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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 body; also responsible for

relayed through the
nervous system

Information from the —_ higher fur?cltlons (e.g., consciousness, memory, s L. Regulate
external environment arid Ereativity] X v f
See Chapters 3 and 4. b

RESPIRATORY SYSTEM
@ — Obtgins O, from and eliminates CO,, to the external

environment; helps regulate pH by adjusting the
@& — rate of removal of acid-forming CO,,

See Chapters 12 and 14.

URINARY SYSTEM

Important in regulating the volume, electrolyte

composition, and pH of the internal environment;
el removes wastes and excess water, salt, acid,

and other electrolytes from the plasma and

eliminates them in the urine

See Chapters 13 and 14.

Urine containing
wastes, excess
water, and
electrolytes

DIGESTIVE SYSTEM

Nutrients, water, Obtains nutrients, water, and electrolytes from

electrolytes —> the external environment and transfers them into
Feces containing - the plasma; eliminates undigested food residues
undigested food to the external environment
residue See Chapter 15.

REPRODUCTIVE SYSTEM
Sperm leave male - Not essential for homeostasis but essential for
Sperm enter female — perpetuation of the species

See Chapter 17.

Exchanges with
all other systems

I CIRCULATORY SYSTEM
EXTERNAL ;r:gsg;:ztr;;tsngntgs, ;DﬁdC;(gz wastes, electrolytes, and hormones throughout the body
ENVIRONMENT ’

e Each chapter begins with a system-specific version of the pictorial homeostatic
model that depicts how the body system discussed in the chapter functions
within the body as a whole. The accompanying icon marks a special section at

* each chapter’s end that focuses on how the system contributes to homeostasis.
Together these features will give you a better perspective on homeostasis and the interde-
pendency of body systems.
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—_——
ENDOCRINE SYSTEM

. Body systems
Acts by means of hormones secreted into the maintain
blood to regulate processes that require duration homeostasis

rather than speed (e.g., metabolic activities and
water and electrolyte balance)

See Chapters 5 and 6. HOMEOSTASIS
A dynamic, steady state of the

constituents in the internal fluid
environment that surrounds and
exchanges materials with the cells
See Chapter 1.

Factors homeostatically maintained:

® Concentration of nutrient molecules
INTEGUMENTARY SYSTEM See Chapters 5, 6, 14, and 15.

Serves as a protective barrier between the — Keeps internal ® Concentration of O, and CO
external environment and the remainder of the bodly; fluids in See Chapter 12. ° °
the sweat glands and adjustments in skin blood flow ; ® Concentration of waste products
are important in temperature regulation Keeps_ VeiEle See Chapter 13.
See Chapters 11 and 16. reteiEl oL ® pH  See Chapter 14.
® Concentration of water, salts, and other
electrolytes
See Chapters 5, 6, 13, and 14.

® Temperature ~ See Chapter 15.
® \lolume and pressure
See Chapters 9, 13, and 14.
IMMUNE SYSTEM

Defends against foreign invaders and cancer cells; Protects against Homeostasis is
paves way for tissue repair — foreign invaders essential for
See Chapter 11.

survival of cells

MUSCULAR AND SKELETAL SYSTEMS

Support and protect body parts and allow body Enables the p CELLS

— ———— movement; heat-generating muscle contractions are 5 body to interact J8N ced homeor e e e
important in temperature regulation; calcium is stored with the external i - rivallaee performing
in the bone environment specialized functions essential for

See Chapters 6, 7, and 16.

survival of the whole body \

See Chapters 1 and 2. |

Exchanges with | Need a continual supply of nutrients and |
all other systems O, and ongoing elimination of acid-forming |
CO, to gene ne energy needed

éells make up
body systems
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Preface

Goals, Philosophy, and Theme

Our goal in writing physiology textbooks is to help students not
only learn about how the body works but also to share our enthu-
siasm for the subject matter. We have been teaching physiology
for over 40 years and remain awestruck at the intricacies and effi-
ciency of body function. No machine can perform even a portion
of natural body function as effectively. Most of us, even infants,
have a natural curiosity about how our bodies work. When a
baby first discovers it can control its own hands, it is fascinated
and spends many hours manipulating them in front of its face.
By capitalizing on students’ natural curiosity about themselves,
we try to make physiology a subject they can enjoy learning.

Even the most tantalizing subject can be difficult to compre-
hend if not effectively presented, however. Therefore, 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 of a physiology course as isolated
entities; by understanding how each component depends on the
others, a student can appreciate the integrated functioning of
the human body. The text focuses on the mechanisms of body
function from cells to systems and is organized around the
central theme of homeostasis—how the body meets changing
demands while maintaining the internal constancy necessary
for all cells and organs to function. The text is written in simple,
straightforward language, and every effort has been made to
ensure smooth reading through good transitions, common-
sense reasoning, and integration of ideas throughout.

This text is designed for undergraduate students preparing for
health-related careers, but its approach and depth are also appro-
priate for other undergraduates. Because this book is intended as
an introduction and, for most students, may be their only exposure
to a formal physiology text, all aspects of physiology receive broad
coverage; yet depth, where needed, is not sacrificed. The scope of
this text has been limited by judicious selection of pertinent content
that a student can reasonably be expected to assimilate in a one-
semester physiology course. Materials were selected for inclusion
on a “need to know” basis, so the book is not cluttered with unnec-
essary detail. Instead, content is restricted to relevant information
needed to understand basic physiological concepts and to serve as
a foundation for later more in-depth studies of selected aspects of
physiology and related health sciences, as well as in the health pro-
fessions. Some controversial ideas and hypotheses are presented to
illustrate that physiology is a dynamic, changing discipline.

To keep pace with today’s rapid advances in the health sci-
ences, students in the health professions must be able to draw on
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their conceptual understanding of physiology instead of merely
recalling isolated facts that soon may be out of date. Therefore, this
text is designed to promote understanding of the basic principles
and concepts of physiology rather than memorization of details.

In consideration of the clinical orientation of most students,
research methodologies and data are not emphasized, although the
material is based on up-to-date evidence. New information based
on recent discoveries has been included throughout. Students can
be assured of the timeliness and accuracy of the material presented.
To make room for new, pertinent information, we have carefully
trimmed content while clarifying, modifying, and simplifying as
needed to make this edition fresh, reader-friendly, and current.

Because the function of an organ depends on the organ’s
construction, enough relevant anatomy is integrated within the
text to make the inseparable relation between form and func-
tion meaningful.

Organization

There is no ideal organization of physiologic processes into a
logical sequence. With the sequence we chose for this book,
most chapters build on material presented in immediately pre-
ceding chapters, yet each chapter is designed to stand alone,
allowing the instructor flexibility in curriculum design. This
flexibility is facilitated by cross-references to related material in
other chapters. The cross-references let students quickly refresh
their memory of material already learned or to proceed, if
desired, to a more in-depth coverage of a particular topic.

The general flow is from introductory information on
cells and metabolism, to excitable tissue, to organ systems.
We have tried to provide logical transitions from one chapter
to the next. For example, Chapter 7, Muscle Physiology, ends
with a discussion of cardiac muscle, which is carried forward
in Chapter 8, Cardiac Physiology. Even topics that seem unre-
lated in sequence, such as Chapter 11, Body Defences, and
Chapter 12, The Respiratory System, are linked together, in this
case by discussion of the respiratory system’s contribution to
protection against inhaled viruses and particles.

Several organizational changes have been made, which we
believe will enhance the students’ understanding of human
physiology and the readability of the text. For example, we
have included three inserts called the Integration of Human
Physiology. Each insert focuses on the integration of a number
of body systems, to aid the instructor in teaching integrative
physiology. Again, these inserts were designed to stand alone.
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The first insert, for example, discusses the concept of locomotion,
and contrasts locomotion in a healthy person with the problems
associated with locomotion when disease disrupts normal neural
communication. Each of the three integrative inserts is strategi-
cally placed, following the chapters upon which they build.

We have also placed the chapters discussing the nervous and
endocrine systems near the beginning of the textbook. The deci-
sion to place these chapters in close proximity and near the start
of the text was made based on the belief that it is important
for the student to understand how communication takes place
within the human body, as communication has a considerable
influence on homeostasis.

More specific hormones are subsequently introduced in appro-
priate chapters, such as vasopressin and aldosterone in the chap-
ters on the kidneys (Chapter 13) and fluid balance (Chapter 14).
Intermediary metabolism (Chapter 2) of absorbed nutrient
molecules is largely under endocrine control, providing a link
from digestion (Chapter 15) and energy balance (Chapter 16) to
the endocrine chapters. Chapter 6, The Endocrine Glands, pulls
together the source, functions, and control of specific endocrine
secretions discussed in Chapter 5, Principles of Endocrinology,
and serves as a unifying capstone for homeostatic body func-
tion. Finally, building on the gonadotropic hormones intro-
duced in Chapter 6, Chapter 17 diverges from the theme of
homeostasis to focus on reproductive physiology.

Besides the novel handling of hormones and the endocrine
system, other organizational features are unique to this book.
Unlike other physiology texts, the skin is covered in the chapter
on body defences (Chapter 11), in consideration of the skin’s
newly recognized immune functions. Bone is also covered more
extensively in the endocrine chapter than in most undergraduate
physiology texts, especially with regard to hormonal control of
bone growth and bone’s dynamic role in calcium metabolism.

A concerted effort was made to bolster specific topics in
each chapter. The following are some examples of this. The cell
physiology chapter (Chapter 2) has been expanded and includes
an introduction to excitable cells and neurons. The central
nervous system (Chapter 3) has an expanded discussion on
somatosensory mapping and plasticity of the motor cortex, and
it introduces the Babinski reflex. In the following chapter, The
Peripheral Nervous System, the topic of somatosensory map-
ping is carried forward from Chapter 3, and a more detailed
discussion of mechanoreceptors has been included, as well as an
introduction to the fight-or-flight response.

Also new to this edition is the inclusion of a feature called
Clinical Connections. The beginning of most chapters has an
introduction to a clinical case that is related to the content of the
chapter. As you move through the chapter, this case is revisited
to put the underlying physiology into context.

Departure from traditional groupings of material in several
important instances has permitted more independent and more
extensive coverage of topics that are frequently omitted or buried
within chapters concerned with other subject matter. For example,
a separate chapter (Chapter 14) is devoted to fluid balance and
acid-base regulation, topics often included in the kidney chapter.
Further, we have grouped energy balance and temperature regula-
tion into an independent chapter (Chapter 16).
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Although there is a rationale for covering the various aspects
of physiology in the order given here, it is by no means the only
logical way to present each topic. Each chapter is able to stand
alone, especially with the cross-references provided, so that the
sequence of presentation can be varied at the instructor’s discre-
tion. Some chapters may even be omitted, depending on the stu-
dents’ needs and interests and the time constraints of the course.
For example, a cursory explanation of the defensive role of the
leukocytes appears in the chapter on blood, so an instructor can
choose to omit the more detailed explanations of immunity in
Chapter 11, Body Defences.

Lauralee Sherwood and Christopher Ward

For the Canadian Edition

The fourth Canadian edition of Human Physiology: From Cells
to Systems has been substantially revised to meet the needs of
Canadian students and instructors in core physiology pro-
grams, as well as related programs such as kinesiology, nursing,
physical therapy, and zoology, where physiology represents an
important component of the curriculum. The reorganization of
the text has allowed for the inclusion of integrative physiology
sections to assist the instructor in addressing this compo-
nent of their course. A continued effort has been made by the
authors to highlight topics of research important to Canadians,
and to include statistics, organizations, and researchers from
Canadian schools, institutes, and hospitals. The Systéme inter-
national d’unités (SI) and Canadian spelling have been used
throughout. In addition to these changes, this fourth Canadian
edition also provides students and instructors with updated
physiological concepts, new figures and tables, new trends in
physiological research, and current and relevant examples of
the body’s function in disease, exercise, and health. The end-of-
chapter review questions have been retooled to the individual
chapter’s objectives. As well, the Nelson Education Testing
Advantage (NETA) program was used to ensure high-quality
test banks.

New to the Fourth Canadian
Edition

Global changes to this edition

o Updated references to Canadian research

« Timely material incorporated throughout

o Over 280 figures, which include examples of extensively
revised, and newly conceptualized ideas

o Every opportunity used to make the writing as clear, concise,
well-organized, and relevant for readers as possible

o The inclusion of Clinical Connections feature to most chapters

Chapter 1—The Foundation of Physiology

o Updated references to Canadian research
» Updated information on stem cells
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Chapter 2—cCell Physiology

» Updated discussion of neurons
o Expanded discussion on membrane potential and cellular
communication

Chapter 3—The Central Nervous System

o Condensed and focused content on the CNS
 Reorganized the order of discussion of the CNS

Chapter 4—The Peripheral Nervous System:
Sensory, Autonomic, Somatic

o Enhanced clarity for some content

Chapter 5—Principles of Endocrinology:
The Central Endocrine Glands

o Streamlined content

Chapter 6—The Endocrine Glands

« This chapter repositioned to follow the chapter on the cen-
tral endocrine glands
» Updated content

Chapter 7—Muscle Physiology

« Enhanced clarity of key concepts

Chapter 8—Cardiac Physiology

o Included discussion on how afterload affects stroke volume

Chapter 9—Vascular Physiology

» Updated discussion
« Clarified some key concepts

Chapter 10—The Blood
o Updated and clarified content

Chapter 11—Body Defences

» Updated content
o Streamlined content
« Enhanced clarity of discussion

Chapter 12—The Respiratory System

o Streamlined content
« Enhanced clarity of discussion

Chapter 13—The Urinary System

o Streamlined topic discussion

Chapter 14—Fluid and Acid-Base Balance

« Clinical case on diabetic ketoacidosis (DKA) to highlight the
clinical relevance of fluid balance and acid-base regulation
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o New brief discussion on the two types of diabetes insipidus
(nephrogenic and central) as they relate to vasopressin

« Addition of new figures, including Na*™-H™ exchanger of the
proximal nephron and a nomogram to help diagnose acid-
base disorders

Chapter 15—The Digestive System
» Updated content

Chapter 16—Energy Balance and Temperature
Regulation

» Updated to include current statistics

Chapter 17—The Reproductive System
» Updated content

Inaddition, pedagogical features unique to the fourth Canadian
edition of Human Physiology: From Cells to Systems include a new
addition: Clinical Connections have been added to most chapters.
This feature serves to relate diseases and their symptoms to what
is happening in the underlying physiology. The Further Reading
list of relevant research articles from international journals within
the Concepts, Challenges, and Controversies boxes is intended
to facilitate further study, and the Chapter Terminology list of rel-
evant key terms at the end of each chapter is available for students
to review. Why It Matters boxes have been added to some chapters
to draw attention to the importance of material that at first glance
may appear trivial. The Table of Contents has been simplified to
allow for easier navigation of the text, as have the section headings
within each chapter. Appendixes, which include Reference Values
for Commonly Measured Variables in Blood and Commonly
Measured Cardiorespiratory Variables, and the Glossary have
been expanded to accommodate new physiology concepts.

Text Features and Learning Aids
Implementing the homeostasis theme
ﬁ ! between cells and systems to illustrate homeostasis
- is developed in the introductory chapter and pre-
sented on the inside front cover as a quick reference. Each
chapter begins with its own quick reference, accompanied by
a brief, written introduction emphasizing how the body system
considered in the chapter functionally fits in with the body as
a whole. This opening feature is designed to orient students to
the homeostatic aspects of the material that follows. Then, at
the close of each chapter, the Chapter in Perspective: Focus on
Homeostasis is intended to put into perspective how the part
of the body just discussed contributes to homeostasis. This cap-
stone feature, the opening homeostatic model, and the intro-
ductory comments are designed to work together to facilitate

comprehension of the interactions and interdependency of
body systems, even though each system is discussed separately.

Analogies

Many analogies and frequent references to everyday experi-
ences are included to help students relate to the physiology

A unique, easy-to-follow schematic of the relations
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concepts presented. These useful tools have been drawn in large
part from Lauralee Sherwood’s four decades of teaching experi-
ence. Knowing which areas are likely to give students the most
difficulty, she has tried to develop links that help them relate the
new material to something with which they are already familiar.

Pathophysiology and clinical coverage

<@ Yo, Another effective way to keep students’ interest is to
“=5~~ help them realize they are learning worthwhile and
g applicable material. Because most students using this
text will have health-related careers, frequent references
to pathophysiology and clinical physiology demonstrate the
content’s relevance to their professional goals. Clinical Note icons
flag clinically relevant material featured throughout the text.

Check Your Understanding

Check Your Understanding questions serve as study breaks
for students to test their knowledge before continuing with
more material. These questions are different than the Written
Questions that cover the same content at the end of the chapter.
Many of the new section questions involve doing something
other than copying an answer from a text description, such as
drawing and labelling, preparing a chart, predicting based on
information provided, and so on.

Boxed features

Two types of boxed features are integrated within the chapters,
and in most cases they conclude with a list of journal articles
and references pertinent to the topic. As much as possible, the
journal articles and references are Canadian.

Concepts, Challenges, and Controversies boxes expose
students to high-interest, tangentially relevant informa-
tion on such diverse topics as stem cell research, acupunc-
ture, new discoveries regarding common diseases such as strokes,
historical perspectives, and body responses to new environments
such as those encountered in space flight and deep-sea diving.

The Why It Matters boxes can be used by students and
instructors to help glean the importance of, for example, a
seeming simple reaction, shedding light on how something
small and apparently insignificant can in actuality have an
impact on large-scale system-wide function.

The Integration of Human Physiology pages are intended
to enrich the understanding of the issues covered within the
chapters. These pages are distinct and easy to find due to their
purple background and dark purple edges. They build on the
concepts introduced within the chapters and complement the
physiological processes presented. These pages are included
to highlight both the normal physiological responses and the
abnormal physiological responses to stimuli, such as move-
ment, altitude, and exercise.

Pedagogical illustrations

The anatomic illustrations, schematic representations, photo-
graphs, tables, and graphs are designed to complement and rein-
force the written material. Unique to this book are the numerous
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process-oriented figures with step-by-step descriptions, which
provide a concise visual aid for understanding the processes.

Flow diagrams are used extensively to help students inte-
grate the written information. In the flow diagrams, light and
dark shades of the same colour denote a decrease or an increase
in a controlled variable, such as blood pressure or the concen-
tration of blood glucose.

Integrated, colour-coded figure/table combinations help
students better visualize what part of the body is responsible for
what activities. For example, the anatomic depiction of the brain
is integrated with a table of the functions of the major brain
components, with each component shown in the same colour in
the figure and the table.

A unique feature of this book is that people depicted in the
various illustrations are realistic representatives of a cross-sec-
tion of humanity (they were drawn based on photographs of
real people). Sensitivity to various races, sexes, and ages should
enable all students to identify with the material being presented.

Key terms and word derivations

In most cases, key terms are defined as they appear in the text.
These terms are key to understanding the concepts outlined within
each chapter. A chapter terminology section also appears at the
end of each chapter. Many key terms are also found in the glossary.

End-of-chapter learning and review

A Chapter Terminology list of relevant key terms appears at the
end of each chapter for students to review. The Review Exercises
at the end of each chapter include a variety of question formats
for students to self-test their knowledge and application of the
facts and concepts presented. Also available are Quantitative
Exercises that provide the students with an opportunity to
practise calculations that will enhance their understanding
of complex relationships. A Points to Ponder section features
thought-provoking problems that encourage students to analyze
what they have learned, and the Clinical Consideration, a mini
case history, challenges them to apply their knowledge to a
patient’s specific symptoms. Answers and explanations for all of
these questions are found in Appendix E.

Appendixes, Glossary, and Study Cards

The appendixes are designed for the most part to help students
brush up on some foundation material they are assumed to have
studied in prerequisite courses.

o Appendix A, Systéme international d’unités (SI), is a con-
version table between metric measures and their Imperial
equivalents.

o Most undergraduate physiology texts have a chapter on chem-
istry, yet physiology instructors rarely teach basic chemistry
concepts. Knowledge of chemistry beyond that introduced
in secondary schools is not required for understanding this
text. Therefore, to reserve valuable text space for discussion
of physiology concepts, we have provided Appendix B, A
Review of Chemical Principles as a handy reference for the
review of basic chemistry concepts that apply to physiology.
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o Likewise, Appendix C, Storage, Replication, and Expres-
sion of Genetic Information, can serve as a reference for
students and, when appropriate, be used by the instructor as
assigned material. It includes a discussion of DNA and chro-
mosomes, protein synthesis, cell division, and mutations.

» Appendix D, Principles of Quantitative Reasoning, is
designed to help students become more comfortable work-
ing with equations and translating back and forth between
words, concepts, and equations. This appendix supports the
Quantitative Exercises in the end-of-chapter material.

o Appendix E, Answers to End-of-Chapter Objective
Questions, Quantitative Exercises, Points to Ponder, and
Clinical Considerations, provides answers to all objective
learning activities, solutions to the Quantitative Exercises,
and explanations for the Points to Ponder and Clinical Con-
siderations.

o Appendix F, Reference Values for Commonly Measured
Variables in Blood and Commonly Measured Cardiorespi-
ratory Variables, provides normal male and female values.

o Appendix G, A Deeper Look into Chapter 11: The Respi-
ratory System, provides greater detail on the terminology
and gas laws covered in Chapter 11.

o The Glossary, which offers a way to review the meaning of
key terminology, includes phonetic pronunciations of the
entries.

o The Study Cards present the major points of each chapter in
concise, section-by-section bulleted lists, including cross-
references for page numbers, figures, and tables. With this
summary design, students can review more efficiently by
using both written and visual information to focus on the
main concepts.

About the Nelson Education
Teaching Advantage (NETA)

G)neta

| success
NELSON EDUCATION TEACHING ADVANTAGE

The Nelson Education Teaching Advantage (NETA) program
delivers research-based instructor resources that promote stu-
dent engagement and higher-order thinking to enable the suc-
cess of Canadian students and educators. Be sure to visit Nelson
Education’s Inspired Instruction website at http://www.nelson
.com/inspired/ to find out more about NETA. Don’t miss the
testimonials of instructors who have used NETA supplements
and seen student engagement increase!

Instructor Resources

Downloadable instructor supplements

All NETA and other key instructor ancillaries can be accessed
through www.nelson.com/instructor, giving instructors the
ultimate tools for customizing lectures and presentations.
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Full-Circle Assessment®

NETA Test Bank: This resource was written by Dr. Alice
Khin, University of Alberta. It includes over 5000 questions;
1750 questions are multiple-choice questions written according
to NETA guidelines for effective construction and develop-
ment of higher-order questions. The Test Bank was copy-edited
by a NETA-trained editor. Also included are fill in the blank,
matching, and true-or-false test items as well as essay questions.
The NETA Test Bank is available in a new, cloud-based plat-
form. Nelson Testing Powered by Cognero® is a secure online
testing system that allows you to author, edit, and manage test
bank content from any place you have Internet access. No special
installations or downloads are needed, and the desktop-inspired
interface, with its drop-down menus and familiar, intuitive tools,
allows you to create and manage tests with ease. You can create
multiple test versions in an instant, and import or export content
into other systems. Tests can be delivered from your learning
management system, your classroom, or wherever you want.
Nelson Testing Powered by Cognero® for Human Physiology:
From Cells to Systems, Fourth Canadian Edition, also be accessed
through www.nelson.com/instructor. Printable versions of the
Test Bank in Microsoft® Word® and PDF formats are available by
contacting your sales and editorial representative.

NETA PowerPoint: Microsoft® PowerPoint® lecture slides
for every chapter have been created by Dr. Stephen Donald
Turnbull, University of New Brunswick. There is an average of
100 slides per chapter, many featuring key figures, tables, and
photographs from Human Physiology: From Cells to Systems,
Fourth Canadian Edition. Incorporating animations and “build
slides,” these illustrations with labels from the book have been
formatted to allow optimal display in PowerPoint®. NETA prin-
ciples of clear design and engaging content have been incorpo-
rated throughout, making it simple for instructors to customize
the deck for their courses.

Image Library: This resource consists of over 600 digital
copies of figures, short tables, and photographs used in the
book. Instructors may use these JPEG to customize the NETA
PowerPoint or create their own PowerPoint presentations.

NETA Instructor’s Manual: This resource was written
by Dr. Coral Murrant, University of Guelph. It is organized
according to the textbook chapters and addresses key educa-
tional concerns, such as typical stumbling blocks student face
and how to address them. It also includes elements of a tradi-
tional Instructor’s Manual, including lecture outlines, discus-
sion topics, student activities, Internet connections, media
resources, and testing suggestions that will help time-pressed
instructors more effectively communicate with their students
and also strengthen the coverage of course material.

DayOne: DayOne—Prof InClass is a PowerPoint presen-
tation that instructors can customize to orient students to the
class and their text at the beginning of the course.
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MindTap
{: MINDTAP

MindTap for Human Physiology: From Cells to Systems, Fourth
Canadian Edition, is a personalized teaching experience with
relevant assignments that guide students to analyze, apply, and
elevate thinking, allowing instructors to measure skills and
promote better outcomes with ease. A fully online learning
solution, MindTap combines all student learning tools—readings,
multimedia, activities, and assessments—into a single Learning
Path that guides the student through the curriculum. Instructors
personalize the experience by customizing the presentation of
these learning tools to their students, even seamlessly introducing
their own content into the Learning Path.

Aplia

Aplia™ is a Cengage Learning online homework system dedi-
cated to improving learning by increasing student effort and
engagement. Aplia makes it easy for instructors to assign fre-
quent online homework assignments. Aplia provides students
with prompt and detailed feedback to help them learn as they
work through the questions, and features interactive tutorials
to fully engage them in learning course concepts. Automatic
grading and powerful assessment tools give instructors real-
time reports of student progress, participation, and perfor-
mance, and while Aplias easy-to-use course management
features let instructors flexibly administer course announce-
ments and materials online. With Aplia, students will show up
to class fully engaged and prepared, and instructors will have
more time to do what they do best... teach.

Jacqueline Carnegie of the University of Ottawa revised the
MindTap and Aplia resources to ensure close alignment to the
fourth Canadian edition.

Student Ancillaries

MindTap
% MINDTAP

Stay organized and efficient with MindTap—a single
destination with all the course material and study aids you
need to succeed. Built-in apps leverage social media and the
latest learning technology. For example,

ReadSpeaker will read the text to you.

Flashcards are pre-populated to provide you with a jump
start for review—or you can create your own. You can highlight
text and make notes in your MindTap Reader. Your notes will
flow into Evernote, the electronic notebook app that you can
access anywhere when it’s time to study for the exam.

Self-quizzing allows you to assess your understanding.

Visit www.nelson.com/student to start using MindTap.
Enter the Online Access Code from the card included with your
text. If a code card is not provided, you can purchase instant
access at NELSONbrain.com.
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Aplia

Founded in 2000 by economist and Stanford professor Paul
Romer, Aplia™ is an educational technology company dedicated
to improving learning by increasing student effort and engage-
ment. Currently, Aplia products have been used by more than a
million students at over 1300 institutions. Aplia offers a way for
you to stay on top of your coursework with regularly scheduled
homework assignments that increase your time on task and give
you prompt feedback. Interactive tools and additional content
are provided to further increase your engagement and under-
standing. See http://www.aplia.com for more information. If
Aplia isn’t bundled with your copy of Human Physiology: From
Cells to Systems, Fourth Canadian Edition, you can purchase
access separately at NELSONbrain.com. Be better prepared for
class with Aplia!

U.S. Acknowledgments

I gratefully acknowledge the many people who helped with
the first eight editions or this edition of the textbook. Also,
I remain indebted to four people who contributed substan-
tially to the original content of the book: Rachel Yeater (West
Virginia University), who contributed the original material
for the exercise physiology boxes; Spencer Seager (Weber
State University), who prepared Appendix A, “A Review
of Chemical Principles”; and Kim Cooper (Midwestern
University) and John Nagy (Scottsdale Community College),
who provided the Solving Quantitative Exercises at the ends
of chapters.

In addition to the 184 reviewers who carefully evaluated the
forerunner books for accuracy, clarity, and relevance, I express
sincere appreciation to the following individuals who served as
reviewers for this edition:

Ahmed Al-Assal, West Coast University

Amy Banes-Berceli, Oakland University

Patricia Clark, Indiana University-Purdue University
Elizabeth Co, Boston University

Steve Henderson, Chico State University

James Herman, Texas A&M University

Qingsheng Li, University of Nebraska-Lincoln
Douglas McHugh, Quinnipiac University

Linda Ogren, University of California, Santa Cruz
Roy Silcox, Brigham Young University

Also, I am grateful to the users of the textbook who have
taken time to send helpful comments.

I have been fortunate to work with a highly competent,
dedicated team from Cengage Learning, along with other
capable external suppliers selected by the publishing company.
I would like to acknowledge all of their contributions, which
collectively made this book possible. It has been a source of
comfort and inspiration to know that so many people have
been working diligently in so many ways to bring this book to
fruition.

NEL

Copyright 2019 Nelson Education Ltd. 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). Nelson Education reserves the right to remove additional content at any time if subsequent rights restrictions require it.



From Cengage Learning, Yolanda Cossio, Senior Product
Team Manager, deserves warm thanks for her vision, creative
ideas, leadership, and ongoing helpfulness. Yolanda was a strong
advocate for making this the best edition yet. Yolandas deci-
sions were guided by what is best for the instructors and students
who will use the textbook and ancillary package. Thanks also to
Product Assistant Victor Luu, who coordinated many tasks for
Yolanda during the development process.

I appreciate the efforts of Content Developer Alexis Glubka
for helping us launch this project and for Managing Developer
Trudy Brown for taking over and not missing a beat when Alexis
moved to another position. Trudy facilitated most of the devel-
opment process, which proceeded efficiently and on schedule.
Having served as a Production Editor in the past, Trudy was
especially helpful in paving the way for a smooth transition from
development to production. I am grateful for the biweekly con-
ference calls with Yolanda and Trudy. Their input, expertise, and
support were invaluable as collectively we made decisions to
make this the best edition yet.

I appreciate the creative insight of Cengage Learning Senior
Art Director John Walker, who oversaw the overall artistic design
of the text and found the dynamic cover image that displays
simultaneous power, agility, and grace in a “body in motion,” the
theme of our covers. The upward and “over-the-hump” move-
ment of the high jumper symbolizes that this book will move
the readers upward and over the hump in their understanding
of physiology. I thank John for his patience and perseverance as
we sifted through and rejected many photos until we found just
what we were looking for.

The technology-enhanced learning tools in the media
package were updated under the guidance of Media Developer
Lauren Oliveira. These include the online interactive tutorials,
media exercises, and other e-Physiology learning opportuni-
ties at the CengageBrain website. Associate Content Developers
Casey Lozier and Kellie Petruzzelli oversaw development of
the multiple hard-copy components of the ancillary package,
making sure it was a cohesive whole. A hearty note of grati-
tude is extended to all of them for the high-quality multimedia
package that accompanies this edition.

On the production side, I would like to thank Senior Content
Project Manager Tanya Nigh, who closely monitored every step
of the production process while simultaneously overseeing the
complex production process of multiple books. I felt confident
knowing that she was making sure that everything was going
according to plan. I also thank Photo Researcher Priya Subbrayal
and Text Researcher Kavitha Balasundaram for tracking down
photos and permissions for the art and other copyrighted mate-
rials incorporated in the text, an absolutely essential task. With
everything finally coming together, Manufacturing Planner
Karen Hunt oversaw the manufacturing process, coordinating
the actual printing of the book.

No matter how well a book is conceived, produced, and
printed, it would not reach its full potential as an educa-
tional tool without being efficiently and effectively marketed.
Senior Market Development Manager Julie Schuster played
the lead role in marketing this text, for which I am most
appreciative.

NEL

Cengage Learning also did an outstanding job in selecting
highly skilled vendors to carry out particular production tasks.
First and foremost, it has been my personal and professional
pleasure to work with Cassie Carey, Production Editor at Graphic
World, who coordinated the day-to-day management of produc-
tion. In her competent hands lay the responsibility of seeing that
all copyediting, art, typesetting, page layout, and other related
details got done right and in a timely fashion. Thanks to her, the
production process went smoothly, the best ever. I also want to
extend a hearty note of gratitude to compositor Graphic World
for their accurate typesetting; execution of many of the art revi-
sions; and attractive, logical layout. Lisa Buckley deserves thanks
for the fresh and attractive, yet space-conscious, appearance
of the booK’s interior and for envisioning the book’s visually
appealing exterior.

Finally, my love and gratitude go to my family for the sac-
rifices in family life as this ninth edition was being developed
and produced. The schedule for this book was especially hectic
because it came at a time when a lot else was going on in our
lives. My husband, Peter Marshall, deserves special appre-
ciation and recognition for assuming extra responsibilities
while I was working on the book. I could not have done this,
or any of the preceding books, without his help, support, and
encouragement.

Thanks to all!

Lauralee Sherwood

Canadian Acknowledgments

I am extremely thankful to all the reviewers who took part in the
process of developing the fourth Canadian edition of Human
Physiology: From Cells to Systems. Without your help the text
would not be as thorough.

Gary V. Allen
Darren S. DeLorey

Tain McKinnell

Dalhousie University
University of Alberta

Carleton University

Coral Murrant University of Guelph
Kirsten Poling University of Windsor
Ramona Stewart Lethbridge College

Anita Woods Western University

Reviewers

We would like to thank Nelson, and in particular Paul Fam
and Theresa Fitzgerald, for making this project possible and
enjoyable. We would also like to thank Imoinda Romain,
Carolyn Jongeward, Kim Carruthers, and Udhaya Harisudan
for their help in the success of this text. And to all of my
colleagues and students, who contributed in many different
ways, thanks so much.

Christopher Ward

PREFACE xxiii

Copyright 2019 Nelson Education Ltd. 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). Nelson Education reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Copyright 2019 Nelson Education Ltd. 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). Nelson Education reserves the right to remove additional content at any time if subsequent rights restrictions require it.



About the Authors

Lauralee Sherwood, Ph.D. Following graduation from
Michigan State University in 1966, Dr. Lauralee Sherwood
joined the faculty at West Virginia University, where she is
currently a professor in the Department of Physiology and
Pharmacology, School of Medicine. For the past 40 years,
Professor Sherwood has taught an average of over 400 stu-
dents each year in physiology courses for pharmacy, medical
technology, physical therapy, occupational therapy, nursing,
medical, dental, dental hygiene, nutrition, exercise physiology,
and athletic training majors. She has authored three physi-
ology textbooks: Human Physiology: From Cells to Systems,
Fundamentals of Human Physiology, and Animal Physiology:
From Genes to Organisms, all published by Cengage Brooks/
Cole. Dr. Sherwood has received numerous teaching awards,
including an Amoco Foundation Outstanding Teacher Award,
a Golden Key National Honor Society Outstanding Faculty
Award, two listings in Whos Who among America’s Teachers,
and the Dean’s Award of Excellence in Education.

Christopher Ward, Ph.D. Dr. Ward is an associate professor

in the Department of Biomedical and Molecular Sciences at
Queens University. Dr. Ward has taken a leadership role in the

NEL

development of innovative teaching methodologies to enhance
undergraduate, graduate, and medical student learning. He
is credited with the launch of online courses and blended
learning initiatives, and is part of a curricular redesign team
responsible for pioneering facilitated small-group learning at
Queen’s Faculty of Medicine. A cardiac physiologist, Dr. Ward
also maintains an active laboratory and graduate research team
that focuses on studying the electrical activity of the heart and
understanding how ion channel function can be modulated by
disease states.

About the Contributor
(Chapter 14, Fluid and Acid-Base Balance)

Joseph Smuczek, M.D. Dr. Smuczek completed his medical
training and postgraduate family medicine training at McMaster
University. He is currently a practising physician with the divi-
sion of Primary Care at Trillium Health Partners in Mississauga,
Ontario. He has been actively involved in undergraduate educa-
tion and medical education and has previously taught under-
graduate-level human anatomy and human physiology at Brock
University and University of Guelph-Humber.

Copyright 2019 Nelson Education Ltd. 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). Nelson Education reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Janaka Dharmasena/shutterstock

Homeostasis Systems and Cells

Body systems maintain
homeostasis

Homeostasis

Homeostasis is the maintenance by the highly

coordinated, regulated actions of the body systems
of relatively stable chemical and physical conditions
in the internal fluid environment that bathes the
body’s cells.

Homeostasis is essential
for survival of cells
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