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1

Homeostasis and Integration:
The Foundations of Physiology 1

1.1Introduction 1

Biological adaptations have two levels of explanation: the mechanistic
(or proximate) and the evolutionary (or ultimate) 1

Adaptations reflect evolutionary history including cost—benefit
trade-offs 2

Physiology is an integrative discipline 3

Physiology is also a comparative discipline, often following the Krogh
principle 3

A Closer Look at Adaptation: Geckos on Glass &

1.2 Methods in Physiology 6
The hypothetico-deductive method is the most widely accepted
version of “the scientific method” 6

1.3 Levels of Organization in Organisms T

Life has the properties of self-organization, self-regulation, self-
support and movement, and self-reproduction T

Cells are progressively organized into tissues, organs, systems, and
finally the whole body 8

1.4 Size and Scale among Organisms 10
The larger the organism, the smaller the surface-area-to-volume
ratio 10

1.5 Homeostasis: Basic Mechanisms and Enhancements 11
Body cells are in contact with a privately maintained internal
environment instead of with the external environment that surrounds
organisms 11

Homeostasis is essential for proper cell function, and most cells, as
part of an organized system, contribute to homeostasis 12
Animals vary in their homeostatic abilities 13

Negative feedback is the main regulatory mechanism for
homeostasis 13

Challenges and Controversies: Can a Planet Have
Physiology? 14

Feedback effectors can be antagonistic and can include behaviors as
well as internal organs 16

Inadequacies in negative-feedback systems can be improved by
anticipation and acclimatization 16

1.6 Regulated Change 17

Some internal processes are not always homeostatic but may be
changed by reset and positive-feedback systems 17

Disruptions in regulation can lead to illness and death 19

1.7 Organization of Regulatory and Organ Systems 19
Homeostasis (and other regulation) is hierarchically distributed 19
Organ systems can be grouped according to whole-body
contributions 21

Making Connections: How Homeostasis and
Integration Contribute to the Body as a Whole 22
Chapter Summary 23

Review, Synthesize, and Analyze 23

Suggested Readings 23

Cellular and Molecular Physiology 2s

2.1Introduction 25
Water, other inorganic chemicals, and four types of organic molecules
are the universal components of cells 25

All cells have two major subdivisions: the plasma membrane and the
cytoplasm 27

Many macromolecular structures need to be flexible to function and
to be regulated, and protecting those structures is the basis for many
forms of homeostasis 27

Archaeal and bacterial cells have a simpler organization than
eukaryotic cells 27

Eukaryotic cells are subdivided into the plasma membrane, nucleus,
and cytoplasm 29

2.2 Nucleus, Chromosomes, and Genes 30

DNA contains codes in the form of genes for making RNAs and proteins
through the processes of transcription and translation 30

Different genes are expressed in different tissues and organs 30
Alternative splicing of RNA and some “junk” DNA are important in gene
expression and evolution 32

Telomeres protect chromosome ends, and their loss is associated with
aging 33

2.3 Methodology 33

Molecular Biology and Genomics: Genomics
and Evolution 34

Unanswered Questions: Are cloning and genetic engineering
ethical? 38

2.4 Ribosomes and Endoplasmic Reticulum 38

The rough endoplasmic reticulum and its ribosomes synthesize
proteins for secretion and membrane construction 38

The smooth endoplasmic reticulum packages new proteins in
transport vesicles 39

2.5 Golgi Complex 41

Transport vesicles carry their cargo to the Golgi complex for further
processing 41

The Golgi complex packages secretory vesicles for release by
exocytosis &1

2.6 Lysosomes and Proteasomes &4

Lysosomes digest extracellular material brought into the cell by
phagocytosis &4

Lysosomes remove worn out organelles 45

Proteasomes destroy internal proteins &6

2.7 Peroxisomes 46

2.8 Mitochondria and Energy Metabolism &7

Mitochondria are enclosed by two membranes &7

Aerobic metabolism in mitochondria relies on O, to convert energy in
food into ATP 4T

Mitochondrial metabolism can create oxidative stress 53
Mitochondrial densities vary among tissue and organ types such as
muscles 54

Phosphagens provide a rapid source for ATP production 55

Oxygen deficiency forces cells to rely on glycolysis and other anaerobic
reactions, producing lactate, propionic acid, octopine, or other end
products 55

Tolerance of oxygen deficiency varies widely among organisms 56

A Closer Look at Adaptation: Anoxic Animals 57
2.9 Vaults 57

2.10 Cytosol 58

The cytosolis important in intermediary metabolism, ribosomal protein
synthesis, and storage of fat and glycogen 58

2.11 Centrosome, Centrioles, and Microtubule

Organization 59
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2.12 Cytoskeleton: Cell “Bone and Muscle” 59

Microtubules are essential for maintaining asymmetric cell shapes and
are important in complex cell movements 59

Microfilaments are important to cellular contractile systems and as
mechanical stiffeners 62

Intermediate filaments are important in regions of the cell subject to
mechanical stress 63

The cytoskeleton functions as an integrated whole, links other parts of
the cell, and contributes to cytosolic “crowding” 64

2.13 Cell-to-Cell Adhesions 65

The extracellular matrix serves as the biological “glue” 65
Some cells are directly linked together by specialized cell
junctions 65

Making Connections: How Cellular and Molecular
Physiology Contribute to the Body as a Whole 67

Chapter Summary 68
Review, Synthesize, and Analyze 68
Suggested Readings 69

Membrane Physiology 70

3.1 Membrane Structure and Composition 70

The plasma membrane is a fluid lipid bilayer embedded with
proteins 70

The mosaic model and membrane-skeleton fence model describe
membrane structure and function 73

The lipid bilayer forms the basic structural barrier that encloses
the cell 73

The membrane proteins perform a variety of specific membrane
functions 73

The membrane carbohydrates serve as self-identity markers Th&

3.2 Unassisted Membrane Transport T4

Lipid-soluble substances and small polar molecules can passively
diffuse through the plasma membrane down their electrochemical
gradient Tk

In unassisted membrane transport, particles that can permeate the
membrane diffuse passively down their concentration gradient 75
lons that can permeate the membrane also conduct passively along
their electrical gradient TT

Osmosis is the net movement of water through a membrane 7T
Osmosis across membranes results between solutions with different
concentrations of a nonpenetrating solute 78

Colligative properties of solutions are dependent solely on the number
of dissolved particles T9

Tonicity refers to the effect the concentration of nonpenetrating
solutes in a solution has on cell volume T9

Unanswered Questions: Is osmosis really the simple diffusion of water
down its concentration gradient? 80

3.3 Assisted Membrane Transport 81

Channel transport is accomplished by protein pores, while carrier-
mediated transport generally requires proteins that “flip-flop” 81
Facilitated diffusion is passive carrier-mediated transport 84
Active transport is carrier-mediated transport that uses energy and
moves a substance against its concentration gradient 84

With vesicular transport, material is moved into or out of the cell
wrapped in membrane 89

3.4 Intercellular Communication and Signal Transduction 91
Communication between cells is orchestrated by direct contact and by
extracellular chemical messengers 91

Chemical messengers can have multiple, unrelated effects because of
the “same key, different locks” principle 93

Extracellular chemical messengers bring about cell responses primarily
by signal transduction 94

Internal receptors bind lipophilic and gaseous external messengers
that enter the cell 94

Some lipophobic external messengers bind to plasma membrane
receptors, which alter ion channels or trigger phosphorylating
enzymes (kinases) 94

A Closer Look at Adaptation: Lighting Up the Night 96

Other lipophobic external messengers bind to plasma membrane
receptors, which stimulate second-messenger production, often via G
proteins 97

Pharmacological agents and toxins are often agonists or antagonists
affecting communication mechanisms 100

Molecular Biology and Genomics: Programmed Cell
Suicide 101

3.5 Membrane Potential 102

Membrane potential is a separation of opposite charges across the
plasma membrane 102

Membrane potentialis primarily due to differences in the distribution
and permeability of key ions 102

Making Connections: How Membrane Physiology
Contributes to the Body as a Whole 108

Chapter Summary 109
Review, Synthesize, and Analyze 110
Suggested Readings 110

Neuronal Physiology 111

4.1 Introduction 111

Excitable cells such as neurons and muscles evolved for rapid signaling,
coordination, and movement 111

Electrical signals are produced by changes in ion movement through
ion channels across the plasma membrane 112

4.2 Graded Potentials 113

The stronger a triggering event, the larger the resultant graded
potential 113

Graded potentials spread by passive current flow and are impeded by
resistances 113

Graded potentials die out over short distances 114

4.3 Action Potentials 116

During an action potential, the membrane potential rapidly and
transiently reverses 116

Marked changes in membrane permeability and ion movement
enhanced by positive feedback lead to an action potential 117
Unanswered Questions: How do voltage gates actually open and
close? 118

The Na™/K* ATPase pump gradually restores the concentration
gradients disrupted by action potentials 120

Action potentials are propagated from the axon hillock to the axon
terminals 121

Once initiated, action potentials are conducted over the surface of an
axon 122

The refractory period ensures unidirectional propagation of the action
potential 124

The refractory period also limits the frequency of action

potentials 125

Action potentials occur in all-or-none fashion 125

The strength of a stimulus is coded primarily by the frequency of action
potentials 125

Myelination increases the speed of conduction of action potentials and
conserves energy in the process 126

Insect neurons are coated with a sheath that regulates ion balance 126
Unanswered Questions: How many animal groups have myelin? 128
Fiber diameter also influences the velocity of action potential
propagation 129

4.4 Electrical and Chemical Synapses 129

Electrical synapses transfer action potential waveforms through gap
junctions 129

Chemical synapses convert action potentials into organic chemical
messengers that are exocytosed into the synaptic gap 130

4.5 Neuron-to-Neuron Synapses 130

A neurotransmitter carries the signal across a fast synapse and opens a
chemically gated channel 130

Some neurotransmitters excite the postsynaptic neuron, whereas
others inhibit the postsynaptic neuron 132

Each neurotransmitter—receptor combination always produces the
same response 133

Neurotransmitters are quickly removed from the synaptic cleft 133
Neurotransmitters in slow synapses function through intracellular
second-messenger systems 133

4.6 Neuromuscular Synapses 134

Acetylcholine, a fast excitatory neurotransmitter, links electrical
signals in motor neurons with electrical signals in skeletal muscle
cells 134
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Acetylcholinesterase terminates acetylcholine activity at the
neuromuscular junction 136

4.7 Synapses and Integration 136

The grand postsynaptic potential depends on the sum of the activities
of all presynaptic inputs 136

Action potentials are initiated at the axon hillock because it has the
lowest threshold 138

Neuropeptides act primarily as neuromodulators 138

Presynaptic inhibition or facilitation can selectively alter the
effectiveness of a given presynaptic input 140

Retrograde messengers travel “backward” and also modulate synaptic
function 141

Neurons are linked to each other through convergence and divergence
to form complex nerve pathways 141

4.8 Neural Signaling and External Agents 142
Synthetic and natural toxins can alter resting potentials and action
potentials 142
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Drugs, natural toxins, and pollutants can modify synaptic transmission
between neurons 142

Molecular Biology and Genomics: Neurotoxins in War
and Peace 143

Challenges and Controversies: Synaptic Solutions to
Pet Problems 144

The neuromuscular junction is vulnerable to several chemical agents
and diseases 144

Temperature and pressure also influence action potentials and
synapses 145

Making Connections: How Neuronal Physiology
Contributes to the Body as a Whole 145

Chapter Summary 146
Review, Synthesize, and Analyze 146
Suggested Readings 147

Section Il: Whole-Body Regulation and Integration

5

Nervous Systems 148

5.1 Evolution of Nervous Systems 148

Nervous systems evolved from simple reflex arcs to centralized brains
with distributed, hierarchic regulation 148

Sponges have no nerves but can respond to stimuli using electrical
signals 150

Nerve nets are the simplest nervous systems and are found in most
animals 150

Unanswered Questions: How did nervous systems evolve? 152
Simple ganglia and nerve rings evolved for more complex

behavior 152

A true CNS first evolved with bilateral symmetry 152

True brains evolved at the anterior end of complex animals 15&
Cephalopod brains have complex structures supporting complex
behaviors 154

Vertebrate brain size varies up to 30-fold for a given body size 155
Relative brain size may be explained by the expensive-tissue
hypothesis 156

Some nervous systems exhibit plasticity 156

5.2 The Vertebrate Nervous System: Overview and Peripheral
System 156

The three classes of neurons are afferent neurons, efferent neurons,
and interneurons 157

The efferent division of the vertebrate PNS controls the activities of
various effector organs 158

The sympathetic and parasympathetic branches of the autonomic
system innervate most visceral organs to control essential visceral
functions 158

The sympathetic system dominates in times of “fight or flight” 159
The parasympathetic system dominates in times of “rest and

digest” 159

Dualinnervation gives precise, antagonistic control 161

An autonomic nerve pathway consists of a two-neuron chain 162
Parasympathetic postganglionic fibers release acetylcholine;
sympathetic ones release norepinephrine 162

The adrenal medulla, an endocrine gland, is a modified part of the
sympathetic nervous system 164

Several different receptor types are available for each autonomic
neurotransmitter 164

Many regions of the central nervous system are involved in the control
of autonomic activities 165

The vertebrate somatic system controls skeletal muscles 166
Motor neurons are the final common pathway 166

5.3 The Vertebrate Nervous System: Central System 167
Glial cells support the interneurons physically, metabolically, and
functionally 167

The delicate central nervous tissue is well protected 169

The brain floats in its own special cerebrospinal fluid 169

A highly selective blood—brain barrier carefully regulates exchanges
between the blood and brain 169

The brain depends on delivery of oxygen and glucose by the

blood 170

Brains of virtually all vertebrates display a degree of plasticity 171
Neurogenesis is a normal function of several regions of the brain 171

Challenges and Controversies: Strokes: Not Always a
Deadly Domino Effect 172

Challenges and Controversies: Neural Plasticity:
A Song for All Seasons 173

Mammalian neural tissue is susceptible to neurodegenerative
disorders 173

5.4 Brain Evolution in Vertebrates 174
Newer, more sophisticated regions of the vertebrate brain are piled on
top of older, more primitive regions 174

5.5 Spinal Cord 176

The spinal cord retains an inherent segmental organization
characteristic of many nonvertebrates 176

The white matter of the spinal cord is organized into tracts 176
Each horn of the spinal cord gray matter houses a different type of
neuronal cellbody 177

Spinal nerves contain both afferent and efferent fibers 17T

Many reflex responses and patterned movements in vertebrates are
integrated in the spinal cord 180

Activity of command fibers elicits a fixed action pattern 182

5.6 Brainstem and Cerebellum 183
The cerebellum is important in balance as well as in coordination of
movement 184

5.7 Basal Nuclei, Thalamus, Hypothalamus, and Limbic
System 184

The basal nuclei play an important inhibitory role in motor
control 184

Challenges and Controversies: Is the Cerebellum a
“Smith Predictor”? 185

The thalamus is a sensory relay station and is important in motor
control 186

The hypothalamus regulates many homeostatic functions 186
The limbic system plays a key role in animal motivation and
memory 187

The amygdala processes and learns inputs that give rise to the
sensation of fear 187

The limbic system and higher cortex participate in the control of basic
behavioral patterns 188

Motivated behaviors are goal directed 188

Norepinephrine, dopamine, and serotonin are neurotransmitters in
pathways for emotion and behavior 189

5.8 Mammalian Cerebral Cortex 189

The cerebral cortex is an outer shell of gray matter covering an inner
core of white matter 189
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Preface

“There is grandeur in this view of life, with its several
powers, having been originally breathed into a few forms
or into one; and that, whilst this planet has gone cycling
on according to the fixed law of gravity, from so simple
a beginning endless forms most beautiful and most
wonderful have been, and are being, evolved” —Charles
Darwin, last line of The Origin of Species.

Even though the authors of this text have been teaching biol-
ogy for many years, we continue to be awed by the grandeur
of life as so eloquently expressed by Charles Darwin. As ani-
mal physiologists, we are continually amazed by the won-
drously intricate functions that mesh together to sustain an
animal’s body. As biologists, we are also fascinated by the
powerful and yet quirky mechanisms of evolution, which
have allowed life to adapt from the bitter cold of Antarctica
to the scalding heat of hydrothermal vents. Moreover, the
fact that we humans have structures, processes, and genes in
our cells that connect us to every life form on this planet is
both humbling and inspiring. It is the grand view of life that
we try to convey to our students.

This second edition of Animal Physiology: From Genes
to Organisms focuses on the mechanisms and evolutionary
histories of animal body functions from genes to organ
systems to the whole organism interacting with its envi-
ronment. This text is designed for mid- to upper-level under-
graduate courses. Because this book may be the only
exposure many undergraduate students will have to physiol-
ogy beyond the introductory level, all aspects of physiology
and many types of animals are covered. This text serves for
general biology and zoology programs, preprofessional pro-
grams in animal husbandry, veterinary medicine and sci-
ence, marine biology, and wildlife and fisheries biology, as
well as for human health sciences.

We have three major goals in writing this second edi-
tion. First, to better understand scientific knowledge, stu-
dents should realize that our knowledge is incomplete and
yet continually advancing, and they should know how that
knowledge is obtained. Therefore, pertinent information
based on recent discoveries, as well as new research method-
ologies, has been included in all chapters, with new contro-
versial ideas and hypotheses presented to illustrate that
physiology is a dynamic, changing discipline. Students can
be assured of the timeliness and accuracy of the material
presented. Our second goal has been to clarify and modify
figures and text as needed to strengthen our coverage of
physiological features and to ensure that the text and art
work well together. Third, we have sought to strengthen our
comparative, evolutionary approach with greater emphasis
on some nonmammalian systems as some of the more re-
markable recent discoveries have been made in this arena.

xviii

Even the most tantalizing subject can be difficult to
comprehend if not effectively presented. Thus, this book has
a logical, understandable format with an emphasis on how
each concept is an integral part of the entire subject. Too
often, students view the components and functions of an
animal as isolated entities; by understanding how each com-
ponent depends on the others, students can appreciate the
integrated functioning of the whole organism. Moreover,
this text is designed to promote understanding of the basic
principles and concepts of physiology rather than memoriza-
tion of details. The text is written in simple, straightforward
language, and every effort has been made to ensure smooth
reading through good transitions, logical reasoning, and in-
tegration of ideas throughout the text.

Major Organizing Principles

This text follows an “integrative systems” approach, which
involves both vertical and horizontal integration. Vertical
integration concerns the hierarchical nature of physiology,
in which organ systems and their functions arise from cells
and their molecular components, and from the evolutionary
forces that gave rise to those components. After an introduc-
tion to the major themes of physiology, the chapters proceed
from molecular and cellular physiology to classical organ
systems. Organ systems are grouped according to universal
functions of whole-body regulation and integration, support
and movement, maintenance, and reproduction. For each
organ system, both the evolutionary forces and the cellular
and molecular underpinnings are discussed, including new
research in genomics, which is having a major impact on all
areas of biology. Where necessary, sufficient relevant anat-
omy is included to make the inseparable relation between
structure and function meaningful.

Horizontal integration concerns the interactions of all
organ systems to yield a whole functioning organism. As we
noted earlier, it is all too easy to view each system as an iso-
lated entity. This text works to overcome this in two ways.
First, this text’s central themes are homeostasis and other in-
tegrated forms of regulation—how processes from the genetic
to the behavioral level allow an animal’s body to meet chang-
ing demands while maintaining the internal consistency neces-
sary for all cells and organs to function. Each chapter not only
emphasizes these themes but also indicates interactions with
other systems. Second, special integrative chapters—Fluid and
Acid-Base Balance and Energy Balance and Thermal Physiol-
ogy—focus on crucial whole-body phenomena that are de-
pendent on more than one organ system.

In addition to an integrated systems organization, this
text also incorporates a comparative approach throughout

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



that illustrates respective solutions animals have evolved to
cope with the environment. Mechanisms used by major and
exemplary groups of vertebrates, insects, and other illustra-
tive groups are included for three purposes. First, compari-
sons among types of animals are selected to illuminate
important universal functions and principles, emphasizing
the unity of life. Second, unique or striking adaptations that
reveal the diversity that can result from evolutionary adapta-
tion are featured. Finally, this text incorporates detailed
coverage of animal species of relevance to those preparing
for animal-related careers, especially vertebrates.

The scope of this text has been limited by judicious
selection of pertinent content that students can reasonably
be expected to assimilate in a one-semester course. To keep
pace with today’s rapid advances in the biological sciences,
students interested in careers related to animal physiology
must be able to draw on their overall understanding of
concepts instead of merely recalling isolated facts. For this
reason, this text is designed to promote understanding of
the basic principles and concepts of physiology rather than
the memorization of details. Yet depth, where needed, is
not sacrificed. All aspects of physiology receive coverage,
including separate chapters on immune and reproductive
systems and detailed coverage of pregastric and postgastric
digestion.

Learning Aids and High-Interest
Features

Pedagogical lllustrations Anatomic illustrations, schematic
representations, photographs, tables, and graphs comple-
ment and reinforce the written material. Widespread use of
integrated descriptions within figures, including numerous
process-oriented figures with step-by-step descriptions, al-
lows visually oriented students to review processes through
figures. Flow diagrams are used extensively to help students
integrate the written information. In the flow diagrams,
lighter and darker shades of the same color denote a de-
crease or increase in a controlled variable, such as blood
pressure or the concentration of blood glucose. Physical
entities, such as body structures and chemicals, are distin-
guished visually from actions.

Feedforward Statements as Subsection Titles Instead of
traditional short topic titles for each major subsection (for
example, “Heart valves”), feedforward statements alert stu-
dents to the main point of the subsection to come (for ex-
ample, “Heart valves ensure that the blood flows in the
proper direction through the heart”). These headings also
break up large concepts into smaller, more manageable
pieces for the student, and as an added bonus, the listing of
these headings in the Contents at the beginning of the book
serves as a set of objectives for each chapter.

Cross-Referencing Many chapters build on material pre-
sented in preceding chapters, yet each chapter is designed to
stand on its own to allow the instructor flexibility in curricu-
lum design. With extensive cross-references provided, the
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sequence of presentation can be varied at the instructor’s
discretion.

Unanswered Questions The physiological sciences are chang-
ing constantly due to new discoveries and challenges of old
ideas. In most chapters, Unanswered Questions present short
overviews and questions on controversial ideas and new hy-
potheses to illustrate the dynamic nature of physiology re-
search and to stimulate students to propose their own ideas.
Many of these have been updated for the second edition.

Boxed Features More detailed boxed features are inserted
where appropriate within chapters. Beyond the Basics ex-
poses students to high-interest, tangentially relevant infor-
mation on diverse topics, including historical perspectives,
environmental issues, and common diseases. Challenges and
Controversies boxes introduce the frontiers of physiological
research with new hypotheses and unsolved questions, going
in more depth than in the Unanswered Questions. A Closer
Look at Adaptation illustrates the scope and limits of evolu-
tionary adaptation with selected illustrative examples. Mo-
lecular Biology and Genomics provides examples of
cutting-edge research resulting from the animal genome
projects and related research to uncover the physiological
functions of newly discovered genes. Most of these boxes
are new or updated in this second edition.

Evolutionary Foundations Most chapters have an overview
of major evolutionary events and selective forces, typically
at the chapter start. All topics are placed in a true biological
context that melds both the proximate (mechanistic) ap-
proach of traditional physiology with the evolutionary ex-
planations behind them; this helps explain not only the
power of natural selection but also the often quirky and
even illogical features of life.

Cellular, Molecular, and Genomic Foundations Even though
this text is primarily organized according to body systems, it
provides coverage of cellular, molecular, and genomic topics
in early chapters and incorporates these throughout as a basis
for understanding organ function. The current tools used to
explore molecular physiology are also outlined in most chap-
ters. This is the cutting edge of physiology research.

Pathophysiology This text is also designed to help students
realize that they are learning worthwhile and applicable
material. Because many students using this text will have a
clinical component to their careers, reference to important
pathophysiological issues demonstrates the content’s rele-
vance to their professional goals. For example, this text in-
cludes the effects of environmental toxins on some body
systems, an issue of increasing concern.

Key Terms, Word Derivations, and Glossary with Phonetic
Pronunciations Key terms are defined as they appear in the
text. A glossary at the end of the book, which includes pho-
netic pronunciations of the entries, enables students to quickly
review key terms. Because physiology is laden with new vo-
cabulary words, many of which are rather intimidating at first
glance, word derivations are often provided to enhance
understanding.
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Integration Following our integrated systems approach,
each chapter includes a Making Connections section that
helps students put into perspective how the system just dis-
cussed contributes to the whole animal and important regu-
latory functions.

Chapter Summaries Each chapter now ends with a Chapter
Summary of the key concepts as a bulleted list.

Review Questions Two new features help the student retain
information. First, Check Your Understanding questions
have been added after each major section to help review the
main ideas just discussed. Answers to these questions appear
in an appendix at the end of the book. Second, at each chap-
ter’s end are Review, Synthesize, and Analyze essay ques-
tions that integrate the chapter material or delve deeper into
a topic and challenge the student on a higher level.

Suggested Readings Each chapter concludes with a list of
both recent and classic articles as well as books that give
important details on the chapter material.

Online Review The following online materials are designed
to help students review foundation concepts presumably
covered in prerequisite courses:

e A Review of Chemical Principles: This review is offered
online at CengageBrain.com as a reference for students
who need to go over basic chemistry concepts that are
essential to understanding physiology.

¢ Storage, Replication, and Expression of Genetic Infor-
mation: This review includes a discussion of DNA and
chromosomes, protein synthesis, cell division, and muta-
tions and is also offered online at CengageBrain.com.

New to the Second Edition

This edition has undergone extensive revision. Some of the
changes are as follows:

New and Enhanced Artwork More than 90% of the art has
been upgraded in this edition, with more three-dimensional
art; many conceptually redesigned figures to enhance stu-
dent understanding; brighter, more contemporary, and more
visually appealing colors; and more consistent style through-
out. New pictures of various animals that illustrate key
physiological adaptations have been added. Also, icons of
physical entities are incorporated into many of the flow dia-
grams to aid students in learning what structures are in-
volved in specific actions.

In addition, many new figures have been added, such as
those on the following topics: a cell’s response to oxidative
stress under normal and pathological states and the effects
of chronic stress on cellular aging; the mechanism by which
new synaptic connections are formed in association with
long-term memory; cephalopod eye formation; pineal func-
tion in seasonally breeding animals; new insights into the
mechanism by which the “catch state” is generated in bi-
valves; lipid transport for insects and mammals; a possible
acquired immune response in insects; crosscurrent flow in a
bird lung; protein and carbohydrate metabolism in the ru-
men; and global warming and animal metabolism.

New and Updated Content We have incorporated appro-
priate, timely material throughout, as the following exam-
ples illustrate: Chapter 2 has a new section on generating
stem cells and new findings on microRNAs and small inter-
fering RNAs; Chapter 5 contains updated material on
learning and a new section on sleep; Chapter 6 includes
updates on TRP-type receptor channels in most types of
sensory cells; Chapter 7 contains new material on TSH in
seasonally breeding animals, updates on nonvertebrate hor-
mones, and new coverage of epigenetics; Chapter 8 includes
updates on the role of titin and new concepts in muscle fa-
tigue; Chapter 9 contains new information on genes in the
evolution of the four-chambered heart; Chapter 10 has
updates on dendritic cells, regulatory T cells, nanotubes,
lamprey immunity, and insect immunity; Chapter 11 in-
cludes recent findings on insect respiration, birdlike croco-
dile lungs, and mammoth hemoglobin; Chapter 12 includes
recent findings on insect (anti)diuretic hormones and excit-
ing new hypotheses on the mammalian renal countercur-
rent mechanism; Chapter 13 has a new section on the
effects of ocean acidification on animals; Chapter 14 pre-
sents updated material on methane production in rumi-
nants and climate change; Chapter 15 includes a major new
section on the effects of climate change on thermal physiol-
ogy and updates on hypotheses about metabolic scaling and
on gastrointestinal hormones in energy regulation; and
Chapter 16 includes novel material on seasonal breeding in
mammals, the female sexual act, and more depth on the
topic of reproduction in nonvertebrates as well as new in-
formation on the rut in deer and the multiple roles of
prolactin.

Increased Evolutionary and Comparative Aspects We have
added additional detail on physiological adaptations, in-
cluding the following examples: Chapter 1 has added infor-
mation on vestigial features, cost—benefit trade-offs in
evolution, and the Krogh principle; Chapter 6 contains new
material on the use of infrasound and ultrasound in various
animals, Pax6 genes in animal eye evolution, electrorecep-
tion and magnetoreception mechanisms and electric organs,
and color and UV vision in fish, reptiles, birds, mammals
(including whales), and mantis shrimp; Chapter 7 has incor-
porated additional comparative aspects of thyroid function;
Chapter 9 contains new material on hemolymph proteins in
arthropods, the evolution of clotting in mammals, and car-
diac output in various endotherms and ectotherms; Chapter
10 has been extensively rewritten with an evolutionary over-
view of universal and nonvertebrate immune functions;
Chapter 11 has been extensively rewritten with an evolu-
tionary overview of respiratory functions and more com-
parative and evolutionary details such as dinosaur and bird
connections, nonhemoglobin respiratory pigments, hemo-
globin oxygen affinities in various species, and comparisons
of high flyers and deep divers; Chapter 12 includes more
comparative examples on urea excretion and vertebrate re-
nal development and evolution, and the entire chapter has
been reorganized to reflect a more explicit evolutionary
framework; Chapter 13 includes a table comparing water
balance in humans and kangaroo rats and a new box on the
evolution of osmoregulation in vertebrates; and Chapter 15
includes a new table comparing energy metabolism in hu-
mans and hummingbirds and new boxes on the evolution of
endothermy and the thermal maximum for animal life.
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Instructor and Student
Ancillaries

PowerLecture This convenient tool makes it easy for in-
structors to create customized lectures. Each chapter in-
cludes the following features, all organized by chapter:

Lecture slides

All chapter art and photos

Animations and videos

Test Bank, which includes more than 900 questions in
multiple-choice, true/false, matching, fill-in-the-blank,
and essay formats

This single disc places all the media resources at your
fingertips.
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Size Matters. A tiny mouse,
sitting on an elephant’s trunk,
has a much greater surface-
area:volume ratio than the
elephant. This difference
profoundly affects their
physiologies.

Bob Elsdale/Getty Images

Homeostasis and Integration:
The Foundations of Physiology

1.1 Introduction

Life. The word life is the essence of the bio-
logical sciences, and yet has no clear defini-
tion. We seem to recognize instinctively
what is alive and what is not alive on Earth,
but we founder when contemplating how
alien life on another planet could be recog-
nized. How might we define life? Most at-
tempts to define it focus on the functions
of living systems, that is, on the dynamic
processes that life forms have and that
nonliving things do not. Living things orga-
nize themselves using energy and raw ma-
terials from their surroundings (a set of
processes called metabolism), maintain in-
tegrity in the face of disturbances (a pro-
cess called homeostasis), and reproduce.
Such abilities are what physiology is all
about—the study of the functions of or-
ganisms, or how life works.

Biological adaptations have
two levels of explanation: the
mechanistic (or proximate) and
the evolutionary (or ultimate)

Physiologists often view organisms as
organic machines whose mechanisms
of action can be explained in terms of
cause-and-effect sequences of physical
and chemical processes—the same
types of processes that occur in other
components of the universe. However,
biological traits, such as pelage color-
ation or visual acuity, differ from the
rest of the universe in one crucial way:
They are the result of millions of years
of evolution through random variation
and natural selection: the process in
which members of a species having
genetic characteristics that enhance
survival are able to produce more sur-
viving offspring than other members
not expressing those characteristics.
Therefore, scientists must recognize
that biological phenomena always

have two different levels of explana-
tion or description:

e The mechanistic or proximate ex-
planation: This is the answer to
“How does it work?” This focus
emphasizes the mechanism or com-
position of a function or structure,
and is the traditional core of the
physiological and medical sciences.

e The evolutionary or ultimate ex-
planation: This is the answer to
“How did it get to be this way?”
This emphasis recognizes that bio-
logical features are the result of
variation and natural selection,
that is, evolutionary history. A spe-
cies must cope with a variety of se-
lective pressures (environmental
stresses, mating, and so on). Many
genes within a species differ among
individuals, and under a particular
selective pressure some gene vari-
ants better equip an animal for
survival, which allows it to repro-
duce better than do other variants.
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2 CHAPTER ONE

Those gene variants get passed on to more offspring and
thus the species gradually changes genetically over time.
This process never ends, because selective pressures
(such as climate and predator—prey interactions) change
over time. As you’ll see, to fully understand why a cer-
tain feature is the way it is, we often need to know a
species’ history.

Because of this process of natural selection, physiolo-
gists assume that most organismal traits are adaptations,
that is, beneficial features that enhance overall survival of
the species. When conducting an evolutionary analysis, bi-
ologists distinguish between two kinds of adaptations. Ho-
mologous traits in two different organisms are those that are
related by common ancestry, such as bird wings and human
arms: Both have the same basic bony components because
both evolved from limbs of four-legged reptiles. In contrast,
analogous traits are those with similar structures and/or
functions but which evolved independently; for example,
bird and insect wings serve similar functions but share no
common ancestral structure.

Natural selection is a powerful force, which often re-
sults in exquisite adaptations such as wings. However, it is
important to recognize that selection is also constrained by
the past. That is, evolution works primarily through modifi-
cations of previously evolved features and variations of these
features and so does not always result in the most logical or
optimal design. We’ll look at examples shortly, but first
warn you about another kind of explanation.

Adaptations reflect evolutionary history
including cost-benefit trade-offs

In addition to mechanistic and evolutionary explanations,
there are purely teleological approaches to explaining the
various features of organisms. In a teleological approach,
phenomena that occur in organisms are explained in terms
of their particular purpose (a function that is useful or ben-
eficial) in fulfilling an organismal need, without necessarily
considering how this outcome is accomplished (mechanism)
or how it evolved. Teleology is commonly used because
most biological mechanisms do serve a useful purpose (hav-
ing been selected through evolutionary time to do so). If you
try to find the thread of “purpose” in what you are studying,
you can avoid a good deal of pure memorization!

However, be aware of a pitfall: Teleology can be danger-
ous thinking because it assumes that features are always logi-
cal, having evolved for idealized purposes. But there are at
least two reasons this may not be so. First, adaptations are
often a record of historical compromises; that is, they are not
necessarily the most logical solution to a problem. Second,
some structures may be vestigial, that is, having 70 (or very
minimal) useful function. They likely evolved from useful
features in ancestors but have not been eliminated by selec-
tion. These constraints on natural selection have been often
overlooked in the physiological sciences, especially since the
modern physiological sciences started in the 1600s, long be-
fore Charles Darwin presented his theory of evolution (in
1859, the year he published O#n the Origin of Species). How-
ever, a recent movement called evolutionary physiology, and
its applied counterpart Darwinian medicine, is re-evaluating
many teleological explanations in traditional physiology. As
we shall see in later chapters, this has often profound impli-
cations for the understanding of physiology.

Simple examples can help you to distinguish among
these approaches (mechanistic/proximate, evolutionary, te-
leological) and the role of historical constraints. First, let’s
take a reasonably logical, useful adaptation: shivering in
mammals. The mechanistic or proximate explanation of why
a mammal shivers is that, when temperature-sensitive nerve
cells detect a fall in body temperature, they signal the hypo-
thalamus, the part of the brain responsible for temperature
regulation. In turn, the hypothalamus activates nerve path-
ways that trigger rapid oscillating muscle contractions (that
is, shivering) to produce heat (in a process called negative
feedback homeostasis, a topic we explain in detail shortly). A
teleological explanation of why a mammal shivers when it is
cold is “to keep warm” to maintain a relatively constant,
warm interior. But this does not answer the question of why
it is useful for most mammals to keep constantly warm. It is
not necessary for the vast majority of life in variable temper-
ate habitats, or even for a hibernating mammal in winter. To
explain this, we must analyze the course of evolution among
mammals to try to determine why regulation of body tem-
perature enhanced survival in this group, and why 37° to
39°C (about 99° to 102°F) was the ideal temperature selected
for most placental (but not other) mammals.

Now let’s take a less logical example, the human spinal
column and its series of bony vertebrae joined by cushioning
pads. The mechanistic description is that the spine is a mov-
able support device for the upper body and a protective
conduit for the major nerve cords. Teleologically, we might
say that vertebrae are a logical way to provide both flexibil-
ity for movement and rigidity for support and protection of
the nerves. But this ignores the fact that the spine in humans
is a suboptimal design! Back problems—pinched nerves,
damaged cushioning pads, and so on—are among the most
common ailments of humankind. To explain this, we must
look at the course of evolution. The spine originally evolved
as a horizontal flexible swimming device in fishes, animals
that are not concerned with gravity because they float. Later
the spine became adapted into a (still horizontal) support
system against gravity in four-legged land vertebrates. But it
only recently began evolving into a vertical support in our
hominid ancestors, and thus has not been optimized. Indeed,
it may never be, because the spine is fundamentally a hori-
zontal system in its inception.

Adaptations that are not “perfect” show another aspect
of evolutionary history called cost—benefit trade-offs. Essen-
tially, adaptations have costs that may negatively impact
other adaptations. The most basic trade-off involves energy,
which is typically limited. It takes energy to make structures
such as large brains, skeletons, and embryos, and an organ-
ism cannot “do it all.” For example, animals like seastars
that produce thousands or millions of embryos do not pro-
tect nor provide much yolk (energy) for them, while animals
such as birds or primates that spend considerable energy
nourishing and protecting their young consequently do not
have many offspring. Large structures may also have other
costs such as reduced speed and maneuverability; for ex-
ample, a large thick shell on a snail’s body clearly slows that
animal down. You are familiar with similar cost-benefit
trade-offs in human engineering. Consider that small, light-
weight automobiles get high mileage but are more likely to
suffer damage in an accident than a large well-armored (but
low-mileage) vehicle.
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Finally, consider vestigial features. Their origins are
usually revealed by useful homologous features in other spe-
cies. An example is the dewclaw, a tiny digit on the side of
the foot in many mammals and reptiles (including birds).
Dewclaws evolved from useful fifth digits, and may still
provide a gripping function in some species, but in many
dogs, rear dewclaws hang loosely with little muscle or bone
and have no discernable function. There can even be vesti-
gial genes called pseudogenes (although see Chapter 2 for a
possible remnant function of these). For example, humans
cannot synthesize vitamin C (needed for survival; see p. 65)
and so must have it in their diets, and yet their genetic codes
contain a nonfunctional gene for a protein to make the vita-
min. Presumably, our ancestors ate enough dietary vitamin
C (e.g., in fruit) so that when this gene mutated and shut off,
it did not impair survival. As another example, short-lived
mammals express the gene for uricase, which inactivates uric
acid (a potent antioxidant; Chapter 12), while long-lived
primates, birds, and reptiles do not express this gene. In this
case, we can only speculate on what events led to the sup-
pression of this gene product.

As we examine animal adaptations throughout this text,
keep in mind these lessons of the human spine, the slow
snail’s shell, and the dog dewclaw: Evolution builds on the
past and therefore is often constrained by it, and selection
often involves trade-offs and compromises.

Physiology is an integrative discipline

As the example of the spine shows, physiology is closely in-
terrelated with anatomy, the study of the structure of organ-
isms. Just as the functioning of an automobile depends on
the shapes, organization, and interactions of its various
parts, the structure and function of an animal’s body are
inseparable. But physiology also integrates many other sci-
entific fields. Physics is necessary to understand processes in
organisms such as electrical conduction, fluid dynamics, and
leverage exerted by musculoskeletal systems. Of course, all
life processes depend on chemical reactions, so a solid un-
derstanding of chemistry is crucial. Also, biological func-
tions depend on large biological molecules such as DNA and
proteins (see Chapter 2), and therefore biochemistry and
molecular biology provide a major foundation for physio-
logical understanding. At the other end of the spectrum, we
need to know something about an organism’s ecology to
explain, for example, why certain functions evolved.

Molecular biology is the most rapidly growing biologi-
cal science, and its integration with physiology is now the
dominant force in many physiological studies. Driving much
of this growth are organismal genome projects (the complete
analysis of genetic codes of key species, including humans).
The genetic code ultimately gives rise to crucial parts of the
functioning organism, and those functions in turn affect
how that code is used (see Chapter 2 for details). Many
physiologists are dedicating their research to understanding
how genes are regulated and how they are used in physio-
logical processes.

Genome studies are also having a major impact on hu-
man understanding of evolution. In particular, these studies
are revealing the stunningly complex and often illogical na-
ture of evolution at the most fundamental level. The human
genome, for example, appears riddled with formerly func-
tional genes that have mutated into pseudogenes and

contains a large percentage of code that seems to have no
function at all now or in the past (although certain recent
studies hint at some functions for these codes, as we’ll de-
scribe later). Furthermore, at least some genes seem to have
arisen from bacteria and viruses!

Physiology is also a comparative discipline, often
following the Krogh principle

As we have just seen, complete physiological understanding
must integrate in a “vertical” sense: from the atomic level to
the whole organism to its environmental interactions to the
evolutionary forces that have acted on that organism’s an-
cestors. But another major approach in physiology—
comparative physiology—works in a “horizontal” sense, by
comparing physiological features in different types of organ-
isms. Such research is important in at least three ways. First,
we learn about the uniqueness and diversity of life on Earth
by discovering the amazing features that one or a few types
of organism have evolved but that others have not. For ex-
ample, one of the pioneers of modern comparative physiol-
ogy in the mid-20th century, Per Scholander (1905-1980; a
naturalized U.S. citizen born in Sweden) analyzed (among
many other things) physiological adaptations of diving
mammals, the filling mechanism of fish swim bladders, and
thermal adaptations of Arctic mammals and insects.

Such basic knowledge is fascinating in its own right but
can sometimes have practical applications. See the box, A
Closer Look at Adaptation: Geckos on Glass.

Second, comparative studies help us understand the
trade-offs and constraints found in many biological features,
as you’ve seen. Thirdly, comparative studies help us find out
what physiological functions are universal rather than
unique. This broadens our understanding of the basic nature
of life. For example, from studying the adaptations of other
animals to environmental temperature we learn that the
mammalian need to maintain a nearly constant body tem-
perature is not universal, but we also learn (as we will see in
Chapter 15) that there are universal effects of temperature
on biological molecules to which all life must adapt.

Comparative physiology research on both the diversity
and universality of adaptation is often motivated by the
August Krogh principle, formulated by German physiologist
Hans Kreb in 1975: “For a large number of problems there
will be some animal of choice, or a few such animals, on
which it can be most conveniently studied.” This principle
was based on remarks made by the great Danish physiolo-
gist August Krogh (1874-1949), founder of Denmark’s first
animal physiology laboratory, who championed the integra-
tive and comparative approaches to physiology. He believed
that the diversity of adaptations on Earth is such that, for
any particular physiological process, some species will have
adapted in such a way that it provides an ideal model system
for studying that process. In turn, this knowledge can pro-
vide insight into that process in a much wider variety of
organisms. For example, to understand how animal neurons
(nerve cells) produce electrical signals, the English physiolo-
gist John Zachary Young in the 1930s chose the giant squid
axon because it was much easier to pierce with electrodes
than the much smaller mammalian neurons. As you’ll learn
in Chapter 4, Young and his followers using squid axons
discovered basic principles that apply to all animal neurons,
including our own.
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A Closer Look at Adaptation

Geckos on Glass

Very few animals can climb up glass win-
dows and walk upside down on smooth
ceilings. You have undoubtedly noticed
flies and spiders doing this. If you've lived in
or visited tropical habitats, you may have
seen much larger
performing the same remarkable feat. How
do they doit? Only recently has the mecha-
nism for these lizards’ phenomenal abilities

animals—geckos—

been uncovered. The feet of geckos have
small pads studded with millions of hairlike

bristles called setae. In turn, setae tips
sprout hundreds of tiny branches, called
spatulae, each only 200 nanometers wide.
Flies and spiders have similar structures.
Kellar Autumn and colleagues have found
that spatulae provide a huge surface area
for weak molecular attractions called van
der Waals forces (about which you proba-
bly learned in a chemistry class). Not only
do these forces allow a gecko to cling
against gravity, but they also allow rapid

detachment of the spatulae as the animal
runs up the window. Here we see how basic
chemistry directly explains whole-animal
structure and function. Moreover, the
unique ability of gecko feet to attach and
detach repeatedly has inspired scientists to
design reusable adhesive tape based on
this mechanism. This is an example of a
growing movement called biomimicry—

the emulation of organismal adaptations by
humans to create useful products.
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(a) A tokay gecko.

(b) The foot of the gecko. Each pad consists of many
lamellae (folds), which in turn have millions of tiny bristles
that adhere to surfaces through van der Waals interactions.

Working on a variety of animals, Krogh made major
discoveries about (among other things) the use of radioac-
tive isotopes in metabolic research, oxygen movement from
the lungs to the blood by diffusion (work aided by his wife,
Marie), metabolism in insect flight, and the regulation of
capillary blood flow (for which he was awarded the Nobel
Prize in Physiology or Medicine in 1920). He inspired gen-
erations of comparative physiologists, for example his
daughter, Bodil Schmidt-Nielsen (1918— ) and her hus-
band Knut (1915-2007), a Norwegian who came to work in
Krogh’s laboratory. The Schmidt-Nielsens came to America
at Per Scholander’s invitation, where they pioneered studies
of (among other things) animals in extreme environments
such as deserts (we’ll see some of their work in later chap-
ters). In concert with the Krogh principle, broadly used
mechanisms are often best revealed by studying them at the
extremes of adaptation.

The inherently broad nature of physiology presents a
major challenge to learning. To help handle this challenge, as
we tell the story of how animals work, we integrate the physi-
cal, chemical, molecular/genetic, anatomic, ecological, and
evolutionary features necessary for understanding function.
Also, to provide breadth in the comparative sense we discuss
a variety of animal types. To fully understand these compari-

sons, you should develop a grasp of the basic evolutionary
relationships of animal phyla. If you have not learned about
these, or need a review, look at Figure 1-1. In particular, be
aware that the dichotomy of “vertebrates” and “inverte-
brates,” widely used for the animal kingdom, is evolution-
arily meaningless. In fact, there are over 30 animal phyla
(groups distinguished by major body plans), and vertebrates
are only a subphylum within one of those, the phylum Chor-
data (unified by all members having a dorsal notochord at
some stage in their life cycles). Also, the phylum Arthropoda
(“jointed legs”), which includes insects, is by far the most
successful in terms of numbers of species and sheer mass of
animal life. We will use instead the terms vertebrate and non-
vertebrate in this text, and we also name the pertinent phyla.

check your understanding 1.1

Explain the terms “proximate” and “evolutionary” explana-
tions and give an example of each.

What are adaptations and why aren’t they always logical, op-
timal features?

Describe the Krogh principle and give an example.
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Porifera

Ctenophora “Radiata”
Cnidaria (“Diploblasts”)
Placozoa

{ Echinodermata
Hemichordata
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FIGURE 1-1 Animal evolutionary tree, showing the relationship among phyla as deduced from
morphology coupled with molecular analyses. The three major branches are the Radiata, the
Deuterostomia, and the Protostomia (not labeled, but containing the Ecdysozoa—groups that molt—and
Lophotrochozoa). The nine most successful phyla, to which we refer most often in this text, are bold; these
are the Porifera (sponges), Cnidaria (jellies, hydras, corals, anemones, etc.), Echinodermata (seastars, sea
urchins, sea cucumbers, etc.), Chordata (tunicates, vertebrates, etc.), Platyhelminthes (flatworms), Mollusca
(snails, octopods, bivalves, etc.), Annelida (segmented worms), Nematoda (round worms), and Arthropoda
(crustacea, insects, arachnids, etc.).

Source: http://www.mhhe.com/biosci/pae/zoology/animalphylogenetics/section02.mhtml, from Teaching Animal Molecular Phylogenetics by C. Leon
Harris. Used by permission of The McGraw-Hill Companies.
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6 CHAPTER ONE

Methods in Physiology

Physiology is, of course, a science and thus employs the
same philosophical logic that other scientists use to study
the world. But because of physiology’s broad, integrative
nature, we can fairly say it employs a wider range of specific
techniques (from genetic to behavioral) than most other bio-
logical disciplines. We will introduce key methods in later
chapters. Here we provide a brief overview of the essential
aspects of “doing science.”

The hypothetico-deductive method is the most
widely accepted version of “the scientific
method”

Science is above all else a way of thinking about the world.
First, it assumes that consistent processes in nature explain
structures and phenomena and that we can uncover and un-
derstand these processes. Second, science provides a logical
approach (the “scientific method”) for this investigation of the
universe. Several versions of the scientific method have been
put forth, but the most widely used is termed the hypothetico-
deductive method. It can be stated in these steps:

1. Ask a question about nature. This is sometimes called
the discovery phase of science. The scientist finds an
aspect of nature that has not been studied or fully ex-
plained. This step requires gathering all accessible infor-
mation that has been discovered previously, any existing
hypotheses, and (if there is little knowledge yet) explo-
ration of the unknown. Exploration involves the gather-
ing of data (by both observation and experimentation)
about the world without necessarily having a hypothe-
sis. For example, biologists exploring the deep sea today
are often asking, “What lives in the deep?” and are find-
ing new species on a regular basis, without necessarily
testing a hypothesis at all times.

2. Propose alternative hypotheses to explain the phenom-
enon. Hypotheses are, in essence, tentative explanations
about some aspect of nature. Unless all reasonable hy-
potheses already exist, the scientist must create them.
This process is called induction: taking specific informa-
tion and creating a general explanation. There are two
important corollaries to making hypotheses. First, alter-
native explanations or predictions should be made, or
else the testing steps (which follow) may focus on an
erroneous explanation and miss a correct one. For ex-
ample, a deep-sea physiologist might ask how life sur-
vives the crushing pressures of the deep, which are
known to inhibit the functions of biomolecules such as
proteins. He or she might propose that deep-sea organ-
isms (1) have evolved proteins that are resistant to pres-
sure, or (2) suffer from pressure inhibition and thus
have sluggish metabolisms. (Can you think of other
hypotheses?)

Second, scientific hypotheses must be testable (ame-
nable to experiments or observation), and, in principle,
falsifiable (capable in principle of being disproved by
experiment or observation), or they are of little use in
science (whether they are true or not!). For example,
vitalism, a view of life prominent before the 20th cen-
tury, hypothesized that living entities get their dynamic

natures from an unseen life force or spirit. No experi-
ment could be devised that detected such a force, and
vitalists proposed that the force is beyond ordinary na-
ture and thus unmeasurable. Thus, vitalism is today
considered nonscientific, not because it is false (it may
actually be true, although living processes have been
found to be consistent with and explainable by physico-
chemical processes), but because it cannot be tested or
(even in principle) falsified.

3. Design experiments or observations that test the hy-
pothesis or hypotheses by making testable predictions.
This process is called deduction: taking a general expla-
nation, making specific testable predictions based on it,
and testing those predictions. In physiological experi-
ments, an organism or natural process is often per-
turbed in a clearly defined way, and the outcome
measured. It is vital to have controls in such testing.
Controls come in different forms but typically involve
organisms or processes that are not altered or perturbed
or that are not adapted to an aspect of nature being
tested. In our deep-sea example, proteins from both
deep-sea and shallow-living animals are studied in the
laboratory with and without high pressure to determine
whether pressure resistance has in fact evolved in deep-
living (but not shallow-living) animals.

4. Conduct the observations or experiments. This can re-
quire sophisticated equipment and techniques (for
example, pressure chambers in which scientists can ana-
lyze protein functions), though not always. We briefly
discuss this aspect in the next section.

5. Using the outcome of these tests, refine the earlier ques-
tions and hypotheses, and design new tests. Often this
process can take months or even decades, often because
results are not clear or test only one small aspect of a
larger question. For example, deep-sea physiologists
have found that many proteins from deep-sea animals
are indeed more resistant to pressure than are proteins
from shallow-living animals. The researchers are now
trying to find out how those proteins can resist pressure.
However, some deep-sea proteins are zot pressure resis-
tant, and now researchers are asking whether other
protective mechanisms exist.

Once a single hypothesis has been consistently sup-
ported by test after test, and all alternative (and testable)
hypotheses have been falsified, a hypothesis may be elevated
to a scientific theory—accepted as essentially correct, but
with details yet to discover.

Physiological observations and experiments use tech-
niques from the molecular to the behavioral level, for both
discovery and hypothesis testing. As we noted earlier, the
integrative nature of physiology presents a challenge to the
researcher. Understanding the full scope of physiology re-
quires that scientists conduct observations and experiments
that range from the functions of specific molecules to the
behaviors that animals use with internal processes. Under-
standing the methods can be important to understanding the
knowledge they yield. Although this text does not focus
heavily on such methods, we cover selected ones in the ap-
propriate chapters. For example, Chapter 2 discusses a
number of important techniques scientists use in genomic
and other molecular studies.
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HOMEOSTASIS AND INTEGRATION: THE FOUNDATIONS OF PHYSIOLOGY 7

It is worth repeating that scientific experiments and
observations are used for both discovery (before there are
detailed hypotheses) and hypothesis testing. The analysis of
organismal genomes, for example, was largely a discovery
process in the initial phases.

check your understanding 1.2
Describe the hypothetico-deductive method.

1.3 Levels of Organization
in Organisms

One triumph of scientific study in the 19th century was the
development of the cell theory of life. Regardless of the dif-
ficulties in defining “life,” the foundation of all functions of
life, and thus of all living organisms, is the cell—the smallest
unit capable of carrying out the processes associated with
life on Earth. A cell consists of an outer barrier called a
membrane and an internal (semigelatinous) fluid called the
cytosol, which contains water, salts, small organic mole-
cules, and macromolecules. Macromolecules include deoxy-
ribonucleic and ribonucleic acid (DNA and RNA), which
carry the genetic instructions for making most cell compo-
nents, and proteins, molecules with complex shapes, which
carry out those instructions by assembling into many cell
structures, regulating most cell functions, and catalyzing
most cell reactions (see Chapter 2).

Life has the properties of self-organization, self-
regulation, self-support and movement, and self-
reproduction

Cells are classified traditionally in two distinct forms: pro-
karyotic cells (in two groups, the Bacteria and Archaea),
which for the most part lack complex internal membranous
structures such as nuclei; and eukaryotic cells, which do
have these structures, found in the kingdoms Protista (an
awkward kingdom that includes protozoa and unicellular
and multicellular algae), Fungi, Plantae (higher plants), and
Animalia. However, because the two prokaryotic groups are
fundamentally different from each other, biologists now
classify all life in three domains: archaea, bacteria, and eu-
karya. The simplest life forms are unicellular (single-celled)
or colonial (loose collections of similar cells), typically pro-
karyotes and many protists (eukaryotes) such as amoebae.
More complex organisms such as animals are multicellular
(many-celled)—an aggregate of hundreds (in certain worms)
to trillions (in mammals) of cooperating eukaryotic cells
with distinct specializations in structure and function. As
you will see later (p. 385), physical constraints such as dif-
fusion limit the size of a single cell, so that large body size
depended on the evolution of multicellularity.

All cells, whether they exist as solitary cells or as part of
a multicellular organism, perform certain basic functions
essential for survival of the cell, which in turn aid in survival
of the organism. These basic cell functions include the
following:

1. Self-organization: Using resources from the environ-
ment to create the cell. This function includes many
steps, including:

e Obtaining energy and raw materials from the envi-
ronment surrounding the cell (for plants, these are
light and inorganic nutrients; for most animals,
these come from food and oxygen). Initially, this
uptake occurs through the cell’s membrane.

e Performing various chemical reactions that use en-
ergy and raw materials to provide energy stores and
building blocks for the cell’s other needs. Most cell
reactions are catalyzed by large molecules called en-
zymes, which in most cases are complex proteins
that increase the rate of specific chemical reactions.
In most animal cells, the overall process can be
roughly summarized thus:

Food + O, — CO, + H,O + energy stores
+ buildings-block molecules

e Eliminating to the cell’s surrounding environment
(through the membrane) any waste products of me-
tabolism, such as carbon dioxide and ammonia or
other nitrogenous waste.

e Synthesizing proteins and other components needed
for cell structure, for growth, and for carrying out
particular cell functions (using energy stores and
building blocks).

2. Self-regulation: Maintaining self-integrity in the face of
disturbances, including:
¢ Being sensitive and responsive to changes in the en-

vironment surrounding the cell (such as tempera-
ture, osmotic status).

¢ Controlling the exchange of materials between the
cell and its surrounding environment.

Repairing damage to the cell.

¢ Correcting deviations in internal conditions, which
threaten other functions (homeostasis).

3. Self-support and movement: Having structures that give
specific form to the cell, the ability to move materials
within the cell, and (in some cases) the ability to move
the whole cell or organism through the surrounding
environment.

4. Self-replication: Reproducing to carry on the species,
and to repair damage. Some animal cells, such as nerve
cells and muscle cells in mammals, are unable or have
greatly restricted abilities to replicate. When trauma or
disease processes destroy these cells, they are generally
not replaced.

Cells are remarkable in the similarity with which they
carry out these functions. Thus, all cells share many com-
mon characteristics. In multicellular organisms, each cell
also performs a specialized function, which is usually a
modification or elaboration of a basic cell function. Here are
a few examples in animals:

e As a specialization of basic cell protein-synthesizing
ability, gland cells of digestive systems secrete digestive
enzymes.

¢ By enhancing the basic ability of cells to respond to
changes in their environments, neurons generate and
transmit to other regions electrical impulses that relay
information about stimuli such as light, temperature,
nutrient concentrations, and so on.
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8 CHAPTER ONE

(a) Chemical level: a molecule in
the membrane that encloses a cell

© Cengage Learning, 2013

Paul Yancey

(f) Organism level:
the whole body

(b) Cellular level: a cell
in the stomach lining

(c) Tissue level: layers of
tissue in the stomach wall

(d) Organ level:
the stomach

(e) Body system

level: the digestive
system

FIGURE 1-2 Levels of organization in an animal body, showing an example for each level.

e Through specializations in the basic ability of cells to
transport molecules through membranes, kidney cells
and tubules selectively retain substances needed by ani-
mals while eliminating unwanted substances in the
urine.

e Based on the inherent capability of eukaryotic cells to
produce intracellular movement, muscles use movement
of internal protein filaments to bring about shortening
of the whole organ.

It is important to recognize that cells perform these
specialized activities in addition to carrying on the unceas-
ing, fundamental activities required of all cells. The funda-
mental cell activities are essential for the survival of each
individual cell, whereas the specialized contributions and
interactions among the cells of a multicellular organism
contribute to the survival of the whole organism.

Cells are progressively organized into tissues,
organs, systems, and finally the whole body

Just as a machine does not function unless all its various
parts are properly assembled, the cells of organisms must be
specifically organized to carry out the life-sustaining pro-
cesses of the whole, such as (in animals) digestion, respira-
tion, and circulation. Multicellular organisms have four
levels of organization: cells, tissues, organs, and systems
(Figure 1-2).

In animals, cells of similar structure and function are
organized into tissues (groups of cells with similar structures
and functions), of which there are four primary types: epi-
thelial, connective, muscular, and mnervous. Each tissue
consists of specialized cells along with varying amounts of
extracellular (“outside the cell”) material (Figure 1-3).
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Organ: Body structure that integrates
different tissues and carries out a
specific function

Epithelial tissue: Connective Muscle tissue: Nervous tissue:
Protection, tissue: Movement Communication,
secretion, and Structural coordination,
absorption support and control

(a)
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FIGURE 1-3 The stomach as an organ made up of all four primary
tissue types. (a) The four tissue components; (b) Low-power
microscope view of the mammalian stomach, showing three of the
primary tissue layers (left folded layer = epithelial, middle layer =
connective, right darker layer = muscle).

Source: http://www.mhhe.com/biosci/pae/zoology/animalphylogenetics/section02.mhtml,
from Teaching Animal Molecular Phylogenetics by C. Leon Harris. Used by permission of The
McGraw-Hill Companies.

Epithelial tissue is made up of cells specialized in the
exchange of materials. This tissue is organized into two
general types of structures: sheets and secretory glands.
Epithelial cells are joined together very tightly to form
epithelial sheets that cover and line various organs. For
example, the outer layer of the skin is epithelial tissue,
as is the inner lining of the digestive tract. In general,
these epithelial sheets serve as boundaries that separate
animals from the external environment and from the
contents of cavities that communicate with the external
environment, such as the digestive tract lumen. (A lu-
men is the cavity within a hollow organ or tube, and in
the case of digestive tracts, is technically outside of the
body!). Only selected transfer of materials is permitted
between the regions separated by an epithelial barrier.
The type and extent of controlled exchange varies, de-
pending on the location and function of the epithelial
tissue. For example, very little can be exchanged across
the skin and the external environment in most animals,
whereas the epithelial cells lining the digestive tract are
specialized for absorbing water and nutrients.
e Glands are epithelial tissue derivatives that are spe-
cialized for secretion. Secretion is the release from
a cell, in response to appropriate stimulation, of
specific products that have in large part been syn-
thesized by the cell. Glands are formed during em-
bryonic development by pockets of epithelial tissue
that dip inward from the surface. There are two cat-
egories of glands: exocrine and endocrine. If during
development the connecting cells between the epi-
thelial surface cells and the secretory gland cells
within the depths of the invagination remain intact
as a duct between the gland and the surface, an
exocrine gland is formed.
e Exocrine glands (exo means “external”; crine means
“secretion”) secrete through ducts to the outside of
organisms (or into a cavity that communicates with

the outside). Examples are sweat and digestive
glands. If, in contrast, the connecting cells disappear
during development and the secretory gland cells
are isolated from the surface, an endocrine gland is
formed. Endocrine glands (endo, “internal”) lack
ducts and release their secretory products, known as
hormones, internally into the blood within the ani-
mal (see Chapter 7). For example, the vertebrate
parathyroid gland secretes parathyroid hormone
into the blood, which transports this hormone to its
sites of action at the bones and kidneys.
Connective tissue is distinguished by having relatively
few cells dispersed within an abundance of extracellular
material that they secrete. As its name implies, connec-
tive tissue connects, supports, and anchors various body
parts. It includes such diverse structures as the loose
connective tissue that attaches epithelial tissue to under-
lying structures; tendons, which attach skeletal muscles
to bones; bone, which gives vertebrates shape, support,
and protection; and blood (or hemolymph), which
transports materials from one part of a body to another,
and in a sense, connects all cells of the body. Except for
blood, the cells within connective tissue produce specific
molecules that they release into the extracellular spaces
between the cells. One such molecule is the rubber-
band-like protein fiber elastin, whose elastic properties
facilitate the stretching and recoiling of structures such
as lungs, which alternately inflate and deflate during
breathing (see p. 520).
Muscular tissue consists of cells specialized for contrac-
tion and force generation. Vertebrates have three types
of muscle tissue (Chapter 8): skeletal muscle, which
causes movement of the skeleton; cardiac muscle, which
is responsible for pumping blood out of the heart; and
smooth muscle, which encloses and controls movement
of contents through hollow tubes and organs, such as
the digestive tract.
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10 CHAPTER ONE

4. Nervous tissue consists of cells specialized for initiation
and transmission of electrical impulses, sometimes over
long distances (Chapters 4, 5). These electrical impulses
act as signals that relay information from one part of an
organism to another. Nervous tissue in vertebrates is
found in (1) the brain; (2) the spinal cord; (3) epithelial
linings that monitor the external environment as well as
the status of various internal factors that are subject to
regulation, such as temperature, blood pressure, and gut
contents; and (4) muscles, glands, and other effector
organs (see p. 14).

Epithelial, connective, muscular, and nervous tissue
are the primary tissues in a classical sense. The term tissue
is also frequently used to refer to the aggregate of various
cellular and extracellular components that make up a
particular organ (for example, lung tissue or liver
tissue).

Organs consist of two or more types of primary tissue
organized to perform a particular function or functions.
The stomach is an example of an organ made up of all four
primary tissue types (Figure 1-3), which function collec-
tively to store ingested food and begin digestion as well as
to move it forward into the rest of the digestive tract. Ver-
tebrate stomachs are lined with epithelial tissue that re-
stricts the transfer of harsh digestive chemicals and undi-
gested food from the stomach lumen into the blood. Gland
cells, derived from epithelia in the stomach, include exo-
crine cells, which secrete digesting juices into the lumen,
and endocrine cells, which secrete hormones that help regu-
late the stomach’s exocrine secretion and muscle contrac-
tion. The walls of the stomach contain smooth muscle tis-
sue whose contraction mixes ingested food with the
digestive juices and propels the mixture forward into the
intestine. Also within the walls is nervous tissue, which,
along with hormones, controls muscle contraction and
gland secretion. These various tissues are all bound to-
gether by connective tissue.

Organs are further organized into organ systems, each
of which is a collection of organs that perform related func-
tions and interact to accomplish a common activity that is
essential for survival of the whole body. For example, the
digestive system consists (in vertebrates) of the mouth, sali-
vary glands, pharynx (throat), esophagus, stomach, pan-
creas, liver, gallbladder, small intestine, and large intestine
(and sometimes other organs). These organs collectively
break down food into small nutrient molecules that can be
absorbed into the blood. We end this chapter with a closer
look at these systems.

The total animal body—a single, independently living
individual—consists of the various organ systems structur-
ally and functionally linked together as an entity that is
separate from the external (outside organisms) environment.
Thus, an animal is made up of living cells organized into
life-sustaining systems.

check your understanding 1.3
Describe the basic functions of life.

What are the four major tissue types? For two of them, de-
scribe the major subtypes.

Describe the construction of organs from tissues.

Size and Scale among
Organisms

Because life on Earth ranges from unicellular prokaryotes to
large multicellular eukaryotes such as whales, organisms
range in mass (using the metric weights in grams) over a scale
of 10%° (the number 10 followed by 20 zeroes)! The table in-
side the back cover gives examples of the size of some organ-
isms to give you a sense of this enormous range. Independent
of other factors, the size of an organism has important impli-
cations for its structures and functions. For example, why are
there huge mammals, but no huge insects? The study of the
effects of size on anatomy and physiology is called scaling. An
example is lifespan: Larger animals generally live longer than
smaller ones. Even more interestingly, a bird lives about 2.5
times longer than a mammal of comparable body size. Scaling
phenomena such as this one show up in many chapters of this
book (the lifespan of birds, for example, appears in Chapters
2 and 12), so it is important to examine this principle now.
The most important size effect may be a simple mathematical
concept known as the surface-area-to-volume ratio.

The larger the organism, the smaller the surface-
area-to-volume ratio

Consider a small spherical cell of minute size. It has a certain
volume and mass, and a certain surface area of its outer
boundary (Figure 1-4). From simple mathematics, we know
the volume is related to the cube of the radius of the object.
The surface area is related to the square of the radius. Now
consider a cell (or organism) 10 times bigger (see Figure 1-4).
Because of the cubed factor, the volume of it is 1,000 (103)
times bigger than the first object, but because of the squared
factor, the surface area is only 100 times (102) bigger. Its
surface-area-to-volume ratio is one tenth that of the smaller
sphere. This has tremendous implications for a variety of liv-
ing functions. For instance, the entire mass of both cells
needs to obtain nutrients and get rid of wastes through the
surface boundary, but the larger object is at a 10-fold disad-
vantage because of its relatively smaller ratio (that is, rela-
tively smaller surface area to support the volume). This is one
reason why larger animals have evolved highly branched
(that is, increased surface area) circulatory and respiratory
systems. We examine this development in Chapters 9 and 11.

However, if there is something that each cell or organ-
ism needs to retain, such as heat, the larger object is at a
10-fold advantage because heat is typically produced by the
volume of the cell and lost through its surface area. In Chap-
ter 15 we examine this aspect of physiology in detail.

Scaling also affects skeletal mechanics. The ability of a
skeleton (or a tree trunk, for that matter) to support mass
against gravity increases with the cross-sectional area of the
skeletal element (such as a leg bone or insect limb exoskel-
eton). But the weight being supported increases as the cube
of the animal size. Thus, a large animal such as an elephant
must have massive limbs in comparison to its body, whereas
a tiny spider can support itself with limbs that are much
thinner in comparison to its body.

It is important to remember this basic phenomenon-
Note that larger objects have larger surface areas on an ab-
solute scale, but it is the ratio that matters. Put simply, all
other things being equal, larger organisms have smaller
surface-area-to-volume ratios.
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FIGURE 1-4 The effects of size on surface area and volume.

© Cengage Learning, 2013

\ ==L
Surface “A

=<5 _— Volume grows
/ along three
dimensions

Elephant

check your understanding 1.4

How does surface area change with size and why is it
important?

1.5 Homeostasis: Basic
Mechanisms and Enhancements

Earlier we discussed several functions of cells (and thus life):
self-organization, self-regulation, support and movement,
and self-replication. To many biologists, the ability to self-
regulate is the most crucial of these functions for distinguish-
ing living from nonliving things. For example, a fire can arise
spontaneously (given an initial energy source such as light-
ning) and can maintain itself by using combustible materials
in the environment, can move by spreading to nearby fuel
sources, and can replicate through sparks. But it takes no
corrective action when water is dumped on it. Living sys-
tems, in contrast, can correct for at least some disturbances.
Indeed, one recent definition of life that has been proposed is
“a system that tries to regulate itself to preserve its identity.”

Maintenance of a desired state in the face of distur-
bances has been given a term that is central to physiology:
homeostasis (homeo, “similar”; stasis, “to stand or stay,”
although used here to mean “state”). The concept began
with the French scientist Claude Bernard (1813-1878). His
ambition was to be a playwright, but he turned to medicine
and then to physiological research, which he termed “ex-
perimental medicine.” Indeed, he pioneered the application
of the scientific method to medicine and so is often called
“the father of modern physiology.” He documented the
abilities of mammals to maintain a relatively constant state
of the internal environment (which he called le milieu

interieur). The concept languished until the American physi-
ologist Walter B. Cannon (1871-1945) took an integrative
approach to physiological function, further developing
Bernard’s ideas and coining the term homeostasis. It is im-
portant to note that Cannon used homeo for “similar,” not
homo for “same”. We’ll see why shortly.

Unicellular organisms have some homeostatic abilities,
such as the ability to maintain energy levels, acid-base bal-
ance, and volume. In animals, although individual cells also
have some homeostatic abilities, many regulatory processes
occur at the level of the whole organism. Let’s now examine
this crucial concept in detail.

Body cells are in contact with a privately
maintained internal environment instead of
with the external environment that surrounds
organisms

If each cell has basic survival skills, why must cells perform
specialized tasks and be organized according to specializa-
tion into systems dedicated to the whole body’s survival?
The vast majority of cells are not in direct contact with the
external environment and cannot function without contri-
butions from the other cells. In contrast, a unicellular organ-
ism such as an amoeba can directly obtain nutrients and O,
from its immediate external surroundings and eliminate
wastes back into those surroundings. In a multicellular ani-
mal, a muscle cell has the same need for life-supporting nu-
trients and O, uptake and waste elimination, yet the muscle
cannot directly make these exchanges with the external en-
vironment, because the cells are physically isolated from it.

How can a muscle cell make vital exchanges with the
external environment with which it has no contact? The key
is the presence of an aqueous internal environment with
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FIGURE 1-5 Components of the extracellular fluid (ECF; internal
environment), and location of the intracellular fluid (ICF).
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which body cells are in direct contact. This internal environ-
ment is outside the cells but inside bodies. It consists of the
extracellular (extra means “outside of”) fluid, or ECEF,
which in vertebrates is made up of plasma, the fluid portion
of the blood, and interstitial fluid, which surrounds and
bathes the cells (Figure 1-5). Various epithelial layers ac-
complish exchanges between the external environment and
the internal environment. For example, a digestive system
transfers the nutrients required by all body cells from the
external environment into the ECF (such as blood, which is
part of the internal body environment). Likewise, a respira-
tory system transfers O, from the external environment into
the ECF. A circulatory system, if present, distributes these
nutrients and O, throughout the body. As a result, the nu-
trients and O, originally obtained from the external environ-
ment are delivered to the interstitial fluid that surrounds the
cells. Membranes of cells, in turn, make life-sustaining ex-
changes between the ECF and their interiors, the ICF (intra-
cellular fluid, see Figure 1-5). (Note that although the term
intracellular fluid is widely used, the fluid inside cells is actu-
ally somewhat gelatinous.) No matter how remote a cell is
from the external surface, it can take in from the internal
environment the nutrients and O, needed to support its own
existence. Similarly, metabolic end products produced by
the cells (such as CO, and ammonia) are extruded into the
interstitial fluid, where (in more complex animals) they are
picked up by the circulation and transported to organs that
specialize in eliminating these wastes from the internal envi-
ronment to the external environment. For example, lungs (in
air breathers) remove CO, from the blood, and kidneys re-
move many other wastes for elimination in urine.

Thus, a body cell takes in essential nutrients from and
eliminates wastes into its watery surroundings, just as an
amoeba does. The major difference is that body systems
must help maintain the composition of the internal environ-
ment so that this fluid continuously remains suitable to sup-
port the existence of all body cells. In contrast, an amoeba
does nothing to regulate its surroundings, which are essen-
tially infinite.

Maintain

Body

Homeostasis
systems

Is essential for

Make up  survival of

Cells
e

FIGURE 1-6 Interdependent relationship of cells, body systems,
and homeostasis. The depicted interdependent relationship serves as
a key foundation for modern-day physiology: Homeostasis is essential
for the survival of cells, body systems maintain homeostasis, and cells
make up body systems.
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Homeostasis is essential for proper cell function,
and most cells, as part of an organized system,
contribute to homeostasis

Animal cells can live and function only when they are
bathed by an ECF that is compatible with their survival;
thus, many aspects of the chemical composition and physical
state of the internal environment can be allowed to deviate
only within narrow limits. As cells remove nutrients and O,
from the internal environment, these essential materials
must constantly be replenished for each cell’s ongoing main-
tenance of life processes to continue. Likewise, wastes must
be removed from the internal environment so they do not
reach toxic levels. Other elements in the internal environ-
ment that are important for maintaining life also must be
kept relatively constant.

The functions performed by the various body systems
contribute to homeostasis, thereby maintaining within ani-
mals the environment required for the survival and function
of all the cells of which organisms consist. This is one of the
most important themes of physiology and of this book: Ho-
meostasis is essential for the survival of each cell, and each
cell, through its specialized activities, contributes as part of
a body system to the maintenance of the internal environ-
ment shared by all cells (Figure 1-6).

The factors of the internal environment that are often
homeostatically regulated include the following:

1. Concentration of energy-rich molecules. Nondormant
cells need a consistent supply of such molecules (both
externally and internally) to serve as a metabolic fuel
for life-sustaining and specialized cell activities.

2. Concentration of O, and CO,. Cells need O, to perform
chemical reactions that extract from nutrient molecules
the most energy possible for use by the cell. The CO,
produced during these chemical reactions must be bal-
anced by removal of CO, from the body (for example,
by lungs or gills) so that CO, does not increase the acid-
ity (H* concentration) of the internal environment. This
balance is accomplished through these reactions:

C02 + Hzo > H2C03 — H* + HCO3_
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3. Concentration of waste products. Various chemical re-
actions produce end products that can be toxic to cells
if these wastes are allowed to accumulate beyond a cer-
tain limit.

4. pH. Among the most pronounced effects of changes in
the pH (acidity) of the internal fluid environment are
alterations in the electrical signaling mechanism of
nerve cells and in the enzyme activities of all cells.

5. Concentration of water, salt, and other electrolytes. Be-
cause the relative concentrations of salt ions (mainly
Na* and CI), organic solutes, and water in the ECF in-
fluence how much water enters or leaves the cells, these
concentrations may be regulated to maintain the proper
volume of the cells. Cells do not function normally
when they are swollen or shrunken. Other ions perform
numerous vital functions. For example, the rhythmic
beating of a vertebrate heart depends on a relatively
constant concentration of potassium (K*) in the ECE

In addition, some animals regulate the following:

6. Volume and pressure. The circulating component of the
internal environment, the plasma in animals with circu-
latory systems, must be maintained at an adequate vol-
ume and pressure to ensure bodywide distribution of
this link between the external environment and the cells.

7.  Temperature. Cells function optimally within a narrow
temperature range. Chemical reactions slow down if
they are too cold, and, worse yet, membrane and protein
structures are disrupted if the environment gets too hot.

8. Social parameters. Sometimes homeostasis can extend
beyond the individual to a social level. This has been
documented in social insects—in termite mounds, for
example. In what has been termed social homeostasis,
the colony of termites acts as a single “superorganism,”
regulating its population density and number of differ-
ent termite types (such as workers, soldiers) to nearly
constant levels (moreover, temperature of the mound is
also regulated).

The fact that the internal environment has some stable
features does not mean that its composition, volume, and
other characteristics are absolutely unchanging. First, exter-
nal and internal factors continuously threaten to disrupt
homeostasis. When this occurs, appropriate opposing reac-
tions (or behaviors) are initiated to restore these conditions.
For example, exposure to a cold environmental temperature
tends to reduce a mammal’s internal temperature. To coun-
ter this, compensatory shivering may be initiated, which in-
ternally generates heat that restores body temperature to
normal. (Alternatively or in conjunction with shivering, the
animal may seek a warmer location.) Likewise, addition of
CO; into the internal environment as a result of energy-
generating chemical reactions tends to raise the concentra-
tion of this gas (and the acid level) within organisms. This
triggers an increase in breathing rate in many animals. As a
result, the extra CO, (or HCOj") is released to the external
environment, restoring the CO, concentration in the ECF to
normal. Thus, homeostasis should be viewed not as a fixed
state but as a dynamic steady state in which the changes that
do occur are minimized by compensatory physiological
responses. This is why Cannon chose the prefix homeo
(“similar”) instead of homo (“same”). For each factor in the
internal environment, the small fluctuations around the op-
timal level are normally kept within the narrow limits com-
patible with life by carefully regulated mechanisms.

Animals vary in their homeostatic abilities

The term homeostasis was developed primarily from research
on mammals, which do exhibit a remarkably consistent
(though nevertheless modestly varying) internal environment.
However, many kinds of multicellular organisms exhibit far
more variability in their internal environment than do mam-
mals, yet they survive. Physiologists use specific terms to de-
scribe these abilities.

Regulators, Conformers, Avoiders There are two strategies
that can be utilized by organisms from the viewpoint of in-
ternal environments: regulators, which use internal mecha-
nisms to defend a relatively constant state, and conformers,
whose internal state varies with that of the environment.
Some physiologists recognize a third category, avoiders,
which may not be capable of internal regulation but which
nevertheless can minimize internal variations by avoiding
environmental disturbances (Figure 1-7). For example, most
organisms (including nonanimals) are thermoconformers
(body temperatures equal to that of the environment),
whereas birds and mammals are generally thermoregulators,
maintaining a stable internal temperature regardless of the
environmental temperature. But some thermoconformers
(such as some fish and insects) can avoid large changes in
body temperature by changing their locations in the environ-
ment (see Chapter 15).

Enantiostasis Some animals have variable internal compo-
nents that achieve a kind of homeostasis termed enantiosta-
sis (enantio, “opposing”). This term refers to consistency of
function achieved by changing one physiological variable to
counteract a change in another. The term was first used for
blue crabs, which suffer a decrease in internal salt composi-
tion when they leave the ocean and enter a lower-salinity
environment (an estuary). Researchers have found that re-
duced salt-ion levels inhibit oxygen binding by hemocyanin
(Chapter 9), a large biomolecule (a protein similar to hemo-
globin in your red blood cells), which transports oxygen in
the crabs’ circulatory fluid. Yet the crabs do not suffer from
this, because they make their internal fluids more alkaline
(less acidic) by increasing production of ammonia, a strong
base. Higher alkalinity in turn increases oxygen binding by
hemocyanin and thus offsets the ion effects. Thus, a func-
tional homeostasis of hemocyanin is achieved.

Negative feedback is the main regulatory
mechanism for homeostasis

In order to maintain homeostasis, organisms must be able to
detect any deviations in internal factors that need to be held
within narrow limits, and must be able to control the various
body systems that respond to these deviations. For example,
to maintain body temperature at an optimal value, mammals
must be able to detect a change in internal temperature and
then appropriately alter heat production or loss so that inter-
nal temperature returns to the desirable level.

Homeostatic control mechanisms primarily operate on
the principle of negative feedback. Negative feedback occurs
when a change in a controlled variable triggers a response
that opposes the change, driving the variable in the opposite
direction of the initial change. Feedback systems can be very
simple unreferenced ones, with imprecise control, or refer-
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As we have discussed, one of the main fea-
tures that seems to define life itself is the
ability to react to, and adjust for, environ-
mental disturbances. In recent years, a
number of scientists headed by James
Lovelock have proposed that planet Earth
itself exhibits this key property of life.
Called the Gaia hypothesis, this concept is
based on the observation that the condi-
tions of weather and nutrient cycling that
favor life have been relatively constant for
hundreds of millions, perhaps billions of
years. Although periods of prolonged cold
(ice ages) have been interspersed with eons
of global warmth, at no time have condi-
tions deviated from the range necessary for

Challenges and Controversies
Can a Planet Have Physiology?

that life itself, in conjunction with larger
geologic and atmospheric processes, main-
tains this favorable state in homeostatic
feedback processes some collectively call
“geophysiology.” As an example of such a
feedback process, researchers have found
that cloud formation can be triggered by an
atmospheric gas called dimethyl sulfide
(DMS). DMS in turn is a breakdown product
of an osmolyte (a molecule used to regulate
cell water content; see Chapter 13) in ma-
rine phytoplankton (single-cell algae such
as diatoms that are Earth’s most common
photosynthesizers). The hypothesis is that,
as Earth’s climate enters any warming
trend, plankton growth increases and so,

therefore, does DMS production. In turn,
more clouds form that, by blocking sun-
light, oppose the heating trend. Thus, the
temperature of the planet’s atmosphere is
prevented from extreme changes:

Increasing atmospheric temperature —
more DMS release from phytoplankton —
more clouds form — less sunlight reaches

Earth — atmospheric cooling

If this is correct, would it be fair to think
of Earth itself as a giant living organism
(called Gaia)? The other properties of life
such as reproduction and evolution may
influence your answer to this intriguing
question.

life. Lovelock and his supporters propose

(b)

FIGURE 1-7 Examples of regulators, avoiders, and conformers. (a) Regulator: a capuchin monkey’s
internal body temperature is relatively constant regardless of environment; (b) Avoider: monarch butterflies
migrate in the autumn from freezing northern habitats to warm southern habitats to avoid extreme body
temperatures. (c) Conformer: a marine snail’s body temperature matches that of the external aquatic
environment. (The monarch also can regulate its body temperature daily by basking in the sun, but at night it

becomes a conformer.)

enced with a built-in set point that gives the ideal state. An
example of an unreferenced system has been proposed for
Earth’s climate and global warming As Earth’s atmosphere
begins to heat up from excess carbon dioxide, certain pro-
cesses may be triggered that produce more clouds (see box,
Challenges and Controversies: Can a Planet Have Physiol-
ogy?). Clouds may reduce input from the sun and so oppose
the warming trend. But there is no precise regulation, be-
cause there is no set point.

In contrast, a referenced negative-feedback system typi-
cally has these components: a sensor to measure the variable
being regulated, an integrator that compares the sensed in-
formation with a set point, and an effector, the device or
process that actually makes the corrective response (Figure

1-8a). A common example of a negative feedback is control
of room temperature (the controlled variable) by a system
that includes a sensing and integrating thermostatic device,
a furnace and an air conditioner, and all their electrical con-
nections (Figure 1-8b). The room temperature is altered by
the activity of the effectors—the furnace (a heat source) and
air conditioner (a heat remover). Suppose someone opens
the room door, and too much cold air enters. To switch the
effectors on or off appropriately, the control system must
“know” (measure) what the actual room temperature is,
“compare” it with the desired room temperature (set point),
and adjust the output of the effectors to bring the actual
temperature to the desired level. A thermosensing device in
the thermostat, which monitors the magnitude of the con-

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).

Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Paul Yancey



HOMEOSTASIS AND INTEGRATION: THE FOUNDATIONS OF PHYSIOLOGY 15

Deviation in relieves Fall in room relieves Fall in body relieves
controlled variable \ temperature below \ temperature below \
I set point set point
(detected by) 4_—\ - |
| ) ) .
emperature-monitoring
Sensor Thermometer nerve cells
|
(informs) 1 +
v+t
Set Set Set Temperature
Integrator -« point point —_ Thermostat point control center
1
(sends instructions to) l +
v+
Skeletal muscles
Effector(s) Furnace (and other effectors)
|
(brings about) l
4
1 Heat production
Compensatory response ! Heat output through shivering and
1 other means
(results in)
 / l
* * *
Increase in room
temperature to set
N point
(leads to)
Negative feedback to
shut off the system (negative feedback) (negative feedback)
responsible for the
response
L J \_ J \_ J
(a) (b) ()

FIGURE 1-8 Negative feedback. (a) Components of a negative-
feedback control system. (b) Negative-feedback control of room
temperature. (c) Negative-feedback control of mammalian body
temperature.
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trolled variable, provides information about the actual room
temperature. The thermostat setting provides the desired
temperature level, or set point. The thermostat acts as an
integrator: It compares the sensor’s input with the set point
and, in this case, adjusts the heat output of the furnace to
oppose the deviation from the set point.

When cold is being compensated for, the heat produced
by the furnace counteracts or is “negative” to the original
fall in the temperature. Note that this is still termed “nega-
tive” feedback even though heat is being added. Once the
room temperature reaches the set point, the activating
mechanism in the thermostat and consequently the effector
is switched off. If heat production were to continue un-

KEY

Flow diagrams throughout the text
+ = Stimulates or activates
— = Inhibits or shuts off
(T = Physical entity, such as body structure or a chemical
[1 = Actions
| = Compensatory pathway
| =Turning off of compensatory pathway (negative feedback)
= Note that lighter and darker shades of the same color are
used to denote, respectively, a decrease or an increase in a
controlled variable.

abated, the room temperature would be increased above the
set point. Overshooting far beyond the set point does not
occur because the air temperature “feeds back” to shut off
the thermostat that triggered heat output, thereby limiting
its own production by altering the signal that initiated the
heat production. Thus, the control system takes corrective
actions to prevent the controlled variable from drifting too
far below or too far above the set point.

Homeostatic systems in organisms operate very simi-
larly with negative feedback to maintain a controlled factor
in a relatively steady state. For an example, you can see the
similarities between the thermostat system of Figure 1-8b
and one aspect of the mammalian thermoregulatory system,
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FIGURE 1-9 Expansion and enhancement of basic negative-feedback system.
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shown in Figure 1-8c. This is the system we described earlier
(p- 2), in which a region of the brain, the hypothalamus, acts
as an integrator for controlling body temperature.

Feedback effectors can be antagonistic and can
include behaviors as well as internal organs

The basic negative-feedback mechanism we have just dis-
cussed can be expanded in several ways. For effectors, there
are two alternative design features to keep in mind:

o Antagonistic control. If corrections can occur in either
direction of change, by having two effectors with oppo-
site effects, or by regulation that can increase or de-
crease a single effector’s output, the system is said to
have antagonistic control (Figure 1-9a). Note the impor-
tance of the antagonistic design in the home system just
described: If the controlled variable can be regulated to
oppose a change in one direction only, the variable can
move in uncontrolled fashion in the opposite direction.
For example, if the house is equipped only with a fur-
nace to oppose a fall in room temperature, no mecha-
nism is available to prevent the house from getting too
hot in summer. However, the room temperature can be
kept relatively constant through two opposing mecha-
nisms, one that heats and one that cools the room (that
is, an air conditioner), despite wide variations in the
temperature of the external environment.

e Behaviors as effectors. An effector for a disturbance is
typically an organ that directly adjusts some internal
state (such as a muscle that shivers to produce heat).
However, behaviors (specific animal movement patterns
used in specific situations, typically requiring coordi-
nated actions of many neural and muscular compo-
nents) can also serve as corrective processes, and are
thus also effectors. Recall that some animals are avoid-
ers; these typically use behavioral effectors. For exam-
ple, monarch butterflies (see Figure 1-7) migrate from
the northern United States and Canada to California
and Mexico for the winter, thus avoiding extreme cold.

(This navigational behavior is genetically programmed
to an amazing degree: The monarchs that migrate south
are hatched in the north and are several-generation de-
scendants of the monarchs that migrated north.)

Let’s look at another example. Killifish are remarkable
intertidal bony fishes that can survive in salinities ranging
from freshwater to well above seawater concentrations, while
maintaining a relatively consistent internal salinity at about
35 to 45% that of normal seawater. When the fish face a
change in external salinity (such as when rainfall dilutes an
exposed tide pool), cells in their gills (physiological effectors)
adjust the rate of salt intake into the blood to a level necessary
for homeostasis. At the same time, if the tide pool has a salin-
ity gradient, the fish actively seek a patch of water that has
about 35 to 45% salinity (a behavioral effector process).
Thus, killifish are both regulators and avoiders.

Inadequacies in negative-feedback systems can
be improved by anticipation and acclimatization

It is important to note that, even with the added sophistica-
tion of antagonistic control, a basic referenced negative-
feedback system (sensor, integrator with set points, and
effectors) has two inherent flaws. First, it cannot be perfectly
homostatic (“same state”), because it must first suffer a dis-
turbing change before it can react and make corrections,
resulting in a delayed response. Similarly, there is another
delay in shutting off an effector, and so basic systems tend
to overshoot the set point somewhat. Thus, many regulated
parameters—body temperature, hormone levels, water bal-
ance, for example—fluctuate continuously (hence the prefix
homeo-). Second, some components may not work well in a
new environment or situation, such as after an animal mi-
grates from low to high altitude. Evolution (and human en-
gineers) have come up with two ways to enhance regulation
to overcome these problems (which exist to varying degrees
among systems and animals).

o Aunticipation or feedforward system. An anticipation or
feedforward system reduces the delay phenomenon by
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detecting or predicting an oncoming disturbance before a
regulated state is changed (for example, perturbed be-
yond the set point) (Figure 1-9b). It may also predict the
results of an effector’s output before reaching the set
point. The anticipator then activates the appropriate
response in advance of the change or suppresses the effec-
tor before it overshoots the set point. For example, mod-
ern electronic thermostats have anticipator circuits that
shut off the furnace just before the set point is actually
reached, so that the hot air already on its way from the
furnace to the thermostat brings the room to the set point
without overshooting. As an organismal example, tem-
perature sensors in a mammal’s skin detect external heat
or cold, and can trigger corrective responses before the
internal “core” temperature is disturbed. Similarly, when
a meal is still in the digestive tract, a feedforward mecha-
nism increases secretion of a hormone (insulin) that pro-
motes cellular uptake and storage of ingested nutrients
after they have been absorbed from the digestive tract.
This anticipatory response helps limit the rise in blood
nutrient concentration that follows nutrient absorption.

o Acclimatization systems. Acclimatization systems are
mechanisms that alter existing feedback and other com-
ponents, usually over many days, to work better in a
new situation. Examples of new situations include mi-
grating to high altitude or entering a different season. To
continue the temperature theme, mammals may increase
their hair or fat layers as winter approaches and shed
them in the spring, thus augmenting the basic internal
negative-feedback system.

Some processes that are technically forms of acclimati-
zation are not always designated as such, because they do
not involve habitat features. For example, the muscle mass
of an animal increases over time if locomotory activity un-
dergoes a prolonged increase, as during migration. This
form of acclimatization is often called upregulation. The op-
posite effect, downregulation, can also occur, as when
muscle mass declines during more sedentary periods.

A note on terminology: The term acclimation refers to
acclimatization processes that take place in a controlled situ-
ation, such as a laboratory. Acclimation and acclimatization
processes, as well as up- and downregulation, are often
called adaptations by many people. For example, a moun-
tain climber may say he or she has “adapted” to high
altitude. However, this term can be misleading, because
evolutionary biologists use “adaptation” to refer to genetic
changes that occur over many generations through variation
and natural selection (p. 1). You will encounter both
terms—acclimatization, adaptation—frequently, and for the
latter term, you should always note whether it is being used
in the between-generations (evolutionary) or the within-
organism (physiological) sense.

check your understanding 1.5

Define homeostasis and give an example of why it is
important.

Describe a negative-feedback system with antagonistic
effectors.

Discuss how anticipation and acclimatization improve such a
system.

Kevin Johnson, U.S. Geological Survey
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Newly hatched brine shrimp. Before hatching, they were in an em-
bryonic cyst for several years in a dormant state.

Regulated Change

Not everything in organisms is homeostatic by any means,
not even some of those traditionally considered to be classic
examples. Mammalian body temperature is again a good
example: Although normally quite narrowly regulated in
most mammals most of the time, body temperature varies
considerably with fever, between wake and sleep, and in
hibernation.

Some internal processes are not always
homeostatic but may be changed by reset
and positive-feedback systems

There are many nonhomeostatic outcomes of acclimatiza-
tion to changing environmental stresses. For many animals,
negative-feedback regulation cannot be modified to keep
working at an optimum, and acclimatization involves
switching to a state of dormancy (a state of greatly reduced
metabolism), such as hibernation by a small mammal in
which body temperature falls dramatically. Or consider the
embryos of a brine shrimp (sold commercially as “sea mon-
keys”) in the Great Salt Lake in Utah. When the embryos are
washed up on a dry shoreline, they can lose over 98% of
their internal water, yet remain viable by entering a resistant
cyst state (which can hatch out years later if put in water).
These animals maintain homeostasis only in the broadest
sense of “survival.” (Compare this to mammals, which die
if they lose more than 10 to 15% body water!)
Furthermore, many functions such as locomotion,
growth and development, and neural signaling are not ho-
meostatic at all (though they may contribute to homeostasis
in some fashion). Some regulatory systems are simply
switched on when stimulated for a particular need, and are
then switched off. Examples of such “on-demand” regula-
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n are muscles and glands in the digestive tract, which are

locally activated to churn and digest the food when present
and shut off when not. This can contribute to other homeo-
static needs such as nutrient concentrations in the blood, but

thi
gis

s regulation is not homeostatic in itself. Some physiolo-
ts have termed nonhomeostatic regulation rheostasis

(“variable state”).

Evolution has also come up with two other mechanisms

for regulating useful nonhomeostatic change, which we
mention frequently in later chapters:

Reset system: one that changes the set point of a
negative-feedback system, in a temporary, permanent, or
cyclic fashion (Figure 1-10a). Fever is an example of a
temporary reset of body temperature. At sexual maturity
in a mammal, sex hormone concentrations are perma-
nently reset to higher levels. Annual hibernation (such as
by a squirrel) and many reproductive cycles are addi-
tional examples of cyclical resets regulated by internal
biological clocks (see Chapter 7). You can probably
think of both temporary and cyclical mechanisms for
the room thermostat system of Figure 1-8b.

e Positive-feedback systems create rapid change when con-

ditions demand a rapid change from a set point. In neg-
ative feedback, a control system’s output is regulated to
resist change, so that the regulated variable is main-
tained at a relatively steady set point. With positive
feedback, however, the output is continually enhanced
so that the controlled variable continues to move in the
direction of the initial change (Figure 1-10b). Instead of
bringing about a response that counteracts the initial
change, positive feedback reinforces the change in the
same direction. Such action is comparable to the heat
generated by a furnace triggering the thermostat to call
for even more heat output from the furnace so that the
room temperature continuously rises. Because positive
feedback moves the controlled variable even farther
from a steady state, it does not occur purposefully very
often in organisms, where the major goal is maintenance
of stable, homeostatic conditions. Indeed, unintended
positive feedback can lead to rapid death. For example,
in congestive heart failure a weak mammalian heart re-
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sults in a drop in blood pressure, triggering negative-
feedback systems that retain fluid in the body in an at-
tempt to increase blood pressure (more fluid in blood
vessels increases pressure). However, more fluid in-
creases stress on the heart, weakening it further, drop-
ping pressure again, and so the cycle continues until the
heart fails completely.

Nevertheless, positive feedback is often very useful.
Examples include neuron action potentials, lactation,
blood clotting, bile release, many mating behaviors and
orgasms, ovulation, and some reactions of immune sys-
tems are all positive feedback. These all have one thing
in common: A relatively rapid change is needed because
of a new situation in which the homeostatic set point is
no longer appropriate. As a detailed example, consider
the birth of a mammalian infant. The hormone oxytocin
causes powerful contractions of the uterus. As uterine
contractions push the baby against the cervix (the exit
from the uterus), the resultant stretching of the cervix
triggers a sequence of events that releases even more
oxytocin, which causes even stronger uterine contrac-
tions, triggering the release of more oxytocin, and so on
(Figure 1-10c). Positive feedback here is useful to help
the infant be born relatively quickly once it reaches a
key stage of developmental maturity.

Except for permanent and cyclical reset systems, non-
homeostatic “change” mechanisms (on-demand, temporary
reset, and positive feedback) need to be shut off once they
are no longer needed. The mechanisms for this vary but typi-
cally involve the loss of the initiating signal. For example,
the oxytocin positive-feedback loop stops once the fetus is
no longer pushing on the cervix. Like negative-feedback
systems, some of these change systems can be activated in
feedforward fashion and improved or adjusted up or down
by acclimatization. For example, the activation of digestive
muscles and glands (described earlier) can be feedforward-
activated by the taste and smell of food. And the internal
clock that cyclically resets a human’s body temperature each
night and day can be acclimatized to a new time zone by
local sunlight exposure.

Disruptions in regulation can lead to illness
and death

When one or more of an animal’s systems fail to function
properly, homeostasis (or the ability to regulate change) is
disrupted, and all the cells may suffer because they no longer
have a suitable environment in which to live and function.
Various pathophysiological states ensue, depending on the
type and extent of homeostatic disruption. The term patho-
physiology refers to the abnormal functioning of organisms
(altered physiology) associated with disease. When a homeo-
static disruption becomes so severe that it is no longer com-
patible with survival, death results. An example is that of
congestive heart failure, mentioned earlier.

check your understanding 1.6

Describe how reset and positive-feedback systems create
useful change.

1.7 Organization of Regulatory
and Organ Systems

Control of an animal’s functions is often—erroneously—
portrayed as a centralized command system with the brain
and endocrine systems regulating everything. In fact, such a
design would be needlessly cumbersome and slow because
every tiny response needed by each cell or tissue for homeo-
stasis would require these events: a signal to a central com-
mand organ; a decision; a return signal; and finally a local
response. For many simple responses, the time delay could
be harmful; for example, you would not want to wait for
some central endocrine gland to signal the need for a blood
clot when your foot is injured and bleeding. Therefore, con-
trol in an animal is actually hierarchical, much like govern-
mental systems in many countries!

Homeostasis (and other regulation) is
hierarchically distributed

The United States and Canada, for example, have at least
four levels in this hierarchy in order of increasing priority:
city, county, state/province, and federal (or national) gov-
ernments. Basic local needs are delegated to city govern-
ments because local knowledge of the situation is better, and
it would be unnecessarily slow to wait for interactions with
the national level (considerable delays occur if a city resident
requires new federal permission for construction work on
his or her home). But needs that involve the whole country
(such as distributing food supplies and defending the coun-
try) often require the highest level of control. Similarly,
many simple, common homeostatic responses in animals are
controlled locally, at the level of individual cells, tissues, or
organs. Only when more complex responses are needed is a
whole-body (“federal” or “national”) system needed.

Let’s examine this hierarchy in more detail. At the most
basic level, an individual cell can regulate its internal energy
supplies, ion concentrations, and cell volume, at least to
some extent. Beyond the cellular level, control systems that
operate to maintain homeostasis are often grouped into two
broad classes in this hierarchical design—intrinsic and ex-
trinsic controls. Intrinsic controls are those regulated by a
single tissue or organ on its own (akin to a county or state/
province government). For example, as an exercising muscle
rapidly uses up O, and produces CO, to generate energy to
support its contractile activity, the O, concentration falls
and the CO, concentration increases within the muscle.
These local chemical changes are directly detected by the
smooth muscle in the walls of the blood vessels that supply
the exercising muscle and result in the relaxation of the
smooth muscle and dilation (open widely) of the vessels,
which increases blood flow into the exercising muscle. This
local mechanism contributes to the maintenance of an opti-
mal level of O, and CO, in the internal fluid environment
surrounding the exercising muscle’s cells. As we discussed
earlier, this response is generated at the local level, which
avoids unnecessary delays and possibly avoids the reduced
precision of generalized whole-body responses.

However, many factors in the internal environment are
maintained by extrinsic controls, which are regulatory
mechanisms initiated outside an organ to alter its activity
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BODY SYSTEMS
Made up of cells organized according to
specialization to maintain homeostasis.
See Chapter 1.

NERVOUS SYSTEM

Acts through electrical signals

. to control rapid responses of the
Information from the ——>  ,5qy- also responsible for
external environment higher functions—e.g., memory.

relayed through the See Chapters 4, 5,and 6. .
nervous system % Regulates

1

RESPIRATORY SYSTEM
Obtains O, from and eliminates
—> CO, to the external environment;
helps regulate pH by adjusting
< the rate of removal of acid-
forming CO,,.
See Chapter 11.

EXCRETORY SYSTEM
Important in regulating the
volume, electrolyte composition,

Urine containing and pH of the internal environ-
wastes and excess <«—— Mment; removes wastes and
water and excess water, salt, acid, and
electrolytes other electrolytes from the

plasma and eliminates them in
the urine.
See Chapters 12 and 13.

DIGESTIVE SYSTEM

. Obtains nutrients, water, and
Nutrients, water, electrolytes from the external
electrolytes —>  environment and transfers them
Feces containing <—— into the plasma; eliminates
undigested food undigested food residues to the
residue external environment.

See Chapter 14.

REPRODUCTIVE SYSTEM
Sperm leave male ~ <«——  Not essential for homeostasis,
but essential for perpetuation of

the species.

See Chapter 16.
1 CIRCULATORY SYSTEM

Sperm enter female —>

Exchanges with
all other systems.

1 "‘wﬁ _

EXTERNAL

A0S Transports nutrients, 02, COZ, wastes, electrolytes, and hormones throughout the body.

See Chapter 9.
—

FIGURE 1-11 The major vertebrate body systems and their roles.

© Cengage Learning, 2013
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ENDOCRINE SYSTEM
Acts by means of hormones secreted
into the blood to regulate processes
that require duration rather than
speed—e.g., metabolic activities and
water and electrolyte balance.
See Chapter 7.

Y

~~__ Defends against foreign invaders and

\

INTEGUMENTARY SYSTEM
Serves as a protective barrier between Keeps internal
the external environment and the —> fluids in

remainder of the body; adjustments in
skin blood flow are important in «— Keeps foreign
temperature regulation. material out

See Chapters 10 and 15.

IMMUNE SYSTEM
Protects against
cancer cells; paves way for tissue repair. foreign invaders

See Chapter 10.

MUSCULAR AND SKELETAL SYSTEMS
Support and protect body parts and
allow body movement; heat-generating
muscle contractions are importantin =~ =—>
temperature regulation; calcium is stored
in the bone.
See Chapters 7,8, and 15.

Enables the
body to interact
with the external
environment

Exchanges with
all other systems.

1

(the “national government” level). Often this involves coor-
dination of two or more organs. Extrinsic control of the
various organs and systems is accomplished by the nervous,
endocrine, and (to some extent) immune systems. Extrinsic
control permits coordinated regulation of several organs
toward a common goal; in contrast, intrinsic controls are
self-serving for the organ in which they occur. Coordinated,
overall regulatory mechanisms are critical for maintaining
the needs of the internal environment as a whole. For ex-
ample, the nervous system can take priority over an indi-
vidual organ’s regulation of blood flow during exercise
(diverting blood from digestive to muscular systems; just
as the national government can sometimes override state/
province and city governments).

Organ systems can be grouped according
to whole-body contributions

Now that you have considered the basic features of living
systems and the importance of homeostasis, let’s briefly ex-
amine the actual working components of animals that carry
out these functions. These components govern the organiza-
tion of most of this book. As we said earlier, physiologists
typically categorize organs in animals into functional sys-
tems based on their contributions to the whole organism. In
turn, these systems can be grouped into four categories
based on the broad view of life itself: whole-body control
systems; maintenance systems; support and movement sys-
tems; and reproductive systems. There are about 11 major
body systems (see Figure 1-11 for vertebrates), as follows.

Whole-Body Control Systems Whole-body control systems
regulate and coordinate homeostatic and other functions of
the other systems for the good of the whole body. Keep in
mind that these do not control all activities in the hierarchi-
cal control design.

1. Nervous systems control and coordinate bodily activi-
ties that require swift responses. They are especially
important in detecting and initiating reactions to
changes in the external environment. Furthermore, they
are responsible for more complex “higher” functions
such as consciousness, learning and memory, and cre-
ativity. In animals with central brains, this system is also
hierarchical, for example, with short reflex responses
(automatic, unlearned reactions to a stimulus) and lon-
ger more complex responses.

2. The hormone-secreting glands of endocrine systems
regulate activities that require duration rather than
speed. These systems are especially important in con-
trolling reproductive cycles, the concentration of
nutrients, and the internal environment’s volume and
electrolyte composition.

Support and Movement Systems From a purely homeo-
static view, support and movement are not necessarily di-
rected toward maintaining homeostasis, although holding
position (“posture”) is a type of homeostasis. And the abil-
ity to protect from harm and obtain food contributes to the
broad homeostasis of body integrity and survival.

3. Skeletal systems provide support and protection for the
soft tissues and organs. In vertebrates, the skeleton also
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functions in homeostatic regulation of calcium (Ca?*),
an electrolyte whose plasma concentration must be
maintained within very narrow limits. Together with the
muscular system, the skeletal system also enables move-
ment of animals and their parts.

4. Muscular systems move the skeletal components to
which the skeletal muscles are attached. Furthermore,
the heat generated by muscle contraction is important
in temperature regulation in some animals, especially
birds, mammals, and some insects and fishes.

Maintenance Systems These are organ systems that do
most of the actual work of maintaining the internal environ-
ment. The systems and their most important contributions
to homeostasis are as follows:

5. Circulatory systems are the transport systems that carry
materials such as nutrients, O,, CO,, nitrogenous
wastes, electrolytes, heat, and hormones from one part
of an animal to another.

6. Defense or immune systems defend against foreign in-
vaders (viruses, bacteria, parasites) and body cells that
have become cancerous. They also pave the way for re-
pair or replacement of injured or worn-out cells. Be-
cause some defensive responses can coordinate activities
of organs throughout the body (at least in mammals), in
recent years many researchers have come to regard the
mammalian immune system as the third whole-body
control system (along with nervous and endocrine sys-
tems). For now, we will leave it under maintenance
systems.

7. Respiratory systems obtain O, from and eliminate CO,
to the external environment. By adjusting the rate of
removal of acid-forming CO,, a respiratory system is
also important in maintaining the proper pH (acid-base
balance) of the internal environment.

8. Excretory systems remove excess water, salt, acid, and
other electrolyte from the plasma and eliminate them,
along with waste products other than CO,.

9. Digestive systems break down dietary food into small
nutrient molecules that can be absorbed into the circu-
latory system for distribution to all cells. They also
transfer water and electrolytes from the external envi-
ronment into the internal environment. A digestive sys-
tem eliminates undigested food residues to the external
environment in the feces. (The vertebrate liver also ex-
cretes some wastes—see Chapter 12.)

10. Integumentary systems serve as outer, protective physi-
cal barriers that prevent internal fluid from being lost
from organisms and foreign microorganisms from en-
tering them. These organs are also important for regu-
lating body temperature in some animals.

Reproductive Systems Reproductive systems are not essen-
tial for homeostasis of the individual and therefore are not
essential for survival of the individual. They are essential,
however, for perpetuation of the species.

11. Reproductive systems consist of organs that produce
gametes (eggs, sperm), organs to deliver them and, in
some animals, support systems for offspring (such as
yolk production, and embryo and fetal development).

As we examine each of these systems in greater detail,
always keep in mind that a body is a coordinated whole even
though each system provides its own special contributions.
It is easy to forget that all the parts actually fit together into
a functioning, interdependent whole body. Accordingly,
each chapter concludes with a brief overview of the integra-
tive, whole-body contributions of the system.

Keep another point in mind as you read through the
book: The functioning whole is greater than the sum of its
separate parts. Through specialization, cooperation, and
interdependence, cells combine to form a coordinated,
unique, single living organism with more diverse and com-
plex capabilities than is possessed by any of the cells that
make it up.

check your understanding 1.7
What are intrinsic and extrinsic controls? Illustrate.

Why is it important that the brain not exclusively control all
of an animal’s functions?

Why is it advantageous for physiologists to organize organs
into functional systems?

making connections

How Homeostasis and Integration Contribute to the Body
as a Whole

In this chapter, you have learned that homeostasis is a dy-
namic steady state of the constituents in the internal fluid
environment (the extracellular fluid) that surrounds and
exchanges materials with the cells. You have also learned
how homeostasis can be enhanced with anticipation and ac-
climatization, and how nonhomeostatic regulated changes
are controlled by resets and positive feedback. Homeostasis
and regulated changes are regulatory features essential for
the survival and normal functioning of cells, and each cell,
through its specialized activities, contributes as part of a
body system to these regulatory features.

This integrated relationship among cells, organ systems,
and the whole organism is the foundation of physiology and
the central theme of this book. We have already described
how cells are organized according to specialization into
body systems. How the key functions of life and body sys-
tems maintain this internal consistency and necessary
changes are the topics covered in the remainder of this
book. Each chapter concludes with this capstone feature to
facilitate your understanding of (1) how the systems and
functions under discussion contribute to whole-body ho-
meostasis and regulated change and (2) the integrated inter-
actions and interdependency of body systems.
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¢ Biological adaptations have two levels of explanation: the mecha-
nistic (or proximate) and the evolutionary (or ultimate). Evolution by
natural selection occurs when offspring exhibit differential survival
and reproduction due to variations in their genes. Adaptations
reflect evolutionary history including constraints and cost—benefit
trade-offs, so are not always logically optimal.

¢ Physiology is an integrative discipline, using physics, genetics, ecol-
ogy, and so on; and it is also comparative, using animals of all types
to reveal both the diversity and the universality of processes. This
often follows the Krogh principle, which states that, for every ad-
aptation, there will be a particular species in which it is most conve-
niently studied.

¢ The hypothetico-deductive method is the most widely accepted
version of “the scientific method.” Data are gathered about an as-
pect of nature in the “discovery” phase, then alternative hypotheses
are made to explain them. Testable deductions must be made from
the hypotheses, with experiments and observations designed to
test them, leading to support, refinement, or rejection of hypoth-
eses.

¢ Life has the properties of self-organization, self-regulation, self-
support and movement, and self-reproduction. Cells are progres-
sively organized into tissues, organs, systems, and finally the whole
body. Tissues are epithelial for linings, connective for support, neu-
ral for electrical communication, and muscular for contraction.

¢ Size matters: Many anatomical and physiological features are scaled
to (that is, are dependent on) body size. For example, the larger the
organism, the smaller the surface-area-to-volume ratio; and larger
animals usually live longer than smaller ones.

Review, Synthesize, and Analyze

1. Some people dismiss the concept of evolution as “just a theory.”
Using the hypothetico-deductive method, explain why most scien-
tists accept evolution as fully established.

2. Explain why the term homeostasis (similar state) was chosen rather
than homostasis (same state).

3. Why is positive feedback sometimes useful, but also often danger-
ous, even lethal?

Boyd, C. A.R., &D. Noble, eds. (1993). The Logic of Life: The Challenge
of Integrative Physiology. Oxford, UK: Oxford University Press. Dis-
cusses ideas on the evolution and regulation of physiological processes.

Burggren, W. W. (2000). Developmental physiology, animal models,
and the August Krogh principle. Zoology 102:148-156. On using the
Krogh principle.

Chapter Summary

¢ Body cells are in contact with a privately maintained internal envi-
ronment instead of with the external environment that surrounds
organisms. Homeostasis is the maintenance of a consistent internal
state and is essential for proper cell function; each cell in turn, as
part of an organized system, contributes to homeostasis. Negative
feedback, such as a home thermostat, is the main mechanism for
homeostasis, with sensors, integrators with set points, and effec-
tors. Some animals are good internal regulators, while others be-
haviorally avoid disturbances, and others do not avoid or internally
regulate but conform to the environment. Some use enantiostasis:
varying one body parameter to achieve homeostasis in another.

¢ Feedback effectors can be antagonistic (e.g., shivering and sweat-
ing devices) and can include behaviors as well as internal organs.
Inadequacies in negative-feedback systems can be improved by
anticipation (initiating corrections before a disturbance) and accli-
matization (improving response of a feedback component in a new
situation).

¢ Some internal processes are not always homeostatic but may be
changed by reset systems, which raise or lower a negative-
feedback system set point, and positive-feedback systems, which
rapidly enhance changes. Disruptions in regulation can lead to
illness and death.

¢ Homeostasis (and other regulation) is hierarchically distributed,
with intrinsic regulation occurring locally in cells and tissues for
rapid control of basic needs, and extrinsic (mainly neural and hor-
monal) for coordinating multiple body parts, often overriding intrin-
sic controls for the good of the whole.

¢ Organ systems can be grouped according to whole-body contribu-
tions, following universal life properties, into regulatory (neural,
hormonal), maintenance (digestive, respiratory, circulatory, im-
mune, excretory, integumentary), support and movement (skeletal
and muscular), and reproductive systems.

4. What are intrinsic and extrinsic controls, why are they analogous to
the U.S. government system of city, county, state, and federal lev-
els, and why is this hierarchy useful?

5. Why is the Krogh principle usefulin the field of animal physiology?

Suggested Readings

Calder, W. A. (1996). Size, Function and Life History. Cambridge, MA:
Harvard University Press. A classic book on the scaling of organisms.

Kelly, K. (1995). Out of Control: The New Biology of Machines, Social
Systems and the Economic World. Reading, MA: Addison-Wesley. Dis-
cusses how biological concepts of feedback and hierarchical regulation
are being applied to human society and industry.
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A single-celled protozoan, a
Paramecium, carries out all
the necess ary functions for

survival and reproduction.

Photo: © M. I. Walker

Cellular and Molecular Physiology

2.1 Introduction

As we noted in Chapter 1, cells are distinct
from their inanimate constituents because
they have the ability to grow, replicate, per-
form complex metabolic reactions, and re-
spond to environmental stimuli. Modern
cellular physiologists are unraveling many
of the broader mysteries of how cells work,
both as living systems individually and in
their specialized contributions to multicel-
lular organisms. Comparative physiologists
study how an individual species is adapted
to a specific environment in part by analyz-
ing the molecular structure and organiza-
tion of its cells. Analyses of the structures
of living cells, and of the molecular compo-
nents of which they are made, show the
deep interconnectedness of all life through
evolution. Inthis chapter, we’ll review those
structures and molecules.

It isimportant to realize that, although
researchers have analyzed structures and
functions of most of the molecular con-
stituents of cells, no one has thus far been
able to assemble building-block chemicals
artificially into a living system in a labora-
tory environment (although attempts are
under way). Scientists have created a new
bacterium with an artificial genome, but a
previously living cell was still needed in

which to insert the synthesized genome.
(Genome refers to the entire genetic code
of an organism.) It is not merely the pres-
ence of various molecules that confers the
unique characteristics of life; it is the com-
plex organization and interaction of these
molecules within the cell that is critical.
Much remains to be learned about the mo-
lecular organization necessary for life, and
tools that allow us to do so are continuously
increasing in sophistication and power.

Water, other inorganic
chemicals, and four types of
organic molecules are the
universal components of cells

Living systems are constructed from
two broad classes of chemicals called
inorganic and organic molecules. Sci-
entists originally designated organic
chemicals as those from living or once-
living sources, but today the term or-
ganic refers to almost all molecules
made from the element carbon (and
invariably hydrogen, with the smallest
organic molecule being methane or
natural gas, CHy). Based on this defini-

tion, organic material has now been
confirmed on other planets and a
moon (Titan) in our solar system, in
nebulae in space, and even on a distant
planet, Osiris, by the Hubble Space
Telescope. Located 150 light-years
from Earth (about 900 trillion miles),
Osiris also has oxygen in its atmo-
sphere. However, the development of
life on Osiris is unlikely because its
close proximity to its sun (4.3 million
miles) probably makes it too hot.

All other chemicals are termed in-
organic, even small carbon-containing
molecules such as carbon dioxide
(CO,). Although cells contain a large
variety of inorganic and organic com-
ponents, there are some fundamental,
universal types. We assume you are
familiar with the basic inorganic and
organic molecules of life; for those who
are not, details are summarized here.

Water (H,O) is the universal inor-
ganic molecule of life on Earth. Its
properties such as its polarity (unequal
sharing of electrons between hydrogen
and oxygen) and hydrogen-bond for-
mation make it unique among mole-
cules in the universe for serving as a
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FIGURE 2-1 The complex structures of proteins are mainly determined by weak bonds between amino-
acid side groups, allowing proteins to be dynamic and flexible. Here, a model of an enzyme, hexokinase, is
at work. Hexokinase catalyzes phosphorylation of glucose. (a) A glucose molecule (color-coded red) is
heading toward the active site, a cleft in the enzyme (green). (b) When the glucose molecule makes contact
with the site, parts of the enzyme briefly close in around it and drive the chemical reaction.

medium for the reactions of life. In particular, polarity allows
water molecules to bind to any molecule that is charged or
polar. Indeed, water is sometimes called “the universal sol-
vent.” In addition, other small inorganic ions such as sodium
(Na*), potassium (K*), chloride (Cl-) and phosphate (PO4*")
appear to be universal solutes (dissolved molecules) in cells;
we explore the roles of these and other inorganic chemicals
later.

Because of the unique bonding ability of carbon, mil-
lions of different organic molecules are possible. However, it
is possible to simplify this tremendous diversity into a few
categories. The building blocks of organic molecules are
called monomers, and chains of monomers linked together
are called polymers. The largest polymers, called macro-
molecules, are the most important organic components of life.
The basic categories of organic molecules are as follows:

1. Carbohydrates are made of carbon, hydrogen, and oxy-
gen. The smallest building-block (monomer) units are
simple sugars or monosaccharides such as glucose, the
dominant energy molecule in most animals. In turn,
these can form polymers called polysaccharides, such as
glycogen (a branching chain of glucose molecules and
an important energy storage molecule in animals). In
addition to energy, carbohydrates can be used to form
important structures such as cellulose, one of the con-
stituents of plant cell walls, and chitin, a component of
the exoskeleton of arthropods. Sugars are also often
found attached to proteins to form glycoproteins, which
are important components of cell membranes and sig-
naling systems (see Chapter 3).

2. Lipids are made of carbon and hydrogen (and some-
times oxygen) and are hydrophobic (“water fearing”);
that is, they do not easily dissolve in water. This arises
from the fact that C-H bonds are nonpolar because
they share electrons equally and cannot form hydrogen

bonds with water. You probably know that oil, a hydro-
phobic hydrocarbon, floats on water. This is because
water molecules make hydrogen bonds with each other
but not with oil molecules, which are in effect squeezed
out as water molecules attract each other. (Lipids then
rise to the top because they are less dense than water.)
This lipid—water interaction is one of the most impor-
tant chemical forces in living systems. Key examples of
lipids are fatty acid monomers, which provide energy
and serve as signal molecules; triglycerides (polymers of
three fatty acids and glycerol), which are energy stores
in animals; phospholipids, used to make membranes;
and cholesterol, which is used to make membranes,
steroid hormones, and bile.

Amino acids and proteins are made of carbon, hydro-
gen, oxygen, and nitrogen in a specific arrangement.
Carboxylic amino acids, the most biologically common
type, have an amino group (NH,), an acid group (car-
boxyl, or COOH), and a side group that gives each
amino acid unique properties. Amino acids may be used
for energy, as osmolytes (see Chapter 13), or as signal
molecules (Chapter 4), but their most crucial role is to
form polymers called peptides and proteins. Peptides
and proteins are formed from 20 different carboxylic
amino acids (glycine, alanine, etc.), arranged in any or-
der and to almost any length, providing an endless list
of possible types of proteins. These polymers are the
principal dynamic molecular agents of life, forming
regulating compounds, such as signal molecules and re-
ceptors; transporters that move molecules through
membranes; structural and functional components (such
as those in muscle filaments); and enzymes, the primary
catalysts of life’s chemical reactions (Figure 2-1a).

Ultimately a protein’s structure and function is as a
result of the properties of its amino acid composition
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and the respective chemical properties of its constituent
amino acids (especially their side groups), and how they
interact with each other and the surrounding medium.
The highly complex three-dimensional structures that
result from these molecular interactions determine a
protein’s function; that is, shape determines function.
There are up to four levels of structure involving pep-
tide chains and proteins.
4. Nucleotides and nucleic acids are made of carbon, ni-
trogen, oxygen, hydrogen, and phosphate in a particular
arrangement. The monomers are called nucleotides,
which have three components: a sugar (ribose or deoxy-
ribose), phosphate, and a base that is one of five major
types designated A, G, C, T, and U (adenine, guanine,
cytosine, thymine, and uridine). These can form two
types of polymers differing in the sugar component and
one of the bases:
¢ Deoxyribonucleic acid, or DNA, made of A, G, C,
and T, is the basis for storage of genetic information
and the process of inheritance.

¢ Ribonucleic acid, or RNA, made of A, G, C, and U,
helps convert that information into cell structures
and working machinery.

We’ll examine the functions of DNA and RNA later after
reviewing basic features of cells.

All cells have two major subdivisions: the plasma
membrane and the cytoplasm

Recall that life falls into three domains of archaea, bacteria,
and eukarya, but in terms of basic cell features, biologists
have traditionally designated two basic types—prokaryotic
and eukaryotic (Chapter 1). Regardless of classification,
all cells share many common features, having two major
subdivisions—the plasma membrane and the cytoplasim—
and having DNA-based genetic information systems. Eu-
karyotic cells have a third subdivision, the nucleus, to house
the DNA, along with other membrane-bound structures
called organelles in the cytoplasm.

The plasma or cell membrane is a very thin oily barrier
that encloses each cell, separating the cell’s contents from the
surrounding environment. Its composition, further detailed
in Chapter 3, is primarily composed of phospholipids, pro-
teins and glycoproteins, and often cholesterol. The fluid
contained within all the cells of the body is known collec-
tively as intracellular fluid (ICF), and the fluid outside the
cells is referred to as extracellular fluid (ECF). The plasma
membrane does not merely serve as a mechanical barrier to
hold in the contents of the cells; it also can selectively control
movement of many molecules between the ICF and ECF. The
plasma membrane can be likened to the gated walls that en-
closed ancient cities. Through this structure, the cell can
regulate the entry of nutrients and other needed supplies and
the export of products manufactured within, while at the
same time guarding against unwanted traffic into or out of
the cell. However, not all molecules are selectively regulated;
for example, water and CO, molecules (because they are so
small) and hydrophobic molecules (except very large ones)
can typically diffuse through most membranes.

The cytoplasm is that portion of the cell interior not oc-
cupied by the nucleus. It contains a number of discrete, spe-
cialized organelles (the cell’s “little organs™) and the cyzo-
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skeleton (a scaffolding of proteins that serve as the cell’s
“bone and muscle”) dispersed within the cytosol (a complex,
gel-like liquid). Organelles are distinct, highly organized
structures that perform specialized functions within the cell.

Many macromolecular structures need to be
flexible to function and to be regulated, and
protecting those structures is the basis for many
forms of homeostasis

Large molecular complexes, the framework of living cells,
can be very vulnerable because their higher-level structures
are often held together with weak bonds such as hydrogen
bonds, as opposed to the strong or covalent bonds that join
atoms within single molecules. Reliance on weak bonds is
important because they give macromolecular structures dy-
namic features that could not occur with stronger, more
rigid covalent bonds. Membranes, for example, are held to-
gether primarily by the result of hydrophobic interactions
(Chapter 3) and thus can be flexible. Flexibility is necessary
for cell shape changes and for many transport proteins to
move molecules through membranes. The DNA double he-
lix relies on hydrogen bonding so it can be readily disas-
sembled for RNA formation and DNA replication. In addi-
tion, the complex three-dimensional structures of proteins
are mainly determined by weak bonds between amino-acid
side groups, allowing many proteins to be dynamic and flex-
ible. Dynamic changes in proteins are crucial for everything
from transport to enzyme catalysis. An example of the latter
is shown in Figure 2-1b.

Another reason why many protein molecules are inher-
ently flexible is that this characteristic allows their shapes to
alter in order to regulate their activities, that is, be activated
or inhibited. Useful conformational changes are induced in at
least four ways: (1) from the binding of a regulatory molecule
to a special binding site, a process called allosteric (“other
site”) modulation; (2) from a change in an electric field;
(3) from physical deformation; and (4) by phosphorylation—
the addition of a phosphate group by an enzyme called a
kinase or by removal of phosphate by a phosphatase. We
present examples of all four in later chapters.

But there is a price to be paid for having flexible macro-
molecules. The cost is that the shapes of such molecules can
be disturbed by changes in common environmental factors.
Temperature, for example, can disrupt weak bonds so that
proteins lose their three-dimensional conformation, which is
essential for their function. Similarly, inorganic ions can bind
to charged side chains of amino acids, disrupting their weak
bond interactions. Thus, one of the major forces in the evolu-
tion of homeostasis—the process of maintaining a consistent
interior environment (for example, in pH level or salt
content)—has been the provision of an optimal environment
for the functioning of macromolecules.

Archaeal and bacterial cells have a simpler
organization than eukaryotic cells

The two prokaryotic cell types, Archaea and Bacteria, have
an outer plasma membrane but do not contain a separate
nucleus or (for the most part) other organelles per se. The
prokaryotic cytoplasm is the site where the cell converts
energy and synthesizes the molecules necessary for cell
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TABLE 2-1 Summary of Cytoplasm Components

Cytoplasm
Component

Endoplasmic
Reticulum

Structure

Function

MEMBRANOUS ORGANELLES

Extensive, continuous membranous network of
fluid-filled tubules and flattened sacs, partially stud-
ded with ribosomes

Forms new cell membrane and other cell components and
manufactures products for secretion

Golgi Complex

Sets of stacked, flattened membranous sacs

Maodifies, packages, and distributes newly synthesized
proteins

Lysosomes

Membranous sacs containing hydrolytic enzymes

Serve as cell’s digestive system, destroying foreign sub-
stances and cellular debris

Peroxisomes

Membranous sacs containing oxidative enzymes

Perform detoxification activities

Mitochondria

Rod- or oval-shaped bodies enclosed by two mem-
branes, with the inner membrane folded into cristae
that project into an interior matrix

Act as energy organelles; major site of ATP production; con-
tain enzymes for citric acid cycle, proteins of electron trans-
port system, and ATP synthase

NONMEMBRANOUS ORGANELLES

Ribosomes Granules of RNA and proteins—some attached to Serve as workbenches for protein synthesis
rough ER, some free in cytosol
Proteosomes Tunnel-like protein complexes Serve to break down unwanted proteins
Vaults Shaped like hollow octagonal barrels Serve as cellular trucks for transport from nucleus to
cytoplasm
Centrosome/ A pair of cylindrical structures at right angles to each | Form and organize the microtubule cytoskeleton
Centrioles other (centrioles) surrounded by an amorphous mass

Intermediary
Metabolism Enzymes

CYTOSOL

Dispersed within the cytosol

Facilitate intracellular reactions involving degradation, syn-
thesis, and transformation of small organic molecules

Transport, Secretory,
and Endocytic Vesicles

Transiently formed, membrane-enclosed products
synthesized within or engulfed by the cell

Transport and/or store products being moved within, out of,
or into the cell, respectively

Inclusions

Glycogen granules, fat droplets

Store excess nutrients

Cytoskeleton

As an integrated whole, serves as the cell’s “bone and
muscle”

Microtubules

Long, slender, hollow tubes composed of tubulin
molecules

Maintain asymmetric cell shapes and coordinate complex
cell movements, specifically serving as highways for trans-
port of secretory vesicles within cell, serving as main struc-
tural and functional component of cilia and flagella, and
forming mitotic spindle during cell division

Microfilaments

Intertwined helical chains of actin molecules; micro-
filaments composed of myosin molecules also pres-
ent in muscle cells

Play a vital role in various cellular contractile systems, includ-
ing muscle contraction and amoeboid movement; serve as a
mechanical stiffener for microvilli

Intermediate
Filaments

Irregular, threadlike proteins

Help resist mechanical stress

© Cengage Learning, 2013

growth and function. Even though there is no distinct nu-
cleus, prokaryotes have a distinct nuclear area with a single,

circular chromosome. Given these similarities, why are Ar-

chaea and Bacteria now separated into their own domains,

with some biologists even calling for the abolishment of the
term prokaryote?

In fact, though looking similar in the microscope, Ar-

chaea and Bacteria differ significantly in many fundamental
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FIGURE 2-2 Diagram of cell structures visible under an electron microscope.
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ways, such as in their genetic sequences, mechanisms of gene
regulation, and cell-wall components, with some archaeal
features being more closely related to eukaryotic ones than to
bacterial ones. In terms of importance for animal physiology,
true bacteria include many of the familiar pathogens that
cause animal diseases (but note there are even more species
that are not pathogenic). Archaea, though they have now
been found in most habitats on Earth, were originally noted
for their ability to colonize extreme environments, such as
hot springs and highly saline lakes, and to exhibit unusual
metabolisms as well. Though Archaea are not known to
cause animal diseases, one group of particular importance is
the methanogens, methane-producing Archaea that populate
digestive tracts of many animals (see Chapter 14) as well as
low-oxygen sediments of aquatic habitats.

Interestingly, some bacteria (not Archaea) do possess one
membrane-bound organelle—called the acidocalcisome—
that resembles a lysosome (p. 44) and plays an important
role in osmoregulation, and which has been found in many
eukaryotes as well. Its ancestral role is believed to be linked
to its ability to store cations and phosphate, with cation and
pH homeostasis derived following the divergence of prokary-
otes and eukaryotes.

Eukaryotic cells are subdivided into the plasma
membrane, nucleus, and cytoplasm

Eukaryotes are all based on a complex cell type with a
plasma membrane and a distinct nucleus and other organ-
elles in the cytoplasm’s cytosol, a complex, semigelatinous
watery mass filling the cell interior. Table 2-1 summarizes
the main division of a eukaryotic cell and the functions of
the major components. Nearly all eukaryotic cells contain
five main types of membranous organelles—the endoplasmic
reticulum, Golgi complex, lysosomes, peroxisomes, and
mitochondria (Figure 2-2; Table 2-1). These organelles are
similar in all eukaryotic cells, although there are some varia-
tions depending on the specialized capabilities of each cell
type. Organelles increase the efficiency of metabolism (espe-
cially in cells larger than bacteria) by acting as scaffolds for
macromolecules (such as enzymes) participating together in
a series of reactions, and by serving as intracellular “spe-
cialty shops.” Each contains a specific set of chemicals for
carrying out a particular cell function. This compartmental-
ization is evolutionarily advantageous because it permits
chemical activities that would not be compatible with each
other to occur simultaneously within the cell. For example,
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the enzymes that destroy unwanted proteins in the cell do so
within the protective confines of the lysosomes without the
risk of destroying essential cell proteins. About half of the
total cell volume is occupied by organelles.

The cytosol also contains many small molecules, pro-
teins such as enzymes, and critical large nonmembranous
organelles: ribosomes, proteasomes, vaults, and several types
of cytoskeleton—filamentous proteins that control cell shape
and movements (Figure 2-2; Table 2-1). We discuss these
later. Many fundamental metabolic chemical reactions take
place in the cytosol. The cytoskeletal network, which elabo-
rately laces the cytosol, gives the eukaryotic cell its shape,
provides for its internal organization, and regulates its move-
ments (as you’ll see).

The nucleus, which is typically the largest single orga-
nized cell component, can be seen under magnification as a
distinct spherical or oval structure, usually located near the
center of the cell. Surrounding it is a double-layered mem-
brane with many pores, which separates the nucleus from the
remainder of the cell. Sequestered within the nucleus is the
cell’s genetic material, which we discuss in the next section.

Evidence shows that the eukaryotic cell evolved from a
symbiosis (two different species living intimately together)
between two or more prokaryotic cell types. Mitochondria
and chloroplasts (organelles for photosynthesis in plants and
algae) are descended from free-living bacterial ancestors that
took up residence in a larger host cell, possibly an archaeal
cell. This idea was first hypothesized by the Russian biologist
Konstantin Mereschcowsky in 1905, but it was the American
biologist Lynn Margulis who assembled the overwhelmingly
convincing evidence in the 1960s. Among the most telling
pieces of evidence are the occurrence of bacterial-type ribo-
somes (complexes that synthesize proteins that we examine
later) and genes (the units of inheritance to which we turn
our attention next) in bacterial-like chromosomes (strands of
genetic material) inside chloroplasts and mitochondria.

Let’s now examine each of the eukaryotic components in
more detail.

check your understanding 2.1
What are a eukaryotic cell’s three major subdivisions?

Why is it important for macromolecular cellular structures to
be flexible? Provide an example.

2.2 Nucleus, Chromosomes,
and Genes

The nucleus of eukaryotic cells (as well as the cytosol of
prokaryotic cells) contains the materials for genetic instruc-
tions and inheritance. The key molecule is the double helix
formed by DNA, which is packaged with proteins called
histones in the nucleus to form complexes called chromo-
somes. DNA has two important functions: providing a code
of information for RNA and protein synthesis and serving as
a genetic blueprint during cell replication (for genetic inheri-
tance). By coding for the kinds and amounts of various en-
zymes and other proteins that are produced, the nucleus in-
directly governs most cell activities and serves as the cell’s

control center. Information critical to animal physiology is
summarized here (Figure 2-3).

DNA contains codes in the form of genes for
making RNAs and proteins through the processes
of transcription and translation

Recall that DNA is constructed from the four nucleotide
bases A, G, T, and C. Because these bases exhibit comple-
mentary binding—that is, they bind to each other in pairs of
A to T, G to C—the double helix of DNA serves as a genetic
blueprint during cell replication to ensure that the cell pro-
duces additional cells just like itself, thus continuing the
identical type of cell line within the body. Furthermore, in
the reproductive cells, the DNA blueprint passes on genetic
characteristics to future generations.

As with amino acids in proteins, the sequence of A, G, T,
and C can vary to form countless codes, or “instructions.” An
individual coding sequence, along with regulatory codes that
we discuss shortly, is called a gene. Within any single species,
there may be tens of thousands of genes; and the variations
that occur among all species on Earth are limitless. This is
analogous to using the relatively few letters of an alphabet to
make unlimited numbers of sentences. Gene codes ultimately
direct the synthesis of specific RNA and proteins within the
cell. First, in the process of transcription, the gene (DNA
strand that codes for a particular protein) is transcribed (cop-
ied) into a pre-messenger RNA molecule (pre-mRNA) by an
enzyme called RNA polymerase. This pre-mRNA is a comple-
mentary copy of the gene that contains the coding sequences
(called exons) and noncoding sequences (introns). The pre-
messenger RNA in turn is processed into a final messenger
RNA (mRNA) by removal of the dispersed introns and liga-
tion of the exons, a process called mRNA splicing. This step
is followed by the addition of noncoding signal sequences to
the leading and trailing ends of the molecule. The mature
mRNA can now exit the nucleus through its membrane pores.
Within the cytoplasm in the process called translation, mRNA
delivers the coded message to a ribosome (a “factory” made
of protein and ribosomal RNA, or rRNA; p. 38), which
“reads” the mRNA code in order to translate it into the ap-
propriate amino acid sequence for the designated protein be-
ing synthesized. Finally, transfer RNA (tRNA) transfers the
appropriate amino acids from the cytoplasm to the ribosome
to be added to the protein under construction (Figure 2-3).
(Note that rRNA and tRNA are themselves the products of
gene transcription; thus, not all genes code for mRNAs.)

Different genes are expressed in different tissues
and organs

Because each cell in a multicellular eukaryote usually has
identical DNA sequences, you might assume that all cells
would produce the same proteins. This is not the case, how-
ever, because—in addition to common or “housekeeping”
functions that all cells require—different cell types tran-
scribe different sets of genes and thus synthesize different
proteins for their specialized roles. For example, all mam-
malian cells contain the genes for hemoglobin proteins—
which serve to bind and carry oxygen—but these genes are
only expressed (that is, transcribed and translated to pro-
duce proteins) in erythrocytes (red blood cells). In addition,
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many genes are active only under certain conditions or life
stages. For example, many genes involved in animal sexual
maturation are inactive in pre-adults.

How is this differential gene expression accomplished?
There appear to be two levels of control:

1. Regulation of individual genes with promoters and tran-
scription factors. A complete gene does not just consist
of a code for an RNA strand (also known as the open
reading frame), but also has regulatory DNA sequences
called promoters that help regulate the gene’s expres-
sion (Figure 2-4a). Special regulatory proteins—
themselves the products of other genes—control the
process by regulating the packaging of the DNA and the
action of RNA polymerase. One DNA sequence, the
TATA box (so called because it contains the nucleotide
sequence TATAA), must be bound by proteins forming
a basal transcription complex (Figure 2-4b), which rec-
ognizes the promoter code and then activates RNA
polymerase to make the pre-mRNA copy of the nearby
protein-coding sequences. However, this does not pro-
vide specificity for different cell types, because these
general factors are often the same for numerous genes
in numerous cell types. Other promoter sequences, often
called enhancers, typically must be activated first. In one

common process, specific transcription factors that are
different in different cell types must bind to a particular
DNA code in an enhancer. This bound complex of pro-
teins then activates the basal complex and ultimately
RNA polymerase (Figure 2-4b). In recent years, tran-
scription factors acting as “pause buttons” have been
found that do the opposite, that is, they cause polymer-
ases to stop in place temporarily.

Regulation of transcription factors in different tissues
and at different stages. Through the process of cell dif-
ferentiation in embryonic development, each specialized
cell type expresses its own set of genes for specific tran-
scription factors. The transcription factors in turn acti-
vate genes for organ-specific proteins and thus yield
specialized cell functions. However, this process does
not work just in embryos. Gene expression is constantly
being altered in adult animals by various metabolic fac-
tors and signaling molecules. Enhancers are also called
response elements if they respond (via specific transcrip-
tion factors) to metabolic factors and signal molecules
such as hormones. As we discuss later, many hormones
exert their effects by controlling specific transcription
factors that control gene expression through response
elements (Figure 2-4b).
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FIGURE 2-4 Model of gene transcription in eukaryotes. (a) Common N
components of a gene coding for a protein. The coding gene itself, on the RNA p_ol_yr_nerase I

right, is the template for making an RNA that will ultimately be used to
make a protein. To the left (“upstream”) is the promoter region, containing
an initiator site, TATA “box,” and often an upstream enhancer code. (b) A
common mechanism for activating transcription. To start transcription, a
basal complex of several proteins must first bind to the TATA box, which
then draws in RNA polymerase Il. The polymerase then makes an RNA copy
of the coding gene. However, this process may be very slow unless the
enhancer is involved. A specific transcription factor (a protein, although
noncoding RNAs may be involved) must bind to the enhancer (also called a
response element if the transcription factor is activated by metabolic or
hormonal signals). This causes looping of the DNA to bring the specific
factor-enhancer complex in alignment with the basal promoter complex.
This can greatly enhance the rate of transcription.
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Alternative splicing of RNA and some “junk”
DNA are important in gene expression and
evolution

These steps above constitute the basic processes
of transcription and translation. However, there
is a very important modification of these steps
called alternative splicing, which is performed
by a special RNA-protein complex called a
spliceosome. By using different combinations of
exons, spliceosomes can make more than one
mRNA code and so lead to more than one type
of protein. For example, flight muscles of
dragonflies (which spend much of their
lives flying to hunt, fight, and
mate) can make six different
forms from one gene of a
contraction-regulating protein
called #roponin (Chapter 8). Each
form may help them acclimatize their mus-

nematode worm Caenorhabditis elegans (which has only
around 1,000 total cells in its body) has about 19,000
protein-coding genes, while humans (with trillions of
cells) have only a modest amount more, about 25,000.
However, humans generate a far greater number of
mRNAs and thus proteins than do the worms.
These relatively low numbers of protein-coding
genes are even more surprising when we con-
sider that they make up only a small percent-
age of the total DNA, for example, only
about 1.5% in humans. The rest has long
been called “junk” DNA because
it had been thought to be largely
useless. Some probably is; how-
ever, unlike protein-coding
genes, the amount of non-protein-
coding DNA does roughly cor-
relate with organismal com-
plexity, suggesting important
roles that are now being discov-

cles to a different behavioral use, develop-
mental stage, and/or environmental condi-
tion. Alternative splicing is critical for
generating many protein forms since most
organisms have a surprisingly low number
of protein-coding genes. Consider that the

A dragonfly. Like most ani-
mals, it can generate more
than one protein from a sin-
gle gene using alternative
mRNA splicing.

Photo: Paul Yancey

ered. As an example, consider
two species of North American
voles that differ dramatically in
their behaviors in part due to
“junk” DNA differences. Prairie
voles are socially monogamous
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while meadow voles are promiscuous. The former have many
more receptors (cell membrane proteins that bind external
signal molecules, p. 93) for a major hormone in brain areas
regulating social interactions than do the latter. Remarkably,
the difference is in part due to a longer stretch of noncoding
DNA in the promoter region of the prairie vole’s gene, which
somehow increases the gene’s expression. The “junk” DNA’s
role was tested by engineering (p. 34) prairie voles with a
shorter stretch; they behaved monogamously like meadow
voles! This suggests major behavioral differences could evolve
from very simple genetic changes.

In addition, some introns and other noncoding RNAs
become microRNAs (miRNAs) and small interfering RNAs
(siRNA), classes of RNAs that regulate gene expression by
guiding mRNA splicing, or—in a process called RNA inter-
ference or RNAi—by binding to mRNAs to inhibit their
translation (e.g., during development or viral invasion). As
an example, researchers have found that one particular
miRNA decreases rapidly when a zebra finch learns a new
song. Presumably, this reduction allows certain genes in-
volved in song memory to be expressed.

Finally, a striking study in 2010 of “junk” DNA useful-
ness reported that pseudogenes (nonfunctioning protein-
coding genes that were probably active in an organism’s an-
cestors) can make untranslated mRNAs that bind with
interfering miRNAs, which would otherwise have inhibited
translation of mRNA from a “good” gene similar to the
pseudogene. This may be a new type of gene regulation,
though its importance is not yet known.

Telomeres protect chromosome ends, and their
loss is associated with aging

Eukaryotic chromosomes are linear, and researchers have
found that the ends lose segments of DNA every time a
chromosome is replicated during cell division. To prevent
loss of coding genes, the chromosomes have stretches of re-
peated, noncoding DNA sequences called telomeres. Each
time a cell divides, a piece of telomere is lost, but presum-
ably no harm is done because the lost DNA nucleotide se-
quences contain no genes. However, that changes once the
telomeres are gone. At that point, useful genes begin to be
lost during cell replication, causing cell malfunctions, and in
fact, most cells cease dividing. Scientists have found that this
feature of chromosome structure, which sets an upper limit
on the number of times a cell can divide, correlates with the
aging of individuals. Indeed, researchers have found a linear
correlation between the length of telomere lost per year and
the lifespan of five species of birds and eight species of mam-
mals. For example, zebra finches lose about 500 nucleotides
of telomere each year and live for about 5 years. Common
terns, in contrast, lose only about 50 nucleotides per year
and live for about 26 years. These rates vary among indi-
viduals within a species, and another study on tree swallows
found that 1-year-olds with short telomeres had lower sur-
vival than 1-year-olds with longer telomeres.

The rate of telomere loss is not random or uncontrolla-
ble: Telomeres can be repaired by an enzyme called telomer-
ase. For reasons not fully understood, the rate of telomere
repair, and thus presumably the longevity of species, varies
widely among organisms and is subject to natural selection.
One possibility that limits the evolution of higher repair rates
in short-lived species is cancer. Researchers have found that
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high telomerase activity does increase the number of times a
cell can divide but also correlates with a greater chance of
that cell becoming cancerous, that is, repeatedly dividing
without stopping and thus forming a tumor.

check your understanding 2.2
What are the basic processes of transcription?
How is differential gene expression accomplished?

How is gene expression regulated?

Methodology

Many molecular processes we have just discussed are used
throughout this text. Because this is the most rapidly grow-
ing area of biology, it is useful to understand how molecular
knowledge is acquired. Here we introduce some of the ma-
jor molecular techniques mentioned later in the text.

Driving much of the growth in knowledge about molecu-
lar biology are the genome projects. In the last years of the
20th century, scientists undertook an international effort to
decipher the complete human genetic sequence—the arrange-
ment of the A, G, T, and C nucleotides. Dubbed the Human
Genome Project, its goal was to yield insight into the codes
responsible for human genetics, development, physiological
functions, evolution, and diseases. At about the same time,
researchers initiated genome projects for various microbes
(some of which were the first to be completed), some plants,
and several other animal species. Since then, many species
including protistan and fungal ones have been added to the
list. The deciphering of genomes is often an example of
the discovery phase of science (p. 6). For example, recently
the first amphibian genome (in the Western clawed frog) was
deciphered, and a large (150 million nucleotide) sequence was
found that is virtually identical in chickens and humans. Ge-
nome analysis also can result in, and be used to test, new
hypotheses about evolution and genes. See the box, Molecular
Biology and Genomics: Genomics and Evolution.

Although the wealth of genome data available is enor-
mous and growing daily, that does not mean we are close to
achieving a genetic understanding of physiology. The role of
any individual gene in an organism’s physiology is sometimes
readily apparent—think of hemoglobin genes, for example,
which code for the proteins that carry oxygen in blood—but
often it is not. Many genes being discovered by genome analy-
sis have functions that are either speculative or fully un-
known, and many proteins have been found that are similarly
mysterious. Because of the enormous complexity and intri-
cacy of cellular pathways, it clearly will be many decades be-
fore scientists know what each and every gene does, how each
evolved, how each is regulated throughout an organism’s life
cycle, and how each and its products interact with other
genes. Uncovering gene functions is the goal of the new field
of genomics, which uses a variety of new technologies to re-
veal the connections between genes and cell (or organismal)
function. A companion field, proteomics (also called proteo-
nomics), is focused on discovering the functions of proteins.

In later chapters, we describe some of the recent findings
of genomics and proteomics. Next we briefly describe some
of the key methods being used.
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Genomics and Evolution

Genomic data have yielded many excit-
ing findings important for understanding
animal physiology and its evolution. Evolu-
tionary change is primarily based on
changes—mutations—in the DNA code
that increase the fitness of the organism.
Mutations have been the subject of genetic
analysis for more than 100 years, yielding
many important discoveries about the evo-
lution of new features via changes in ge-
netic codes. The new technologies have
enormously increased the pace of discov-
ery. For example, the traditional view holds
that DNA mutates randomly. But genome
analysis is revealing that some organisms
have stretches of DNA that mutate at ex-
traordinarily high rates, resulting in appar-
ently useful evolutionary diversity. One ex-
ample has been found in an interesting
group of tropical mollusks, the predatory
cone snails. Not only do these snails have
colorful shells prized by collectors around
the world, they also possess venomous
proteins—conotoxins—that are used to
paralyze prey fish, shrimp, and other mol-
lusks (the venom blocks ion channels, de-
scribed in Chapter 4). A conotoxin is being
used medically, for example, to deaden

Molecular Biology and Genomics

nerves in people suffering from chronic
pain. Each of the 500 species of cone snails
has a unique set of genes coding for unique
conotoxins. Analysis reveals that sections
of the venom genes have mutated at rates
far faster than the rest of the snail genome.
The causes of this rapid mutation are un-
certain but have played a role in the evolu-
tionary diversity of cone snail species and
their predatory physiologies.

This type of “deliberate” rapid mutation
in a selective section of DNA is called fo-
cused variation. It may be a widespread
phenomenon, thought to occur in the evo-
lution of snake and scorpion venom, for
example. It probably occurs in the evolution
of parasite antigens (proteins on the sur-
face that an animal’'s immune system rec-
ognizes as foreign), allowing some para-
sites to evade host immune defenses
previously induced against them.

Genomics is also revealing the impor-
tance of horizontal gene transfer in evolu-
tion. This so-called jumping gene phenom-
enon—uwhich can result from viral infection
and other mechanisms we’ll not describe—
is the permanent insertion of a gene from
one species into the genome of another.

Photo: © Roger Steene/Imagequestmarine.com

The cone shell, Conus textile.

This occurs frequently in microbes; for ex-
ample, some bacteria can  gain
antibiotic-resistance genes from other bac-
teria (even other species) that evolved
them. But evidence for this phenomenon
has also been found in eukaryotic genomes
as well (as you will see later for mitochon-
drial genes). Perhaps the most dramatic is
an animal genome with photosynthetic
genes! Many cells of the seaslug Elysia chlo-
rotica have photosynthetic organelles
called chloroplasts, which the slug obtains
from eating algae and which produce sugars
for the animal using solar energy. Recently,
researchers found that the slug’s genome
has permanently obtained the genes for
synthesizing chlorophyll, the algal and plant
compound responsible for capturing the
sun’s energy.

Immunofluorescence An important technique that pre-
dates modern genomics and proteomics, but that is used
widely in conjunction with them, is immunofluorescence.
This method relies on the ability of mammals and birds to
generate specific antibodies (immune proteins; Chapter 10)
that bind to foreign proteins entering their bodies. A target
protein of interest in species A is purified and injected into
species B, typically a laboratory rabbit. The rabbit’s immune
system makes antibodies to the protein. The antibodies are
purified, and a fluorescent molecule is covalently bound to
each. The new fluorescent antibody is then injected into spe-
cies A, or added to a solution bathing a tissue slice from
species A. The antibody binds only to places where the tar-
get protein occurs, and the fluorescent molecule allows the
researchers to visualize its locations through a microscope
(Figure 2-5). In this way, proteins of known functions, and
“new” proteins discovered by proteomics, can be located in
specific tissues and at specific developmental stages of a
particular species.

Gene Knockout, Knock-In, and RNA Interference One way
to elucidate gene functions is to block the function of a gene
and then study resulting defects (if any) in the animal’s
structures and/or physiology to gain clues about gene (and
protein) function. A commonly used approach is the knock-
out method, in which a laboratory animal is raised from a

Margin of cell

Photo: © Dr. Alexey Khodjakov/Photo Researchers, Inc.

FIGURE 2-5 Immunofluorescence. Immunofluorescent light
micrograph of a section through a kangaroo rat kidney epithelial cell
during mitosis (cell division). Antibodies have been used to attach
fluorescent dyes to specific cell structures. The nuclear membrane
(not seen) that encloses the chromosomes (blue) is breaking down. The
actin microfilaments (red) and tubulin microtubules (green) of the
cytoskeleton maintain the structure of the cell. The two centrioles
(pink dots, upper left and lower right) are microtubule-organizing
centers.
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FIGURE 2-6 DNA Microarrays. (a) A microarray chip. Thousands of DNA

samples are placed on a 1-cm-square slide by robotics. These slides are then

bound by complementary DNA or RNA and visualized using fluorescent
markers. The location and intensity of the fluorescent signalis analyzed by
computer to establish which genes are currently being transcribed and to

what extent. (b) A DNA microarray from DNA of a carp, hybridized with liver
cDNAs from control animals (labeled green) and from animals subjected to
cold temperatures (red). Yellow spots indicate genes with expressions equal
in the two groups; green spots are genes expressed more strongly in control
animals; and red spots are those expressed more strongly in cooled animals.

Photo: Courtesy of Affymetrix, Inc.

fertilized egg that has had a specific gene disrupted. In the
opposite approach, knock-in, genes are inserted into specific
locations. Results of such experiments can be surprising. For
example, researchers in Korea knocked out in mice the gene
for an enzyme that adds the sugar fucose (a hexose sugar) to
proteins. The result was female mice that act like males! Ap-
parently a key protein that regulates masculinizing hor-
mones in fetuses could not work without fucose attached.
These methods are not always useful, however, if a knock-
out yields aborted development or widespread aberrations.
An analogy is studying an automobile’s internal workings
by selectively removing instructions in a robotic factory for
assembling key components—components you know little
about as you begin. If you mutate an unknown instruction
yielding a car that will not start and leaks fuel from a loose
tube between fuel tank and engine, you would conclude the
instructions were for attaching the tube. But if another mu-
tated instruction leads to no car but just a pile of its parts,
conclusions would be trickier. Was the instruction a master
command to activate the assembly robots? Or just for set-
ting up the initial framework of the car? Or perhaps for how
to use bolts, rivets, and welds? Similarly, knockout changes
in cells that are lethal in early development can be hard to
interpret. Nevertheless, there have been other useful knock-
outs that you will see in later chapters.

Another gene-suppression method uses RNA interfer-
ence (p. 33). Artificially synthesized interfering RNAs are
used as a tool to inhibit specific mRNA translation in cells,
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both to investigate the roles of that messenger and its protein
and to inhibit disease processes.

DNA Microarrays Another powerful new technology is
called the DNA microarray, or colloquially, the “gene chip.”
In its basic form, a gene chip is a small plate (membrane or
glass slide) onto which thousands of different genes from an
organism are bound. This technique takes advantage of the
fact that DNA and RNA sequences can bind in complemen-
tary fashion to one another. RNA from a particular organ is
isolated and converted into corresponding complementary
DNA (called cDNAs). The cDNA is labeled with a fluores-
cent molecule or radioactive atoms and used as a “probe”:
The cDNAs are exposed to the chip, and any genes active in
that organ are revealed by the binding of the cDNA to the
genes bound to the plate. Different levels of fluorescent in-
tensities indicate the relative activities (or expression) of
these genes. In this way, researchers can determine what
genes are active at any given time in a life cycle, and during
stress conditions and disease (Figure 2-6). Much of micro-
array research is “discovery science” (p. 6) in that gene
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FIGURE 2-T Gene therapy and transgenics. (a) Gene therapy in bone marrow cells. A cloned gene that
directs the synthesis of a missing protein is introduced into bone marrow cells from the mouse. The
transformed cells are replaced in the mouse’s body, where they produce the desired protein. (b) The
procedure for producing transgenic mammals. The two mice on the bottom have not received new genes.
The mouse on the top has received a new gene, which it can pass on to its offspring. The mouse on the top is

a transgenic organism, and the altered gene is a transgene.

Source: (a) Adapted from Dealing with Genes: The Language of Heredity, by Paul Berg and Maxine Singer, ® 1992 by University Science Books.

(b) Campbell, Biochemistry, p. 381.

expression patterns are often conducted without a detailed
hypothesis, but data for devising new hypotheses can arise
from this exploration.

Databases Genomics also relies heavily on the fact that all
life is related via evolution. Thus, the nucleotide sequences
of related genes in different organisms are similar. Analysis
based on this principle makes extensive use of computers
and the Internet, which provide access to databases contain-
ing most sequenced genes to date. There are at least two
important ways to use these data. First, if a gene is discov-
ered that has an unknown function, its sequence can be
compared to all related genes in all analyzed species. This

should give a clue to the “new” gene’s function because
some of the related genes in the database are likely to have
known functions. Second, the sequence of a gene with a
known function can be used to look for similar (undiscov-
ered) genes in the genome databases. In this way, previously
unsuspected genes (and possibly proteins) can be found in
other tissues in the same organisms, or in other species.

Gene Therapy and Transgenics The ultimate goal of genom-
ics is to understand genes so that they can be used in practical
ways. An increasingly important application is that of gene
therapy, in which a defect arising from a mutated gene is
corrected by inserting a normal gene (Figure 2-7a). This can

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



be done in a fertilized egg, or in an adult tissue. For example,
researchers found that one form of canine blindness—
Leber congenital amaurosis—can arise from a single defec-
tive gene that codes for a protein called RPE635. This protein
helps synthesize a pigment used by the retina to receive light.
Researchers created a modified nonpathological virus carry-
ing a normal RPE65 gene and injected it into the right retina
of blind dogs (the left retina received a control injection).
Amazingly, the dogs regained some visual function and
could navigate around obstacles that they had formerly
bumped into repeatedly in a dimly lit room. Testing of this
gene therapy on blind humans began in 2008, with some
success. In 2010, the vision of mice with retinitis pigmentosa
blindness was improved with a new nonviral form of DNA
delivery called compacted DNA nanoparticles, in which a
single gene of therapeutic value is compacted into a small
polymer rod small enough to enter nuclear pores.

The technology used in gene therapy can also be used to
create transgenic animals (Figure 2-7b). Here, a gene from
one species is inserted into a fertilized egg or adult tissue of
another (though unlike the knock-in method, insertion is not
designed to be at a specific site). This may confer commer-
cially useful properties into an agricultural animal; for ex-
ample, sheep have been created that carry genes for human
proteins with medical uses. The sheep produce milk contain-
ing these human proteins. Also, mosquitoes have been engi-
neered to make proteins that block malarial parasites from
entering their circulatory fluids, which may help slow the
spread of malaria to humans. The process may also be used
to create markers or tracers of gene activity for basic re-
search. In 2000, the first transgenic primate—a rhesus mon-
key named ANDi—was created, with a jellyfish gene that
produces green fluorescent protein (GEP), a protein for bio-
luminescence. This gene, when attached to a host species’
gene, provides a visual marker of that gene’s activity in dif-
ferent organs and stages (see Immunofluorescence, p. 34).

Cloning Finally, another technology based on the nucleus is
that of whole-animal cloning. Because most adult cells con-
tain the same DNA sequences on chromosomes throughout
an organism’s life cycle, the adult DNA, in theory, can code
for a genetically identical offspring—a clone. In one com-
mon method of cloning called nuclear transplantation, the
nucleus of a fertilized egg is removed or destroyed, and a
carefully selected nucleus from an adult cell is injected in its
place. Poorly understood factors synthesized within the egg
somehow rewind the internal clock of the adult genetic ma-
terial and restore it to the pluripotent state. When the adult
DNA is exposed to the proper signals (such as specific tran-
scription factors), the genetic program initiates the develop-
ment of a new animal (Figure 2-8). Frogs were cloned in this
manner in the 1960s, but only in the late 1990s was a
mammal—a sheep named Dolly, in Scotland—produced by
cloning. Since then, many other mammals have been cloned,
including rodents, cows, goats, cats, a mule, and a horse.
Strains of medically and agriculturally useful animals might
be maintained by cloning. In addition, this technology might
be used to save endangered species. However, it is not clear
how successful the process will be in the long run. Many of
the cloned mammals have shown signs of premature aging,
probably because they developed from adult DNA that had
suffered damage (e.g., to telomeres) during the parent’s life.
In addition to the physiological problems, the use of this and
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FIGURE 2-8 Nuclear-transplantation techniques in mammals. The
genetic material is removed from the recipient cell (an egg), and then
replaced by a nucleus from a donor cell. The resulting embryo is then
transferred to a surrogate mother. The clones are genetically identical
to the donor.

Source: J. B. Gurdon, Alan Colman, The future of cloning, ‘Nature’, December 16, 1999, p. 743. Used
by permission from Macmillan Publishers Ltd, copyright 1999.

other genetic technologies remains fraught with ethical di-
lemmas. See Unanswered Questions: Are cloning and ge-
netic engineering ethical?

Note that cloning is not simply an artificial technique.
Basic cell division is a form of cloning. Many multicellular
organisms, including many “primitive” animals, reproduce
by cloning (although not by nuclear transplantation). Adult
sea anemones and corals (Cnidarians), for example, can split
in two to produce two genetically identical individuals (see
Chapter 16, Reproduction).

Cloning is not the only procedure that is capable of re-
programming the DNA of an adult animal into an embryonic
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state. Let’s look at another procedure that likewise can gen-
erate embryonic cells.

Are cloning and genetic
Questions | engineering ethical?
As we have noted, the fields of genomics and proteonomics have
far more questions than answers. In addition, the techniques in-
volved raise serious bioethical questions for human society. What
are the ethical pros and cons in cloning animals or creating trans-

genic animals? <<

Reprogramming Differentiated Cells into Pluripotent
Cells Certainly we think of cellular aging as irreversible:
Tissue aging can be accelerated by diabetes and dramati-
cally slowed by severe caloric restriction, but reversal of
aging is a concept more suitable for science fiction. Or is it?
In 2006, Shinya Yamanaka of the University of Kyoto cre-
ated what are now termed induced pluripotent stem cells
(iPSCs). Normally mammalian development is a one-way
street; embryonic stem cells become progressively more dif-
ferentiated or specialized with time. There is only a com-
paratively brief window during development where every
cell possesses the ability to differentiate into any adult cell.
Pluripotency describes the ability of an embryonic stem cell
to become any cell type found in the adult animal. In the
adult, all that remains of these precursor cells are the stem
cells that continuously replenish the mature cells within a
tissue. For example, skin stem cells develop into an animal’s
hair and skin while blood stem cells continuously regener-
ate the various blood cell types. The novelty of Yamanaka’s
research arises from the observation that adult cells can be
rejuvenated by introducing various genes that are normally
active during the embryonic stage of development. It re-
mains to be determined why the expression of embryonic
genes in an adult cell reprograms that adult cell into an
embryo-like state, including restoration of the telomere
caps that protect the ends of the chromosomes. By using
retroviruses as delivery vehicles, the embryonic “repro-
gramming” genes can be transferred into the host cell ge-
nome. More recent studies have demonstrated that the
production of iPSCs requires the retrovirus carrier to trans-
port genetic material from as few as two of the original two
dozen reprogramming embryonic genes or more simply by
introducing the proteins encoded by four of the reprogram-
ming genes directly into the cell.

At the present time, about a dozen different adult cell
types from four different species (mouse, rat, monkey, and
human) have been successfully reprogrammed into iPSCs.
Ultimately, the objective of researchers is to produce iPSCs
without using viruses as carriers, which reduces the cancer
risk, and instead expose adult cells to a cocktail of drugs that
mimic the effect of the reprogramming genes. Consider the
remarkable implications of this research: employing a com-
paratively simple procedure to use an animal’s own iPSCs to
produce replacement parts for cells and organs damaged by
disease. In 2011, Roberto Bolli reported the ability of heart
stem cells to repair heart tissue damaged after a heart attack.
Within seven days after the infarct, the stem cells had infil-
trated the entire region of the infarct resulting in a gradual
improvement in cardiovascular function.

Now that we have examined some key techniques of
molecular investigation, we will turn our attention to organ-
elles, other molecular complexes, and metabolism. Recall
that in addition to the nucleus, eukaryotic cells contain sev-
eral other large structures, including other membrane-bound
structures or organelles.

check your understanding 2.3

What are the potential uses of gene therapy?

How has the old dogma that the specialty of cells is irrevers-
ibly set once they have differentiated been challenged by
the discovery of iPSCs?

How are the technological approaches of cloning and iPSCs
similar to each other?

2.4+ Ribosomes and Endoplasmic
Reticulum

Ribosomes are ribosomal RNA-protein complexes that syn-
thesize proteins, indirectly under the direction of nuclear
DNA. Recall that mRNA carries the genetic message from
the nucleus to the ribosome “workbench,” where protein
synthesis takes place (see Figure 2-2). Note that prokaryotes
also have ribosomes, with a slightly different structure.

Ribosomes are found in two locations. Unattached or
“free” ribosomes are dispersed throughout the cytosol.
Bound ribosomes are found on membranes of a major organ-
elle, the endoplasmic reticulum (ER)—an elaborate, fluid-
filled membranous system distributed extensively throughout
the cytosol, where it is primarily a protein-manufacturing
factory. Two distinct types of ER—rough and smooth—can
be distinguished. The rough ER consists of stacks of rela-
tively flattened interconnected sacs, whereas the smooth ER
is a meshwork of tiny interconnected tubules (Figure 2-9).
Even though these two regions differ considerably in appear-
ance and function, the ER is thought to be one continuous
organelle with many interconnected channels. The relative
amount of smooth and rough ER varies between cells, de-
pending on the activity of the cell.

The rough endoplasmic reticulum and its
ribosomes synthesize proteins for secretion and
membrane construction

The outer surface of the rough ER is studded with ribo-
somes, giving it a “rough” or granular appearance. These
ribosomes synthesize and release a variety of new proteins
into the ER lumen, the fluid-filled space enclosed by the ER
membrane. These proteins serve one of two purposes:
(1) Some are destined for export to the cell’s exterior as se-
cretory products, such as proteinaceous hormones or en-
zymes. (2) Others are transported to sites within the cell for
use in constructing new cell membrane (either new plasma
or organelle membrane) or other protein components of
organelles. Cell membranes consist mostly of lipids (fats)
and proteins. The membranous wall of the ER also contains
enzymes essential for the synthesis of nearly all the lipids
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© Don W. Fawcett/Visuals Unlimited

Rough ER lumen Ribosomes

(a) Rough ER

© Don W. Fawcett/Visuals Unlimited
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FIGURE 2-9 Endoplasmic reticulum (ER). (a) Diagram and electron micrograph of the rough ER, which
consists of stacks of relatively flattened interconnected sacs studded with ribosomes. (b) Diagram and
electron micrograph of the smooth ER, which is a meshwork of tiny interconnected tubules. The rough ER
and smooth ER are connected, making one continuous organelle.

needed to produce new membranes. These newly synthe-
sized lipids enter the ER lumen along with the proteins.
Predictably, the rough ER is most abundant in cells special-
ized for protein secretion (for example, cells that secrete di-
gestive enzymes) or in cells that require extensive membrane
synthesis (for example, rapidly growing cells such as imma-
ture egg cells).

Within the ER lumen, a newly synthesized protein is
folded into its final conformation and may also be modified
in other ways, such as being pruned or having sugar mole-
cules attached to it (glycosylation). After this processing, a
new protein cannot pass out through the lumen of the ER
membrane and therefore becomes permanently separated
from the cytosol as soon as it has been synthesized. In con-
trast to the rough ER ribosomes, free ribosomes synthesize
proteins that are used within the cytosol. In this way, newly

produced molecules that are destined for export out of the
cell or for synthesis of new cell components (those synthe-
sized by the ER) are physically separated from those that
belong in the cytosol (those produced by the free
ribosomes).

How do the newly synthesized molecules within the ER
lumen get to their destinations at other sites inside the cell or
to the outside of the cell? They do so through the action of
the smooth endoplasmic reticulum.

The smooth endoplasmic reticulum packages
new proteins in transport vesicles
The smooth ER does not synthesize proteins because it does

not contain ribosomes; hence it is “smooth.” Instead, it
serves a variety of other purposes that vary among cell types.
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FIGURE 2-10 Overview of the secretion process for proteins synthesized by the endoplasmic reticulum.
Note that the secretory product never comes into contact with the cytosol.
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In most cells, the smooth ER is rather sparse and serves In contrast to the sparseness of the smooth ER in most
primarily as a central packaging and discharge site for mol-  cells, some specialized types of cells have an extensive
ecules that are to be transported from the ER. Newly synthe- smooth ER, which confers additional cell functions as

sized proteins and lipids pass from the rough ER to gather  follows:
in the smooth ER. Portions of the smooth ER then “bud off”
(that is, balloon outward, then are pinched off), forming
transport vesicles that enclose the new molecules in a spheri-
cal capsule derived from the smooth ER membrane (Figure
2-10). (A vesicle is a fluid-filled, membrane-enclosed intra-
cellular cargo container.) Newly synthesized membrane
components are rapidly incorporated into the ER membrane
itself to replace the membrane that was used to “wrap” the
transport vesicle. Transport vesicles move to the Golgi com-
plex for further processing of their cargo (discussed shortly).

e The smooth ER is abundant in cells that specialize in
lipid metabolism—for example, cells that secrete steroid
hormones in arthropods and vertebrates (see Chapter 7).
(A steroid is a special type of lipid derived from choles-
terol.) The membranous wall of the smooth ER contains
enzymes for synthesis of lipids. By themselves, lipid-
producing enzymes in the rough ER membrane cannot
carry out enough lipid synthesis to maintain adequate
steroid-hormone secretion levels, so these cells have an
expanded smooth-ER compartment to house the addi-
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tional enzymes necessary to keep pace with demands for
hormone secretion.

e In vertebrate liver cells, the smooth ER contains en-
zymes specialized for detoxifying toxic compounds pro-
duced within the body by the metabolism of substances
that enter from the outside (such as drugs and plant
toxins). These detoxification enzymes alter toxic sub-
stances so that the latter can be eliminated more readily
via excretory organs. The amount of smooth ER avail-
able in liver cells for the task of detoxification can vary
dramatically, depending on the need. For example, if
phenobarbital (a barbiturate drug used as a sedative) is
administered in large quantities to a mammal, the
amount of smooth ER with its associated detoxification
enzymes doubles within a few days (a form of acclimati-
zation or upregulation, p. 17), only to return to normal
within five days after drug administration ceases. The
mechanisms involved in regulating these changes are not
well understood.

® Muscle cells have evolved another specialized use for the
smooth ER. They have an elaborate, modified smooth
ER known as the sarcoplasmic reticulum, which stores
calcium and plays an important role in muscle contrac-
tion (see Chapter 8).

check your understanding 2.4

Describe the structure of the endoplasmic reticulum, distin-
guishing between the rough and the smooth ER. What is the
function of each?

2.5 Golgi Complex

Closely associated with the endoplasmic reticulum is the
Golgi complex, which consists of sets of flattened, slightly
curved, membrane-enclosed sacs, or cisternae, stacked in
layers (see Figure 2-10). The sacs within each Golgi stack do
not come into physical contact with one another. Note that
the flattened sacs are thin in the middle but have dilated, or
bulging, edges. The number of Golgi stacks varies, depend-
ing on the cell type. Some cells have only one stack, whereas
cells highly specialized for protein secretion may have hun-
dreds of stacks.

Transport vesicles carry their cargo to the Golgi
complex for further processing

The majority of the newly synthesized molecules that have
just budded off from the smooth ER enter a Golgi stack.
When a transport vesicle carrying its newly synthesized
cargo reaches a Golgi stack, the vesicle membrane fuses with
the membrane of the sac closest to the center of the cell. The
vesicle membrane opens up and becomes integrated into the
Golgi membrane, and the contents of the vesicle are released
to the interior of the sac (see Figure 2-10). (Note that vesi-
cles are typically associated with cytoskeletal filaments,
which are discussed later in this chapter.)

These newly synthesized raw materials continue to travel
via vesicles through the layers of the Golgi stack, from the
innermost sac closest to the ER to the outermost sac near the
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plasma membrane. During this transit, two important inter-
related functions take place:

1. Processing the raw materials into finished products.
Within the Golgi complex, the “raw” proteins from the
ER are modified into their final form, such as attaching
carbohydrates. The biochemical pathways that the pro-
teins undergo during their passage through the Golgi
complex are elaborate, precisely programmed, and spe-
cific for each final product.

2. Sorting and directing the finished products to their final
destinations. The Golgi complex is responsible for sort-
ing and segregating different types of products accord-
ing to their function and destination, namely, products
(1) to be secreted to the cell’s exterior, (2) to be used for
construction of new plasma membrane, or (3) to be in-
corporated into other organelles, especially lysosomes.

The Golgi complex packages secretory vesicles
for release by exocytosis

How does the Golgi complex sort and direct finished pro-
teins to the proper destinations inside and outside the cell?
Finished products collect within the dilated edges of the
Golgi complex’s sacs. The dilated edge of the outermost sac
then pinches off to form a membrane-enclosed vesicle con-
taining a selected product. For each type of product to read
its appropriate site of function, each distinct type of vesicle
takes up a specific product before budding off. Vesicles with
their selected cargo destined for different sites are wrapped
in membranes containing distinctly different surface pro-
teins. Each type of surface protein serves as a specific dock-
ing marker (like an address on an envelope). A vesicle can
“dock” and “unload” its selected cargo only at the appro-
priate docking-marker acceptor, a protein located only at
the proper destination within the cell (like a house address).
Thus, Golgi products reach their appropriate site of function
because they are sorted and delivered like addressed enve-
lopes containing particular pieces of mail being delivered
only to the appropriate house addresses.

Specialized secretory cells include endocrine cells that
secrete protein hormones and digestive gland cells that se-
crete digestive enzymes. In secretory cells, numerous large
secretory vesicles (or granules), which contain proteins to be
secreted, bud off from the Golgi stacks. Secretory vesicles,
which are about 200 times larger than transport vesicles,
store the secretory proteins until the cell is stimulated by a
specific signal that indicates a need for release of that particu-
lar secretory product. On the appropriate signal, a vesicle
moves to the cell’s periphery, fuses with the plasma mem-
brane, and empties its contents to the outside (Figures 2-10
and 2-12a). This mechanism—releasing substances originat-
ing within the cell to the exterior—is called exocytosis (exo,
“out of “; cyto, “cell”). Exocytosis is the primary mechanism
for accomplishing secretion. Secretory vesicles fuse only with
the plasma membrane and not with any of the internal mem-
branes that enclose organelles, thereby preventing fruitless or
even dangerous discharge of secretory products into the
organelles.

Exocytosis can be an explosive event because vesicle
contents are often ejected. The most extreme example may be
in Cnidaria (anemones, coral, hydras, jellies, and so on). All
Cnidaria sting prey by using epithelial cells with special
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FIGURE 2-11 Nematocyst formation in
Cnidaria. “C” indicates the capsule of the
forming nematocyst, “G” is the Golgi complex,
“rER” is the rough ER, “N” is the nucleus, “t” is
tubule, “s” are stylets. (a) A newly formed
nematocyst grows from Golgi vesicles.

(b) Proteins are added to the nematocyst to
strengthen the capsule wall. (c) An external
tubule grows and elongates. (d) The tubule
inverts, and spines (stylets) are added. (e) The
final mature nematocyst. (f) Micrograph of a
nematocyst (ejected tubule) from a tentacle of
the box jellyfish (Carybdea alata), 600X
magnification. (g) Mushroom coral Fungia
scutaria with its green tentacles extended for
feeding, using its nematocysts.

Source: (a—e) Dr. Jurgen Engel, Olivier Pertzl, Charlotte Fauser, Jurgen
Engel, Charles N. David and Thomas W. Holstein (2001), A switch in
disulfide linkage during minicollagen assembly in Hydra nematocysts,
EMBO Journal, 20:3063-3073. Photo (f): ® Dr. Dennis Kunkel/Visuals
Unlimited. Photo (g): Paul Yancey.

Extracellular fluid

Plasma membrane

4
Secretory vesicle

Cytosol

(a) Exocytosis: A secretory vesicle fuses with the plasma
membrane, releasing the vesicle contents to the cell exterior.
The vesicle membrane becomes part of the plasma membrane.

FIGURE 2-12 Exocytosis and endocytosis.
© Cengage Learning, 2013

| S
Endocytic vesicle

(b) Endocytosis: Materials from the cell exterior are enclosed
in a segment of the plasma membrane that pockets inward and
pinches off as an endocytic vesicle.
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FIGURE 2-13 Packaging, docking, and release of secretory vesicles. The diagram series illustrates
secretory vesicle formation and budding with the aid of a coat protein and docking with the plasma
membrane by means of v-SNAREs and t-SNARES. Secretion can then occur by exocytosis.
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Golgi-derived vesicles called nematocysts, capsules each hav-
ing a double-layered wall and an inverted tube studded with
barbs (often with a toxin). On contact with prey, the capsule
exocytoses the barbed tube, which inverts, exposing the
spines and jabbing the prey (Figure 2-11). This exocytosis is
one of the fastest biological actions known. It appears driven
in part by osmosis, which we cover in the next chapter.
(Briefly, water tends to move from dilute to concentrated
solutions.) The capsule is full of cations and long amino-acid
chains called polyglutamate, serving as osmolytes (see Chap-
ter 13) that create a solution much more concentrated than
the external environment. The rigid capsule prevents prema-
ture discharge. Prey contact triggers a lid on the capsule to
open, and water rushes in by osmosis, inverting the tube.

Let’s now look in more detail at how secretory vesicles
take up specific products in the Golgi stacks for release into
the ECF and why they are able to dock only at the plasma
membrane (Figure 2-13).

e The newly finished proteins destined for secretion con-
tain a unique sequence of amino acids known as a sorz-
ing signal, and the interior surface of the Golgi mem-
brane contains recognition markers, proteins that

recognize and attract specific sorting signals. Recogni-
tion of the right protein’s sorting signal by the comple-
mentary membrane marker ensures that the proper
cargo is captured and packaged into the secretory
vesicle.

Coat proteins called coatomer from the cytosol bind
with another specific protein facing the outer surface of
the membrane. The linking of these coat proteins causes
the surface membrane of the Golgi sac to curve and
form a dome-shaped bud around the captured cargo.
Eventually, the surface membrane closes and pinches off
the vesicle.

After budding off, the vesicle sheds its coat proteins and
exposes the docking markers, known as v-SNAREs,
which face the outer surface of the vesicle membrane.

A v-SNARE can only bind lock-and-key fashion with its
docking marker acceptor, called a t-SNARE, on the
targeted membrane. In the case of secretory vesicles,

the targeted membrane is the plasma membrane, the
designated site for secretion to take place. Thus,

the v-SNAREs of secretory vesicles fuse only with the
t-SNARESs of the plasma membrane. Once a vesicle has
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docked at the appropriate membrane by means of
matching SNAREs, the two membranes completely fuse;
then the vesicle empties its contents at the targeted site.

By manufacturing its particular secretory protein ahead
of time and storing this product in secretory vesicles, a secre-
tory cell has a readily available reserve from which to secrete
large amounts of this product on demand. If a secretory cell
had to synthesize all its product on the spot as needed for
export, the cell would be more limited in its ability to meet
varying levels of demand.

Secretory vesicles are formed only by secretory cells.
However, the Golgi complex of these and other cell types
sorts and packages newly synthesized products for different
destinations within the cell. In each case, a particular vesicle
captures a specific kind of cargo from among the many pro-
teins in the Golgi lumen, and then addresses each shipping
container for a distinct destination.

check your understanding 2.5

How does the Golgi complex sort and direct finished proteins
to the proper destinations inside and outside the cell?

How are the coat proteins different from docking markers?

2.6 Lysosomes and Proteasomes

Two major structures in the cytosol are important for break-
ing down unwanted materials: the lysosome organelle and
the proteasome complex.

Lysosomes digest extracellular material brought
into the cell by phagocytosis

Lysosomes are small organelles that break down organic
molecules (lys means “breakdown”; some means “body”).
Instead of having a uniform structure, as is characteristic of
all other organelles, lysosomes vary in size and shape, de-
pending on the contents they are digesting. Most commonly,
lysosomes are small (0.2 to 0.5 mm in diameter) oval or
spherical membrane-bound bodies. On average, a cell con-
tains about 300 lysosomes. They were first described in
1955 by Christian De Duve, who noted that lysosomes were
acidic organelles containing an array of powerful hydrolytic
enzymes or hydrolases, which catalyze hydrolysis, reactions
that break down organic molecules by the addition of water
at a bond site (hydrolysis means “splitting with water”). In
lysosomes the organic molecules are cell debris and foreign
material, such as bacteria, that have been brought into the
cell. Each lysosome contains more than 30 different hydro-
lases synthesized in the ER and transported to the Golgi
complex for packaging into the budding lysosome. Lyso-
somal enzymes are similar to the hydrolytic enzymes that the
digestive system secretes to digest food. Thus, lysosomes
serve as the intracellular “digestive system.”

Extracellular material to be attacked by lysosomal en-
zymes is brought into the cell through the process of phago-
cytosis, a type of endocytosis. Endocytosis (Figure 2-12b), the
reverse of exocytosis, refers to the internalization of extracel-
lular material within a cell (endo means “within”). Endocyto-

sis can be accomplished in three ways—pinocytosis, receptor-
mediated endocytosis, and phagocytosis—depending on the
contents of the internalized material and the cell type.

Pinocytosis With pinocytosis (“cell drinking”), a droplet of
extracellular fluid is taken up nonselectively. First, the
plasma membrane dips inward (or invaginates), forming a
pouch that contains a small bit of ECF (Figure 2-14a). The
plasma membrane then seals at the surface of the pouch,
trapping the contents in a small, intracellular endocytic
vesicle. Dynamin, the protein responsible for pinching off an
endocytic vesicle, forms rings that wrap around and “wring
the neck” of the pouch, severing the vesicle from the surface
membrane. Besides bringing ECF into a cell, pinocytosis
provides a means to retrieve extra plasma membrane that
has been added to the cell surface during exocytosis.

Receptor-Mediated Endocytosis Unlike pinocytosis, which
involves the nonselective uptake of the surrounding fluid,
receptor-mediated endocytosis is a highly selective process
that enables cells to import specific large molecules that the
cell needs from its environment. Receptor-mediated endocy-
tosis is triggered by the binding of a molecule such as a pro-
tein to a specific surface membrane receptor site. This bind-
ing causes the plasma membrane at that site to invaginate,
and then seal at the surface where it now contains the
protein/receptor complex (Figure 2-14b). The pouch is
formed by the linkage of clathrin molecules, which are
membrane-deforming coat proteins on the inner surface of
the plasma membrane. Clathrin is a different coat protein
than the one used for exocytosis, and the resulting clathrin-
containing pouch is known as a coated pit because it is
coated with clathrin. Cholesterol complexes, vitamin By,, the
hormone insulin, and iron are examples of substances selec-
tively taken into cells by receptor-mediated endocytosis.

Unfortunately, some viruses can sneak into cells by ex-
ploiting this mechanism. For instance, flu viruses and HIV/
FIV, the viruses that cause human and feline AIDS (see
p. 482), respectively, gain entry to cells via receptor-mediated
endocytosis. They do so by binding with membrane receptor
sites normally designed to trigger internalization of a needed
molecule.

Phagocytosis During phagocytosis (“cell eating”), large
multimolecular particles are internalized. Most body cells
perform pinocytosis, many carry out receptor-mediated en-
docytosis, but only a few specialized cells are capable of
phagocytosis. The latter are the “professional” phagocytes,
the most notable being certain types of protists and immune
cells that are crucial defense mechanisms in all animals (see
Chapter 10). When an immune cell encounters a large multi-
molecular particle, such as a bacterium or tissue debris, it
extends surface projections known as pseudopodia (“false
feet”), or pseudopods, that completely surround or engulf the
particle and trap it within an internalized vesicle (see Figure
2-14c). A lysosome fuses with the membrane of the internal-
ized vesicle and releases its hydrolytic enzymes into the vesi-
cle, where they attack the trapped material without damag-
ing the rest of the cell. The enzymes largely break down the
material into reusable raw ingredients, such as amino acids,
glucose, and fatty acids. These small products pass through
the lysosomal membrane and enter the cytosol.
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FIGURE 2-14 Forms of endocytosis. (a) Diagram of pinocytosis. The surface membrane dips inward to
form a pouch, then seals the surface, forming an intracellular endocytic vesicle that nonselectively
internalizes a bit of ECF. (b) Diagram of receptor-mediated endocytosis. When a large molecule such as a
protein attaches to a specific surface receptor, the membrane pockets inward with the aid of a coat protein,
forming a coated pit, then pinches off to selectively internalize the molecule in an endocytic vesicle.

(c) Scanning electron micrograph series of a white blood cell phagocytizing an old, worn-out red blood cell
by extending surface projections known as pseudopods that wrap around and seal in the targeted material.

Lysosomes remove worn out organelles

Lysosomes can also fuse with aged or damaged organelles to
remove parts of the cell. This selective self-digestion makes
way for new replacement parts. All organelles are renew-
able. If the whole cell is severely damaged or dies, the lyso-
somes rupture and release their destructive enzymes into the
cytosol so that the cell digests itself entirely. In most tissues,
elimination of a nonfunctional cell clears the way for its re-
placement with a healthy new one through cell division.
However, in tissues in which cell reproduction rarely occurs,

such as mammalian heart and brain tissue, scar tissue re-
places the self-destructed dead cells.

In specific instances, lysosomes cause intentional self-
destruction of healthy cells. This happens as a normal part of
embryonic development when certain unwanted tissues that
form are programmed for destruction. For example, embry-
onic ducts in mammals that are capable of forming a male
reproductive tract are deliberately destroyed during the de-
velopment of a female fetus. Similarly, many larval (caterpil-
lar) tissues must be destroyed in a butterfly’s pupal stage.
Lysosomes also play an important role in tissue regression,
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FIGURE 2-15 Process for targeting a protein to a
proteasome for degradation. This process requires three
enzymes working in concert to tag the ill-fated protein with a
chain of ubiquitin molecules. The first enzyme (E1) binds to and
activates a ubiquitin molecule and then hands it off to the
second enzyme (E2), which in turn joins to a third enzyme (E3).
E3 enzymes are like socket wrenches that fit various target
proteins using “sockets” called F-box proteins. When an E3
binds to a protein, the ubiquitin molecule carried by the E2 is
broken off and transferred to the protein. The cycle repeats
until the protein is tagged with a chain of ubiquitins. This chain
binds to the proteasome, which allows enzymes near the
opening of the proteasome to unfold the protein and push it
into the proteasome’s chamber, where other enzymes chop it
to pieces.

Source: From Scientific American, January, 2001. Used by permission.
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such as during the normal reduction in the uterine lining fol-
lowing pregnancy. Such programmed cell death is termed
apoptosis. (Other cellular enzymes and organelles, especially
mitochondria, are also involved in apoptosis; see Chapter 3.)

Proteasomes destroy internal proteins

The other important intracellular digestive apparatus is the
proteasome, a large tunnel-like structure made of numerous
proteins (Figure 2-15). The proteasome, of which there are
many thousands per cell, has the job of taking in internal cell
proteins (rather than external ones) and chopping them up
into reusable amino acids. Why would a cell want to destroy
its own proteins? Although cell proteins are made for specific
purposes, they outlive their usefulness if that purpose is only
needed temporarily. For example, during cell division, many
regulatory proteins have to be made, then destroyed, for the
cell to move through the various stages of mitosis. Also, in
extreme starvation proteins must be broken down to provide
emergency energy supplies. Some cell proteins are not useful
at all due to errors in their production (such as misfolding)
or even genetic mutations. Without proteasomes, unneeded
proteins could accumulate in cells to harmful levels.
Proteins are not randomly destroyed by proteasomes.
Instead, special enzymes recognize unwanted proteins (in
ways not completely understood) and “tag” them with a tiny
protein called ubiquitin. The ubiquitin-tagged protein is then
recognized by the proteasome and drawn in to its disassem-
bly tunnel. However, as in the case of lysosomes, this de-
struction process can go awry and cause harm. For example,
some viruses have evolved their own proteins that can tag
useful cellular defense proteins for proteasome destruction.

2.7 Peroxisomes

Typically, several hundred small peroxisomes that are about
one third to one half the average size of lysosomes are pres-
ent in a cell. Peroxisomes, like lysosomes, are membrane-
enclosed sacs containing enzymes, but unlike lysosomes,
which contain hydrolytic enzymes, peroxisomes house sev-
eral powerful oxidative enzymes and contain most of the
cell’s catalase.

Oxidative enzymes, as the name implies, use oxygen
(O3), to strip hydrogen from certain organic molecules. This
reaction helps detoxify various wastes produced within the
cell or foreign toxic compounds that have entered the cell,
such as ethanol that is consumed in alcoholic beverages.

The major product generated in the peroxisome, hydro-
gen peroxide (H,05), is formed by molecular oxygen and the
hydrogen atoms stripped from the toxic molecule. Hydrogen
peroxide is