up” in the body, which produces congestion, or abnormal fluid accumulation, upstream from the failing heart. There are many causes and forms of congestive heart failure, but the overall homeostatic mechanisms that attempt to maintain normal blood circulation in the body are basically the same.

The first indication that the heart is starting to fail is a drop in the cardiac output, that is, the amount of blood the heart pumps out per minute. The decreased blood flow and blood pressure are picked up by receptors in the vascular system and relayed to the central nervous system. Signals then go out to activate the sympathetic portion of the nervous system. This system, also called the fight-or-flight system, helps prepare the body for intense physical activity. Its effect on the cardiovascular system is to increase blood flow and blood pressure by stimulating the heart to beat harder and faster and by constricting blood vessels. In the short term, these mechanisms help bring blood flow and blood pressure back up to normal levels.

Unfortunately, these compensatory mechanisms cause the weak heart to work harder, which is kind of like whipping an exhausted horse to get it to move faster or pull harder. The result is a further weakening of the heart and further decreases in cardiac output. This causes more sympathetic nervous system stimulation. The cycle continues to repeat until either the heart gives up completely or we intervene with medical therapy. Homeostatic mechanisms cannot change the basic defects that are causing the heart to fail, but they help the damaged heart maintain vital blood flow to the rest of the body for as long as possible. By adding good medical care to the body's natural homeostatic mechanisms, we can often extend the length and quality of life of an animal in congestive heart failure.
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Learning Objectives

When you have completed this chapter, you will be able to:


1. List the characteristics of each of the subatomic particles.

2. Differentiate between a molecule and a compound.

3. List and describe the types of chemical bonds that may form between elements.

4. Give the general equations for synthesis, decomposition, and exchange reactions.

5. Differentiate between organic and inorganic compounds.

6. Differentiate between hydrophobic and hydrophilic molecules.

7. List the unique properties of the water molecule.

8. Differentiate between acids and bases.

9. Describe the actions of a buffer system.

10. List the components of carbohydrates, lipids, proteins, and nucleic acids.

11. List the functions of body proteins.

12. Describe the actions of enzymes.






Vocabulary Fundamentals


Acidah-sihd



Activation energyahck-tuh-vā-shuhn ehn-ɘr-jē



Adenosine diphosphateah-dehn-ō-sēn dī-fohs-fāt



Adenosine triphosphateah-dehn-ō-sēn trī-fohs-fāt



Amino acidah-mē-nō ah-sihd



Anionahn-ī-uhn



Atomaht-uhm



Atomic numberah-tohm-ihck nuhm-bɘr



Atomic weightah-tohm-ihck wāt



Basebās



Carbohydratekahr-bō-hī-drāt



Catalystkaht-ah-lihst



Cationkaht-ī-ohn



Cellular respirationsehl-ū-lɘr res-puh-rā-shuhn



Chemical elementkehm-ih-kuhl ehl-uh-mehnt



Chemical equationkehm-ih-kuhl ē-kwey-shuhn



Chemical reactionkehm-ih-kuhl rē-ahck-shuhn



Chemical symbolkehm-ih-kuhl sihm-buhl



Chromosomekrō-mō-sōm



Colloidkohl-oyd (or emulsion ē-muhl-shuhn)
 is a heterogeneousheht-ɘr-rohj-uh-nuhs



 mixturemihcks-chɘr that contains a much larger sized



 solutesohl-yoot than those found in a






solutionsuh-loo-shuhn



Compoundkohm-pohwnd



Covalent bondkō-vā-lehnt bohnd



Decomposition reactiondē-kohmp-ō-zihsh-uhn rē-ahck-shuhn



Dehydration synthesisdē-hī-drā-shuhn sihn-thuh-sihs



Deoxyribonucleic acid (DNA)dē-ohck-sē-rī-bō-noo-klā-ihck ah-sihd



Disaccharidedī-sahck-uh-rīd



Eicosanoidī-kō-seh-noyd



Electronē-lehck-trohn



Electron shellē-lehck-trohn shehl



Electrostatic attractionē-lehck-trō-staht-ihck ah-trahck-shuhn



Elementehl-eh-mehnt



Enzymeehn-zīm



Exchange reactionehcks-chānj rē-ahck-shuhn



Fatty acidfaht-ē ah-sihd



Functional groupfuhngk-shuh-nuhl groop



Functional proteinfuhngk-shuh-nuhl prō-tēn



Glycerolglihs-ɘr-ahl



Glycoproteinglī-kō-prō-tēn



Hydrolysishī-drohl-uh-sihs



Hydrophilichī-drō-fihl-ihck



Hydrophobichī-drō-fō-bihck



Inorganic compoundihn-ohr-gahn-ihck kohm-pohwnd



Ionī-ohn



Ionic bondī-ohn-ihck bohnd



Isotopeī-sō-tōp



Lipidlihp-ihd



Lipoproteinlī-pō-prō-tēn



Macromoleculemah-krō-mohl-uhl-kyool



Mattermaht-ɘr



Mixturemihcks-chɘr



Moleculemohl-uhl-kyool



Monosaccharidemohn-ō-sahck-ah-rīd



Neutral fatnoo-truhl faht



Neutralizenoo-truhl-īz



Neutronnoo-trohn



Nucleotidenoo-klē-ō-tīd



Organic compoundohr-gahn-ihck kohm-pohwnd



Peptide bondpehp-tīd bohnd



Periodic Table of the Elementspeer-ē-ohd-ihck tā-buhl of the ehl-eh-mehntz



Phospholipidfohs-fō-lihp-ihd



Polypeptidepohl-ē-pehp-tīd



Primary structureprī-meɘr-ē struhckt-shɘr



Productprohd-uhckt



Proteinprō-tēn



Protonprō-tohn



Radioactive isotoperād-ē-ō-ahck-tihv ī-sō-tōp



Reactantrē-ahck-tuhnt



Ribonucleic acid (RNA)rī-bō-noo-klā-ihck ah-sihd



Saltsahlt



Saturated fatty acidsahch-ɘr-ā-tihd faht-ē ahs-ihd



Solutesohl-yoot



Solutionsuh-loo-shuhn



Solventsohl-vuhnt



Steroidsteɘr-oyd



Structural proteinstruhck-shɘr-uhl prō-tēn



Substratesuhb-strāt



Suspensionsuh-spehn-shuhn



Synthesis reactionsihn-thuh-sihs rē-ahck-shuhn



Triglyceridetrī-glihs-ɘr-rīd



Unsaturated fatty aciduhn-sahch-ɘr-ā-tihd faht-ē ah-sihd
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Introduction

When our universe was less than 1 second old, astronomers tell us, waves of hydrogen and energy streamed across an ever-expanding space. Gravity swirled these small atoms closer and closer until they were crushed against one another, igniting the nuclear reactions that formed the stars. The products of the nuclear reactions were new elements that were blown into the cosmos when stars exploded into supernova. Oxygen, nitrogen, iron, silicone, and other elements were forged in these nuclear furnaces. Carbon was blown off of slowly aging, medium-sized stars and condensed into minute dust particles. Four and a half billion years ago the debris from these stellar explosions coalesced by the force of gravity to form celestial bodies that circled our sun. Earth was created literally from stardust (Figure 2-1).

[image: image]
FIGURE 2-1 Illustration of the early cosmos. A painting of early events in the universe (NASA/JPL). (From Weissman P, McFadden L, Johnson T: Encyclopedia of the solar system, Burlington, Mass, 1999, Academic Press.)





The atmosphere of the primordial earth contained methane gas (CH4), water (H2O), and ammonia (NH4) but little free oxygen. These molecules contain the elements—hydrogen, oxygen, carbon, and nitrogen—that make up 96% of living organisms. Scientists believe that the combined activity of lightning, ultraviolet (UV) light, meteorite strikes, and thermo-reactions in the earth's crust and core provided the energy needed to convert CH4, H2O, and NH4 into life-generating organic molecules such as amino acids and nucleic acids. The most successful molecules were self-replicating. From these self-replicating molecules, scientists believe early cells evolved. These early cells were tiny, bacteria-like units without a nucleus, and they had the new ability to use energy from the environment to make their own chemical energy.

Archaebacteria are ancient bacteria that survived the harsh, oxygen-free environment of young earth. Some forms still exist today in the extreme environments of hot springs, salt flats, and the intestines of mammals. Early bacteria had various ways of creating the chemical energy needed to maintain themselves and to reproduce. Some developed enzymes that created oxygen gas as a waste product and, later, cells evolved that used oxygen to produce their own molecular energy. As oxygen concentrations in the earth's atmosphere climbed, expansion of the number and size of living organisms became possible (Figure 2-2).

[image: image]
FIGURE 2-2 The Precambrian sea. The earliest evidence of life is shown by calcified algal structures called stromatolites that existed during the Precambrian period. Scientists believe that the energy from asteroid strikes, lightning strikes, and the reactions in the earth's melted crust and core supplied the energy for common molecules, such as ammonia and methane, to be converted into organic molecules such as proteins and nucleic acids. (Courtesy the National Museum of Natural History, Smithsonian Institution.)





Life on earth comes in a multitude of forms, but the biochemistry that defines living things is remarkably consistent. All living entities are formed from inorganic chemicals, such as water and salts, as well as from organic chemicals, such as proteins, lipids, carbohydrates, and nucleic acids. The same physical forces that caused the formation of the stars, planets, and elements also governed biochemical reactions and interactions in living organisms.

The body of an animal is composed of thousands of chemicals, interacting with one another at rapid speed. Their dynamic collisions with and separations from one another underlie the physiological processes of life: respiration, digestion, reproduction, movement … they are all the result of chemical interaction. Each organic and inorganic molecule found in living systems is composed of atoms, the elemental units of matter. It is fitting, therefore, to begin our discussion of anatomy and physiology with an introduction to biochemistry, the chemistry of life.




Matter

Matter is defined as anything that occupies space and has mass (Figure 2-3). We can often identify matter with our senses by feeling, seeing, tasting, and smelling. Though matter has mass and takes up space, keep in mind that mass is not the same as weight. The mass of an animal is based on how much matter it contains, whereas an animal's weight is determined by the pull of gravity on the matter. On earth, for example, a unit of matter would weigh more than the same unit of matter on the moon, because the acceleration of gravity on the moon is far less than that on earth. However, the mass is the same on both the earth and the moon.

[image: image]
FIGURE 2-3 Matter. Everything you see in this picture is made of matter. Matter is anything that takes up space and has mass. The page it is printed on is also matter. (Courtesy Dr. Joanna Bassert.)






States of Matter

Matter can exist in one of three states, as a gas, liquid, or solid. The bodies of animals contain examples of each state. The air that is inhaled and the carbon dioxide that is exhaled are examples of gases in the living system. Blood, which is primarily composed of water, is a vital liquid that helps transport critical nutrients to hungry tissues. Finally, the musculoskeletal system composed of bones, tendons, ligaments and muscles are examples of solid features that give the body shape and strength.




Composition of Matter: Elements and Atoms


Elements

All matter is made of one or more elements. Each element is a single pure substance consisting of only one type of atom. All of the 118 elements known today are listed in the Periodic Table of Elements where they are divided into three general categories: metals, metalloids, and nonmetals (Figure 2-4). Only 92 of the elements occur in nature; the rest are made artificially or are theoretical and not known to exist. Each known element has its own unique properties, but it can be joined in various combinations with other elements to form all of the matter that exists on earth. Some common examples of elements are aluminum, gold and carbon as pictured in Figure 2-5. Others include oxygen, chlorine, and helium. At room temperature, gold is a solid metal, whereas oxygen and chlorine are gases. Pure carbon can exist as coal or, with enough time and pressure, can be compressed into diamonds.

[image: image]
FIGURE 2-4 Periodic Table of the Elements. The Periodic Table of the Elements gives us important information about each element: the chemical symbol, atomic number, and atomic weight. The table groups elements with similar properties. The metallic elements are on the left and the inert gases are in the right-hand column. The elements shaded in red are the major elements that make up 96% of the matter in the animal body. The elements shaded in blue are the minor elements, and those shaded in yellow are trace elements.





[image: image]
FIGURE 2-5 Examples of elements. Aluminum foil is 98.5% aluminum. Twenty-four carat gold is 99.9% gold. Graphite is 100% carbon.





Surprisingly, living organisms are made up of only a few of the 118 known elements. Only four elements, nitrogen, oxygen, hydrogen, and carbon, make up 96% of the matter found in all living organisms. Several other elements are found in relatively small quantities. Table 2-1 shows the most common elements found in living organisms and their function in the body. These are divided into major and minor categories.


TABLE 2-1

Elements in the Animal Body

The Percentage of Each Element Found in an Animal's Body is Listed. Note That the First Few Elements Make Up the Vast Majority of Matter in the Animal Body



	ELEMENT
	CHEMICAL SYMBOL
	ATOMIC NUMBER
	BODY MASS (%)
	FUNCTION IN THE ANIMAL BODY



	Major Elements


	Oxygen
	O
	8
	65.0
	Necessary for cellular respiration; component of water



	Carbon
	C
	6
	18.5
	Primary component of organic molecules



	Hydrogen
	H
	1
	9.5
	Component of water and organic molecules; necessary for energy transfer and respiration; ion influences pH of fluids



	Nitrogen
	N
	7
	3.3
	Component of all proteins and nucleic acids



	Calcium
	Ca
	20
	1.5
	Component of bones and teeth; required for muscle contraction, nerve impulse transmission, and blood clotting



	Phosphorus
	P
	15
	1.0
	Principal component in backbone of nucleic acids; important in energy transfer (part of ATP); component of bones



	Potassium
	K
	19
	0.4
	Principal positive ion within cells; important in nerve function



	Sulfur
	S
	16
	0.3
	Component of most proteins



	Sodium
	Na
	11
	0.2
	Important positive ion in extracellular fluid; important in nerve function



	Chlorine
	Cl
	17
	0.2
	Ion is most abundant negative ion in extracellular fluids



	Magnesium
	Mg
	12
	0.1
	Component of many energy-transferring enzymes


	Trace Elements


	Silicone
	Si
	14
	0.1
	Component of some enzymes



	Aluminum
	Al
	13
	0.1
	Component of some enzymes



	Iron
	Fe
	26
	0.1
	Critical component of hemoglobin



	Manganese
	Mn
	25
	0.1
	Needed for fatty acid synthesis



	Fluorine
	F
	9
	0.1
	Component of bones and teeth



	Vanadium
	V
	23
	0.1
	Component of some enzymes



	Chromium
	Cr
	24
	0.1
	Needed for proper glucose metabolism



	Copper
	Cu
	29
	0.1
	Needed for hemoglobin and myelin



	Boron
	B
	5
	0.1
	Component of some enzymes



	Cobalt
	Co
	27
	0.1
	Needed for maturation of red blood cells



	Zinc
	Zn
	30
	0.1
	Important component of many enzymes and proteins



	Selenium
	Se
	34
	0.1
	Antioxidant



	Molybdenum
	Mo
	42
	0.1
	Key component of many enzymes



	Tin
	Sn
	50
	0.1
	Component of some enzymes



	Iodine
	I
	53
	0.1
	Component of thyroid hormones






[image: image]


From Patton KT, Thibodeau GA: Anatomy and physiology, ed 8, St Louis, 2013, Mosby, p 35.




Each element is referenced using a chemical symbol, which is derived from its name in English, Latin, or Greek. The chemical symbol for oxygen, for example, is O from the English word “oxygen,” whereas the chemical symbol for gold is Au from the Latin word aurum, meaning gold (Figure 2-4).


[image: image]Clinical Application


Iron Deficiency Anemia

There are trace amounts of some elements in the body that are essential for life. Iron is an example of an essential element. As a percentage of the mass of the body, iron exists in extremely small amounts. Healthy animals have only 9 to 22 mg of iron in their bodies, most of which is found in the globular protein, hemoglobin, in red blood cells. Iron is used to bind oxygen and carry it to tissues where it is needed in the mitochondria to generate adenosine triphosphate (ATP). Without iron, the level of oxygen that can be carried by the blood is reduced, leading to fatigue and exercise intolerance. Chronic blood loss reduces the level of iron stored in the body. Without adequate levels of iron, the body is not able to make hemoglobin and adequate numbers of red blood cells. In this way, ongoing blood loss results in a condition called iron deficiency anemia. A puppy or kitten with a severe flea infestation, for example, can lose 100 ml of blood a day. When the stores of iron in the body are depleted, hemoglobin can no longer be manufactured and the red blood cell count decreases. Clinical signs include pale mucous membranes, fatigue, bounding pulses, and galloping heart rhythm. Microscopic examination of the blood shows small (microcytic) pale (hypochromic) red blood cells with large central areas. The oxygen carrying capacity of blood affected by iron deficiency is greatly reduced and the animal becomes weak. If the animal is stressed and the demand for oxygen increases, such as during a physical examination at the vet's office, the puppy or kitten can die suddenly from heart failure. Iron deficiency anemia is treated by stabilizing the patient with blood transfusions, giving oral and injectable iron supplements, and eliminating the cause of the blood loss.

[image: image]From Harvey JW: Veterinary hematology: a diagnostic guide and color atlas, St Louis, 2012, Elsevier Saunders.










Atoms

An atom is the smallest unit of an element that retains the unique properties of the element (Figure 2-6). Atoms themselves are made of smaller, subatomic particles called protons, neutrons, and electrons, but these particles do not retain the physical and chemical properties of the element when they are isolated. The protons and neutrons are the heaviest particles—each has an atomic mass of one—and these are grouped together in the center of the atom and collectively are called the atomic nucleus. The neutrons and protons together determine the atomic weight of the atom. Electrons are tiny “wavicles” that possess the properties of both waves and particles. They can collide with other electrons and can be diffracted like light. Electrons exist in a state of constant motion moving continuously around the nucleus and generate regions where they are statistically most likely to be found called electron clouds (Figure 2-7). Electrons are so tiny that their mass does not contribute to the atomic weight of the atom as a whole. Protons have a positive electrical charge, electrons have a negative electrical charge, and neutrons have no electrical charge and are therefore neutral. The net electrical charge of many atoms is neutral, because the atom contains equal numbers of protons and electrons, so the positive and negative charges of these particles cancel each other out.

[image: image]
FIGURE 2-6 Diagram of a helium atom (planetary model). The neutrons and protons group together in the center of the atom, which is called the nucleus. Electrons move around the outside of the nucleus in an orbit. The charges of the particles are shown. Note that there are equal numbers of protons and electrons, giving the atom no net electrical charge.





[image: image]
FIGURE 2-7 Electron Clouds. Using an atomic force microscope (AFM), the outer surfaces of electron clouds are visible in atoms clustered together along the flat surface of a crystal. The different colors represent different types of atoms. (From Sugimoto Y, Pou P, Abe M, et al: Chemical identification of individual surface atoms by atomic force microscopy, Nature 466:64-67, 2007.)





There are two common models used to represent atoms graphically. The planetary model shows the protons and neutrons of the nucleus encircled by electrons, which orbit like planets around a sun. This is not physically accurate, but it makes the atom easy to understand and allows us to explain interactions between two atoms in a clearer fashion. A more accurate representation is the orbital model, which shows a three-dimensional view of the most likely location of the electrons at any given time. Figure 2-8 shows the difference between a planetary model and an orbital model of a carbon atom. Keep this model in mind while studying the interaction of atoms and molecules. Electrons exist in a cloud around the nucleus, and can move closer to one side of the nucleus than another. Each atom of an element has the same number of protons as other atoms of that element. For example, every oxygen atom has eight protons, and every carbon atom has six protons. If the number of protons is changed—which can only be done with extraordinary means, like nuclear reactions—then the element is changed to another element. In each atom, the number of electrons is the same as the number of protons. The atomic number of the element is equal to the number of protons found in the nucleus. Sometimes an atom can lose or gain an electron, giving it a positive or negative charge: This charged atom is called an ion. Each element has a naturally occurring, specific number of neutrons. Figure 2-8 shows examples of common elements that make up the animal body.

[image: image]
FIGURE 2-8 Atomic models. A, The planetary model of an atom of carbon. Carbon has six protons, six electrons, and six neutrons. (Note: Not all the nuclear particles are shown.) B, An orbital model of carbon. The neutrons and protons are grouped together in the nucleus. The shaded shapes show the most likely positions of the various electrons that surround the nucleus.





Sometimes atoms exist that contain a different number of neutrons. These atoms are called isotopes of the element. For example, carbon normally has six protons, six electrons, and six neutrons, so the atomic weight of carbon is normally 12. There are some isotopes of carbon, however, that have eight neutrons, giving them the atomic weight of 14. This form of carbon is a radioactive isotope called carbon-14. A radioactive isotope spontaneously emits particles of energy at a constant rate and thereby changes into a stable, nonradioactive element. The rate at which this happens is called the rate of decay. Carbon-14's rate of decay can be measured in rock and is used to date fossils.

The area around the nucleus where the electrons have their most likely position is called the electron shell. An electron's energy level determines which electron shell it will inhabit. An atom has one or more electron shells surrounding the nucleus, depending on the number of electrons and their energy. Lower energy electrons exist in the first electron shell, which is found closest to the nucleus. Higher energy electrons are in the second electron shell (Figure 2-9).

[image: image]
FIGURE 2-9 The principal quantum numbers or energy levels of the electron shells of a nitrogen atom are depicted in three dimensions (left) and using a planetary model (right). (From Patton KT, Thibodeau GA: Anatomy and physiology, ed 8, St Louis, 2013, Mosby, p 37, Figure 2-5.)





We will use the planetary model to describe the electron shell (Figure 2-10). The first electron shell can only hold two electrons. Hydrogen has only one electron, so it has only one electron shell. Helium has two electrons, so its first and only electron shell is full. The next element in the Periodic Table is lithium, which has three electrons; so the first electron shell is full, and the second electron shell contains one electron. The second electron shell can hold up to eight electrons. Carbon has six electrons, so its first shell is full, and its second shell contains four electrons. Neon has 10 electrons, so its first and second shells are completely filled. It is important to understand whether the electron shell of a particular atom is full or incomplete. Atoms are most stable when their electron shells are full. Helium and neon have full electron shells and are therefore chemically inactive or inert. Atoms like hydrogen, carbon, and oxygen are more chemically active, because their electron shells are incomplete. These atoms are constantly trying to find electrons to complete their outer shell (Table 2-2). The forces that drive the activities of electrons account for the formation of bonds between atoms.

[image: image]
FIGURE 2-10 Diagram of atoms showing the electron shells. Note that the outer shells of hydrogen, lithium, carbon, and sodium are incomplete, but the outer shells of helium and neon are complete. This renders the atoms of helium and neon less chemically active; indeed, they are referred to as inert gases.






TABLE 2-2

Capacity of Electron Shells

Electron Capacity = 2n2, Where n Equals the Principal Quantum Number or Energy Level



	SHELL NUMBER = ENERGY LEVEL (PRINCIPAL QUANTUM NUMBER)
	SHELL LETTER
	ELECTRON CAPACITY




	1
	K
	2



	2
	L
	8



	3
	M
	18



	4
	N
	32



	5
	O
	50



	6
	P
	72














Molecules and Compounds

A molecule forms when atoms are joined together by chemical bonds. If two or more atoms of the same element are joined together, we call the result a molecule of the element. For example, oxygen does not usually exist as a single atom. Oxygen gas exists as a molecule of two oxygen atoms joined together, and this is expressed by the symbol O2 (Figure 2-11). The subscript 2 denotes the number of atoms in the molecule.

[image: image]
FIGURE 2-11 A molecule of oxygen. A, A planetary model of two oxygen atoms, showing the outer electron shells touching so that the electrons can be shared by both atoms. B, A three-dimensional representation of the molecule. C, Chemical formula for oxygen. D, Line drawing. Because the oxygen atoms are sharing two electrons, a double covalent bond exists. This is represented by two lines between the atoms.





Atoms of different elements may also join together to form a molecule. For example, carbon dioxide is formed from one atom of carbon and two atoms of oxygen. The chemical symbol for carbon dioxide is CO2 (Figure 2-12). A molecule of table salt is called sodium chloride and has the chemical symbol NaCl. A molecule of this compound consists of one atom of sodium bonded to one atom of chlorine (Figure 2-13). A molecule is the smallest unit of a compound that retains the properties of that compound. This is important because often the properties of the compound are much different than the properties of the elements from which it is made. Table salt is very different from sodium (a metal) and chlorine (a poisonous gas).

[image: image]
FIGURE 2-12 A molecule of carbon dioxide. Methods of representing a molecule of carbon dioxide (CO2) are shown. The carbon atom is sharing two electrons with each of the oxygen atoms to form double covalent bonds.





[image: image]
FIGURE 2-13 Sodium chloride (NaCl) is formed from ionic bonding. A, Within the aqueous environment of the body, ionic bonds are frequently formed as electrons are transferred from sodium ions to chloride ions. This gives both atoms an electrical charge. B, Table salt takes on cube-shaped crystals. C, A photomicrograph captures crystals of sodium chloride after the water has been removed. (C, Courtesy Michael Godomski/Tom Stack & Associates.)








Mixtures

Most matter is combined into mixtures of two or more substances. There are three types of mixture: solutions, colloids, and suspensions (Figure 2-14).

[image: image]
FIGURE 2-14 Three types of mixture.





Solutions are homogeneous mixtures of various substances. The components can be gases, liquids, and/or solids. A component that is present in the greatest amount is called the solvent, while the substances present in smaller amounts are called solutes. Water is the most important solvent in animal bodies. Solutes in solutions are very tiny, consisting of molecules, such as glucose and sodium chloride, or of individual atoms. Because the solutes are minute, they are found evenly distributed throughout the solvent, do not settle out and do not refract light. Therefore solutions are usually clear.

Colloids (or emulsions) are heterogeneous mixtures that contain much larger sized solutes than those found in solutions. Despite their increased size, solutes do not precipitate out of colloids but they often reflect light. Colloids appear translucent or milky. Among the many interesting properties of colloids is their ability to transform from a fluid to a solid and back again. This ability is called the sol–gel transformation. Jello is an excellent example of a colloid and is well known for changing from a fluid to a gel when chilled in the refrigerator. Later, when heated on a hot day, it may change back from a gel to a fluid. Cytosol, the fluid component found inside living cells, is also a colloid. The cytosol's ability to undergo sol–gel transformations is important during cell division.

Suspensions are heterogeneous mixtures containing large solutes that readily separate from the solution when there is no movement of the suspension. Blood is an example of a suspension in living systems. When left to sit in a glass tube without any movement, the cellular components of blood settle to the bottom of the liquid portion, which is known as plasma. Shaking the blood tube will resuspend the cells.


Distinguishing Compounds From Mixtures

Mixtures and compounds differ from one another in the following ways:


1. The components of mixtures are physically mixed, not chemically bonded to one another. Each component is physically unchanged when they are combined in a mixture.

2. The components of a compound are chemically bonded to one another and can only be separated by breaking the chemical bonds. In contrast, the components of mixtures can be separated in a variety of ways, including filtration, straining, evaporation, and centrifugation.

3. All compounds are homogeneous, whereas some mixtures are homogeneous and others are heterogeneous.




[image: image] Test Yourself 2-1


1. What is an element?

2. What is a chemical symbol?

3. Name the three subatomic particles.

4. What is the electrical charge of each particle?

5. Which particles are in the nucleus of an atom?

6. How many electron shells would an atom have if it had four electrons?

7. What is a mixture?

8. List three types of mixture. How is each type similar to or different from the others?

9. How are compounds and mixtures different from one another?














Chemical Bonds

The way that atoms join together to form molecules is through a process called chemical bonding. A chemical bond between two atoms means that the atoms are sharing or transferring electrons between them. Think back to the concept of the electron shell, and remember that atoms are most stable when their outer electron shells are full. If they have an incomplete electron shell, they will either try to fill the shell by gaining more electrons or lose the shell entirely by giving up the extra electrons. If there is a possibility of the atom becoming more stable by transferring or sharing electrons, then the atoms will naturally do so. There are three types of chemical bond: covalent bonds, ionic bonds, and hydrogen bonds.


Covalent Bonds

A covalent bond is a strong chemical bond formed when atoms share electrons: The electron spends part of the time in the outer electron shell of one atom and the rest in the outer electron shell of the other. The previous examples of the molecules O2 and CO2 are examples of covalent bonding. Note that an oxygen atom has eight electrons, two in the first shell and six in the second electron shell. The oxygen atom would be more stable with eight electrons in the outer shell, so it would be inclined to gain two electrons. If another oxygen atom is available, the two atoms can bond together by sharing two electrons, and each will have a complete set of eight in its electron shell (see Figure 2-11). In the case of the carbon dioxide molecule, the outer shell of the carbon atom has four electrons so carbon would be more stable by gaining four more electrons. This stability is gained when a carbon atom shares two electrons from each of two oxygen atoms. This completes the electron shell of the carbon atom, as well as that of each oxygen atom (see Figure 2-12).

Another example of covalent bonding is found in a molecule of methane gas (CH4). Each hydrogen atom shares its one electron with a carbon atom, thereby completing carbon's outer electron shell. At the same time, two electrons borrowed from the carbon atom fill the first, and only, electron shell of hydrogen. A single covalent bond is formed when one electron is shared. When two electrons are shared the bond is called a double covalent bond. A triple covalent bond is formed when three electrons are shared (Figure 2-15).

[image: image]
FIGURE 2-15 Formation of single covalent bonds. Planetary model, three-dimensional model, and line drawing of a methane molecule (CH4). Since each hydrogen atom is sharing only one electron with the carbon atom, a single covalent bond is formed, represented by a single line.





The shared electrons in a covalently bonded molecule spend part of their time in the electron shell of each of the atoms. Sometimes the electrons spend more time in one atom than in the other. For example, the water molecule H2O is made of two hydrogen atoms and one oxygen atom. The shared electrons spend more time near the oxygen atom because oxygen is a good electron acceptor and hydrogen is a good electron donor (Figure 2-16). Because of this distribution of electrons and the three-dimensional arrangement of the molecule, there will be a slight positive charge on the hydrogen side of the molecule and a slight negative charge on the oxygen side. The position of the covalent bonds in water arranges the hydrogen atoms toward the same side of the oxygen molecule. This makes the molecule a polar molecule, meaning it has oppositely charged ends. This special electromagnetic property of water will be important in the interactions of many molecules in the body. We will explore this further when we discuss the properties of water.

[image: image]
FIGURE 2-16 The polar water molecule. Bonded electrons spend more time near the oxygen atom, giving that aspect of the molecule a slightly negative charge. The hydrogen side of the molecule carries a slightly positive charge.








Ionic Bonds

An ionic bond is formed when electrons are transferred from one atom to another. Ionic bonds are most often formed between two types of atom: those with fewer than two electrons in their outer shell and those with nearly full outer shells. An atom with one electron in its outer shell will be inclined to give up that electron so its “new” outer shell will be stable. Similarly, an atom that needs only one electron readily accepts electrons that will make its outer shell full and stable. For example, the sodium atom (Na) has 11 electrons: two in the first shell, eight in the second shell, and one in the third shell. It would be more stable without the 11th electron. Suppose a handy atom like chlorine is nearby, with 17 electrons: two in the first shell, eight in the second shell, and seven in the third shell. It badly needs one more electron to make its third shell stable (see Figure 2-13). As the atoms approach each other, sodium's outer electron is strongly attracted to the third shell of the chlorine atom. This does a few things: When the sodium atom loses its electron, it develops a positive charge, because it has more protons than electrons. When the chlorine atom gains the extra electron, it gains an overall negative charge, because now it has more electrons than protons. Thus, these two atoms are drawn to each other by their respective electrical charges, which is an electrostatic attraction. This is an ionic bond, and the resulting compound is a molecule of sodium chloride, or table salt (NaCl) (Figure 2-17). Sodium and chloride are ions because they have an electrical charge. Sodium is a cation because its electrical charge is positive. All cations have positive charges. You can remember this if you think of the “T” in “cation” as a “+” sign. For those of you who really like cats, you will not find it difficult to remember that cations are positively charged ions. Chloride has a negative charge and is called an anion. All anions have a negative charge. All ions (cations and anions) are involved in essential functions in the animal body including, for example, contraction of muscle fibers, transmission of nerve impulses, and maintenance of water balance.

[image: image]
FIGURE 2-17 Ionic bonding. A, The positive charge of the sodium ion and the negative charge of the chloride ion hold the molecule together by electrostatic attraction, forming ionic bonds. B, The molecules of sodium chloride are also held together by electrostatic attraction, creating the solid form of sodium chloride called table salt.








Hydrogen Bonds

A hydrogen bond is more of an electrostatic attraction than a true bond because electrons are neither shared nor transferred. It is far weaker than either a true ionic bond or a covalent bond, and is formed when a hydrogen atom (that is already covalently bonded to an atom) is electrostatically attracted to another hydrogen atom that is covalently bonded to a separate atom on a separate portion of the same molecule or on a separate molecule altogether. When hydrogen is covalently bonded in a molecule, it usually has a slight positive charge. As we have already discussed, hydrogen is a willing electron donor, so the shared electron spends more time away from the hydrogen atom, giving it a relative positive charge. A good example of hydrogen bonding occurs in water (H2O). In this molecule, the hydrogen atoms' electrons are electrostatically attracted toward the oxygen atom. This gives the hydrogen side of the molecule a slight positive charge, so the hydrogen side is subsequently attracted by electrostatic forces to the negatively charged portion (the oxygen side) of other water molecules (Figure 2-18). Hydrogen bonds are formed mostly between molecules—such as between water molecules—and act to stabilize the solution. Hydrogen bonding is key to water's unique properties as a universal solvent and medium for life processes. Hydrogen bonds also can form between parts of the same molecule, which helps to stabilize the molecule. The shape of large complex molecules, such as proteins and DNA, is maintained by hydrogen bonding within the macromolecule (Figure 2-19).


[image: image] Test Yourself 2-2


1. What is a molecule?

2. How does an ionic bond differ from a covalent bond?

3. In what circumstance does a hydrogen bond commonly occur?

4. What important function do hydrogen bonds perform in organic and inorganic chemicals?





[image: image]
FIGURE 2-18 Hydrogen bonding between water molecules. In this diagram of water molecules, note that the positively charged hydrogen atom of one water molecule is attracted to the negatively charged oxygen atom of another water molecule.





[image: image]
FIGURE 2-19 Hydrogen bonding within protein molecules. In this protein molecule, note the attraction between the hydrogen atom in one part of the molecule and the negatively charged oxygen atom in another portion of the same molecule. Hydrogen bonds hold the protein molecule in its specific shape.









Chemical Reactions

A chemical reaction involves the formation and breaking of chemical bonds. A chemical equation is the way in which the reaction is described in writing; it shows the molecular formula of the reactants (X and Y), the products (Z) and the direction of the reaction (shown by an arrow).

X+Y→Z

[image: image]

Surprisingly, there are only three types of chemical reaction: synthesis, decomposition, and exchange reactions (Figure 2-20).

[image: image]
FIGURE 2-20 Three types of chemical reaction: A, synthesis, B, decomposition and C, exchange.





During a synthesis reaction a new and more complex chemical is made by combining multiple smaller molecules or elements together. Bonds are formed in all synthesis reactions.

X+Y→XY

[image: image]

For example, the formation of the oxygen molecule (O2) can be written:

O+O→O2

[image: image]

Synthesis reactions occur in the body when simple molecules such as amino acids are assembled to form larger peptide chains, which in turn can be assembled to form proteins needed by the body. Synthesis reactions underlie all anabolic (constructive) processes and are particularly evident during growth and the repair of tissues.

In a decomposition reaction a single chemical is broken down into multiple, smaller, chemical units.

XY→X+Y

[image: image]

An example is the breakdown of water into hydrogen and oxygen gas.

2H2O→2H2+O2

[image: image]

Notice that the number used as a subscript to an element denotes the number of atoms of the element in the molecule (e.g., H2). The number used as a prefix to a molecule denotes the number of molecules of reactant used or of product created (e.g., 2H2O).

Decomposition reactions are the reverse of synthesis reactions and involve the breakdown of chemical bonds. Decomposition reactions are the foundation of catabolic (degradative) reactions. Proteins for example are degraded into smaller peptide chains or even further into individual amino acids. Decomposition reactions are particularly conspicuous during digestion.

In an exchange reaction certain atoms are exchanged between molecules. It is a combination of a synthesis and decomposition reaction. Bonds are both broken and made. In an exchange reaction, new molecules are produced when chemical partners are exchanged.

WX+YZ→WY+XZ

[image: image]

An example is the reaction of sodium bicarbonate, often given for relief of indigestion, with hydrochloric acid in the stomach:

NaHCO3+HCl→NaCl+H2O+CO2

[image: image]

Note that the number of atoms of each element is the same on both sides of all chemical equations.

Chemical reactions either require the input of energy or they release energy. In synthesis reactions new bonds are formed, so energy is required. After the bonds are formed, potential energy is stored in the chemical bonds between the atoms. In decomposition reactions energy is released from the breaking of the chemical bonds (i.e., the potential energy stored in the bonds is released). Exchange reactions have no net energy requirement. The energy released from breaking bonds is used to create the new bonds. This concept will be explored in more detail in Chapter 17, Nutrients and Metabolism.

Several factors can influence the rate of reaction. One is the availability of the reactants, referred to as the concentration of reactants. The more reactants that are available, the more likely they will come in contact and be able to react with one another. The temperature of the environment influences the rate of reaction. When the temperature increases, the speed of molecular movement increases, and the chance of molecules meeting improves. Temperature also increases the velocity at which reactants meet, and the velocity provides the energy for the reaction. Activation energy is the energy required for the reaction to happen. Some reactions have a higher activation energy and require the input of more energy for the reaction to occur; these reactions will occur at a slower pace. Certain reactions require the presence of a catalyst. In living organisms, catalysts are usually special proteins that hold the reactants together so they may interact. The catalyst protein is not destroyed or used up by the reaction, and the reaction speed is increased when there are more catalyst proteins present. These special catalyst proteins are called enzymes.


[image: image] Test Yourself 2-3


1. What is a chemical reaction?

2. What are the three types of chemical reaction?

3. The digestion of food uses which type of chemical reaction?

4. What factors influence the rate of chemical reactions?











Chemical Components of Living Organisms

With the myriad of chemical elements available on earth and the millions of combinations of those elements, it is amazing that all living organisms are composed of only a few elements. The compounds that make up living organisms such as a cow, for example, are divided into two categories: organic and inorganic (Figure 2-21). Organic compounds tend to be large, complex molecules that contain carbon–carbon (C–C) covalent bonds or carbon–hydrogen (C–H) covalent bonds. Examples of organic molecules include proteins, carbohydrates, triglycerides, and nucleic acids. Inorganic molecules, such as water, salts, acids, and bases, rarely contain carbon and do not contain C–C or C–H bonds. They tend to be small molecules and often have ionic bonding. Both organic and inorganic molecules are essential components of all living organisms.

[image: image]
FIGURE 2-21 Organic versus inorganic matter. The molecules that make up a living organism, such as this Holstein cow and the grass she is eating, are primarily organic compounds. Nonliving structures, such as rocks and metal fencing, contain mostly inorganic compounds.





Why is carbon an essential component of organic molecules? Carbon is small in size and is electrically neutral so it never gains or loses electrons. Instead, it shares electrons with other atoms. Because it has four valence shell electrons, carbon is able to form four covalent bonds with other elements, including other carbon atoms. In this way, carbon enables the formation of long hydrocarbon chains, which can form a linear shape or a ring shape. Collections of atoms called functional groups may be attached to the carbon chains (or rings) and determine the functionality of the molecule as a whole (Figure 2-22). The functional group, though small relative to the entire molecule, is the reactive part of the molecule and determines the molecule's chemical activity.


[image: image] Test Yourself 2-4


1. What is the difference between organic and inorganic compounds?

2. Are only organic compounds necessary for life?

3. List four types of inorganic molecule that are important for life.

4. List four types of organic molecule that are important for life.

5. What features does carbon possess that makes it particularly well suited for creating the chemistry of living creatures.

6. Define the term “functional group.”





[image: image]
FIGURE 2-22 Common functional groups. Functional groups are attached to the carbon backbone of organic molecules and represent the metabolically active portion of the molecule that determines its biochemical activity.








Inorganic Compounds


Water

Water is a very simple molecule that has unique properties. As mentioned, the water molecule is composed of one oxygen atom covalently bonded to two hydrogen atoms. It is a polar molecule that has a slight positive charge in the area of the hydrogen atoms and a slight negative charge in the area of the oxygen atom. This polarity allows water mole­cules to form hydrogen bonds with each other and with other polar molecules. The polarity of the water molecule allows it to fulfill the following important roles within the living organism.

Water is the universal solvent. Chemicals added to water are called solutes, and the combination of the chemicals plus the water is called a solution. More chemicals can be dissolved in water than any other known solvent. Water molecules surround molecules of solute; the negatively charged ends of water surround positively charged molecules, forming a layer of water around each molecule (Figure 2-23). Or, conversely, the positive ends of the water molecule surround or blanket negatively charged molecules. Chemicals that dissolve or mix well in water are called hydrophilic (literally water loving) and are usually polar molecules or ions. Molecules that do not mix well with water are called hydrophobic (water hating). They are usually electrically neutral, nonpolar molecules such as lipids. Hydrophobic molecules gather together into a droplet when they are added to water, and a layer of water molecules then surrounds the droplets. There are no bonds between the water molecules and the hydrophobic molecules (Figure 2-24).

[image: image]
FIGURE 2-23 Water as the universal solvent. A crystal of sodium chloride (NaCl) dissociates in water forming sodium (Na+) and Chloride (Cl−) ions. During this process, water molecules surround each ion. The positively charged ends of the water molecule (hydrogen) are attracted to the negative chloride ions (Cl−), forming hydrogen bonds. Similarly, the negatively charged end of the water molecule (oxygen) is attracted to the positive Na+ ions. In this way, water serves as a universal solvent.





[image: image]
FIGURE 2-24 Water and hydrophobic molecules. Water molecules surround a fatty acid molecule (hydrocarbon chain), which is hydrophobic. No bonds form between hydrophobic molecules and water.





Water is an ideal transport medium. The blanketing property of water allows molecules in the water to move around freely and to be cushioned from each other. Because many molecules dissolve readily in water, they can be carried easily to locations in the body or a cell via blood, lymph, and intracellular and extracellular fluid. Blood is a suspension of cells and chemicals in water and is used to carry cells and chemicals around the body. Urine is a solution of waste products in water and is used to eliminate such waste products from the body.

Water has a high heat capacity and a high heat of vaporization. As the chemicals in solution react, they often give off energy as heat. Water is able to absorb heat from biochemical reactions so that the overall temperature of the solution does not rise too rapidly. This stabilization of heat is necessary to keep living organisms in a stable temperature range so that the reactions of life's processes can occur at a steady rate without interruption. The high heat of vaporization means that water needs a fairly high temperature to change from a liquid to a gas; therefore, water will remain in a liquid state through a wide range of temperatures.

Water is used for lubrication. The ability of water to surround molecules allows it to be a lubricant for moving parts in the body. Examples abound in the animal body: the fluid in the pericardial sac allows the heart to move freely within the sac and synovial fluid in the joints allows bones to rub without pain when a limb is moved.


[image: image] Test Yourself 2-5


1. Why is water called a polar molecule?

2. What are the four properties of water that make it so necessary for life?






Salts

Salts are mineral compounds that have ionic bonds, and they are the principal form of minerals that enter and are stored in the body. An example of a salt is sodium chloride (NaCl), which is present in large amounts in blood and other tissues. Another example is calcium phosphate Ca3(PO4)2, which is the substance that gives bones their rigidity. When salts are added to water they immediately ionize, or divide into separate ions. Salts in their ionic form are known as electrolytes, substances that have the ability to transmit an electrical charge. The transmission of nerve impulses, for example, requires sodium ions (Na+) and potassium ions (K+). In addition, the contraction of muscle requires sodium, potassium, and calcium ions (Ca2+).


[image: image] Test Yourself 2-6


1. How is an ion different from an atom?

2. What is an electrolyte?

3. What are some examples of electrolytes?






[image: image]Clinical Application


Kidney Failure: Low Potassium

A 16-year-old cat has kidney failure. One of the findings on the serum chemistry test is a low serum potassium concentration. Potassium (K) is an electrolyte that is important for muscle contraction and nerve function. The low level of potassium is caused by the cat's lack of appetite over the last few weeks: kidney disease makes the cat feel nauseated, so she has a reduced intake of potassium-containing foods and loss of potassium through the damaged kidneys. The lack of potassium makes her feel weak, and it can slow her gastrointestinal contractions and cause constipation. More dangerously, because potassium plays an important role in muscle contraction, the low potassium makes it difficult for the heart muscle to contract. This reduces blood flow to the tissues and can also cause irregular heartbeat; these arrhythmias can be life threatening. We treat this condition by supplementing her intravenous fluids with potassium or by giving her oral potassium supplements.

[image: image]
A hospitalized cat in renal failure is examined at regular intervals by veterinary technicians. Fluid therapy is a critical part of treatment. Therefore, an Elizabethan collar is applied to prevent the patient from removing the intravenous catheter. (Courtesy Dr. Joanna Bassert.)













Acids and Bases

Acids are ionically bonded substances that, when added to water, freely release hydrogen ions (H+). In other words, acids ionize in water and one of their ions is H+. Acids are therefore called H+ donors or proton donors, since H+ is a proton with no electron. Bases, which are alkaline compounds that are ionically bonded, also ionize in water but release a hydroxyl ion (OH−), not hydrogen ions, therefore bases are known as proton acceptors. Hydroxyl ions are attracted to H+ ions to form water.

Acids and bases are also electrolytes because, when they ionize in water, they can transmit electricity. An example of an acid is hydrochloric acid (HCl). When added to water, the H+ and Cl− ions disassociate and are free to join with other substances. If hydrochloric acid is added to water containing a base such as sodium hydroxide (NaOH), the acid and base neutralize each other. The protons from the acid join with hydroxyl groups from the base and the resulting solution has a neutral pH.

HCl+NaOH→H++Cl−+Na++OH−→H2O+NaCl

[image: image]


The pH Scale

Acidity and alkalinity are measured on a pH scale. The scale ranges from 1 (the most acidic) to 14 (the most alkaline or basic). A pH of 7 is the middle of the scale and is neutral. For example, lemon juice is very acidic and has a pH of 2.3, and ammonia is very basic and has a pH of 11.6. To function properly the tissues and blood in the animal body must maintain a pH of around 7.4, which is slightly basic (Figure 2-25).

[image: image]
FIGURE 2-25 The pH scale. Many common chemicals and household products are either acidic or basic. As the concentration of H+ increases, the solution becomes more acidic and the pH value decreases. As the OH− concentration increases, the solution becomes more basic or alkaline, and the pH value increases.








Buffers

Weak acids and bases are those that do not completely ionize in water. They are important in the physiology of living systems because they act to buffer the solution where chemical reactions take place. Buffering the solution means keeping the pH in the neutral range. As metabolic chemical reactions take place in the body, strong acids such as lactic acid and strong bases such as ammonia are produced as waste products. If these substances were allowed to accumulate, the pH of the cell or tissue would quickly become too high or too low for chemical reactions to continue. When placed in water, a weak acid will not ionize completely. The product of ionization is a weak base; in other words, a weak acid will initially ionize into free H+ ions, a weak base product, and weak acid molecules (Figure 2-26). The pH of the solution is not changed greatly because some of the chemical remains in acid form and some remains a weak base. If a strong base is added to the solution, the hydrogen ion will attach to the base and neutralize it, and the remaining weak acid will ionize Further.

[image: image]
FIGURE 2-26 Salts, acids, and bases. A, When placed in water, salt (NaCl) ionizes completely. B, Hydrochloric acid (HCl) is a strong acid, and sodium hydroxide (NaOH) is a strong base; they ionize completely in water. C, Carbonic acid (H2CO3) is a weak acid and ionizes incompletely to hydrogen ions (H+) and a weak base, bicarbonate (HCO3−).





Buffers help the cell maintain a neutral pH by not allowing excessive hydrogen or hydroxyl ions to accumulate. An example of the most common buffer system is carbonic acid and bicarbonate. Carbonic acid (H2CO3) ionizes, when placed in water, to free hydrogen ions and the weak base, bicarbonate (HCO3−).

H2CO3→H++HCO3−

[image: image]

Bicarbonate (HCO3−) can further ionize by losing a proton, resulting in carbonate (CO32−).

HCO3−→H++CO32−

[image: image]

This means bicarbonate can act as both a weak acid, by losing a proton, and a weak base, by gaining one; this is what makes it such an effective buffer. The complete reaction is written as:

H2CO3↔H++HCO3−↔2H++CO32−

[image: image]

Notice that this equation can run in either direction. What happens when a stronger acid, say lactic acid, is added to the solution? The strong acid disassociates, and the extra H+ ions increase the speed of the reaction, so more carbonic acid is produced. This is eventually excreted as CO2 via the respiratory system.

H2CO3+C3H5O3− (lactate)→HCO3−+C3H6O3 (lactic acid)

[image: image]

If a base is added to the blood, the bicarbonate will donate its hydrogen ion and more carbonate will be formed.


[image: image] Test Yourself 2-7


1. Which type of compound is known as a proton donor: acid or base?

2. What does pH measure?

3. Is a solution with a pH of 8.5 acidic or basic?

4. How does a weak acid act as a buffer?






[image: image]Clinical Application


Metabolic Acidosis

Sometimes so much acid accumulates in the animal body that the buffering system is overwhelmed, and the pH of the blood is lowered. This condition is called metabolic acidosis. Two common causes are fatty acid accumulation in diabetes mellitus, due to the excessive breakdown of lipids for energy, and the accumulation of hydrogen ions in kidney disease caused by the kidney's inability to excrete them. In these conditions the blood and tissue have a high level of acid: weak acids from the buffering system and strong acids caused by the underlying condition. Metabolic acidosis can cause several uncomfortable and dangerous symptoms including anorexia, vomiting, lethargy, and muscle wasting. Severe metabolic acidosis can decrease cardiac output, reducing blood flow to the tissues, which further damages the kidneys and other organs. Life-threatening cardiac arrhythmias can also develop. Administering balanced electrolyte solutions treats metabolic acidosis since these fluids contain the buffers needed by the body to decrease the acid concentration in the blood.

[image: image]
A critical canine patient with acidosis receives intravenous fluids with buffers and electrolytes. Humidified nasal oxygen via a nebulizer is also provided to assist with respiration. (Courtesy Dr. Joanna Bassert.)




















Organic Compounds

Organic compounds are composed of large molecules containing carbon. The molecules are divided into four groups: carbohydrates, lipids, proteins, and nucleic acids. What is it about the element carbon that makes it so omnipresent in organic chemistry? Carbon has four electrons in its outer electron shell, so it is moved to share these electrons with other atoms to complete its outer shell. For this reason, carbon is most stable when it has four covalent bonds with other atoms. This allows molecules containing carbon to exist in many forms including chains, rings, and branches. This flexibility allows for various structures to be built using a small selection of atoms. Many of the organic molecules used in the body are macromolecules—long, complex molecules, often with repeating units. Table 2-3 lists the important organic molecules and macromolecules used by the animal body.


TABLE 2-3

Organic Molecules in the Body



	MOLECULAR CLASSIFICATION
	CONSTITUENTS AND MOLECULAR STRUCTURE
	EXAMPLES AND NOTATIONS



	Carbohydrates


	Simple carbohydrates
	Monosaccharide: most stable as a single pentose ring
	Glucose, fructose, ribose, deoxyribose



	Disaccharide: two pentose rings
	Sucrose



	Complex carbohydrates
	Polysaccharide
	Starches; glycogen: stores energy in liver; cellulose: derived from plants and provides insoluble fiber in diet



	Proteins
	
	



	
	Amino acids link to form peptide and polypeptide chains; proteins form primary, secondary, tertiary and quarternary structures
	
Contractile structural proteins that make up muscle (e.g. actin and myosin)
Other structural proteins that make up cartilage and tendons (collagen), and hair and skin (keratin)
Globular functional proteins such as enzymes, antibodies, hemoglobin and many integral and peripheral proteins in the cell membrane



	Lipids
	
	



	Neutral fats
	Triglycerides: one glycerol molecule (backbone) and three fatty acid chains; fatty acid chains that lack double bonds are “saturated” while those with double bonds are “unsaturated”
	Saturated fatty acids are solid (fats) at room temperature and unsaturated fatty acids are liquid (oils) at room temperature; both are concentrated sources of energy



	Phospholipids
	Phosphate head, glycerol backbone and two fatty acid chains
	Key component of the bilayer of the cell membrane



	Steroids
	Four flat interlocking rings
	Cholesterol, cortisol, testosterone, estrogen



	Other Lipid Substances
	



	Fat-soluble vitamins
	Variable molecular structure depending upon the specific vitamin; stored in liver and fat
	Vitamins A, D, E, and K: stored in body fat; can be toxic if given in excess



	Eicosanoids
	Derived from arachidonic acid, a 20-carbon fatty acid
	Regulatory molecules that enhance the immune system and elicit inflammatory responses (e.g., prostaglandins, mediate inflammation; leukotrienes, mediate bronchoconstriction; thromboxanes, mediate platelet function)



	Nucleic Acids
	
	



	Deoxyribonucleic acid (DNA)
	Two parallel strands of nucleotides connected via hydrogen bonds; each nucleotide is composed of: a phosphate group, a 2-deoxyribose sugar, and a nitrogenous base (e.g., cytosine, guanine, alanine, or thymine)
	Found in the nucleus where it condenses with histone proteins to form chromosomes; also found in mitochondria, providing the molecular instructions for making the enzymes needed for cellular respiration



	Ribonucleic acid (RNA)
	A single strand of nucleotides; each nucleotide is composed of: a phosphate group, a ribose sugar, and one nitrogenous base (e.g., cytosine, guanine, alanine, or uracil)
	Three types of RNA: ribosomal RNA (rRNA), forms ribosomes and found in the nucleolus; transfer RNA (tRNA), carries amino acids to docking stations on mRNA; messenger RNA (mRNA), carries the genetic code from the nucleus to the cytosol



	Adenosine triphosphate (ATP)
	An ATP molecule is composed of: adenine, a ribose sugar, and three phosphate groups
	ATP is used by the cell to carry out all active metabolic processes; when the terminal phosphate group is removed, energy is released and the molecule becomes adenosine diphosphate (ADP). ADP is transported back to the mitochondria where it is converted back to ATP








Carbohydrates

Carbohydrate molecules are used for energy, storage of energy, and cellular structures; table sugar, starch, and cellulose are all examples. Carbohydrates are composed of atoms of carbon, hydrogen, and oxygen, with hydrogen and oxygen in the same ratio as in water—two to one. You can think of carbohydrates as hydrated carbon or water-containing carbon.

The simplest form of a carbohydrate is called a simple sugar or monosaccharide. Monosaccharides contain three to seven carbon atoms in a chain or ring. An example is glucose, with the chemical formula C6H12O6 (Figure 2-27); this molecule is the primary fuel of the body. Since glucose contains six carbon atoms, it is known as a hexose sugar. A sugar with five carbons is a pentose sugar. Another example of a hexose sugar is fructose. It also has the molecular formula C6H12O6, but the arrangement of the atoms is different. This molecule is consumed as the primary sugar in fruit and then converted to glucose in the body. Figure 2-28 shows diagrams of these important monosaccharides.

[image: image]
FIGURE 2-27 Structure of carbohydrate molecule. A, The carbon backbone of glucose may form a straight chain. B, A more stable carbon ring structure. C, Shorthand for the glucose molecule, omitting the carbon atoms at the angles of the carbohydrate ring. D, The three-dimensional view of the glucose molecule.





[image: image]
FIGURE 2-28 Monosaccharides. Glucose and fructose are example of hexose sugars. They contain six carbons each. Deoxyribose and ribose are examples of five-carbon pentose sugars.





When two monosaccharides are joined together the reaction is a synthesis reaction, and a disaccharide is formed. Because water is created during the reaction—it is extracted from the saccharides—the reaction is called dehydration synthesis. An example is the combination of glucose and fructose to make sucrose, which is table sugar. Cells use synthesis reactions to build molecules needed for cellular functioning. This process is called anabolism. The opposite reaction is when sucrose is decomposed into its monosaccharide components, glucose and fructose. Since water is used in the reaction to break down sucrose this type of reaction is called hydrolysis (Figure 2-29). Cells use decomposition reactions to release energy held in bonds between atoms and to generate the simple molecular building blocks needed by the cell. The decomposition of nutrients is a process called catabolism, and this process, along with anabolism, will be explored in more detail in Chapter 17.

[image: image]
FIGURE 2-29 Disaccharide. Glucose and fructose are joined in dehydration synthesis to make sucrose, a disaccharide, and water. The opposite reaction, hydrolysis, decomposes sucrose into glucose and fructose.





Polysaccharides are combinations of many monosaccharides, all joined by dehydration synthesis. Polysaccharides can have a structural or a fuel storage function. Glycogen (Figure 2-30) is an important polysaccharide that stores fuel in body tissues, and starch is a polysaccharide that has a similar function in plant tissues. Cellulose is the most abundant organic molecule in the biosphere; it is a polysaccharide that provides structural strength to plants. Herbivores can digest cellulose and use the component monosaccharides as fuel.

[image: image]
FIGURE 2-30 Polysaccharide. A simplified model of a molecule of glycogen. Glycogen is a polysaccharide made of the multiple glucose molecules bonded in a branching chain. Glucose is stored in the liver in form of glycogen. The branching of the molecules creates many ends that allow for reactions at each end to break glucose molecules off very rapidly when the animal needs energy.





Carbohydrates can also be joined to other molecules, such as proteins or lipids, to create macromolecules important to life. For example, a glycoprotein is a macromolecule composed of a carbohydrate attached to a protein. The carbohydrate component of a cell membrane glycoprotein has important roles in the adhesion of the cell to other cells and in recognition of molecules to be transported into the cell (Figure 2-31).

[image: image]
FIGURE 2-31 Glycoprotein. Glycoproteins, macromolecules made of amino acid and carbohydrate units, are found in cell membranes. The carbohydrate recognizes molecules that are to be transported into the cell by the protein channel.








Lipids

Lipids are used in the body for energy and are stored in fat for future energy needs. Lipids serve as chemical messengers in the form of some hormones. There are four classes of lipid that are important for life: neutral fats, phospholipids, steroids, and eicosanoids. Like carbohydrates, lipids are made of carbon, hydrogen, and oxygen, though their oxygen content is much lower. They also sometimes contain phosphorus.


Neutral Fats

Neutral fats are also called triglycerides or, simply, fats. A triglyceride contains three fatty acids (hence the “tri” in the name) and a glycerol molecule. A glycerol molecule is a modified, three-carbon simple sugar. It has the formula C3H8O3. A fatty acid is a chain of carbon atoms with one or two hydrogen atoms attached to each carbon by single or double bonds. A fatty acid is called a saturated fatty acid when all the bonds in the hydrocarbon chain are single bonds and as many hydrogen atoms as possible are attached to the carbon. Saturated fatty acids are mainly found in animal fats such as butter and lard. A fatty acid is called an unsaturated fatty acid when there are some double bonds between the carbon and hydrogen atoms. Unsaturated fatty acids are mainly of plant origin, such as corn oil and olive oil. The glycerol molecule and the three fatty acid molecules connect together in the shape of an “E” with the glycerol molecule making the backbone of the E (Figure 2-32). They are joined by dehydration synthesis: three water molecules are produced by joining the hydrogen from the fatty acids to the hydroxyl (OH) groups of the glycerol.


[image: image] Test Yourself 2-8


1. What three elements are found in all carbohydrates?

2. What is the name of a simple sugar?

3. What process joins multiple simple sugars?

4. What is another name for a complex, multiunit carbohydrate?





When triglycerides are decomposed, the reaction is called hydrolysis, and water molecules are consumed. These reactions should be familiar because they are similar to the reactions that occur with carbohydrate synthesis and decomposition. Neutral fats are mainly used for energy; the body gets energy by breaking down the bonds in the neutral fats and stores energy by transporting the excess neutral fats to adipose tissue. The fat-filled cells act to pad vital organs from trauma and act as insulation to help maintain body temperature. Neutral fats are hydrophobic and do not mix in water.

[image: image]
FIGURE 2-32 Triglyceride. A triglyceride molecule is formed by dehydration synthesis and is composed of three fatty acids and one glycerol molecule. A three-dimensional view is also shown.





A lipoprotein is a macromolecule composed of proteins and lipids. Lipoproteins are used to transport fats within the body. The hydrophilic proteins allow the fats to be shielded from the blood plasma and to be transported.




Phospholipids

Phospholipids are similar to triglycerides in that they have a glycerol backbone. They have two fatty acids attached to the glycerol extending in one direction. In place of the third fatty acid, they have a phosphate group (PO4) attached to a nitrogen-containing compound extending in the other direction. The phosphate group side, or head end of the phospholipid, is water soluble, meaning it is hydrophilic and polar, whereas the fatty acid side, or tail end of the molecule, is water insoluble, that is, hydrophobic and nonpolar (Figure 2-33). This unique property is what makes phospholipids line up in two layers, called a lipid bilayer, when placed in a polar substance such as water. The hydrophilic heads form hydrogen bonds with the water and the tails are repelled from the water and are most stable when abutting another tail. Phospholipids are the main component of cellular membranes. They also form the myelin sheath of nerve cells.

[image: image]
FIGURE 2-33 Anatomy of a phospholipid. Example of hydrophilic and hydrophobic regions of a phospholipid molecule. In the diagram of the cell membrane, note that the phospholipids form a lipid bilayer with the polar part of the phospholipid molecules hydrogen-bonded to and facing the water molecules.








Steroids

Steroids are lipids that take the form of four interlocking hydrocarbon rings. They are hydrophobic, nonpolar substances with very little oxygen. Different types of steroid are formed by attaching unique functional groups to the four-ring structure of the molecule (Figure 2-34). The basic cholesterol ring structure is synthesized from acetyl CoA (see Chapter 17). Cholesterol is used in the formation of bile salts, which aid in fat digestion. Cholesterol is also used by the adrenal glands, testes, and ovaries for creation of steroid hormones including cortisone, estrogen, progesterone, and testosterone.

[image: image]
FIGURE 2-34 The steroid nucleus. The steroid nucleus (highlighted) found in cholesterol is a four-ring structure. Attaching a different functional group to the basic four-ring structure forms a different steroid compound. You can see how easy it is for any steroid to be converted into another type of steroid. The clinical significance of this is exemplified by the high cholesterol seen in horses and dogs with Cushing's syndrome (high cortisol is converted to cholesterol). This also plays an important role in women with breast cancer. Hormones in meats, dairy products, and some therapeutic drugs consumed by women, as well as xenoestrogens found in insecticides and other environmental pollutants, can be converted to estrogens and other tumor-enhancing steroid hormones (progesterone).








Eicosanoids

Eicosanoids are lipids formed from a 20-carbon fatty acid and a ring structure (Figure 2-35). The prefix eicosa derives from the Greek word for twenty. Eicosanoids are important substances for the mediation of complex chemical processes in the body and include: prostaglandins (PGs), which mediate inflammation; thromboxane, which mediates platelet function; and leukotrienes, which mediate bronchoconstriction and increased mucus production.


[image: image] Test Yourself 2-9


1. What three elements are found in all lipids?

2. Which atom makes up the backbone of all lipid molecules?

3. Which lipids are polar: neutral fats or phospholipids?

4. What is the function of lipids in the body?





[image: image]
FIGURE 2-35 Eicosanoid. This is a diagram of prostaglandin F2alpha, which is used to lyse the corpus luteum to alter the reproductive cycle in female cattle. The 20-carbon fatty acid is in the classic hairpin formation of all eicosanoids.











Proteins

Proteins are the most abundant organic molecules in the body. They also have the widest variety of functions (Table 2-4). Proteins are used for cell structures and structural body tissues, for controlling chemical reactions, for regulating growth, and for defending the body from invaders. Proteins catalyze or speed up all reactions occurring in the body, and they transport ions and other molecules into and out of the cell and around the body. You can think of proteins as the worker molecules of the body that organize and facilitate all metabolic processes. Proteins are organic molecules made chiefly of carbon, oxygen, hydrogen, and nitrogen, though some proteins also contain sulfur, iron, or phosphorus. The building blocks of proteins are amino acids, linked together like the cars of a long train. The sequence of the amino acids is what makes each protein unique and defines the function of the protein.


TABLE 2-4

Functions of Proteins



	PROTEIN STRUCTURE
	FUNCTION
	EXAMPLE




	Functional (globular)
	Chemical reactions
	Protein enzymes: essential to almost every biochemical reaction in the body



	
	Transport of molecules
	Hemoglobin transports oxygen in the blood



	
	Regulation of metabolism
	Peptide hormones: regulate metabolic activity, growth, and development (e.g., thyroid hormone regulates metabolic rate and insulin regulates blood sugar levels)



	
	Immune system
	Antibodies (immunoglobulins) are proteins created by immune cells that recognize foreign substances such as viruses



	Structural (fibrous)
	Structural framework
	Collagen: gives strength to bones, tendons, ligaments
Keratin: hair, nails, waterproofing of skin



	
	Physical movement
	Actin and myosin: contractile proteins found in muscle; actin also used for intracellular transport








Amino Acids

There are 20 different amino acids used by the body, but they all share the same basic structure. The amino acid molecule contains a central carbon atom attached to a hydrogen atom, an amino group (NH2), a carboxyl group (COOH), and a unique group of atoms called a side chain designated by the letter R (Figure 2-36). The R group defines each amino acid. Amino acids can be linked together in an infinite variety of combinations to form proteins. The specific combination of amino acids is ordered by the cell's DNA, and this is what determines the nature and function of the resultant protein. Two amino acids are linked together by a dehydration synthesis reaction. The carboxyl group of one amino acid links with the amino group of another amino acid via a peptide bond. A short chain of two amino acids is called a dipeptide (Figure 2-37). A tripeptide is a chain of three amino acids linked together, and a polypeptide is a chain of 10 or more amino acids linked together. When the chain exceeds 100 amino acids it is called a protein.

[image: image]
FIGURE 2-36 Structure of amino acids. A, Every amino acid is composed of an amino group, carboxyl group, and side chain (R). The side group can be simple or complex, depending on the amino acid. B, The 20 standard amino acids required for animal life to exist. Alanine is an example of an amino acid with a simple side group. Tryptophan has a more complex side group.





[image: image]
FIGURE 2-37 Formation of a dipeptide. A dipeptide is formed when two amino acids combine by dehydration synthesis. The carboxyl group of one amino acid is bonded with the amino group of another amino acid by a peptide bond, releasing a molecule of water.








Structure of Proteins

The shape of a protein molecule directly determines its function. For example, fibrous proteins such as collagen are long and firm, which allows them to be used to add strength to tissues, for example the connective tissue in ligaments and tendons. Globular proteins such as immunoglobulins, also known as antibodies, have a specific shape, so they may join like a puzzle piece with a specific foreign protein that invades the body. The structure of proteins is often described in four levels. The primary structure is the sequence and number of amino acids that link together to form the peptide chain. The secondary structure is the natural bend of parts of the peptide chain as it is formed in three dimensions. The bends are stabilized when the atoms of the protein molecule form weak hydrogen bonds with each other (Figure 2-38).

[image: image]
FIGURE 2-38 Levels of organization of proteins. A, The primary structure of proteins consists of a sequence of amino acids. Amino acids are linked to one another like beads in a necklace. B, The secondary structure can be either helical or pleated and is held by hydrogen bonds between nearby amino and carboxyl groups. C, The tertiary structure consists of either folded alpha helixes or beta pleats. D, The quaternary structure refers to the combination of more than one polypeptide chain; such chains unite to form the complete protein molecule.





The most common shapes that chains of amino acids assume are the alpha helix and the beta-pleated sheet. The alpha helix occurs when the chain of peptides winds into a spring shape, like a “Slinky” toy or a curl of hair. A beta-pleated sheet occurs when the peptide chain folds into a shape like an accordion. These shapes can both occur within the same protein at different places in the peptide chain. The tertiary structure is the overall shape of a single protein molecule. A protein molecule further folds in on itself, often shielding the inner, hydrophobic amino acids from the watery environment of the cell or blood. The outer, hydrophilic amino acids allow the protein to be water soluble. The folds are held in place by more hydrogen bonds and also some covalent bonds, such as the disulfide bond, which is a sulfur atom in one part of the protein covalently bonded to a sulfur atom in another part of the protein. The quaternary structure is when two or more protein chains join to form a complex macromolecule. Again hydrogen and covalent bonds between atoms of the proteins stabilize the shape of the macromolecule.




Structural Proteins

Structural proteins are stable, rigid, water-insoluble proteins that are used for adding strength to tissues or cells. Because they often have a long, stringy shape they are called fibrous proteins. Examples include: collagen, which is the main protein in connective tissues such as ligaments, cartilage, bone, and tendons; fibrin, which is the fibrous connective tissue in blood clots; and keratin, which is the main protein in hair, hooves, horns, and the outer layer of skin.




Functional Proteins

Functional proteins are generally water soluble and have a flexible, three-dimensional shape, which can change under different circumstances. Because they have a convoluted, changeable shape they are called globular proteins. Globular proteins are highly chemically active molecules. Examples include hemoglobin, antibodies, protein-based hormones, and enzymes, which are proteins that catalyze or speed up chemical reactions (Figure 2-39).

[image: image]
FIGURE 2-39 Examples of proteins. A, Proteins are commonly depicted in a ribbon-like form to show the complex secondary and tertiary structure of the chain of amino acids. Here is a model of the insulin molecule showing the helical and straight chains of amino acids. B, A three-dimensional view of the atoms of a functional (globular) protein (insulin) shows the true space-filling, solid shape of proteins. The solid shape is essential to the specific function of the protein because the shape determines which substrates will react with the protein. C, Interwoven strands of amino acid chains are used to create structural (fibrous) proteins. The protein collagen has three strands of amino acids woven in a coil.






How Enzymes Work.

Enzymes are essential to the body in their role of catalyzing chemical reactions; without them, most chemical reactions in the body would occur too slowly to produce the chemicals needed. Enzymes speed up a chemical reaction without being destroyed or altered, and they are specific to the reaction that they catalyze and to their substrates, which are the substances they act upon. This specificity is determined by the shape, charge, and hydrophilic/hydrophobic properties of the enzyme and its substrates. This specificity is often referred to as the lock and key property of enzymes, because an enzyme fits its substrates exactly and is itself unaltered at the end of the reaction. Enzymatic reactions often take place in a series of reactions with the products of one reaction acting as the substrate for the next reaction. Often these reactions occur along lipid membranes with the enzymes existing as proteins within the membrane aligned in order of the reaction. An example of this is seen in the description of the Krebs cycle and the electron transport system for the production of ATP molecules (see Chapter 17).


[image: image] Test Yourself 2-10


1. What element is found in all proteins that is not found in carbohydrates or lipids?

2. What is the building block for proteins?

3. What is the name of the bond holding two amino acids together?

4. What is a peptide?

5. How does an enzyme work?








[image: image]Clinical Application


Hyperthermia and Protein Denaturation

Hyperthermia is the scientific name for elevated body temperature, and it can have many causes such as a fever, heatstroke, or prolonged seizures. When the body temperature becomes too elevated for too long, the chemical bonds between and within molecules start to break. The hydrogen bonds holding proteins in their tertiary and quaternary structures are especially sensitive to this stress. When these bonds break, proteins are released from their complex structures and stretch into a straight chain of amino acids. Because they no longer have their unique shape these proteins lose their function. This is called the denaturation of proteins. Once this happens on a large scale it is irreversible, and the tissues of the body are irreversibly damaged. Some body proteins denature at 40° C (104° F), and death will usually occur around 41.7° C (107° F) if that temperature is maintained for 30 minutes.















Nucleic Acids

Nucleic acids are the largest molecules in the body and are composed of carbon, oxygen, hydrogen, nitrogen, and phosphorus. There are only two classes of nucleic acids: DNA and RNA. DNA or deoxyribonucleic acid exists mainly in the nucleus but also in mitochondria; it is the molecule that contains all the instructions needed by the cell to build proteins. These instructions determine the shape and function of every tissue in the body and therefore the shape and function of the living organism (Figure 2-40). The instructions are coded in segments of the DNA called genes. RNA or ribonucleic acid transfers the instructions out of the nucleus and into the cytoplasm of the cell and builds the proteins. You can think of DNA as the blueprint for the cell and the RNA as the scanner/fax/printer that brings the instructions to where they are needed. The proteins created then catalyze all the reactions performed in the cell, creating and breaking down all the substances needed by the body.

[image: image]
FIGURE 2-40 Differences in living organisms. DNA is the nucleic acid that forms genes. Genes determine the shape and function of all living tissues and therefore the shape and function of living organisms. Even in animals with almost completely identical genes, such as within the same species, there are vast differences in how the animals look and how they behave.






Nucleotides

The molecular building blocks of nucleic acids are the nucleotides. There are five different nucleotides but they all have the same basic structure. They are composed of a nitrogenous base, plus a five-carbon (pentose) sugar, plus a phosphate group (Figure 2-41). The sugar in DNA is deoyxribose and the sugar in RNA is ribose, thus giving DNA and RNA their respective names. The five nucleotides are named for their nitrogenous base: adenine, guanine, cytosine, uracil, and thymine. Three nucleotides, adenine (A), guanine (G), and cytosine (C), occur in both DNA and RNA. Uracil (U) occurs only in RNA and thymine (T) occurs only in DNA.

[image: image]
FIGURE 2-41 Nucleotide. Nucleotides are the building blocks of nucleic acids. Each nucleotide contains a phosphate group, a five-carbon sugar, and a nitrogenous base.





The nucleic acid is formed by the sugar and phosphate groups joined in a long chain with the nitrogenous base open and available for metabolic activity (Figure 2-42). The information needed to produce proteins is determined by the order of the nucleotides; a grouping of three nucleotides is the code for a specific amino acid. For example, C-G-T is the code for the amino acid alanine. A gene is a sequence of nucleotides that carries the information to make one peptide chain. Long chains of genes are combined with protein to form chromosomes. Chromosomes replicate during cell division so that all daughter cells inherit an identical copy of the chromosomes from the parent cell.

[image: image]
FIGURE 2-42 Segment of a nucleic acid molecule, DNA. The phosphate of one nucleotide bonds with the sugar group of another nucleotide. These phosphate–sugar bonds make up the “backbone” of the nucleic acid molecule. A nitrogenous base sequence is formed, which provides the cell with coded information. The exposed nitrogenous base is available to bond to a nitrogenous base that is part of a complementary chain.








DNA

Deoxyyribonucleic acid molecules consist of two parallel strands of the nucleotides adenine, guanine, cytosine, and thymine. The strands are connected by hydrogen bonds between the nitrogenous bases. Each nitrogenous base can only bond with one other, specific nitrogenous base: adenine can bond only with thymine and guanine can bond only with cytosine. The two strands of bonded nucleic acid twist around each other in a spiral called a double helix (Figure 2-43). The order of the nucleotides is unique to each individual and is carried in every cell of the individual.

[image: image]
FIGURE 2-43 Structure of the DNA double helix. Deoxyribonucleic acid (DNA) looks like a spiraling ladder, the vertical portion of which is composed of alternating phosphate and sugar groups; the “rungs” of the ladder are composed of nitrogenous bases. A three-dimensional model is also shown.








RNA

RNA consists of only one strand of the nucleotides adenine, guanine, cytosine, and uracil. There are three types of RNA that have unique roles in protein synthesis: transfer, messenger, and ribosomal RNA. Transfer RNA copies the information in the DNA molecule, messenger RNA carries the information out of the nucleus, and ribosomal RNA uses the information to create the proteins needed by the body.


[image: image] Test Yourself 2-11


1. How does a nucleotide differ from an amino acid?

2. What three parts compose a nucleotide?

3. How many nitrogenous bases are there?

4. Explain the structure of DNA.

5. Why is DNA important to life?






[image: image]Clinical Application


Genetic Disease: Be Careful What You Breed For

Genetic disease is caused by inheritable mutations of DNA. Any change to DNA, such as insertion, deletion, or mixing of the nitrogenous base pairs, leads to a nonsense sequence in the DNA. This defect can manifest as a disease in an organ system. Genetic diseases exist that affect the eyes, skeleton, skin, kidney, immune system, and enzymatic pathways. The defect may result in an incidental finding, such as microcytosis in Akitas, or the defect may cause life-threatening organ failure, such as copper-storage disease in Bedlington Terriers.

Owing to the frequency of inbreeding in small animals, the most common type of disease that is seen is caused by inheritance of recessive traits. To inherit a recessive trait the animal must receive an affected chromosome from both parents. Obviously, affected animals are not bred, but a carrier animal may be inadvertently used in the breeding program. A carrier animal appears unaffected because it has an unaffected chromosome that is dominant over the recessive, affected chromosome. If two carrier animals are bred, each of the offspring has a 25% chance of being affected, inheriting the affected chromosome from each parent. They have a 50% chance of being a carrier by inheriting an affected chromosome from only one parent. When choosing which animals to breed, the ethical breeder will not breed relatives of any affected animals. If a relative of an affected animal must be used for breeding, there are tests available for some genetic diseases that will confirm whether or not the animal is a carrier. Some tests measure the production of abnormal proteins generated because of the DNA mutation. Carriers usually produce a small amount of the abnormal proteins. DNA tests can also detect the mutant genes for some diseases directly.









ATP

When a cow eats its meal of grain and grasses, the food is broken down into nutrients such as glucose and proteins. Glucose that is derived from food is converted into energy by the cells. As glucose is broken down into monosaccharides, the energy created is stored in a molecule called adenosine triphosphate (ATP). You can think of ATP as the energy currency of cells. The cells need ATP to fuel any work that they do. Just as wood is added to a fire, and the fire burns the wood to create heat, nutrients are added to the body, and the cells use up the nutrients in a process called cellular respiration to create ATP (see Chapter 17).

The energy needed by the body is stored in the phosphate bonds of the ATP molecule. ATP is an RNA nucleotide containing the nitrogen base adenine with two additional phosphate groups attached (Figure 2-44). The bonds between the phosphate groups are called high-energy bonds. It is when these bonds are broken that energy is released from the ATP molecule. To use the energy stored in ATP, enzymes must move the terminal phosphate group to another molecule. The receiving molecule is then termed phosphorylated and temporarily has energy to do some work. During this process the ATP molecule loses a phosphate group and becomes adenosine diphosphate (ADP) (Figure 2-45).

[image: image]
FIGURE 2-44 Structure of ATP. ATP is formed from a ribose sugar, the nitrogenous base adenine, and three phosphate groups. Bonds between the phosphate groups hold energy.





[image: image]
FIGURE 2-45 Conversion of ATP to ADP. Energy is released and available for cellular work when a phosphate group breaks off from the ATP molecule. The resultant molecule, with two phosphate groups, is ADP. A phosphate group can be added back to the ADP, creating ATP through the process of cellular respiration.





Another phosphate group can be used, resulting in the creation of a molecule of adenosine monophosphate (AMP). As more glucose and other nutrients are metabolized, phosphate groups are joined to AMP, creating a renewed source of ATP. Without ATP, muscle cells could not contract, enzymatic reactions could not take place, and molecules could not be actively transported across cell membranes.


[image: image] Test Yourself 2-12


1. How does an ATP molecule differ from a nucleotide?

2. How does an ATP molecule supply a cell with energy to do work?
















*The author and the publisher wish to acknowledge Dr. Mary Ann Seagren for her previous contributions to this chapter.
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Learning Objectives

When you have completed this chapter, you will be able to:


1. Explain how scientists believe the earliest cells may have formed on earth.

2. Differentiate between prokaryotic and eukaryotic cells.

3. List the early discoveries of the 17th, 18th, and 19th centuries that led to our modern understanding of cells.

4. List the physiologic factors that limit cell size.

5. Describe the molecular structure of the cell membrane.

6. Explain the importance of cilia and flagella.

7. List and describe the components of cytoplasm.

8. Describe the structure and functions of the cytoskeleton.

9. Describe the consistency and molecular components of cytosol.

10. Describe the structure and functions of each of the cellular organelles, inclusions, and vesicles.

11. List the parts that make up the nucleus; for each part, explain its structure and function.

12. Compare and contrast the molecular structure of DNA and RNA.

13. Define the term “chromatin” and explain the relationship between chromatin and chromosomes.
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Introduction

The cell is the remarkable basic unit of living things. It can exist alone as a single, free-living plant or animal, or it can combine with other cells to form elaborate complex organisms, such as trees, horses, and people. The cell is dynamic and performs all of the functions by which life is defined. It has a metabolism, can grow, develop, reproduce, adapt, respire, become influenced by outside stimuli, maintain a stable internal environment, and convert food into usable energy. Each cell carries vital genetic material that governs its own development, metabolism, and specialization. A great diversity is seen in the appearance of cells. They can be small, biconcave red blood cells; long, thin myofibrils; or octopus-like osteocytes. Each form reflects its own specialized function (Figure 3-1). In a multicellular organism, such as a dog, cells have differentiated and become grouped into specialized tissues that work collaboratively to sustain life for the animal as a whole. These tissues, as well as the systems they form, are the focus of anatomy and physiology, but it is important to remember that their functional unit is the cell. It is in the cell that molecular messages are transmitted and received, electrical impulses generated, oxygen absorbed, and energy manufactured. Thus we must first learn about cells before we can understand the anatomy and physiology of the tissues and systems they compose.

[image: image]
FIGURE 3-1 Examples of cell types. Differentiation and specialization of cells in the multicellular organism has led to a diverse array of cell types. The shape and size of the cell are related to its function.









Our Early Understanding of Cells


Evolution of Cells

The first cells are thought to have evolved in the massive oceans of our primitive earth about 3 billion years ago. Jolted by the fierce electrical energy from frequent lightning storms and by the intense, unabated radiation from the sun, the three molecules that made up the primitive atmosphere—methane gas (CH4), water (H2O), and ammonia (NH3)—were forced to collide and split apart. The first organic molecules, similar to amino acids, were thought to have formed in this tempestuous environment. Clustering into heavy droplets, these molecules are thought to have been washed from the atmosphere by driving rains into the warm, shallow seas below. There, proteins, lipids, and carbohydrates evolved, which in turn arranged themselves over time into sophisticated, organized structures to become the first cells.

These primitive cells resembled present-day bacteria and contained a single strand of deoxyribonucleic acid (DNA), which floated freely in gelatinous protoplasm. The cells did not possess a nucleus and were therefore called prokaryotes, which means before nucleus. For 1.5 billion years prokaryotes were the only forms of life on this planet. Eukaryotes, meaning true nucleus, developed later and are found in all multicellular organisms today. Eukaryotic cells are characterized by a distinct nucleus, in which the DNA has combined with protein to form chromosomes. These, in turn, are surrounded by a protective nuclear envelope, which, like a guard station, monitors the flow of molecules in and out of the nucleus.


Size Limitations

The size of most animal cells is restricted to a range of 10 to 30 µm in diameter because of the relationship between the surface area and the volume of a cell. Small cells have smaller nutritional requirements than large cells but have a proportionately large surface through which they can absorb the substances they need. Thus a small cell with a proportionately large surface area will be able to complete its metabolic functions more rapidly and efficiently than a large cell with a relatively small surface area. In other words, if cells were the size of basketballs, they would not be able to take in nutrients fast enough to feed themselves and would die.

A second factor limiting cell size is related to the governing capability of the nucleus. A single nucleus can control the metabolic activity of a small cell better than a large one. Also, the more active a cell is, the greater are its metabolic needs. Therefore it is not surprising that some very large cells or cells that are very active, such as cardiac and skeletal muscle cells, have two or more nuclei. Also, these cells are long and thin, thereby creating a larger surface area through which nutrients can be absorbed. The combination of increased nuclei and expanded surface area enables muscle cells to function at a very high metabolic rate.


[image: image] Test Yourself 3-1


1. What are the basic cellular functions that define life?

2. Describe the series of events that scientists believe led to the formation of the first cells on earth.

3. What is the difference between a prokaryote and a eukaryote?

4. Why are cells not the size of watermelons?











Looking Inside the Cell


Mammalian Cell Anatomy

Today with the aid of sophisticated microscopes, scientists have been able to look inside cells and focus on their minute, fantastic internal world (Box 3-1). For over 3 billion years, cells have evolved into diverse shapes and have taken on a wide range of specialized functions within multicellular organisms. Despite these changes and the morphological diversity that evolved among them, there are three essential structures found in all mammalian cells regardless of their shape, size and function. These structures are:


• The cell membrane (plasmalemma)

• The cytoplasm:

• Cytosol

• Cytoskeleton

• Organelles

• The nucleus



All cells are separated from their environment by a cell membrane, which is also known as a plasma membrane or plasmalemma (plaz-ma-LEM-a; lema meaning husk). Everything inside the cell membrane, other than the nucleus and genetic material, is known as the cytoplasm (cyto means “cell”). Cytoplasm includes: cytosol, a colloidal, jamlike protoplasm that is highly structured and composed of proteins, electrolytes, and metabolites; a flexible cytoskeleton; and complex structures called organelles. Organelles, like the organs in our own bodies, work collaboratively to carry out necessary metabolic functions (Table 3-1). As already mentioned, all mammalian cells are eukaryotic and therefore possess a nucleus, which contains vital genetic material in the form of chromosomes. Figure 3-2 is an illustration of a composite cell that includes many of the important structures students are asked to learn and study. Keep in mind that, in reality, no single cell includes all of these features and cells have a diverse array of shapes and sizes depending upon their function within the body. Also, be aware that nuclei have many shapes also and that many of them are not positioned in the center of the cell.


Box 3-1

An Introduction to Microscopy

In the 1600s, a Dutch scientist named Anton van Leeuwenhoek found microscopic creatures in pond water. He was able to make this exciting discovery using a single-lens microscope that he had fabricated himself. The Englishman Robert Hooke also made his own microscope, which allowed him to observe the tiny units that make up cork. These early, homemade tools were the first light microscopes and marked the beginning of three and a half centuries of impressive exploration in the frontiers of microspace.


Light Microscopy

Light microscopy works by using visible light to see tiny structures. Tissues and other items being examined are sliced or spread out into thin layers, affixed to glass slides, and stained. When placed on the stage of the microscope, as shown in the drawings below, the tissues can be examined through the ocular lens. Light comes from underneath the slide and is concentrated on the tissue by the condenser. The effect of this backlighting is dramatic and colorful. Pictures taken of microscopic objects using a light microscope are called light micrographs and are found throughout this and other anatomy texts. Use of stains, including fluorescent stains, has markedly improved the visibility of microscopic structures using light microscopy.

[image: image]
Light microscopy (LM). A, The light microscope uses a light source to illuminate very thin tissue samples, which are put on glass slides and placed on the microscope's stage. The objective lens and ocular lens together create the magnification needed to enlarge the image. B, Specimens under examination are backlit by visible light, which is focused on the stage by the condenser. C, The simple columnar epithelial cells that cover the folded lining of the abomasum (stomach) in a steer come to life with LM. Stain is absorbed by the nuclei, making them appear purple. Cytoplasm and the cell membranes are various shades of pink. (A, B, From Thibodeau GA, Patton KT: Anatomy & physiology, ed 6, St Louis, 2007, Mosby; C, courtesy Joanna Bassert.)








Electron Microscopy

As its name implies, electron microscopy uses electrons rather than light to create an image. An electron beam generated by an electron gun is directed with precision toward the specimen by magnets. Some of the electrons pass through the specimen, but some of them bounce off and are deflected to the sides. Electron beams are not visible to humans, and the generation of images in electron microscopes is therefore dependent upon an electron detector, which translates the pattern of incoming electrons into a readable image. The electron microscope is so powerful that it can make extraordinarily minute intracellular structures visible, including the organic molecules that compose cells. Interestingly, there is no color at this level of magnification, because the structures being examined are as small as, or smaller than, the wavelength of the colors we humans can see. However, computer enhanced coloration is used to augment the black and white world, creating images with greater clarity and definition.

[image: image]
Transmission electron microscopy (TEM). A, An electron microscope and the associated monitors fill an entire room. During examination of specimens, it is helpful if the room is dark. B, An electron beam is generated by the electron gun. The direction of the beam is focused on a specimen by condenser magnets. Electrons that pass through the specimen bombard phosphorescent particles on the viewing screen, where the image is seen. C, A transmission electron micrograph of a mammalian cell. Far greater levels of magnification are possible with electron microscopy than light microscopy. (From Thibodeau GA, Patton KT: Anatomy & physiology, ed 6, St Louis, 2007, Mosby.)





There are two types of electron microscope: transmission electron microscopes (TEM), which generate two-dimensional images; and scanning electron microscopes (SEM), which generate three-dimensional images. Transmission electron microscopy works by sending a beam of electrons through a specimen in the same way that light microscopy sends a beam of light through a specimen. Thus the specimen used in TEM, like light microscopy, must be very thin so that the electron beam can pass through it. Once the electrons pass through the specimen, they strike phosphorescent particles on a viewing screen, which release photons (visible light). In this way, the screen literally glows with the microscopic image.

Specimens in scanning electron microscopy are first “sputtered” or covered with tiny particles of gold before they are examined. Inside the microscope, an electron beam is generated and is scanned back and forth over the specimen, hence the term scanning electron microscope. The electrons from the beam are deflected at the surface and secondary electrons are displaced from the surface as well. These primary and secondary electrons are detected by a sensor that relays the signal to an amplifier. The magnified image is subsequently displayed on a monitor.

[image: image]
Scanning electron microscopy (SEM). A, An electron beam is scanned back and forth over a specimen. The electrons that bounce off the specimen, and secondary electrons that come from the surface of the specimen, are detected, amplified, and transcribed into an image, which is visible on a video monitor. B and C, SEM brings adipose tissue to life in three-dimensional images. Electron micrographs can be enhanced with color by computers to add a greater level of detail and clarity. Notice that the pink added to the background helps to delineate the fibrous connective tissue from the fat cells. (From Thibodeau GA, Patton KT: Anatomy & physiology, ed 6, St Louis, 2007, Mosby.)








Atomic Force Microscopy

An atomic force microscope (AFM) generates a three-dimensional image of incredibly small structures using a minute sharp-tipped probe attached to a delicate cantilever (arm). The tiny probe meticulously scans the surface of specimens, allowing the forces between the tip and the sample surface to deflect the cantilever. This deflection is recorded by a computer, which generates a digital image. Some of the forces that can cause deflection include capillary forces, chemical bonding, electrostatic and magnetic forces, as well as mechanical contact forces. In most AFMs, a feedback mechanism is employed by the computer to adjust the tip-to-sample distance so that a constant force is maintained between the tip and the sample. In this way, the tip and sample are prevented from banging into one other causing damage to either the sample or the tip. The tip of the probe is often covered with an array of special coatings depending upon what forces are being investigated. For example, a gold coating is used to trace covalent bonding in organic molecules, diamond coatings are used to increase the wear resistance of the probe and magnetic coatings are used to evaluate magnetism on the surface of a specimen. The probe can scan the surface of specimens in a static (or contact mode), or via a dynamic (noncontact) mode in which the probe is vibrated. The results are magnificent three-dimensional images on a scale far smaller than previously thought possible. The use of AFM technology has enabled scientists to look more deeply inside cells and to visualize the minute anatomical structures that are necessary for life. Thus, AFM has led to a greater understanding of the cause of some diseases that have devastated both humans and animals.

[image: image]
Atomic force microscopy (AFM) uses a minute probe and cantilever system to scan the surfaces of specimens. A laser and a position-sensitive photodetector translate the minute movements of the probe into data that are subsequently used to generate a three-dimensional image on a computer screen.











TABLE 3-1

Anatomical Parts of the Cell



	MORPHOLOGY
	PART
	DESCRIPTION
	FUNCTION




	Cell Membrane
	
	
	



	[image: image]




	Cell membrane
	Phospholipid bilayer with integral and peripheral proteins; a fluid mosaic with discrete areas of stiff “rafts,” covered in a sugary glycocalyx
	Boundary between extracellular and intracellular compartments; controls passage of substances into and out of cell; maintains membrane receptors for attachment of ligands
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	Cilia
	Many fine hairlike structures on luminal surface of cells that beat rhythmically in unison
	Fast phase of rhythmic beat propels mucus and fluid across luminal surface of cell in one direction



	[image: image]




	Flagellum
	Single long hairlike structure found in sperm, cells and some pathogens
	Thrashing movement of flagellum propels cell forward



	Nucleus
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	Nucleus
	Wide variety of shapes, sizes and number of nuclei within each cell type; contains nucleoplasm, DNA, rRNA, and ribosomal subunits
	Site of transcription; (transfer of genetic code from DNA to mRNA) and production of ribosomal subunits



	[image: image]




	Nuclear envelope
	Double-layered membrane punctated by countless nuclear pore complexes; outer membrane is continuous with endoplasmic reticulum
	Separates nucleus from surrounding cytosol; restricts movement of molecules into and out of nucleus
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	Chromatin
	Located in nucleoplasm. Composed of nucleosomes (DNA wrapped around 8 histone proteins) connected by sections of linker DNA; normally arranged in loose strands
	DNA portion contains sequence code for making proteins and enzymes that control molecular interactions; supercoils to form X-shaped chromosomes during cell division
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	Nucleolus
	Dense cluster of ribosomal RNA and protein; nucleoli are not membrane bound
	Location of synthesis of ribosomal subunits


	
Cytoplasm (Includes Organelles)
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	Cytosol
	Protoplasm containing water, dissolved enzymes, electrolytes, nutrients, and protein
	Medium for transport of intracellular molecules and organelles; supports cell membrane



	[image: image]




	Inclusions
	Vesicles, vacuoles, and lipid droplets suspended in cytosol
	Storage and transportation vesicles of intracellular substances
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	Cytoskeleton
	Structural complex within cytosol composed of: microtubules intermediary filaments and microfilaments
	Provides, strength, structure, and support; maintains cell shape, and affects cell division, and movement of organelles and the cell membrane
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	Centrioles
	Found in the center of the centrosome near the nucleus. Composed of microtubules arranged in a pin-wheel. Asters radiate away from the centrioles.
	Duplicate prior to cell division. Mother and daughter centrioles. Help anchor spindle fibers. Two pairs of centrioles move apart as the spindle fibers lengthen.



	Organelles
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	Mitochondria
	Double-membrane bound organelle, internal membrane folds inward forming cristae; increased internal surface area maximizes metabolic processes
	Site of cellular respiration, which produces ATP



	[image: image]




	Endoplasmic reticulum (ER)
	A system of collapsed sacs extending from the outer layer of the nuclear envelope; has two forms: RER with ribosomes, and SER without ribosomes.
	RER produces, modifies and packages secretory proteins; SER produces, modifies and packages lipids and carbohydrates
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	Ribosomes
	Composed of two subunits: one large and one small. These fit together like cupped hands. Each subunit is made of RNA and protein. Fixed ribosomes are found on RER; free ribosomes float in cytosol.
	Site of protein synthesis. Protein manufactured on fixed ribosomes (RER) is intended for export; protein manufactured on free ribosomes is intended for intracellular use. Ribosomal subunits are manufactured in nucleoli.



	
[image: image]





	Proteasome
	Hollow cylinder composed of protein subunits and caps on each end. It is about half the size of a ribosome.
	Responsible for breaking down individual misfolded or abnormal protein molecules. Like ribosomes, is found throughout the cytosol.



	
[image: image]





This figure shows both entries Golgi apparatus and lysosome
	Golgi apparatus
	Network of connected flattened tubes stacked on top of one another.
	Refines and alters molecules intended for both secretion and internal use. Produces lysosomes.



	Lysosome
	Vesicle filled with hydrolytic enzymes; formed by golgi apparatus.
	Digestion of absorbed material and internally produced waste; rupture causes cellular autolysis
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	Peroxisomes
	Membrane-bound vesicle containing enzymes: produced by fission
	Detoxify various molecules such as alcohol and formaldehyde; remove free radicals



	[image: image]




	Vault
	Tiny barrel-shaped capsule composed of RNA (vRNA) and protein. Thought to be very numerous in cells.
	Perhaps able to fit into nuclear pore complexes where one end opens to pick up or drop off molecules entering or exiting the nucleus.
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FIGURE 3-2 Composite example of a mammalian cell. (Modified from Patton KT, Thibodeau GA: Anatomy & physiology, ed 8, St Louis, 2013, Mosby.)






Cell Membrane

The cell membrane acts as a flexible, elastic barrier between the inner cytoplasm and the outside environment (Figure 3-3). It includes many infoldings and outpouchings that provide extra surface area, and it is continually removing and recycling different segments of itself, updating surface receptors and renewing its sticky outer coating. Like our own skin, the cell membrane is capable of self-repair, but if it is damaged to the extent that intracellular contents are released, the cell quickly dies. The cell membrane governs the movement of atoms and molecules in and out of the cell. Although the actual consistency and complexity of the cell membrane are based largely on the function of the cell, cell membranes usually consist primarily of protein (55%) and phospholipids (25%) but also include quantities of cholesterol (13%), miscellaneous lipids (4%), and carbohydrates (3%).

[image: image]
FIGURE 3-3 Cell membrane. The cell membrane is composed of a lipid bilayer. Proteins help govern the movement of atoms and molecules in and out of the cell. (Top left, Modified from Patton KT, Thibodeau GA: Anatomy & physiology, ed 8, St Louis, 2013, Mosby.)






Membrane Structure

Because of its surprising thinness (about 60 to 100 angstroms), the cell membrane is not visible using light microscopy. Under the transmission electron microscope, however, the cell membrane appears as two thin, dark layers with a seemingly empty space between them. At the molecular level, the cell membrane is composed of two layers of phospholipid molecules arranged so that the hydrophilic heads are on the outside and the hydrophobic, fatty acid tails are on the inside. This is called a lipid bilayer. Proteins that are suspended in this bilayer can move easily throughout the membrane to create a constantly changing mosaic pattern known as the fluid mosaic. Most lipid-soluble materials, such as oxygen and carbon dioxide molecules, pass through the membrane with ease, whereas ionized and water-soluble molecules, such as amino acids, sugars, and proteins, which are not lipid soluble, do not readily pass through.

The membrane also contains cholesterol molecules that wedge themselves between phospholipids and help to stabilize the membrane. In this way cholesterol not only prevents the lipids from aggregating, which helps to keep the membrane fluid, but it also adds to the oily nature of the internal layer, which increases the membrane's impermeability to water-soluble molecules.

The cell membrane is composed of a wide variety of important structural and globular proteins, which are responsible for the membrane's special functions. Compact globular proteins may occur either on the cell surface or inside the lipid bilayer. Those that occur within the bilayer are called integral proteins. These molecules span the entire width of the membrane and may create channels through which other molecules can pass. Some integral proteins form selective passageways that permit only particular substances to enter or exit the cell, whereas others create pores, such channels within the protein molecule that allow substances such as water to pass through with no resistance. Pores are scattered over the surface of the cell and make up approximately 0.2% of the cell's surface area.

Other globular proteins form peripheral proteins, which are bound to the inside or outside surfaces of the cell membrane. The internal peripheral proteins are more restricted in their movement than integral proteins, because they are often attached to portions of the internal cytoskeleton or to the exposed parts of some integral proteins. Peripheral proteins sometimes act as enzymes to catalyze specific chemical reactions and may be involved in the mechanics of changing the cell's shape, an event that is quite dramatically seen, for example, during the contraction of a muscle cell.

The inner and outer layers of the cell membrane are different from one another. Proteins that reside on the inner surface of the membrane, for example, may be bound to components of the cytoskeleton, keratin fibers, or peripheral proteins, whereas proteins and lipids on the outer layer are attached to sugar groups. These glycoprotein (sugar and protein) and glycolipid (sugar and phospholipid) molecules are the principal components of the “sugar coating” that covers the surface of cells. This coating is called the glycocalyx. Like the pattern of stripes on a zebra or the fingerprints on a human hand, the glycocalyx is unique. It provides improved cell-to-cell adhesion and represents an important biological marker for intercellular recognition and for the interactions between the cell and antibodies or the cell and viruses. The interaction between the glycocalyx and extracellular molecules may bring about changes in the membrane and possibly in the activity of the cell as a whole.

The glycocalyx is composed of two families of molecules: cell adhesion molecules and membrane receptors. Cell adhesion molecules (CAMs) are sticky glycoproteins that cover the surfaces of almost all of the cells in mammals; they allow the cells to bond to extracellular molecules and to each other. These molecules are also important in helping cells move past one another and in signaling circulating cells, such as white blood cells, to areas of inflammation or infection.

Membrane receptors are integral proteins and glycoproteins that act as binding sites on the cell surface. Some of them play a vital role in cell-to-cell recognition, a process called contact signaling. This is particularly important during the cell-mediated immune response and assists bacteria and viruses in finding preferred target cells. Membrane receptors are also involved in a process called chemical signaling. Hormones, neurotransmitters, and other chemical messengers called ligands bind to specific binding sites on cell surfaces Once bound to the cell membrane, ligands can bring about a change in the cell's activity. Some ligands act as enzymes to activate or inactivate a particular cellular activity.

Molecules that make up the fluid mosaic are not evenly distributed across the cell membrane. Some areas, for example, are stiffer and more rigid than others. As molecules react with one another within the fluid mosaic, rigid areas of densely packed phospholipids, cholesterol, and protein form plaquelike structures called rafts within the cell membrane. They appear to move on the surface of the cell much like a log floating on water. Rafts are important in helping to organize functional areas on the cell surface, in initiating cytokinesis during cell division, and in forming depressions on the cell surface that may lead to involution and vesicle formation. With use of atomic force microscopy, rafts are visible as discrete plaques in a sea of phospholipids on the cell membrane (Figure 3-4).


[image: image]Clinical Application

Insulin is an important ligand that binds to specific receptors on the surface of cells, particularly liver, fat, and cardiac and skeletal muscle cells. Insulin stimulates glucose uptake by triggering the movement of glucose transporter protein 4 (GLUT4) from an intracellular storage compartment to the plasma membrane. Once inside the cell, glucose is used to manufacture adenosine triphosphate (ATP), a vital energy source that fuels metabolic functions. Without adequate amounts of ATP the cell may not be able to function properly, can weaken and may even die. In many patients with type 2 diabetes (also known as diabetes mellitus), the number of insulin receptors on the cell surface is decreased. This is a physiologic response to excessive fat stores in the animal and is one form of insulin resistance. With fewer insulin docking sites in the cell membrane, diminished amounts of glucose are brought inside the cell. Paradoxically, the cell begins to starve even though the level of glucose outside the cell is very high (too high).
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FIGURE 3-4 A, An image generated by an atomic force microscope shows rigid orange-colored rafts surrounded by darkly colored phospholipids on the surface of a cell. Proteins are visible reaching upwards into the spaces above the rafts. B, An illustration of the molecular structure of a fluid mosaic membrane containing rigid rafts. Notice that the rafts are rich with cholesterol molecules and protein. These molecules cling to one another, forming a single unit that moves through the phospholipid bilayer, much like a raft on water. Rafts are important in membrane-bound organelles as well as in the cell membrane, where they facilitate molecular interactions and functions. (A, Used with permission: Henderson R et al: Lipid rafts: feeling is believing, Physiology 19(2):39-43, © 2004 Int Union Physiol Sci/Am Physiol Soc.)






Caveolae.

Caveolae are small (50 nm) invaginations of the plasma membrane. Often the caveolae pinch off and migrate inside the cell to form tiny vesicles. Depending upon the type of cell, caveolae can form single vesicles or clusters of them, like grapes on a vine or tiny rosettes. The word caveolae means “little caves” and pertains to their appearance as minute invaginations on the cell surface. Caveolae are produced only from rafts in the plasma membrane that contain the integral protein caveolin. Cells that lack caveolin also lack caveolae. Three types of caveolin have been identified thus far (caveolin-1, caveolin-2, and caveolin-3). All of them possess a similar loop structure that looks as though it was inserted into the cell membrane like a hairpin. Caveolin-1 and caveolin-2 have been found in the cell membranes of endothelial, fibrous, and adipose cells, while caveolin-3 has been found in striated and smooth muscle cells.

Many cellular functions have been associated with caveolae including endocytosis, transcytosis, and contact signaling. Caveolae with specialized receptors can capture extracellular material and bring it into the cell. In endothelial cells, for example, caveolae are known to shuttle substances such as low density lipoprotein (LDL—the infamous “bad” cholesterol) from the luminal side of the cell to the basal side (Figure 3-5). As the caveolae discharge their LDL cargo, the space behind the endothelium fills with cholesterol, forming a plaque that over time will thicken and narrow the lumen of the vessel. These atherosclerotic plaques can obstruct blood flow and lead to heart disease and stroke.
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FIGURE 3-5 Caveolae. The endothelial lining of blood vessels is rich with caveolae. The caveolae fitted with CD36 receptors will attract low density lipoproteins (LDL), also known as the “bad” cholesterol. The caveolae involute and pinch off from the plasma membrane, forming transport vesicles that carry the cholesterol to the other side of the endothelial cell. Here the LDL is discharged into the space behind the endothelium. Over time, a plaque forms in the wall of the vessel, narrowing the lumen and increasing the likelihood of a blockage. If the vessel blocks completely, the tissues that it normally supplies with nutrients and oxygen will die. Tissue death due to hypoxia is called an infarct. If an infarct occurs in the heart, it is called a myocardial infarct, which is a common cause of a heart attack. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 8, St Louis, 2013, Mosby.)











Flagella and Cilia

Flagella and cilia are extensions of the plasma membrane that extend into the extracellular space. They are energetic, motile “hairs” that are structurally identical but function differently from one another. Cilia and flagella are composed of nine pairs of microtubules that encircle a central pair of microtubules. Both cilia and flagella originate from a pair of centrioles, called basal bodies, which are located at the periphery of the cell, just under the plasma membrane. During their formation, cilia and flagella grow outward from the basal bodies and exert pressure on the plasma membrane.

Cilia occur in large numbers on the exposed surface of some cells (Figure 3-6). They are shorter than flagella and measure only about 10 µm long. They move synchronously, one after the other, creating waves of motion that propel fluid, mucus, and debris across the cellular surface. Cilia are best known for their important functions: (1) in the upper respiratory tract, where they propel bacteria and mucus away from the lungs; and (2) in the oviduct, where their beating motion pulls the expelled egg away from the ovary and into the opening of the oviduct.
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FIGURE 3-6 Cilia and flagella. A, Cilia and flagella are composed of nine pairs of microtubules that surround a central pair. Cilia have a fast, powerful, and synchronized stroke in one direction. In the trachea, this helps to propel particles away from the lungs toward the mouth where they can be coughed up and swallowed. Unlike cilia, which are numerous on the surface of some cells, flagella occur singly. B, A scanning electron micrograph of cilia on the apical surface of epithelial cells in the lung airways. C, A scanning electron micrograph of sperm. The single elongated flagellum enables the sperm cell to move rapidly through the female reproductive tract. (B, Courtesy Charles Flickinger, University of Virginia. C, From Thibodeau GA, Patton KT: Anatomy & & physiology, ed 8, St Louis, 2013, Mosby.)





Flagella generally occur singly and are significantly longer than cilia. They are typically attached to individual cells and propel the cell forward by undulating. Flagella move cells through fluid, whereas cilia move fluid across cell surfaces. The tail of a sperm cell is an example of a flagellum. A sperm is the only mammalian cell that is propelled by a single flagellum, although many disease-causing organisms are propelled in this manner.


[image: image] Test Yourself 3-2


1. Name three structures that all mammalian cells possess.

2. Draw a picture of the lipid bilayer. Which part is hydrophobic and which part is hydrophilic?

3. What types of protein are found in the cell membrane?

4. Where are these proteins located and what are their functions? Add them to your drawing.

5. What are the molecular components of rafts and what role do rafts play in the life of a cell?

6. What is the glycocalyx and what important role does it play in cellular interaction?

7. What are CAMs and what do they do?

8. What are membrane receptors and ligands, and what role to they play in the health of the cell? How does obesity affect cell membrane receptors for insulin?

9. What are caveolae and what role do they play in the cell membrane?

10. How are cilia and flagella different?

11. Which are found more commonly in mammalian cells: cilia or flagella?











Cytoplasm

The cytoplasm is the inner substance of the cell, excluding the nucleus. Initially, seen under light microscopy, it appears as a nondescript bag of gel with a few opaque speckles. Now, with the increased use of electron microscopy, cytologists have the ability to visualize minute internal structures that define the complex internal workings of the cell. The principal components of cytoplasm are the cytosol, cytoskeleton, organelles, and inclusions.


Cytosol

The fluid of the cell is called cytosol. It is a viscous, semitransparent liquid composed of dissolved electrolytes, amino acids, and simple sugars. Proteins are also suspended in the cytosol and give it its thick, jellylike consistency. These proteins are mostly enzymes that are important in the metabolic activities of the cell.




Cytoskeleton

Like the skeleton in our bodies, the cytoskeleton is a three-dimensional frame for the cell; but unlike our bones, it is neither rigid nor permanent (Figure 3-7, A and C). It is a flexible, fibrous structure that changes in accordance with the activities of the cell. It gives support and shape to the cell, enables it to move, provides direction for metabolic activity, and anchors the organelles. Three different types of fiber comprise the cytoskeleton, all of which are made of protein. They are microtubules, intermediate fibers, and microfilaments (Figure 3-7, B). These fibers are not enclosed in a membrane.
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FIGURE 3-7 Cytoskeleton. A, The cytoskeleton is an important structural frame for the cell. It is strong but flexible and can be dismantled in some regions and rearranged as needed. B, Left: Cytoskeleton is composed of three different types of fiber: microtubules, intermediate fibers, and microfilaments. Middle: Electron micrographs of each type of fiber. Right: Light microscopy reveals parts of the cytoskeleton using fluorescent stains to illuminate specific molecules. C, Color-enhanced scanning electron micrograph showing cytoskeleton. Note that the microtubules (arrows) are thicker than the minute intermediate filaments (arrowheads). (B, Top, Courtesy I. Herman, Tufts University; middle, Courtesy E. Smith and E. Fuchs, University of Chicago; bottom, courtesy G. Borisy, University of Wisconsin, Madison.)





The thickest fibers are the microtubules, which are long, hollow tubes that grow out from the cell center near the nucleus. They form secure “cables” to which mitochondria, lysosomes, and secretory granules attach. Proteins that act as motors move the attached organelles along the microtubule from one location in the cell to another. Because microtubules act as the railroad tracks for organelle travel, they can be easily disassembled and then reassembled to form new paths or to take on new direction. They appear, for example, in greater numbers during cell division to assist in the separation of chromosomes and organelles. Microtubules are composed of a pair of spherical molecules called tubulins, which are linked together into a spiral chain. The spiral shape provides strength and flexibility to cilia and flagella, as well as to the cell as a whole.

Intermediate fibers are woven, ropelike fibers that possess high tensile strength and are able to resist forces pulling on the cell by acting as internal guy wires. These fibers are the toughest and most permanent element of the cytoskeleton. They are composed of different proteins, depending on the function of the cell, and often take on different names depending on the type of cell in which they are found. In epithelial cells, for example, intermediate fibers are composed primarily of keratin and are known as tonofilaments or keratin filaments, whereas in nerve cells they are known as neurofilaments.

Microfilaments are located near the cell surface on the cytoplasmic side of the plasma membrane and are arranged in bundles and meshworks. They are composed of the contractile protein actin and, together with the motor protein myosin, play a key role in the cell's ability to change shape, break apart during cell division, and form outpouchings and involutions. In most cells, microfilaments are assembled where and when they are needed. Their position and quantity within the cell vary depending on the cell's activity. In muscle cells, however, the microfilaments are permanent, highly developed myofibrils, which shorten to cause muscle contraction.

Some cytologists believe that minute microtrabeculae exist as a fourth component of the cytoskeleton. These fibers are thought to form a lattice that interconnects larger cytoskeletal elements, suspends free ribosomes, and gives cytosol its jamlike consistency.


Centrosome.

A important region of the cytoskeleton, located near the nuclear envelope, is called the centrosome. The centrosome is responsible for the coordination of building and breaking down microtubules in the cell and is composed of several parts: centrioles, pericentriolar material, and asters (Figure 3-8). The centrosome helps manufacture microtubules, the thickest and strongest fibers in the cell. Microtubules are not only important parts of the cytoskeleton but also key elements in cell division and the formation and function of cellular extensions such as cilia and flagella. In these ways, the centrosome is vital to cellular life.
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FIGURE 3-8 Centrosome. A, A mother and daughter pair of centrioles form the focus of the centrosome. Each centriole is composed of nine triplets of microtubules arranged around a central axis, much like a pinwheel. Minute fibers connect the centrioles to one another while microtubules called asters radiate outward from the pericentriolar material. B, A transmission electron micrograph (TEM) of a centrosome. (B, Photograph by Dr. Conly L. Rieder, East Greenbush, NY.)





A pair of small cylinders, called centrioles, is found in the central portion of the centrosome. Each centriole is composed of nine triplets of microtubules arranged like a pinwheel around a hollow core. Long rods of microtubules, called asters, radiate away from the centrioles, forming anchors to the larger centrosome. In the center of this region, a concentrated amorphous collection of proteins forms the pericentriolar material (PCM), where formation of microtubules is initiated.

In preparation for cell division, centrioles must first duplicate themselves; each one forms a “daughter” centriole that is oriented perpendicular to the “mother” centriole. Mother and daughter centrioles are linked to one another by a thin interconnecting fiber. The mother centriole is equipped with an array of molecular appendages that help anchor the newly formed microtubules that emerge from the PCM. As the fibers lengthen, the two centriole teams move slowly apart from one another, holding fast to the fibrous ends of the elaborate construction that ultimately becomes the spindle apparatus.

The centrosome plays an important role in the formation of microvilli, cilia, and flagella. Refer to the section in this chapter on the cell membrane for more information about these microtubular cell extensions.







Organelles

Organelles, or “little organs,” are membrane-bound structures within the cytoplasm that possess specialized cellular functions. The membranes of the organelles are similar in composition to those in the plasma membrane but do not have glycocalyx coatings. In this way, each organelle is separated from the surrounding cytosol and is able to maintain its own internal environment. This compartmentalization is crucial for effective metabolic processes, because it enables the cell to separate and control various molecular interactions, which are the basis for food absorption, energy production, and excretion.


Mitochondria.

Among the largest of the organelles is the mitochondrion (plural, mitochondria). This is known as the powerhouse of the cell because it produces 95% of the energy that fuels the cell. In the mitochondria, large nutrient molecules, such as glucose, are processed and broken down into smaller ones, which can be used intracellularly to fuel most metabolic processes (Figure 3-9). It is also where respiration takes place: oxygen is consumed, and carbon dioxide is excreted. Numerous biochemical reactions occur in the mitochondria, such as amino acid and fatty acid catabolism, respiratory electron transport, oxidative phosphorylation, and the oxidative reactions of the citric acid cycle. (See Chapter 17 for more detailed descriptions of these metabolic processes.)

[image: image]
FIGURE 3-9 Mitochondrion. A, The mitochondrion is the powerhouse of the cell. Using oxygen, it produces 95% of the energy that fuels the cell. B, Transmission electron micrograph of a mitochondrion. Note the convolutions of the inner membrane, which create increased workspace for the manufacturing of adenosine triphosphate (ATP). (Modified from Thibodeau GA, Patton KT: Anatomy & physiology, ed 6, St Louis, 2007, Mosby.)





Active cells, which have high energy demands, have greater numbers of mitochondria within their cytoplasm than inactive cells. Heart muscle cells, for example, have far more mitochondria than relatively inactive endothelial cells. When cellular requirements for energy increase, the mitochondrion divides by pinching itself in half via a process called fission. Both halves subsequently grow to normal size. In addition, mitochondria tend to congregate in areas of the cell where greater amounts of energy are required, such as at the base of a flagellum.

Mitochondria contain the DNA, RNA, and enzymes necessary to make protein, but they provide themselves with only 13 of the proteins required for their metabolic functions; the nucleus provides the remaining 50. Thus most of the protein needed by the mitochondria is produced elsewhere in the cell and is later taken up by the mitochondria.

Mitochondria may take on a variety of shapes but tend to be elliptical or round. They can move throughout the cell and can elongate or change shape with ease. Mitochondria are enclosed by two membranes: the outer one is smooth and featureless, and the inner one involutes dramatically, forming shelflike folds called cristae. These folds increase the internal working area and allow greater contact between the cristae and the enzyme-rich liquid, called the matrix, which fills the spaces between the cristae. In addition to containing vital enzymes, the matrix is composed of calcium ions and the substrates required for metabolic reactions. Additional enzymes are available in the form of small particles that are found attached to some of the cristae. Because the cristae are the site of ATP production, it is not surprising that active mitochondria possess more cristae than inactive ones.

The DNA and RNA found in mitochondria are similar to those found in bacteria but are quite different from those found in the nucleus and cytoplasm. Mitochondria are thought to have originated as independent, bacteria-like organisms billions of years ago that later moved into the bodies of unicellular plants and animals, developing a symbiotic relationship with them.




Ribosomes.

The most common and smallest organelle in the cell is the dark-staining ribosome (Figure 3-10). It is composed of two globular subunits, which fit together like cupped hands. These subunits contain protein and a specific type of RNA, known as ribosomal RNA (rRNA). Although only 25 µm in diameter, the ribosome is an important site for protein synthesis. Soluble protein intended for intracellular use is manufactured on ribosomes that are evenly distributed freely throughout the cytoskeleton. Protein intended for use in the plasma membrane or meant for cellular export, on the other hand, is synthesized on ribosomes attached to the endoplasmic reticulum. Ribosomes are flexible in their abilities to attach and detach from membranes and to move freely within the cell. Thus they can move back and forth between the cytoskeleton and endoplasmic reticulum, depending on the type of protein they are making. When manufacturing protein, the ribosomes assemble the amino acids into long chains using specific instructions that are determined by the cell's genetic material. In this way, a wide range of proteins, such as cellular enzymes, hormones, collagen, and mucus, may be created, based on the needs of the cell and of the organism as a whole.
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FIGURE 3-10 Ribosome. Each ribosome is composed of one large and one small subunit. When joined together, these two subunits form one ribosome. The small subunit attaches to a strand of messenger RNA (mRNA). Amino acids are carried to the ribosome by transfer RNA (tRNA). The amino acids are assembled in order according to the recipe in the genetic code. As a chain of amino acids forms and lengthens, it leaves the ribosome via an exit hole in the bottom of the large subunit. When the polypeptide is fully formed, it will be released from the ribosome. (From Patton KT, Thibodeau GA: Anatomy & physiology, ed 8, St Louis, 2013, Mosby.)








Endoplasmic Reticulum.

The endoplasmic reticulum (ER) is a series of flattened tubes stacked on one another and bent into a crescent shape. Its surface area is enormous and may be 30 times larger than that of the plasma membrane. The walls of the ER are composed of a single lipid bilayer and are continuous with the membranes of the nucleus.

The two types of ER are rough, which has ribosomes on its surface, and smooth, which lacks ribosomes. Rough ER is involved in the production of protein, which is assembled by the ribosomes. These newly manufactured protein molecules are moved inside the ER into passageways known as cisternae (sis-TUR-ne; a reservoir of water). Here the proteins are modified before being moved on to the Golgi apparatus for further modification and packaging. Smooth ER, which is connected to rough ER, is active in the synthesis and storage of lipids, particularly phospholipids and steroids, and is therefore seen in large quantities in gland cells. In liver cells, it may also function to eliminate drugs and break down glycogen into glucose. The proportion of smooth to rough ER varies depending on the synthetic activities of the cell.




Golgi Apparatus.

The Golgi apparatus, like the ER, is composed of stacks of flattened, crescent-shaped cisternae (Figure 3-11). Small, spherical transfer sacs from the ER containing newly manufactured proteins are received by the Golgi apparatus. These sacs fuse with the membrane at the ends of the Golgi apparatus and dislodge their contents into the Golgi cisternae. The protein molecules are then moved from stack to stack through the Golgi body, where they are modified. For example, sugar groups, which the Golgi apparatus manufactures, may be added to the proteins to form glycoproteins. When the modified proteins reach the outermost layer of the Golgi's flattened tubes, they are packaged into small spherical vesicles. The vesicles are formed as they pull away from the cisternae and venture out into the cytosol, where they travel to other parts of the cell, particularly the cell membrane. Thus the Golgi body acts as a modification, packaging, and distribution center for molecules destined either for secretion or for intracellular use. It also functions in polysaccharide synthesis and in the coupling of polysaccharides to proteins to create glycoproteins found on the cell surface.
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FIGURE 3-11 Golgi apparatus and endoplasmic reticulum. A, Endoplasmic reticulum (ER) is continuous with the nuclear envelope and is divided into two types: rough ER, which is covered by ribosomes, and smooth ER, which does not have ribosomes. Molecules produced by ER are transported to the Golgi apparatus, where they are modified and packaged into vesicles. Vesicles transport molecules to other regions of the cell. B, A transmission electron micrograph of the Golgi apparatus. (A, Courtesy Charles Flickinger, University of Virginia. B, From Thibodeau GA, Patton KT: Anatomy & physiology, ed 8, St Louis, 2013, Mosby.)








Lysosomes.

The lysosome is a specialized vesicle formed by the Golgi apparatus (Figure 3-12). It contains powerful enzymes enclosed in a single, protective membrane, which fuses with other vesicles carrying nutrients, microbes or aged cellular parts. Both the ER and the Golgi apparatus are skilled in policing the cytosol for unused and damaged protein, organelles, and cellular debris. Their membranes reach out into the cytosol and envelope this unwanted material. Subsequently, the vesicles fuse with lysosomes, which dump their digestive enzymes into the vesicles to break down the contents. A small residual body is all that is left behind, carrying amino acids and other molecular subunits that can be recycled to form new molecules or neatly expelled from the cell if not needed. It is not surprising, therefore, that the lysosome is considered the “stomach” or “garbage disposal” vessel of the cell. Its principal responsibilities are to break down nutrient molecules, aged organelles, and cellular debris and to destroy phagocytosed microinvaders. Lysosomes also remove accumulations of protein that might otherwise obstruct normal cellular processes.
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FIGURE 3-12 Lysosomal action. A, Material from outside the cell is drawn into a forming vesicle. B, The plasma membrane surrounds the material and pinches off to form a vesicle. C, The vesicle transports material to internal regions of the cell. D, A lysosome approaches the vesicle. E, The lysosome fuses with the vesicle and dumps digestive enzymes into it; these break down the material. F, The contents of vesicle are digested and transported to other regions of the cell.





When cells die, the lysosomes within them are triggered to burst open and release their caustic enzymes into the cytosol; these enzymes immediately begin to dismantle and digest the various organelles and nuclear components of the cell. The process of self-digestion is called autolysis. The organism as a whole recycles the used parts of the dead cell to create new cells or to help maintain existing ones. Not surprisingly, as cells age, the number of lysosomes within them increases.

Lysosomes may also release their enzymes outside the cell to assist with the breakdown of extracellular material. During the process of bone remodeling, for example, osteocytes use lysosomes to help break down and remove unnecessary bone. This process is seen radiographically (in an x-ray film) as bone resorption, with a decrease in opacity of the affected area. In addition, lysosomal digestion is responsible for decreasing the size of body tissues, for example after parturition, with shrinkage of the uterus, and in the atrophy of muscles in paralyzed animals.




Proteasomes.

The proteasome is a small cylindrical structure composed of multiple protein subunits. Like the lysosome, it assists with the breakdown and removal of misfolded and unwanted protein in the cell. Unlike the lysosome, however, which can digest large amounts of cellular debris, the proteasome can only break down one protein at a time.

The proteasome is barrel-shaped and composed of a stack of flattened protein subunits with a hollow core that extends down its center (Figure 3-13). Regulatory molecules form caplike structures at each end of the proteasome. These molecules control the entry and release of the proteins that it processes.
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FIGURE 3-13 Proteasome. Vital to the health of cells, the proteasome disposes of damaged, old or unwanted protein in cytoplasm that otherwise might build up and obstruct normal metabolic activity. The tiny organelle is a little more than half the size of a ribosome and is made of protein subunits with caps at each end. Following the route indicated by the arrows, a misfolded protein enters the hollow core of the proteasome where it is broken down into short peptide chains. The peptide chains exit the proteasome at the opposite end, and are further broken down into amino acids, which are used to make new proteins.





Before a protein can enter the proteasome, a short-chained protein called ubiquitin is attached to the misfolded protein. The ubiquitin then “pulls” the protein into the central core of the proteasome. As the protein passes through the cap, the protein is unfolded to prepare it for processing in the central chamber where it is broken into short peptide chains 4 to 25 amino acids in length. These short peptides are subsequently expelled from the distal cap into the cytosol where they are further broken down into amino acids that are recycled to make new proteins.

Scientists have learned that normal functioning of proteasomes is essential for healthy cells. In diseases such as Parkinson's disease in humans, for example, accumulations of misfolded proteins kill cells in the brain that regulate muscle function, because the proteasome system is not functioning properly.




Peroxisomes.

Like lysosomes, peroxisomes are membranous sacs containing enzymes that are found throughout the cell. But unlike lysosomes, which are formed by the Golgi apparatus, peroxisomes are formed by vesicles pinching in half via fission or by pinching off from the ER. They commonly occur in liver and kidney cells and are important in the detoxification of various molecules. Peroxisomes contain enzymes that use oxygen to detoxify a number of harmful substances, including alcohol and formaldehyde. They also assist in the removal of free radicals, which are normal products of cellular metabolism but can be harmful to the cell in large quantities because they interfere with the structure of proteins, lipids, and nucleic acids. Peroxisomes carry two major types of enzyme: peroxidases, which assist in the conversion of free radicals to hydrogen peroxide, and catalases, which reduce hydrogen peroxide to water.




Vaults.

A new tiny organelle has recently been discovered, called a vault (Figure 3-14). Its minute barrel-shaped structure with tapered ends is reminiscent of a straight “crescent” dinner roll, but unlike dinner rolls, vaults are hollow inside. Vaults are thought to be extremely numerous throughout the cell and may play a role in transporting molecules to and from the nucleus. They appear to be attached to microtubules in the cytoskeleton and are thought to act as transportation pods, sliding rapidly from one end of the cell to another. Their tiny size enables them to dock in nuclear pore complexes where they can open into a rosette shape that echoes that of the nuclear pore complex. In this way, they can open one end to pick up or drop off ribosomal subunits or large molecules. They are made of protein and a small amount of RNA. This RNA is called vault RNA (vRNA or vtRNA for short).


[image: image] Test Yourself 3-3


1. What are the principal components of cytoplasm?

2. What is cytosol and what kind of molecules are found in it?

3. What is the centrosome and what important roles does it play in the life of the cell?

4. What is the cytoskeleton and what is its function?

5. How many types of fiber make up the cytoskeleton? Can you name them? How do they function differently?

6. Draw a picture of each of the eight organelles described earlier.

7. How does each of these organelles function within the cell?
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FIGURE 3-14 Vaults. Vaults are recently discovered organelles. They resemble tiny hollow pods and are thought to transport small structures to and from the nucleus. They can attach themselves to microtubules and rapidly zip from one part of the cell to another. The ends of each vault open to allow it to pick up or drop off loads.











Inclusions

Inclusions are packaged units of metabolic products or substances that the cell has engulfed. They may be delineated by a surrounding, single-layer membrane, as seen in secretory granules, vacuoles, and vesicles, or they may be non-membrane bound inclusions, such as lipid droplets and fat globules. Vacuoles are larger than vesicles but are otherwise identical in structure. They are often filled with water and solutes that are transported to and from the cell surface. Some vesicles act simply as storage units, holding substances within the cell until the contents can be used.







Nucleus

The nucleus is the largest organelle in the cell and is considered the control center, the central processing unit, the CEO of operations, or the “brain” of the cell. It is a dominating, dark-staining, ovoid, spherical, flattened, or multisegmented body. The primary functions of the nucleus are to maintain the hereditary information of the species and to control cellular activities through protein synthesis. Thus the nucleus contains the hereditary information (DNA) that enables the cell to divide and produce an identical daughter cell and, on a larger scale, determines whether an animal will develop into a dog, cat, or horse. It also contains all of the instructions, blueprints, and information required to make over 2000 proteins that are needed for normal cell activity.

Although most cells have at least one nucleus, extremely large cells, such as muscle cells, may have many nuclei and are therefore called multinucleated. Mature mammalian red blood cells, on the other hand, have no nuclei, because the nuclei are removed from the cells during their development in the bone marrow. These cells are therefore called anucleate. Without a nucleus, they cannot divide, make protein or enzymes, or repair themselves as they start to age. For this reason, the supply of vital molecules in mammalian red blood cells allows them to survive in circulation for only 3 or 4 months. The red blood cells found in birds and reptiles, on the other hand, are nucleated and therefore are able to produce the proteins and other molecules needed by the cells to survive for longer periods.

The anatomy of the nucleus is divided into the following four parts:


• Nuclear envelope or membrane

• Nucleoplasm

• Chromatin

• Nucleoli




Nuclear Envelope and Nucleoplasm

The nucleus is separated from the cytosol by a nuclear envelope composed of a lipid bilayer. The outer layer is continuous with the ER and is studded with ribosomes. Over 10% of the nuclear surface consists of nuclear pore complexes—places where the two layers of the nuclear envelope have fused to form a channel that spans its entire thickness (Figure 3-15). With improved microscopy techniques, the structure of nuclear pore complexes has become better understood, and they are relatively large (120 nanometers in diameter). Typically, protein molecules are moved into the nucleus from the cytoplasm, and mRNA and rRNA molecules are exported. The nuclear pore complexes represent the principal channels of communication between the cytoplasm and the nucleus. Between the bilayers of the nuclear envelope is a space called the perinuclear cisterna. The nucleus is filled with a gel-like substance called nucleoplasm that resembles cytosol and which contains chromatin.
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FIGURE 3-15 Nucleus. A, The nucleus contains a nonmembrane bound region containing rRNA, called the nucleolus, and colloidal nucleoplasm that contains chromatin. The entire nucleus is surrounded by a nuclear envelope that is perforated by thousands of nuclear pore complexes (NPC). The NPCs have a rosette appearance comprising eight “petals” arranged around a central transporter “pore.” The NPC permits selective passage of substances in and out of the nucleus. B, A computer-enhanced transmission electron micrograph shows a nuclear pore and the details of the two lipid bilayer membranes that make up the nuclear envelope. Keep in mind that the outer lipid bilayer is continuous with the endoplasmic reticulum. Nucleoplasm (gray) inside the nucleus and cytoplasm (yellow) outside the nucleus are also visible. C, A nuclear pore complex is composed of many parts. (A, Modified from Patton KT, Thibodeau GA: Anatomy & physiology, ed 8, St Louis, 2013, Mosby. B, From Thibodeau GA, Patton KT: Anatomy & physiology, ed 5, St Louis, 2003, Mosby.)








DNA, RNA, and Chromatin

The structure of genetic material, which was known to exist within the nucleus, was a mystery until the early 1950s, when research on heredity was to take a great leap forward. Rosalind Franklin (Box 3-2), a British physical chemist working at Kings College in London, used x-ray crystallography techniques to examine the structure of DNA. In 1953, she discovered that there are two forms of DNA, which she called A and B. It was her photograph 51 of the B form of DNA that showed the helical and double coaxial structure of the molecule, better known as the double helix. This critical discovery became the basis for the model that was subsequently developed by James Watson and Francis Crick (Figure 3-16) for which they won the Nobel Prize for Medicine and Physiology in 1962. Today, with the aid of advanced technology, cell biologists have an even better understanding of nucleic acids—DNA and RNA—and of the proteins that are central to the continuation of life.


Box 3-2

Rosalind Elsie Franklin

[image: image]
Rosalind Elsie Franklin. (From Piper A: Light on a dark lady. Trends Biochem Sci 23:151-154, 1998.)





In the early 1950s, when research on heredity was moving forward rapidly, Dr. Rosalind Franklin, at King's College in Cambridge University, used crystal chromatography to study the structure of DNA. She made meticulous preparations and produced several excellent photographs. One in particular, photograph 51, showed the helical structure of the molecule. Without her permission, Maurice Wilkins, who worked with Franklin in the same laboratory, showed her data and photograph 51 to James Watson and Francis Crick. Immediately, Watson and Crick began work on a new 3-dimensional model that included two helical strands, discarding their previous 3-helix model. On March 17th, 1953, Franklin wrote a draft paper based on her own research describing the structure of DNA and detailed the placement of the sugars, phosphates and nitrogenous bases. However, before her paper was published, James Watson and Francis Crick's paper appeared on April 25, 1953 in Nature.

By the time Watson and Crick's paper was published, Franklin had left King's College for a new appointment at Birkbeck College, where she was given charge of a new research group working on the tobacco mosaic virus. At Birkbeck, Franklin found a collaborative working environment in which she became highly productive. She enthusiastically initiated work on the structure and assembly of the tobacco mosaic virus and, during the four and a half years she spent at Birkbeck, published 17 papers. This was an impressive feat in the best of circumstances, but was particularly so for Franklin, because in 1956 she was diagnosed with ovarian cancer, which may have been caused by her lengthy exposures to x-ray radiation. Despite her illness, she maintained an arduous schedule and continued working in the laboratory until shortly before her death two years later. She died in London on April 16th, 1958 at the age of 37. After her death, her colleague Aaron Klug, who had been working with Franklin since 1954, took over the directorship of the laboratory at Birkbeck. He continued the research that Franklin had started on the tobacco mosaic virus and completed new research on the polio virus. Klug was subsequently awarded the Nobel Prize for this work.

In 1962, four years after Rosalind Franklin's death, the Nobel Prize for Medicine or Physiology was awarded to Francis Crick, James Watson, and Maurice Wilkins for determining the structure of DNA. Regrettably, the Nobel Prize is only awarded to the living. Nominations cannot be made posthumously. The premature death of Rosalind Franklin arguably robbed her of two chances to win the Nobel Prize herself. Nevertheless, it is widely felt that her contribution to the discovery of the structure of DNA is comparable to those who did receive the prize, and that she is indeed among the most brilliant scientists of our time.



[image: image]
FIGURE 3-16 DNA. With the aid of data collected by Rosalind Franklin, of Britain, James Watson, of the United States, and Francis Crick, of Britain (photo, right), developed the double-helix model of deoxyribonucleic acid (DNA). Like a spiraling ladder, the vertical portion is composed of alternating molecules of sugar and phosphate, while the “rungs” are paired nitrogenous bases. Watson, Crick, and Maurice Wilkins were awarded the Nobel Prize in 1962 for this famous work. (Photo from Cold Spring Harbor Laboratory.)





DNA and RNA are made up of chains of nucleotides. Nucleotides are composed of three subunits: a nitrogenous base, a five-carbon sugar, and a phosphate group. In DNA the sugar is deoxyribose and in RNA the sugar is ribose. DNA and RNA nucleotides are linked in such a way as to form a “backbone” of alternating sugar and phosphate groups. The nitrogenous bases project out of this backbone and in DNA they are weakly bonded to nitrogenous bases on an opposing strand. In this way, DNA forms a double-stranded molecule, the basic structure of which is analogous to a twisted ladder in which the vertical poles are composed of alternating sugar and phosphate groups and the horizontal rungs are paired nitrogenous bases. DNA's molecular structure is therefore called the double helix (see Figure 3-16). RNA, however, is a single-stranded molecule that has no opposing strand. The single strand of RNA is similar in structure to each of the strands found in DNA.

Four kinds of nitrogen base are found in DNA and RNA nucleotides (Figure 3-17). The three that are found in both RNA and DNA are adenine (A), cytosine (C), and guanine (G). However, only DNA contains thymine (T), and only RNA contains uracil (U). In addition, the structure of each nitrogenous base permits the bonding of only certain pairs of nucleotides. For example, thymine can only bond to adenine, and cytosine can only bond to guanine. Uracil, the RNA base, can only bond to the DNA base adenine. These nitrogenous bases and their corresponding bonding parameters are the foundation for the storage of genetic information.

[image: image]
FIGURE 3-17 Nitrogenous bases. DNA and RNA are composed of two types of nitrogenous base: purines and pyrimidines. Purine molecules each have two rings and are found in both DNA and RNA. Pyrimidines, in contrast, are single-ringed molecules. Cytosine is the only pyrimidine that occurs in both RNA and DNA. Thymine occurs only in DNA, and uracil occurs only in RNA.





Chromatin appears as light or dark fibers in the nucleoplasm of the nucleus and is made up of DNA and globular proteins called histones. A single strand of DNA winds around eight histone molecules, forming a granule called a nucleosome. The nucleosomes are held together by short strands of DNA called linker DNA. Not only do the histone proteins help keep the DNA strand organized and untangled, they also expose small sections of the DNA to the outside nucleoplasm. These sections of DNA are called genes. By changing shape, the histones can expose different genes at different times. The exposed genes determine what proteins will be made by the cell. In this way, histones play an important role in the control of gene expression. We call this process gene regulation.

The DNA contains all of the important instructions required for the synthesis of thousands of different proteins, but not all of them are made: only a small percentage are actually manufactured. The histones help to determine which segments of the DNA will be expressed and therefore which proteins will be made. When not being used to make protein, chromatin coils into tight helical fibers, which appear as dark strands in the nucleoplasm. This arrangement protects the delicate strands of DNA when they are not being used and saves space within the nucleoplasm. Strands of chromatin that are actively engaged in protein synthesis are uncoiled and called extended chromatin. The extended chromatin is lighter and is usually not visible under light microscopy. During cell division the chromatin condenses into supercoiled, X-shaped structures called chromosomes (Figure 3-18).

[image: image]
FIGURE 3-18 Chromatin (DNA and protein) comprises chromosomes. A, The double helix of DNA (1) wraps twice around eight histone proteins, forming a nucleosome. The nucleosomes are joined together by linker-DNA strands (2). Nucleosomes compress into a fiber, which coils tightly (3). The coiled fiber is then supercoiled and compressed into chromosomes (4). B, During cell division, the chromosome becomes shaped like an X, representing two chromatids held together at the centromere. C, Light micrograph of chromosomes in a cell preparing to divide. (C, From Thibodeau GA, Patton KT: Anatomy & physiology, ed 5, St Louis, 2003, Mosby.)








Nucleoli

Nuclei usually contain one or more small, dark-staining spherical patches known as nucleoli. The nucleoli are not membrane bound but are the places in the nucleus where ribosomal subunits are made. These subunits are exported separately from the nucleus and are assembled in the cytoplasm to form functional ribosomes. In addition, nucleoli contain the DNA that governs the synthesis of ribosomal RNA (rRNA).


[image: image] Test Yourself 3-4


1. Why do inclusions vary in appearance? What function do they perform?

2. What role does the centriole play in the formation of cilia and flagella?

3. How are centrioles structurally similar to cilia and flagella?

4. Why is the nucleus considered the “CEO of operations”?

5. Can a cell that does not contain a nucleus live as long as a cell that does contain one? Why or why not?

6. Describe the nuclear envelope. How is it different from the cell membrane?

7. How do histones play a role in gene regulation?

8. What is the significance of the nucleolus? What happens in that region of the nucleus?
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Learning Objectives

When you have completed this chapter you will be able to:


1. Differentiate between active and passive transport processes.

2. Describe the factors that determine whether a molecule can pass through a plasma membrane by passive diffusion.

3. Differentiate between diffusion and facilitated diffusion.

4. Describe the process of osmosis.

5. Describe the process of active transport.

6. Describe the processes of endocytosis and exocytosis.

7. Describe the role of ions in maintaining a cell's resting membrane potential.

8. List the phases of mitosis and describe the events that occur in each phase.

9. List the steps in replication of DNA.

10. List the steps in the synthesis of proteins.
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Introduction

The survival of a cell depends upon its ability to manufacture and transport molecules and to moderate their intricate and vital interactions with one another. Survival also depends upon the cell's selective control over what will and what will not cross the cell membrane that delineates the intracellular and extracellular spaces. The building, modification, placement and subsequent destruction of molecules are the foundational activities that underlie all of the events by which life is defined. Cellular respiration, growth, development, repair, adaptation, reproduction, and the ability to maintain an internal homeostasis are all based upon molecular activities within the cell. This chapter focuses on some of the most important physiologic events in the cell and, where relevant, correlates them to the clinical work of veterinary technicians.




Body Fluids


Body Fluids and Fluid Compartments

Water is essential for life. Roughly 60% of an animal's body is composed of water (Figure 4-1). Water is found in all cells, tissues and organs, as well as in blood and lymph. Healthy animals maintain normal hydration by consuming the same amount of water as they lose. Animals take in water from eating moist or wet foods and by drinking fluids. In addition, a small amount of water is produced as the by-product of cellular metabolism. This water is called water of oxidation or metabolic water. Conversely, animals lose water in a wide variety of ways. It is vaporized away from the body during respiration and diffuses passively away from skin. This water loss is called insensible water loss. However, greater quantities of water are lost overtly via sweating, vocalizing, urinating and defecating. In sick animals, it is lost more rapidly as a result of vomiting, diarrhea, excessive sweating, hemorrhage, and elevated body temperatures.

[image: image]
FIGURE 4-1 Fluid spaces. Most fluid in the body is found inside the cell and is therefore called intracellular fluid. Extracellular fluid is found outside the cell and includes intravascular fluid, found in blood and lymphatic vessels, and interstitial fluid, found in the tissue-spaces surrounding cells. Arterial blood delivers oxygen, nutrients and ions to needy cells while venous blood carries away CO2 and waste products.





Despite the remarkable ability of the kidney to conserve water by concentrating urine, some fluid is inevitably lost from the production of urine regardless of how concentrated it may be. In addition, insensible water loss from respiration and evaporation on skin cannot be prevented. Therefore, all animals—including the inactive couch potatoes that may live with us—must consume water or they will die in a relatively short period of time. Dogs, for example, die within 2 to 4 days, while cattle die within 6 to 8 days. Small animals, particularly neonates, with rapid metabolisms may die within several hours without water. Extraordinarily, some types of camels have been known to survive for 1 to 2 months in the winter desert, and 6 to 10 days in the summer desert, without drinking. Regardless of the species, evaluating the initial and changing hydration status of veterinary patients and carrying out and maintaining fluid therapy orders are important responsibilities for veterinary technicians.

Two thirds, the vast majority, of total body water (TBW) is found inside cells and is called intracellular fluid. Fluid outside the cell is called extracellular fluid and makes up the other third of TBW. Extracellular fluid found in lymphatic and blood vessels is called intravascular fluid, while the extracellular fluid found outside vessels and surrounding cells is called interstitial fluid (Figure 4-2). Keep in mind that the epithelia that comprise vascular walls separate intravascular and interstitial fluid, while the cell membrane delineates intracellular from interstitial fluid.

[image: image]
FIGURE 4-2 Roughly 60% of a mammal's body is composed of water. Two thirds of this water is found inside the cell while one third is found outside the cell. (From Bassert JM, Thomas JA: McCurnin's clinical textbook for veterinary technicians, ed 8, St Louis, 2014, Elsevier.)






Solutes and Osmolality

Body fluids are filled with many different kinds of particles called solutes. The solutes range in size, level of abundance, and whether or not they have an electrical charge. Charged particles, called ions, are the most abundant type of solute found in body fluid. Ions may be either positively or negatively charged. Salt is an excellent example of an ionic compound because it is composed of oppositely charged ions that separate from one another (i.e., it ionizes) when mixed in water. The salt sodium sulfate (Na2SO42−), for example, separates into two sodium ions (Na+) and one sulfate ion (SO42−). Positively charged ions, such as Na+, are called cations (pronounced “cat-ions”), and negatively charged ions, such as SO42−, are called anions (unfortunately, they are not called dogions, which would seem logical in the veterinary world). A salt, by definition, is made up of anions other than the hydroxyl ion (OH−) and cations other than the hydrogen ion (H+). Because anions and cations are capable of conducting an electrical current in solution, they are called electrolytes. All ions are electrolytes.

The concentration of electrolytes in body fluids is usually expressed in milliequivalents per liter (mEq/L), which is a measure of the number of electrical charges in 1 liter of solution. Figure 4-3 illustrates relative quantities of the most commonly found electrolytes in the body. Notice that the electrolytes are generally distributed unevenly between the intracellular and extracellular fluid compartments. Remember, intracellular fluid is only found inside cells, whereas extracellular fluid is found outside cells . . . in tissues (interstitial fluid) and in lymphatic and blood vessels (intravascular fluid). Notice that sodium, bicarbonate, and chloride have the highest concentrations outside the cell, while the concentrations of potassium, magnesium, hydrogen phosphate, and sulfate are highest inside the cell.

[image: image]
FIGURE 4-3 Distribution of electrolytes in fluid compartments. Notice that electrolytes sodium, bicarbonate, and chloride are abundant in the extracellular space, while potassium, magnesium, hydrogen phosphate, and sulfate are abundant in the intracellular space.





Acids and bases are also electrolytes, because they dissociate in water and can conduct an electrical impulse. However, unlike salt, acids release hydrogen ions (H+) and bases release hydroxyl ions (OH−) when in solution. Because the nucleus of a hydrogen atom contains one proton, a hydrogen ion is therefore simply a proton. For this reason, acids are molecules that release protons and are called proton donors. Conversely, bases are proton receivers because they release hydroxyl ions, which readily bind to free hydrogen ions (protons). When a hydroxyl anion and a hydrogen cation unite, two things happen: water is formed, and the acidity of the solution is reduced.

The more free protons or hydrogen ions (H+) in a solution, the greater is its acidity. In contrast, the greater the concentration of hydroxyl ions, the more basic or alkaline the solution becomes. Body fluids are rich in hydrogen and hydroxyl (OH−) ions, and their relative proportion determines the acidity or alkalinity of the fluid. The concentration of hydrogen ions in fluid is measured inversely by pH units on a scale from 0 to 14. Pure water, for example, has a neutral pH of 7, while blood is slightly alkaline with a pH of around 7.4. Gastric juices, on the other hand, are acidic, which means a lot of H+ ions are present in them. Therefore they have a pH below 7. In contrast, an alkaline substance, such as bleach, has a pH above 7 because it contains a low concentration of hydrogen ions and a high concentration of hydroxyl ions, as shown below:



	0 (Acidic)
	7 (Neutral)
	14 (Alkaline)



	Many H+ ions
	Equal concentration
	Few H+ ions



	Few OH− ions
	of H+ and OH− ions
	Many OH− ions





In sick or injured animals, the electrolyte concentrations and pH of intracellular and extracellular fluid can become abnormally high or low. Normal body functions, such as the transmission of nervous impulses, muscle contraction, and respiration, can be adversely affected by changes in electrolyte concentration and pH. For this reason, intravenous fluids can be used to help balance the pH of body fluids. There are a number of different types of intravenous fluids, which used selectively can help correct imbalances and abnormalities in pH.
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