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the first time. In 2003 the entire sequence of a complete

set of human DNA (the human genome) was first
published. In 2010 scientists synthesized a DNA molecule of
over a million base pairs, and then used it to create the first
living cell from non-living components. Technically, humans
can now create life.

Those of us who find these discoveries fascinating—and
yes, even exciting!—have an obligation to help our students
understand science and the impact science has on their lives.
Science is too much fun and far too important to be left to
scientists.

I n 1997 scientists copied (cloned) an adult animal for

The Focus Is on the Student

This book was written for students who do not yet have a
strong background in science so that they, too, might share
in the joy and wonder of science. Every effort was made to
make the book accurate and up-to-date while keeping it
inviting, accessible, and easy to read. The look and feel of the
text is intentionally like that of a news magazine, peppered
with short features likely to be of interest to the student and
with a strong visual appeal.

Each chapter begins with a Current Issue that highlights
a recent controversy or ethical/social/political issue related
to human biology. The main narrative of each chapter begins
with Key Concepts that summarize the most important
points within the chapter. Quick Check questions through-
out the narrative or linked to select figures allow the students
to check their understanding as they go along. Finally, each
chapter ends with 15 new multiple-choice questions so that
students can check their progress.

Students are naturally curious about how their own bod-
ies work and about human diseases. We capitalize on this cu-
riosity with Health & Wellness boxes that highlight timely
health topics. In addition, organ system chapters generally
conclude with a section covering the more common human
diseases and disorders.

A new feature of this edition is the inclusion of MJ's
Human Biology Blog, 2-4 blog entries per chapter, taken
from the blog Website developed specifically for this text,
http://www.humanbiologyblog.blogspot.com. Blog entries
highlight recent discoveries or news items relevant to the sub-
ject of each chapter. We hope that MJ’s Human Biology Blog
entries and the blog Website will encourage curious students
to dig a little deeper into specific topics that interest them.

Unifying Themes Tie the Subjects Together

Several unifying themes in biology hold the chapters
together. Homeostasis, the state of dynamic equilibrium
in which the internal environment of an organism is

maintained fairly constant, is one of those recurrent themes.
The concept of homeostasis ties in with another recurrent
theme: that structure and function are related. Structure/
function relationships are the very core of the study of
anatomy and physiology, and both of these fields in turn rely
on the most unifying concept in all of biology: evolution.
Only in the context of evolution can anatomy and physiology
be fully understood; without the concept of evolution, very
little in biology makes sense.

A predominant theme of this book is that each of us
has choices to make—choices that will affect ourselves, other
humans, and the entire planet. Should all children be vacci-
nated against childhood diseases? Should we spend time and
money preparing for a pandemic that may never occur? Will
we be willing and able to slow the rate of global warming? Is
it important that we save other species from extinction, and
if so, how would we go about it? Students are encouraged to
formulate their own views on these and other topics so that
they will feel comfortable with the choices they make.

The Organization Fits the Course

This book was designed to accommodate the fairly standard
format for college courses in human biology. There are chap-
ters that introduce science and chemistry, chapters that cover
basic human biology from cells through the human organ
systems, and finally chapters on evolution, ecosystems and
populations, and human impacts on the environment.

With such broad coverage, however, there is never
enough time to teach all that is interesting, exciting, and rele-
vant about human biology in one semester. Fortunately,
because each chapter was written to stand on its own, this
book allows for a certain degree of flexibility. Instructors
wishing to emphasize the basics of human anatomy and
physiology or focus on the medical aspects of human
biology could omit or deemphasize the last two chapters.
Instructors should feel free to present the organ system chap-
ters in a different order if they feel more comfortable doing
so. Within chapters, diseases and disorders sections could be
omitted or considered optional. Those interested in a more
cellular or molecular approach might want to give greater
emphasis to Chapters 4 and 17-21 and move quickly through
the organ systems chapters. Those more interested in the
broader picture of where humans came from and how hu-
mans fit into the world order may want to allow sufficient
time for the last three chapters, even if it means that they
must move quickly or selectively through the organ system
chapters. All of these approaches are equally valid.

However much you cover, dig in and enjoy your course!

Michael D. Johnson
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The Sixth Edition of Human Biology: Concepts and Current
Issues is once again the product of the continued hard work
and dedication of the people at Benjamin Cummings Pub-
lishing, led by Editor-in-Chief Beth Wilbur, Executive Direc-
tor of Development Deborah Gale, and Acquisitions Editor
Becky Ruden. Becky directs a team that functions as
smoothly and professionally as any in the business.

On a day-to-day basis, I depended on Senior
Developmental Editor Susan Teahan. I could always pass an
idea on to Susan and know that it would be given careful
thought and consideration. Her influence on the Sixth
Edition may be subtle, but it’s there. I am blessed to have
had her advice and support.

Changes to the art and photos in the Sixth Edition are
the result of the hard work of artists at Imagineering and
photo coordinator Donna Kalal. Once again, photo
researcher Kristin Piljay found the new photos you see in
this edition.

Several new contributors had a significant impact on this
edition. Kathleen Hunt wrote the Quick Check questions
and the accompanying answers, and Suzanne Long contrib-
uted the Test Yourself multiple-choice questions (and
answers) at the end of each chapter.

Accuracy and clarity have been checked and rechecked
by the hundreds of insightful faculty members around the
country over the past ten years. Reviewers specific to this edi-
tion are listed below.

Reviewers

Shazia Ahmed, Lee Lee,

Texas Woman's University Montclair State University
Barbie Baker, Katherine Lockwood,

Florida Community College, Jacksonville

Erwin Bautista, Suzanne Long,

University of New Hampshire

Thanks go to the outstanding administrative support
team at Pearson Education, BenjaminCummings. It in-
cludes Assistant Editor Leslie Allen, Senior Media Producer
Jonathan Ballard, Associate Editor Brady Golden, Production
Supervisor Shannon Tozier, Copyeditors Kevin Gleason and
Cheryl Smith, and Proofreader Chris Sabooni.

Once again, the textbook is supported by a wonderful set
of ancillary materials. Thanks go to Robert Sullivan of Marist
College, who wrote the Instructor Guide, to Suzanne Long of
Monroe Community College, who developed the PowerPoint
Lecture Slides, to David Rivers of Loyola College in Maryland,
who revised the Test Bank, to Judith Stewart at the
Community College of Southern Nevada, whose Study Guide
will certainly help those students who choose to use it, and to
Bert Atsma of Union County College, whose Laboratory Man-
ual continues to complement the best human biology
courses. In addition, Tom Farruggella of Marist College
supplied the Web Publishing System (WPS) Multiple Choice
Quizzes, Sue Scambis of Valencia Community College wrote
the WPS True-False Quizzes, and Erwin Bautista of UC Davis
was responsible for the Instructor Quiz Shows. Nancy
O'Keefe of Purdue University Calumet supplied the Web Tu-
torials, Web Links, Biology in the News Essay, Weighing the
Issues, and Crosswords.

Last but not least, I'd like to thank my wife, Pamela,
for her whole-hearted support and understanding over
the years.

Louise Petroka,

Gateway Community Technical College
Dr. Barbara Pleasants,

Towa State University

Alison Shakarian, PhD,
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Improved Pedagogical Framework for Chapter Openers.
Instructors often tell us that one of the most effective ways to
make human biology relevant to their students is to bring
current issues into the classroom. For the 6™ edition, each
chapter opens with the popular Current Issue essay to engage
students from the beginning and set the context for the
science that follows.

Inclusion of Key Concepts. A concise summary of 4-6
Key Concepts is incorporated into the beginning of each chap-
ter. These focus students’ attention on ideas that are
fundamental to building a conceptual framework for under-
standing human biology.

Addition of the Author’s Blog. To rouse students’ inter-
est in the science they encounter in their everyday lives, we've
incorporated entries from the author’'s own blog, MJ’s Human
Biology Blog (http://www.humanbiologyblog.blogspot.com).
Each chapter includes 2-4 blog entries that share the author’s
insights into current biology news.

Integrated Critical Thinking and Problem Solving
Questions. Each chapter now includes 7-10 new Quick Check
questions at the end of select sections and process diagrams.
These higher-order thinking questions are aimed at Bloom's
Taxonomy level 2 and above to give students practice devel-
oping their reasoning skills. At the end of each chapter, a re-
vised Test Yourself quiz now includes 15 multiple-choice
questions—also aimed at Bloom’s Taxonomy level 2 and
above—to give students practice answering questions they
are likely to encounter on exams.

Connections to Online Components. Because human bi-
ology courses are rapidly moving online or being taught as an
online/on-campus hybrid, and to intertwine media more closely
with the book, we now offer two new electronic, learning com-
ponents. Web Animations with an icon and URL references are
now threaded throughout the chapter, directing students to a
convenient, online tool that shows human biology concepts in
action. Now available is Pearson’s eText, an online interactive
version of the book that features highlighting, annotation, and
bookmarking capabilities available to students 24/7.

Refreshed Visual Content. To revitalize the visual con-
tent, more than 75 new photos replace images from the pre-
vious edition, and 6 figures are new. To help students’ with
their understanding of anatomical and process illustrations,
orientation diagrams are included for 7 more figures. So
that students can understand figures quickly, we've moved
figure legends into part labels wherever possible.

Chapter-specific Changes:
Chapter 1 Human Biology, Science, and Society

m New Current Issue on “Mandatory Childhood
Vacci-nations” highlights parental concerns that
vaccinations may cause autism

m Revised Health Watch (renamed Health & Wellness) “The
Growing Threat of Antibiotic-Resistant Bacteria”
m Three new MJ’s Human Biology Blogs:
» “Thimerosal and Autism”
= “Correlation versus Causation”
= “Scientific Uncertainty and Shared Responsibility”

Chapter 2 The Chemistry of Living Things

m Two new MJ’s Human Biology Blogs:
= “I Don't Hear You...”
m “Getting That Caffeine Buzz”

Chapter 3 Structure and Function of Cells

m Revised and updated Current Issue “The Use of Human
Stem Cells”

= Revised explanation of the structural and functional
properties of cholesterol

= Two new MJ’s Human Biology Blogs:
m “Stem Cell Therapy for Parkinson’s?”
m “Birth Dating Human Cells”

= New orientation diagram of parts of the cell—Golgi
apparatus, lysosomes, and peroxisomes—for
Figure 3.18

= New orientation diagram of a mitochondrion for
Figure 3.24

Chapter 4 From Cells to Organ Systems

= Two new MJ’s Human Biology Blogs:
= "My Mother’s Cells Within Me”
= “Fat Cells Are Replaced Throughout Life”

Chapter 5 The Skeletal System

m Revised and expanded the Current Issue “A Black Market
in Human Bones”

m Revised coverage on osteoporosis in women after
menopause

m Three new MJ’s Human Biology Blogs:
m “A Really Costly Drug”
m “Is Running Hard on Knees?”
m “Treating “Pre-osteoporosis”

m New orientation diagram of disks of the spine for
Figure 5.8

Chapter 6 The Muscular System

m Three new MJ’s Human Biology Blogs:
= “New Drug Test for Athletes”
= “Beating the Testosterone Doping Test”
m “Stretching and Sports Injuries”

= New orientation diagram of muscles in the upper arm
for Figure 6.2

= New orientation diagram of myofibril for Figure 6.7

m New orientation diagrams of myofibril and thick and
thin filaments for Figure 6.8
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New to This Edition

Chapter 7 Blood

Revised Current Issue “Should You Bank Your Baby's
Cord Blood?”

Three new MJ’s Human Biology Blogs:

= “The Spleen Stores Monocytes”

= “Platelet-Rich Therapy Revisited”

= “Cleansing Blood with Magnets”

New Figure 7.13 rendering of how Rh factor incompati-
bility can affect a fetus

Chapter 8 Heart and Blood Vessels

New Current Issue “Comparative Effectiveness Research”
Revised Health Watch (renamed Health & Wellness) “Cho-
lesterol and Atherosclerosis”

Incorporated coverage of heart attack symptoms in women
Three new MJ’s Human Biology Blogs:

= “Boosting Cardiac Repair Mechanisms”

m “A Beating Heart is Created in the Laboratory”

m “Stress Reduction and Heart Attacks”

New Figure 8.11 rendering of the cardiac cycle

Chapter 9 The Immune System and Mechanisms of Defense

Revised and updated the Current Issue “AIDS: A Crisis in
Africa, a Challenge for the World”

Significantly revised section on prions

Updated coverage on the AIDS epidemic

Updated Table 9.3 on AIDS cases in adults and
adolescence by sex and exposure category

Two new MJ’s Human Biology Blogs:

= “Prion-like Activity in Neurodegenerative Disorders”
= “A Way to Cure HIV Infection?”

Updated data in Figure 9.23 graphs on number of deaths
due to AIDS and people living with HIV/AIDS

Chapter 10 The Respiratory System: Exchange of Gases

Revised Current Issue “Limiting Exposure to Second
Hand Smoke”

New section on colds and the flu.

New section on pneumothorax and atalectasis
Three new MJ's Human Biology Blogs

® “Snus—Smokeless Tobacco Made Easy”

m “Smoking and Breast Sagging”

m “Living with Cystic Fibrosis”

Chapter 11 The Nervous System: Integration and Control

Revised the Current Issue “Medically Induced Coma” to
include the rationale behind this controversial procedure
Three new MJ's Human Biology Blogs:

= “Your Cell Phone’s Radiation Emission”

m “Young Adults Turn to Sleeping Pills”

m “Ginkgo Doesn’t Prevent Dementia”

New orientation diagram of meninges for Figure 11.13

Chapter 12 Sensory Mechanisms

New Current Issue “DWD: Driving While Distracted”
New Health & Wellness “LASIK to Correct Vision Problems”

New section on age-related macular degeneration
Three new M]J's Human Biology Blogs:

= “Sensing Danger in the Air”

= “Can You Taste Bitter Foods?”

= “Myopia Is on the Rise”

New Figure 12.14 rendering of the structures of the
human eye

Chapter 13 The Endocrine System

Focused the Current Issue solely on Type 2 diabetes
Clarified the reason for inclusion of renin, an enzyme, in
discussion of hormones

Expanded coverage of Type 1 diabetes for mention of sus-
pected causes: autoimmune, genetic, and environmental
Three new MJ's Human Biology Blogs:

= “Athlete Caught Doping with GH”

m “Glucose Monitoring Devices Are Inaccurate”

» “Inhaled Insulin (Who Cares?)”

Updated data in graph on the number of Americans
with diabetes (in Current Issue)

Chapter 14 The Digestive System and Nutrition

Inserted passage describing challenges by critics of
specific recommendations made in USDA’s MyPyramid
Three new MJ's Human Biology Blogs:

= “Obesity in Close Mutual Friends”

m “Is Being Overweight a Health Risk?”

m “California Bans Trans Fats”

Revised Figure 14.16 of USDA dietary guideline pyramid

Chapter 15 The Urinary System

Revised Current Issue “How Should We Allocate Scarce
Kidneys?”

Clarified the role of antidiuretic hormone (ADH) in
water balance

Separated last edition’s section on aldosterone, renin,
and atrial natriuretic hormone (ANH) into three
sections, taking on the hormones one at a time and
expanding coverage on each

Discussed whether it’s safe to donate a kidney in the sec-
tion on kidney transplants

Three new MJ's Human Biology Blogs:

m “Using Urine to Diagnose Disease”

= “Buying/Selling Kidneys”

m “Encouraging Organ Donations”

Chapter 16 Reproductive Systems

Revised Current Issue “Would You Like a Boy or a Girl?”
Refocused the in vitro fertilization section to cover the
broader topic of artificial reproductive technologies
(ART)

Updated data in Table 16.3 on failure rates in various
contraceptive methods

Four new MJ’s Human Biology Blogs:

m “Infertility Patients Favor Stem Cell Research”

= “The Dark Side of Gender Preference”



m “Is She a Woman?”
m “Birth Control Method Failures”

Chapter 17 Cell Reproduction and Differentiation

Revised Current Issue “Should We Clone Humans?”
Moved material from last edition’s Current Issue to main
narrative for two added sections, one on cloning
organisms and one on therapeutic cloning

Two new M]'s Human Biology Blogs:

= “DNA Mutations Between Generations”

m “Re-creating Undifferentiated Cells”

Revised Figure 17.7 of genetic code of mRNA

Chapter 18 Cancer: Uncontrolled Cell Division
and Differentiation

Expanded Current Issue “Voluntary Breast and Ovary
Removal”

New Health & Wellness “Breast Self-Examination and
Routine Mammograms”

Expanded section on angiogenesis for inclusion of recent
anti-angiogenic drug research

Updated data in Table 18.3 on top ten cancers ranked by
estimated incidence

Updated data in Table 18.4 on recommendations for
cancer screening

Three new M]J’s Human Biology Blogs:

= “Human Gene Patents Invalidated”

m “The PSA Test for Prostate Cancer.”

= “A DNA Test for Cervical Cancer”

New Figure 18.6 rendering of the development

of cancer cells

Chapter 19 Genetics and Inheritance

Revised Current Issue “The Promises and Perils of Genetic
Testing”

Created two new main sections; one on dominance
patterns and the other on factors that influence
inheritance and phenotype

Two new MJ’s Human Biology Blogs:

= “Do Identical Twins Have Identical DNA?”

m “Genetic Screening Tests”

New Figure 19.1 rendering of a pair of autosomes

Chapter 20 DNA Technology and Genetic Engineering

Revised Current Issue “Genetically Engineered Plants”
Three new M]'s Human Biology Blogs:

= “Whatever Happened to Golden Rice?”

= “FDA Approves a Genetically Engineered Drug”

= “That’s One Small Step for Gene Therapy...”

New to This Edition  XXi

Chapter 21 Development and Aging

Expanded Current Issue “Who Should Make Life and
Death Decisions for You?” to include the options avail-
able to make one’s wishes known

Inserted brief discussion on age at which the brain
reaches full maturity.

Two new MJ's Human Biology Blogs:

m “Caloric Restriction and Longevity”

= “Hormone Replacement Therapy Revisited”

Chapter 22 Evolution and the Origins of Life

Revised Current Issue “Who Were the Flores

People?”

Included the new hominid Ardipithecus ramidus” in the
section on human evolution

Revised Table 22.1 on the taxonomic classification as it
applies to modern humans to include time line data
(e.g., Chordata, 550 mya)

Two new MJ's Human Biology Blogs:

m “Creating Synthetic Life”

= “Walking Like a Modern Human”

New Figure 22.13, artist’s rendering of Ardipithecus
ramidus

Chapter 23 Ecosystems and Populations

Refocused last edition’s Current Issue on bird flu for a
broader scope, including other pandemics such as the
Black Plague and swine flu

Two new MJ's Human Biology Blogs:

m “Carbon Dioxide and Forest Growth”

» “Dwindling Phosphate Supplies”

Chapter 24 Human Impacts, Biodiversity, and
Environmental Issues

Re-focused the Current Issue on “Global Warming” to
introduce the newer concept of tipping points
Revised section on chlorofluorocarbons (CFCs)

New coverage on Gulf of Mexico oil spill in 2010
Expanded coverage of energy options and choices
Revised the section on how humans alter and destroy
habitats

Three new MJ's Human Biology Blogs:

= “Dwindling Arctic Sea Ice”

= “China’s Future Water Shortage”

» “Energy Sustainability in 20 Years?”

Updated data in Figure 24.4 graph on rising
temperature and atmospheric carbon dioxide
concentration
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Crew of the space shuttle Atlantis, November 20, 2007.

Mandatory Childhood Vaccinations

On January 1, 2009, New Jersey be-
came the first state to require flu
shots for children who attend licensed
day care and pre-school programs.

New Jersey now requires immunization
(vaccinations) for 13 vaccine-preventable
communicable diseases, more than any
other state. New Jersey is not alone,
however, in requiring vaccinations—all
50 states currently have some kind of
school immunization requirement. (All
50 states also permit exemptions under
certain conditions.)

Childhood Vaccinations
Save Lives

The states’ rationale is clear: childhood
vaccines introduced since the 1950s
have all but wiped out many communica-
ble diseases in the United States, includ-
ing measles, mumps, whooping cough
(pertussis), polio, and diphtheria. In the
1940s and '50s, before vaccines against
these diseases were available, the five
diseases combined caused an estimated
900,000 cases of disease and 7,700
deaths per year. By 2004 there were
only 27 deaths from all five diseases
combined—a 99.6% reduction. The

number of cases of measles dropped
from more than 500,000 per year before
the measles vaccine was available to
only 62 cases per year in recent years.

Recently, however, public health offi-
cials have noticed an uptick in the num-
ber of cases of measles and whooping
cough, two diseases that are highly sensi-
tive to vaccination rates. In the first seven
months of 2008 there were more cases of
measles than at any time since 1996. Most
of the measles victims in 2008 had not
been vaccinated, even though they were
eligible for the vaccine (children under
12 months of age are not yet eligible).




Parents Resist Mandatory
Vaccination

The rise in measles and whooping cough
coincides with more than a doubling of
exemptions from school immunization pro-
grams granted for “philosophical or personal
beliefs” between 1991 and 2004. Why are
parents increasingly refusing to have their
children vaccinated when the evidence is
so overwhelming that vaccinations prevent
communicable diseases? Their reasons
tend to fall into two categories: 1) a belief
that the vaccines (or something in them)
may be contributing to what they view as
an epidemic of childhood chronic diseases,
including especially autism, and 2) a dislike
of government intervention into personal
decisions.

Compared to parents who vaccinate
their children, parents who choose not to
vaccinate their children tend to believe that
the risk of their child getting the disease is
low and that the disease itself is not very
severe. The latter view is understandable,
because most parents today have not lived
through a major outbreak of any communi-
cable disease. Today’s parents were born
after the scourge of polio, for example.
Polio killed nearly 10% of its victims and
crippled countless others for life before the
polio vaccine became available in 1955.

Public health officials are watching
these developments with concern. Not all
people in a community can be vaccinated,
and so the prevention of widespread
outbreaks of vaccine-preventable diseases
in communities depends in part on “herd
immunity.” The concept is that when most
people in a community (or herd) have been
vaccinated, the disease has a much harder
time spreading from individual to individual.
In other words, high vaccination rates bene-
fit the community overall (especially young
children), in addition to protecting the indi-
vidual who has been vaccinated. Says Dr.
Anne Schuchat, director of the National

Center for Immunization and Respiratory
Diseases, “The vaccine against measles is
highly effective in preventing infections, and
high immunization levels in the community
are effective at preventing or drastically re-
ducing the size of outbreaks.”!

A Link Between Vaccinations
and Autism?

Parents who oppose mandatory vaccina-
tions for safety reasons often point to
cases of children who developed autism
shortly after receiving a vaccine. Their
celebrity spokesperson is actress and
former Playboy model Jenny McCarthy,
whose son is autistic. Ms. McCarthy is
on the board of Generation Rescue, a
nonprofit organization that claims to be
able to treat autism effectively with a
special diet.

~ |u'

Actress Jenny McCarthy hés appeared 'on the
Oprah Winfrey Show opposing mandatory
vaccinations.

m Childhood vaccination programs have been effective in all but eliminating

certain communicable diseases.

The facts...

m All 50 states have childhood vaccination (immunization) programs as a require-
ment for school attendance—all states also allow for certain exemptions.

m Exemptions from vaccination (and communicable diseases) are on the rise.
Many parents object to mandatory vaccination programs out of concern that
the vaccines may cause autism or certain other chronic childhood diseases.

m The available scientific evidence does not support the argument that vacci-
nations can cause childhood diseases, including autism.

Medical professionals and research sci-
entists continue to point out that the avail-
able scientific evidence does not support
the argument that vaccination can cause
childhood diseases, including autism. But
for many parents, scientific studies are not
as convincing as an appearance by Ms.
McCarthy on the Oprah Winfrey Show with
an emotional story about ill children.

Some parents oppose mandatory
childhood vaccinations because they are
philosophically opposed to government in-
tervention into what they see as a personal
choice. Says Barbara Loe Fisher, a mother
and the cofounder of the National Vaccine
Information Center, representing parents
against forced vaccinations, “... If the
State can tag, track down and force citi-
zens against their will to be injected with
biologicals of unknown toxicity today,
there will be no limit on which individual
freedoms the State can take away in the
name of the greater good tomorrow.”?

Parents in favor of vaccines are
mounting lobbying campaigns as well.
Their celebrity advocate is actress Amanda
Peet, now a spokesperson for Every Child
By Two, a vaccine-advocacy group founded
by former first lady Rosalynn Carter. Ms.
Peet once called anti-vaccine parents
“parasites” for relying on other children’s
immunity to protect their own. She later
apologized for the word, and suggested
that parents should get their advice from
doctors, not celebrities like herself (and
presumably Ms. McCarthy).

It would be a shame if vaccines became
such a hot-button issue that preventable
diseases such as polio returned. We need to
find a way to address parents’ concerns
about vaccine safety and about the role of
government in our lives, while at the same
time protecting the public from preventable,
communicable diseases. How we choose to
do that is up to all of us.

Questions to consider

1 What should medical professionals,
politicians, or even just concerned citizens
do, if anything, to help parents understand
the risks and benefits of vaccines?

2 Will you vaccinate your children? Why
or why not? What would you like to know
in order to make an informed decision?

Lwww.cdc.gov/media/pressrel/2008/r080821.htm
2www.vaccineawakening.blogspot.com


www.cdc.gov/media/pressrel/2008/r080821.htm
www.vaccineawakening.blogspot.com

»> Living things have certain characteristics that
make them different from nonliving things.
Living things harness energy and use energy
to create unique chemical compounds, grow,
and ultimately reproduce.

>> Humans are just one of several million different
life-forms on Earth. Our closest relatives are
the other primates (including monkeys and
apes). Features that taken together define
humans as unique are bipedalism, opposable
thumbs, a large brain, and a capacity for
complex language.

Key concepts

)> Science is a process for studying the natural
world. It is based on observable, quantifiable
data obtained by repeatedly questioning,
observing, and drawing conclusions.

»> Science helps us understand what js, not what
should be. 1t does not provide us with “right”
answers or give meaning to our lives.

2> We make choices about how to use scientific
knowledge every day whether we are con-
sciously aware of it or not. We owe it to
ourselves to make informed choices.

ou were born into exciting times, when scientific

discoveries are happening more rapidly than at any
other time in human history. Like the Industrial Revolution
of the nineteenth century and the discovery of DNA in the
twentieth, today’s scientific innovations will change the
human condition forever.

In your lifetime people may be able to select or modify
their children'’s features before they are born. People may
even be able to have clones (copies) made of themselves.
At the very least, certain diseases that threaten us now will
become curable. Perhaps your grandchildren will not even
know what AIDS is because the disease will have
disappeared.

What you are witnessing is the power of science.
Science is the study of the natural world, which includes
all matter and all energy. Because all living organisms are
also made of matter and energy, they are part of the
natural world (Figure 1.1). Biology is one of many
branches of science. More specifically, biology (from the
Greek words bios, life, and logos, word or thought) is the
study of living organisms and life’s processes. It is the
study of life. Other branches of science are chemistry,
physics, geology, astronomy, and related fields such as
medicine.

4

This text is specifically about human biology. We will
explore what it means to be alive. We will see how the
molecules that make up our bodies are created from mole-
cules in the air and in our food and drink. We will learn
how our cells grow and divide, and how we evolved from
single celled organisms that arose from nonliving chemical
elements nearly 3.5 billion years ago. We will explore how
our bodies function, why we get diseases, and how we man-
age to survive them. We will look at how we develop into
adults, reproduce, and influence the destinies of other
organisms on Earth.

With the power of science comes an awesome responsi-
bility. All of us, individually and collectively, must choose
how to use the knowledge that science gives us. Will human
cloning be acceptable? Can we prevent global warming?
Should your insurance company be able to reject you for
coverage because genetic testing shows that you may develop
cancer 40 years from now? Should you be required to vacci-
nate your children against certain infectious childhood
diseases? (See the Current Issue feature, Mandatory Childhood
Vaccinations.)

We all have to make responsible decisions concerning
not only our own health and well-being but also the long-
term well-being of our species. This book considers many
aspects of human interaction with the natural world. We'll
contemplate human functioning within the environment
and the impact of humans on the environment. Along
the way we’ll confront a variety of social and personal
issues and discuss the choices we might make about them.
Because biology is the study of life, we begin by defining
life itself.

Recap Science is the study of the natural world, which
consists of all matter and energy. Biology is the study of
living organisms. ®

1.1 The characteristics of life

What is life? On one hand, this question seems easy and
on the other so abstract that it is more like a riddle. We all
think we can recognize life even if we can't define it easily.
Children learn early to distinguish between living and non-
living things. Remember that childhood game “animal, veg-
etable, or mineral”? In it, children distinguish what is alive
(animals and plants) from what is not (minerals).

Most biologists accept the following criteria as signs
of life:

m Living things have a different molecular composition than
nonliving things do. Everything in the natural world,
both living and nonliving, is composed of the same
set of approximately 100 different chemical elements.
However, only a few elements are present in any abun-
dance in living organisms. In addition, living organ-
isms can combine elements in unique ways, creating
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Studying unusual species
such as this deep sea

glass squid allows biologists
to understand the processes
by which a species
successfully survives. Many
different environments exist in
the world, but the same
physical and chemical laws
govern them all.

Ee natural world
\ mprises all matter and
.energy.' An erupting volcano

spewing liquid rock and heat
_is the result of energy that
\ still remains from the
creation of Earth nearly 4.6
billion years ago.

Figure 1.1 Studies of the natural world.

certain molecules (combinations of elements) that
nonliving things cannot create. These molecules of life
(proteins, carbohydrates, lipids, and nucleic acids)

are found in all living organisms and often persist in
the remains of dead organisms. Variations in these
molecules in different life-forms account for the
diversity of life.

Living things require energy and raw materials. The
creation of the molecules of life doesn’t happen by
accident, at least under present conditions on Earth.
The transformation of molecules from one form to an-
other requires energy. The term metabolism refers to
the physical and chemical processes involved in trans-
forming energy and molecules so that life can be
maintained. All living things take in raw materials

S
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Jane Goodall has dedicated her life to studying the
needs and behaviors of chimpanzees. The DNA of
humans and chimps is almost the same, yet important
physical and behavioral differences are obvious.

Evolution examines how these differences arose.

and energy from the environment and metabolize
them into the molecules and energy that they need to
survive. Plants use the energy of sunlight and chem-
icals obtained from soil, water, and air. Animals and
all other forms of life ultimately obtain their energy
and raw materials from water, air, plants, or other
animals.

Living things are composed of cells. A cell is the
smallest unit that exhibits all the characteristics

of life (Figure 1.2). All cells come only from existing
cells. There is always at least one cell in any living
thing, and some organisms (called unicellular or-
ganisms) are only one cell. Multicellular organisms
are composed of many cells or many different types
of cells.
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a) Several Staphylococcus aureus, the
bacterium that causes food poisoning
(SEM X 50,000).

b) Some of the many cells that line
the inner surface of the human stomach
(SEM X 500).

Figure 1.2 Cells are the smallest units of life. Some organisms consist of just one cell

(unicellular), whereas others contain many cells (multicellular).

m Living things maintain homeostasis. All living organisms

must maintain an internal environment compatible with

life, and the range of chemical and physical conditions
compatible with life is very narrow. The maintenance of
a relatively constant internal environment is called
homeostasis. Living things have developed remarkable
ways of regulating their internal environment despite
sometimes dramatic changes in the external environ-
ment. Single cells and unicellular organisms are sur-
rounded by a membrane that allows the cell (or
organism) to maintain internal homeostasis by provid-
ing a selective barrier to the entry and exit of various
substances. In multicellular organisms the tissues,
organs, and organ systems work together to maintain
homeostasis of the fluid that surrounds all cells. We dis-

cuss the importance of homeostasis further in Chapter 4.

m Living things respond to their external environment. Stay
out in the cold too long and you are likely to respond
by moving to a warm room. Plants respond to their
environment by turning their leaves toward light or by
growing roots toward sources of nutrients and water.
Even bacteria respond to their environment by moving
toward nutrients (and away from noxious stimuli) and
by increasing their growth rate.

m Living things grow and reproduce. Living organisms have
the capacity to grow and ultimately produce more living
organisms like themselves (Figure 1.3). The ability to
grow and reproduce is determined by the genetic mate-
rial in cells, called deoxyribonucleic acid (DNA). Some
nonliving things can get larger, of course; examples are
glaciers and volcanic mountains. However, they cannot
create copies of themselves.

Mycobacterium
dividing

Milkweed
going to seed

Bison and calf

Figure 1.3 Living things grow and reproduce.



m Populations of living things evolve. The various forms of
life may change over many generations in a process
known as evolution. Evolution explains why there are
so many different forms of life on Earth today.

Quick Checl Imagine that you are studying a deep-sea hot
vent, and you notice a peculiar structure near one of the vents
that seems to grow from week to week. How could you deter-
mine whether it is a living organism? ®

@ Web Animation Signs of Life at www.humanbiology.com.

Although all these characteristics are necessary to
describe life fully, not all of them apply to every living
thing all the time. Individual organisms do not evolve,
nor do they necessarily reproduce or always respond to
their surroundings. However, populations of similar organ-
isms have the capacity to perform these functions.

Recap All living things are composed of cells. Living things
require energy and raw materials, maintain homeostasis,
respond to their external environments, grow and reproduce,
and evolve over many generations. ®

1.2 How humans fit into the
natural world

Living things are grouped according
to their characteristics

To find order in the diversity of life, biologists have long
sought ways to categorize living things. In 1969 a classifica-
tion system of five kingdoms was proposed. In this system
the fundamental criteria for classifying organisms are the
presence or absence of a nucleus, the number of cells, and
the type of metabolism. One kingdom comprises organisms
lacking a nucleus (the prokaryotes), and the remaining

four kingdoms comprise organisms with cell nuclei (the
eukaryotes).

The five-kingdom classification system (Figure 1.4a)
places all single celled prokaryotic organisms in the
kingdom Monera, which comprises the bacteria, some
of the oldest, smallest, simplest, and most successful organ-
isms on Earth. Of the four kingdoms of eukaryotes, three of
them (Animalia, Plantae, and Fungi) consist of multicellu-
lar organisms. The criteria for classifying animals, plants,
and fungi are based largely on the organism’s life cycle,
structure, and mode of nutrition. Plants, for example,

Answers to questions can he found in Appendix A.
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Plants
(photosynthesis)
Fungi Animals
(decomposers) (ingestion)
EUKARYA
Animals
Plants

\//<

Protists
(eukaryotic,
mostly
unicellular)

Monerans
(prokaryotic,
unicellular)

Fungi Protists

ARCHAEA
Archaebacteria

\\

BACTERIA

=

Unknown | ancestor

b) Three-domain system.

a) Five-kingdom system.

Figure 1.4 Categorizing organisms. a) The five-kingdom
system classifies organisms based on the presence or

absence of a cell nucleus, cellular structure (multicellular or
unicellular), and certain characteristics of structure, life cycle,
and mode of nutrition. b) The three-domain system places
prokaryotes in one of two domains based on their biochemical
and molecular characteristics, and puts all eukaryotes in a sin-
gle domain.

contain a green pigment called chlorophyll that allows them
to capture the energy of sunlight, which they convert for
their own use in a process called photosynthesis. Animals
get the energy they need by eating plants or other animals,
which requires structures specialized to digest and absorb
food. Most animals can move about to obtain food. Fungi
(yeasts, molds, and mushrooms) are decomposers, meaning
that they obtain their energy from decaying material.
The fourth group of eukaryotes, the kingdom Protista,
comprises unicellular and relatively simple multicellular
eukaryotes such as protozoa, algae, and slime molds. All
animals, plants, and fungi are thought to have evolved
from single celled protistan-type organisms.

In recent years new techniques in molecular biology
and biochemistry have distinguished two fundamentally
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different types of prokaryotes. For this reason, many
biologists now advocate a classification system that begins
with domains, a higher classification level that encompasses
kingdoms. In the three-domain system (see Figure 1.4b)
the organisms of the kingdom Monera are distributed
across two domains (Bacteria and Archaea), each com-
prising a kingdom, while all organisms whose cells have
nuclei fall into the third domain, the Eukarya. The
domain Eukarya thus comprises all four eukaryotic
kingdoms.

Other classification systems have been proposed, in-
cluding systems with five, seven, and eight kingdoms. All
these systems are subject to change as new information is
discovered. There is no debate, however, concerning the clas-
sification of humans within the animal kingdom.

Humans belong to a subgroup of the animal kingdom
called vertebrates, defined as animals with a nerve cord and
a backbone. Within the vertebrates, humans are subclassi-
fied as mammals, defined as vertebrates with mammary
glands for nursing their young. Among the mammals, we,
along with apes and monkeys, are further classified as
primates.

The smallest unit of any classification system is the
species. A species is one or more populations of organisms

6eono6 MJ's Human Biology Blog

The results of a study by researchers at the Department
of Public Health in California do not support the hypoth-

esis that autism is caused by thimerosal, a preservative
containing ethylmercury that was once used in childhood
vaccines. The researchers found that the incidence of
autism rose steadily in California from 1995 to 2007,
even though thimerosal was removed from most childhood
vaccines in 2001. If thimerosal were responsible for
causing autism there should have been a sharp decline
in new cases of autism after 2004. The new findings
and a commentary about them are published in The
Archives of General Psychiatry.

It is doubtful, however, that the study will do much
to reassure parents, some of whom continue to believe
passionately that their child’s autism was a direct con-
sequence of childhood vaccinations despite research
findings to the contrary. ®

Reference: Fombonne, Eric. Thimerosal Disappears but Autism
Remains. Archives of General Psychiatry 65: 15-16, 2008.

with similar physical and functional characteristics that
interbreed and produce fertile offspring under natural condi-
tions. All living humans belong to the same genus (the sec-
ond smallest unit of classification) and species, called Homo
sapiens. We share features that make us different from any
other species on Earth, and we can interbreed.

No one knows how many species of living organisms
exist on Earth. Estimates range from about 3 million to 30
million, but only about 2 million species have been identified
so far.

While studying a drop of pond water under a
microscope, you notice two tiny single celled organisms,
one with a nucleus and one without. Are they prokaryotes or
eukaryotes, which one is more closely related to humans, and
do you have enough information to determine what domain
and kingdom they are in? Explain.

The defining features of humans

Humans are not the largest animal, nor the fastest or
strongest. Our eyesight and hearing are not the best. We

can't fly, we swim poorly, and we don't dig holes in the ground
very well with our hands. Nevertheless we possess several
features that, taken together, define how we are different from
other organisms and explain how we have managed to
survive for so long:

m Bipedalism. Humans are the only mammals that prefer to
stand upright and walk on two legs. Bipedalism (from
the Latin bi-, two, and pes, foot) frees our hands and
forearms for carrying items ranging from weapons to in-
fants. Birds walk upright, too, of course, but they do not
have the advantage of being able to carry things with
their forelimbs.

m Opposable thumbs. Humans and several other primates
have thumbs that can be moved into position to
oppose the tips of the fingers. However, only humans
have the well-developed muscles that enable us to
exert a certain type of precise control over the thumb
and fingers. For instance, we tend to pick up and
manipulate small objects between the tip of the
thumb and the tip of either the index or second
finger (Figure 1.5). In contrast, chimpanzees more
naturally grasp objects between the thumb and the
side of the index finger. Threading a needle or
suturing a wound would be difficult for a
chimpanzee.

m Large brain. Humans have a large brain mass relative
to body size. The evolution of a large brain seems to
have coincided with the advent of stone tools, leading
some scientists to suggest that a large brain was re-
quired for the complex motions associated with tool
use. Other scientists believe that a large brain was nec-
essary for language, and that language developed as



Human Chimpanzee

Figure 1.5 How humans and chimpanzees hold small objects.
Although the hands of humans and chimpanzees seem similar,
only humans tend to hold objects between the tip of a thumb and
the tips of the fingers.

social interactions among humans became more
important.

m Capacity for complex language Many animals vocalize
(produce sounds) to warn, threaten, or identify other
members of their species, and a few (such as dolphins)

have developed fairly complex forms of communication.

However, humans have developed both complex vocal
language and a system of signs, symbols, and gestures
for communicating concepts and emotions. Throughout
the world, every group of human beings has developed
a complex spoken language. Humans have also placed
their languages into written form, permitting communi-
cation over great distances and spans of time

(Figure 1.6).

It should be stressed that none of these features necessar-
ily make us any better than any other species, only
different.

Quiclk Checl Suppose you are a paleontologist who has just
uncovered a complete fossil skeleton of some kind of human-
like primate. Which areas of the skeleton could you study to
determine whether the fossil is closely related to humans?
Explain your reasoning. ®
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Figure 1.6 Language. Human societies throughout the world
have developed complex written languages.

Human biology can be studied on any level
of biological organization

Figure 1.7 shows how humans fit into the grand scheme
of things in the natural world. The figure also shows how
humans—or any living thing, for that matter—can be
studied on any level of biological organization, from

the level of the atom to the level of the biosphere. This
text examines human biology on progressively larger
scales.

Our study of human biology begins with the smallest
units of life. Like rocks, water, and air, humans are
composed of small units of natural elements called atoms
and molecules. We'll introduce the basic chemistry of
living things in Chapter 2. In Chapter 3 we'll see how the
atoms and molecules of living things are arranged into
the smallest of living units called cells. Next (Chapter 4)
we'll learn how, in multicellular organisms, groups
of similar cells become tissues, how groups of tissues that
carry out a specific function constitute an organ, and how
organs may work together in an organ system to carry out
a more general function. The structures and functions
of specific human organs and organ systems are the
subjects of Chapters 5-16. For example, we'll learn
why—and how—more blood flows through the lungs
than through any other organ and what happens to your
dinner as it makes its way through your digestive system.
Chapters 17-21 consider humans as complete organisms,
including how cells reproduce, how we inherit traits
from our parents, and how we develop, age, and die.
Finally, we'll discuss how communities of living organisms
evolved and how life began (Chapter 22), and how
humans fit into and alter the ecosystems in which we live
and the entire biosphere of the natural world
(Chapters 23 and 24).
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Organ
system

Atom

Biosphere

Figure 1.7 Levels of organization in human biology.

Table 1.1 lists some current issues, controversies, and
“hot topics” that relate to human biology. Many of these is-
sues and controversies also concern fields outside the sphere
of science, such as economics, law, politics, and ethics. What
you learn in this course will help you make informed deci-
sions about these and future issues that will come up in your
lifetime.

Organism

-3

Molecule

Population

Ecosystem

Your ability to make good judgments in the future and
to feel comfortable with your decisions will depend on your
critical thinking skills. We turn now to a discussion of what
science is, how we can use the methodology of science to
improve our critical thinking skills, and how science
influences our lives.



Level of
organization

Definition
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Table 1.1 Examples of issues and controversies associated with the levels of human biology

Issues and controversies

11

Atom and Atom: Smallest unit of an element of matter

felEEnl Molecule: More than one atom in a stable association

Cell Smallest unit of life

Tissue An association of cells with the same general structure
and function

Organ An association of several tissue types that carry out a

Organ system

specific function

Two or more organs that work together to carry out a
general function, such as digestion or movement

Organism An individual living being composed of several organs
or organ systems

Population A group of individuals of the same species living in
the same area

Community Several populations of different species who inhabit the
same area and interact with each other

Ecosystem All of the organisms in a given area plus all of the
nonliving matter and energy

Biosphere All ecosystems combined. The portion of Earth

occupied by living organisms, plus those organisms.

Disposing of radioactive wastes

Role of unstable molecules (free radicals) in cancer
and aging

Cloning adult animals, plants, and humans from a
single cell

Using human fetal tissues in research

Increasing the supply of human organs for transplantation
Transplanting animal organs into humans

Enhancing human performance with drugs or by genetic
engineering

Testing for heritable diseases for which there are no cures
Abortion

Deciding who should pay for human behavior-related
illnesses such as those caused by smoking

Rationing medical care

Determining who gets the scarce human organs
available for transplantation

Impact of humans on the well-being and survival of
other species

Genetic engineering of plants and animals for human
purposes

Using animals in medical research and cosmetics testing
Environmental pollution

Destruction of ecosystems due to overuse by humans
Global warming

Destruction of the ozone layer

Recap Classification systems place living things into groups.
The most inclusive group is a domain, and the smallest is a
species. Humans belong to the kingdom Animalia within the do-
main Eukarya. Our genus and species is Homo sapiens. Humans
walk on two legs (are bipedal) and can grasp small objects
between the tips of the thumb and first finger. Humans also
have large brains relative to body mass, and the capacity for
complex spoken and written languages. Biology can be studied
at any level, from atom to biosphere. ®

1.3 Science is both a body of
knowledge and a process

We have already said that science is the study of the natural

world. More explicitly, science is two things: knowledge (orga-
nized, reliable information) about the natural world, and the
process we use to get that knowledge. Scientific knowledge refers

to information about the natural world. The process of
science, or the way scientific knowledge is acquired, is
generally called the scientific method, although in practice
this term encompasses a variety of methods. Throughout this
book you will be presented with scientific knowledge, but it’s
good to remember that this information was obtained
slowly over time by the scientific method.

Scientific knowledge enables us to describe and predict
the natural world. Scientific knowledge is also empirical,
meaning that it relies on observation and experimentation.
Through the scientific method, scientists strive to accumulate
information that is as free as possible of bias, embellishment,
or interpretation.

The scientific method is a process for testing ideas

Although there is more than one way to gather information
about the natural world, the scientific method is a systematic



12 Chapter 1 Human Biology, Science, and Society

\nduc\ive reasoning

\nduct'\ve reasoning

\“duct'\ve reasoning

) - b
-
o o @ Formulate Modify Modify Direction of
Experiment  Experiment Observe a hypothesis hypothesis increasing
or or and hypothesis as as confi_dence
observe observe generalize necessary necessary in
ve and repeat and repeat hypothesis
Ve steps steps
3and 4 3and 4
‘Qe
(3 R4 086°c§<\§\(\g
29
Make a testable ~ ©© 0{\\@
prediction o2
(3 z gust® o
- N
Make a testable 9;090(\
prediction et
o)
y Oed\)

Make a testable
prediction

Figure 1.8 The scientific method. Observations and generalizations lead to the formulation of a
hypothesis. From the hypothesis, specific predictions are made that can be tested by experimenta-
tion or observation. The results either support the hypothesis or require that it be modified to fit the
new facts. The cycle is repeated. Ultimately the scientific method moves in the direction of

increased confidence in the modified hypothesis.

Explain in your own words the difference between inductive and deductive reasoning, and

explain why the scientific method needs both.

process for developing and testing predictions (Figure 1.8).
You probably already use the scientific method, or at least ele-
ments of it, in your own everyday problem solving. Sometimes
we go through the steps without thinking about them
consciously, but we follow them nevertheless.

Step 1: Observe and generalize When we observe the world
around us and make generalizations from what we learn, we
are employing inductive reasoning (extrapolating from the
specific to the general case). Usually we don't even think about
it and don't bother to put our observations and generalizations
into any kind of formal language, but we do it just the same.
For example, you are probably convinced that it will always be
colder in winter than in summer (a generalization) because
you have observed that every winter in the past was colder than
the preceding summer (specific observation). The difference
between common experience and good science is that science
uses generalization to make a prediction that can be tested.

Taking an example from biological research, let’s start with two
observations and a generalization:

Observation 1: Rats given a particular drug (call it
Drug X) have lower blood pressures than rats not fed
the drug.

Observation 2: Independently, researchers in Canada
showed that Drug X lowers blood pressures in dogs
and cats.

Generalization: Drug X lowers blood pressure in all
mammals.

Step 2: Formulate a hypothesis Observations and generaliza-
tions are used to develop a hypothesis. A hypothesis is a ten-
tative statement about the natural world. Importantly, it is a
statement that can lead to testable deductions.

Hypothesis: Drug X would be a safe and effective
treatment for high blood pressure in humans.



Quick Checl Consider the following statement: “Sasquatches
are giant apes that live in the forests of the Pacific Northwest,
but they avoid people and leave no evidence of their existence.”
Does this statement qualify as a scientific hypothesis? ®»

Step 3: Make a testable prediction Hypotheses that cannot
be tested are idle speculation, so much hot air. But many
hypotheses are so sweeping and comprehensive that ways
must be found to test them under a variety of conditions.
For example, you probably would not be convinced that
Drug X is safe and effective for all people under all con-
ditions until you had at least tested it in quite a few people
under many different conditions. To have confidence in
your hypothesis, you must make testable predictions (also
called working hypotheses) based on the hypothesis and then
test them one at a time. Predictions employ deductive reason-
ing (applying the general case to the specific). Often they are
put in the form of an “if ... then” statement, in which the
“if” part of the statement is the hypothesis. For example:

Prediction: If Drug X is a safe and effective treatment for
high blood pressure in humans, then 10 mg/day of Drug X
will lower blood pressure in people with high blood
pressure within one month.

Notice that the prediction is very specific. In this example the
prediction specifies the dose of drug, the medical condition of
the persons on whom it will be tested, the expected effect of the
drug if the prediction is correct, and a specified time period for
the test. Its specificity makes it testable—yes or no, true or false.

Quick Check Suppose you are designing a research study to
test the hypothesis that regular exercise helps people sleep
better. Develop a specific, testable prediction from this
hypothesis. ®»

Step 4: Experiment or observe The truth or falsehood of your
prediction is determined by observation or by experimentation.
An experiment is a carefully planned and executed manipula-
tion of the natural world to test your prediction. The experi-
ment that you conduct (or the observations you make) will
depend on the specific nature of the prediction.

When testing a prediction, scientists try to design
experiments that can be conducted under strictly
controlled conditions. Experiments conducted under spe-
cific, controlled conditions are called controlled experiments
because they have the distinct advantage of accounting for
all possible variables (factors that might vary during the
course of the experiment) except for the one variable of in-
terest, called the controlled variable. In this case the controlled
variable is blood pressure. Therefore, in the example of
Drug X, you could follow these steps in your controlled ex-
periment (Figure 1.9):

m Select a large group of human subjects. In this case
you would specifically choose people with high blood
pressure rather than people with normal blood pressure.
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Select a large number
of appropriate subjects.

Randomly divide the
subjects into two groups.

Treat the groups equally = Experimental group:
in all ways but one. receives treatment

Control group:
receives placebo

‘\

Observe or make
measurements.

o ‘

Are blood pressures lower
in the experimental group?

ECE B

Hypothesis received Modify hypothesis to
support. fit the new findings.

Compare results.

Figure 1.9 The steps in a controlled experiment. In this exam-
ple the experimental variable is blood pressure. Because of the
way the experiment is designed, the only difference between the
two groups is the presence or absence of the experimental
treatment itself.

Suppose that instead of randomly assigning subjects to the
two groups, subjects with high blood pressure are more
likely to be put in the experimental group. Would this be a
better or a worse experiment, or would it make no
difference? Explain.
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m Randomly divide the larger pool of subjects into two
groups. Designate one the experimental group and
the other the control group. The importance of
random assignment to the two groups is that all other
factors that might affect the outcome (such as age or
gender differences in responsiveness to the drug, or
other previous health problems) are automatically
equalized between the two groups. In effect, the
control group accounts for all unknown factors. If you
treat the experimental and control groups identically
at this point, the probability is that the average blood
pressures of the groups will be equal, as long as the
groups are large enough.

m Treat subjects in the two groups exactly the same except
that only the experimental group gets the drug. Treat
the experimental group with 10 mg/day of Drug X for
one month and the control group with a placebo, or
“false treatment.” If you deliver Drug X in a pill, the
placebo should be an identical-looking pill with no
drug in it. If you administer Drug X as an injection in a
saline solution, the placebo should be an injection of
the same volume of saline.

When working with human subjects, scientists
must take the power of suggestion into account. It is
important that no subjects in either group know which
group has received the drug. If members of the experi-
mental group find out that they are getting a drug to
lower their blood pressure, this knowledge may ac-
cidentally influence the outcome of the experiment.
To eliminate the power of suggestion as a variable, re-
searchers conduct experiments “blind,” meaning that
the subjects don’t know whether they are getting the
placebo or the drug. Sometimes experiments are done
“double-blind,” so that even the person administering
the drugs and placebos does not know which is which
until the experiment is over.

m Measure blood pressures in both groups at the end of
one month and compare them using the appropriate
statistical (mathematical) tests. If the experimental
group’s blood pressures are statistically lower, then
your prediction is verified and your hypothesis receives
support.

A researcher tries to test the hypothesis that
“exercise helps people sleep better” with the following study:
He tells four friends about the hypothesis, ask them to jog for
an hour on a given day, and then calls them the next day to
ask how well they slept. What are some problems with this
experiment?

Step 5: Modify the hypothesis as necessary and repeat steps 3
and 4 If your prediction turns out to be false, you will have
to modify your hypothesis to fit the new findings and repeat
steps 3 and 4. For example, perhaps the drug would lower
blood pressure if you increased the dose or gave it for a
longer period of time.

Even if your prediction turns out to be true, you're still
not done. This is because you've tested only one small part
of the hypothesis (its effectiveness under one specific set of
conditions), not all the infinite possibilities. How do we
know the drug is safe, and how safe is “safe,” anyway?
Does it cause a dangerous drop in blood pressure in
people with normal blood pressures? Does it cause birth
defects if taken by pregnant women? Does long-term use
lead to kidney failure? Does the drug’s effectiveness dimin-
ish over time? Specific predictions may have to be stated
and tested for each of these questions before the drug is
allowed on the market.

Only after many scientists have tried repeatedly (and
failed) to disprove a hypothesis do they begin to have more
confidence in it. A hypothesis cannot be proved true; it can
only be supported or disproved. As this example shows, the
scientific method is a process of elimination that may be
limited by our approach and even by our preconceived
notions about what to test. We move toward the best expla-
nation for the moment, with the understanding that it may
change in the future.

@ Web Animation The Scientific Method at www.humanbiology.
com.

Making the findings known

New information is not of much use if hardly anybody
knows of it. For that reason, scientists need to let others
know of their findings. Often they publish the details in
scientific journals to announce their findings to the world.
Articles in peer-reviewed journals are subjected to the scrutiny
of several experts (the scientists’ peers) who must approve
the article before it can be published. Peer-reviewed
journals often contain the most accurate scientific
information.

An unspoken assumption in any conclusion is that the
results are valid only for the conditions under which the
experiment was done. This is why scientific articles go into
such detail about exactly how the experiment was performed.
Complete documentation allows other scientists to repeat the
experiments themselves or to develop and test their own pre-
dictions based on the findings of others.

Try to apply the scientific method to a hypothesis deal-
ing with some aspect of evolution or to a global problem
such as cancer or AIDS, and you begin to appreciate how
scientists can spend a lifetime of discovery in science (and
enjoy every minute!). At times the process seems like three
steps forward and two steps back. You can bet that at least
some of what you learn in this book will not be considered
accurate 10 years from now. Nevertheless, even through our
mistakes we make important new observations, some of
which may lead to rapid advances in science and technology.
Just in the last 100 years we've developed antibiotics, sent
people to the moon, and put computers on millions of
desks.
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The Growing Threat of Antibiotic-Resistant Bacteria

hen antibiotics—drugs that kill bac-

teria—became available in the
1940s, they were hailed as a break-
through. Indeed, many people owe their
lives to them. But there is a downside:
Indiscriminate use of antibiotics leads to
antibiotic resistance in some strains of
bacteria. For example, in recent years a
new strain of the Staphylococcus aureus
bacterium has appeared that is resistant
to all penicillin-type antibiotics. This
frightening superbug, called MRSA (methi-
cillin-resistant Staphylococcus aureus)

antibiotic. With the total population of
bacteria now decreased, these antibiotic-
resistant survivors multiply. So the more
we use antibiotics, the more we encourage
the rise of resistant strains of bacteria.
Because antibiotics have been so ef-
fective in the past, we have grown to rely
on them and we tend to use them indis-
criminately. Over 50 million pounds of
antibiotics are produced each year in the
United States, about half of which are fed
to livestock or sprayed on fruit trees. Re-
searchers estimate that fully one-third of

all antibiotic prescriptions given to
nonhospitalized patients in the United
States are not needed.

The key to preserving the effective-

ness of antibiotics is to use them only
when necessary. Things we can do:

Don’t ask your doctor for antibiotics
for a viral illness such as a cold or flu.
Antibiotics kill bacteria but have no
effect on viruses.

Take antibiotics only when needed and
as prescribed. Complete the full course
of treatment.

can cause serious skin infections and even
penetrate bones and lungs, killing approxi-
mately 20% of those with severe infections. ;
Over 25% of all Staphylococcus aureus #
ear/nose/throat infections in children are
now MRSA.

The rise of MRSA actually makes bio-
logical sense. Whenever an antibiotic kills
most but not all of a population of bacte- &
ria, the surviving bacteria are the ones
that are naturally most resistant to the

Many people associate science with certainty, whereas in
reality scientists are constantly dealing with uncertainty. That
is why we find scientists who don't agree or who change
their minds. Building and testing hypotheses is slow, messy
work, requiring that scientists constantly question and verify
each other.

A well-tested hypothesis becomes a theory

Many people think that a theory is a form of idle speculation
or a guess. Scientists use the word quite differently. To
scientists, a theory is a broad hypothesis that has been ex-
tensively tested and supported over time and that explains
a broad range of scientific facts with a high degree of
reliability.

A theory is the highest status that any hypothesis can
achieve. Even theories, however, may be modified over
time as new and better information emerges. Only a few

Skin lesions caused hy MRSA.

= Reduce your use of antibacterial hand
creams, soaps, and laundry detergents.

= Support farmers’ efforts to reduce their
use of antibiotics in cattle feed and on
fruit trees.

= Support research efforts to find new
antibiotics.

Used properly and judiciously, antibiotics
will remain in our antibacterial arsenal for
many years. ®

hypotheses have been elevated to the status of theories in bi-
ology. Among them are the theory of evolution and the cell
theory of life.

Recap The scientific method is a systematic process of obser-
vation, hypothesis building, and hypothesis testing. A theory is
a broad hypothesis that has withstood numerous tests. »

1.4 Sources of scientific information
vary in style and quality

We are constantly bombarded by scientific information,
some of it accurate and some not. What can you believe
when the facts seem to change so quickly? All of us need

to know how to find good information and evaluate it criti-
cally. Different sources of scientific information may have

15
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very different goals, so look for those that can best inform
you at your own level of understanding and interest.

Some scientific knowledge is highly technical. As a re-
sult, scientists have a tendency to speak on a technical level
and primarily to each other. As we've already mentioned,
scientists often communicate by means of articles in
specialized peer-reviewed journals such as Nature and
Science. Articles in peer-reviewed journals are concise, accu-
rate, and documented so thoroughly that another scientist
ought to be able to duplicate the work after reading the ar-
ticle. Generally they refer extensively to previous literature
on the subject. Articles in peer-reviewed journals make for
laborious reading, and they are usually as dry as toast. But
bear in mind that their purpose is primarily to inform
other experts.

Other helpful print sources are science magazines and
nonfiction books meant for the well-educated public. The
goal is to inform the interested reader who may have only
a limited background in science. The authors are usually
science writers or experts who translate the finer scientific
points into language that we can all understand. The in-
formation is generally accurate and readable, although the
reader may not understand some of the details. Generally
these articles and books tell readers who want to delve
more deeply into the subject where to find more
information.

General interest news magazines and daily newspapers
also report on selected hot topics in science. Their goal is to
get the information out as quickly as possible to a wide audi-
ence. Coverage is timely but less in-depth than in science
magazines, and may not include the details you need to
check the validity of the statements. A decided plus is that
magazines and newspapers often discuss social, political,
economig, legal, or ethical ramifications of the scientific
findings, something generally lacking in the previous
sources. Although the scientific information is usually accu-
rate, the reporter may not understand the subject fully and
may not provide adequate context. The best articles point
readers to the original sources. Television (for instance,
the Discovery Channel, Nova) also presents science-related
topics to the public.

Since the 1980s, scientists and researchers have used
the Internet to communicate and share ideas. The recent
expansion of the World Wide Web has made the Internet
accessible to the general public, opening exciting new
sources of scientific information. Nearly all universities
now have Web pages; the site addresses end in “edu” (for
“educational”) rather than “.com” (for “commercial”). A
number of scientific and professional organizations have
created Web sites that offer helpful information for both
scientists and consumers. Examples of organizations with
Web sites include the National Institutes of Health, the
American Cancer Society, and the American Heart Associa-
tion. The Web addresses of government agencies and non-
profit organizations generally end in “.gov” and “.org,”
respectively.

Be aware that the Internet can also be a source of misin-
formation. At present the Internet is less closely regulated
than print and broadcast media, so it can be difficult to tell
the difference between objective reports and advertisements.
In addition, participants in online chat rooms and special in-
terest groups may promote their own opinions as proven
truths. It pays to be skeptical.

Recap The best sources of scientific information translate
difficult or complex information accurately into understand-
able terms and have enough references that you can check the
information if you wish. =

1.5 Learning to be a critical thinker

Many scientists are motivated by strong curiosity or a sense
of wonder and awe about how the natural world works.
Exploring the frontiers of knowledge requires a great deal
of creativity and imagination. Like many people, however,
scientists may leap to conclusions or resist new ideas. A
few may be driven by self-interest. To combat these natural
human tendencies, good scientists try to use certain tools
of critical thinking. You too can learn to use these tools,
regardless of whether you choose a career in science.

The sections below describe some of the simple tools

that anyone can use to improve their critical thinking
skills.

Become a skeptic

Good scientists combine creativity and imagination with
skepticism, a questioning attitude. If you've ever bought
something based on claims about how well it works and
then been disappointed, you know the value of skepticism.
Question everything and dig a little deeper before believing
something you read and hear. Here are some questions you
might ask yourself:

= Who says that a particular statement is true?

= What evidence is presented?

= Are the persons speaking on a subject qualified by train-
ing or skill to speak authoritatively about it?

= Are they being paid, and if so, how might that affect
what they have to say?

= Where's the evidence to back up a claim?

Skepticism is particularly important for claims that are
new, startling, and not yet verified by other scientists. Listen
carefully to the debate between scientists in the public arena.
A new scientific claim may take several years to be checked
out adequately.

Appreciate the value of statistics

Statistics is the mathematics of organizing and interpreting
numerical information, or data. Scientists use statistics to
determine how much confidence they should place in



information. Most scientists would be willing to accept ex-
perimental results with confidence if (according to statisti-
cal tests) they would get the same outcome 19 of every 20
times they repeat the experiment, or 95% of the time.
When you see numerical averages followed by a smaller
“+/—" number, the smaller number represents an expres-
sion of confidence in the certainty of the results, called the
“standard error.” In graphs, the standard errors are
represented as small lines that extend above and below the
average number.

Statistics are important in many disciplines. During elec-
tions, we may hear pollsters report, for example, that “52%
of the respondents said that they will vote for the president.
The poll has a margin for error of +/—3%.” This tells you
the pollsters are relatively certain that the actual percentage
who will vote for the president is somewhere between 49
and 55%, still too close to call.

Learn how to read graphs

Just like a picture, a graph is worth a thousand words.
Graphs display data obtained from observations and
experimental results in a way that is economical and easy to
grasp. Graphs can also be used to clarify the meaning of ex-
perimental results.

Most graphs are plotted on two lines, or axes (singular:
axis). The horizontal axis at the bottom is called the ab-
scissa (from math you may know this as the x-axis), and the
vertical axis is called the ordinate (y-axis). By convention the
independent variable, such as time, distance, age, or another cate-
gory that defines groups, is generally plotted on the abscissa.
The dependent variable, so called because its variation may
depend on the independent variable, is plotted on the
ordinate.
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Graphs can take a variety of forms, from plots of
individual data points to lines or bars of average values
(Figure 1.10). When reading a graph, first check the scales
and the legends on the abscissa and the ordinate to deter-
mine what the graph is about. Be careful to look for a “split
axis,” in which the scale changes. An example is shown in
Figure 1.11. A split axis is sometimes a convenient way of
representing data that cover a wide range on one axis, but
it can also be used to deliberately mislead people unfamil-
iar with reading graphs.

Distinguish anecdotes from scientific evidence

Anecdotal evidence takes the form of a testimonial or short
unverified report. Although an anecdote may be true as
stated, it in no way implies scientific or statistical certainty.
It cannot be generalized to the larger population because it
is not based on empirical evidence. Advertising agencies
sometimes use anecdotes to influence you. The actor on
television who looks sincerely into the camera and says
“Drug X worked for me” may be telling the truth—the drug
may work for him. But this does not prove the drug will
work for everyone, or even for 10% of the population.
Nonscientists (and even scientists) often say things like
“My grandmother swears by this remedy.” Again, the state-
ment may be true, but it is not scientific evidence. Listen
carefully to how the evidence for a statement is presented.

Suppose one brand of cold medication has
personal testimonials on its Web site from three different peo-
ple who all say that the medication helped them get over
colds faster, while another brand has similar stories from 30
people. Does this prove that the second medication is better
than the first? Why or why not?
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a) A scatter plot showing enrollment at each
individual college. Each data point is known
as an observation.
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b) A line graph representing the best straight
line fit of the data in a).
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c) A bar graph in which university enroliments
are lumped together in three class sizes and
the freshman enrollments are then averaged.
Standard error bars indicate that the data
have been analyzed statistically.

Figure 1.10 Types of graphs. Each of these graphs reports the relationship between freshman en-
rollment and total student enrollment at approximately 1,500 U.S. colleges and universities.

In the bar graph, why are the standard error bars in the third bar much higher than in the first
bar? Put another way, what do standard error bars actually tell us? (Look back at the first graph

for a hint.)
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Dependent variable (e.g., thousands
of cases of a hypothetical disease)
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b) Graph with split axis.

Figure 1.11 How a split axis affects a graph. The graph in b) is redrawn from the data in a) by
splitting the abscissa and omitting the data for the years 1920-1950. The effect is a consolidated
graph that fits in less space, but it might mislead you into thinking that the number of cases of the

disease has been rising steadily since 1910, instead of only since 1960.

Separate facts from conclusions

A fact is a verifiable piece of information, whereas a
conclusion is a judgment based on the facts. The news media
often mix facts with conclusions without indicating which is
which. Almost every evening on the business news we hear
statements like “The Dow Jones Industrial Average declined
50 points today on renewed concern over the consumer price
index.” The first half of the sentence (about the decline) is a
verifiable fact. The second half is conjecture on the part of
the reporter.

Or consider the following: “The average global tempera-
ture was 0.1°C higher this year than last year. The rise in tem-
perature proves that global warming is occurring.” Again, fact
is followed by conclusion. The conclusion may not be
warranted if temperature fluctuations up and down of 0.3°C
are normal from year to year.

Understand the difference between correlation
and causation

A close pattern or relationship (a correlation) between two
variables does not necessarily mean that one causes the
other. The catch-phrase is “correlation does not imply causa-
tion.” A good example of a correlation without causation is
the close correlation between ice cream sales and drownings—
when ice cream sales are up in the summer months, so are
drownings. Does that mean that eating ice cream causes
people to drown? Hardly. Ice cream sales and drownings
also correlate with (and are most likely caused by) a third
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According to a study of the nearly 140,000 women who
were enrolled in the Women'’s Health Initiative, women
who breast-fed their babies had a lower risk of develop-
ing heart disease and diabetes later in life than women
who did not breast-feed their babies. The headline of
the New York Times article about the research read
“Breast-Feeding Benefits Mothers, Study Finds.” Is
this a correct summary of the research?

The answer is “NO”! This is a classic case of the com-
mon misunderstanding about the relationship between
correlation and causation. Yes, there is a clear correlation
between breast-feeding and a lower risk of diabetes and
heart disease later in life, according to the study. But that
is not proof that the act of breast-feeding is what reduces
the risk. What if women who breast-fed their children are
just more health conscious overall throughout life? What if
they exercise more often, or have healthier diets?

A more correct headline would be “Breast-Feeding
May Benefit Mothers, Study Suggests.” Indeed, the arti-
cle itself goes on to say that some experts are caution-
ing that an association (between breast-feeding and
health benefits) does not prove a causal relationship,
and that more research would be needed to determine
the exact cause of the effect (lower risk). ®




factor not mentioned in the original correlation—warmer
temperatures during the summer.

If the above example seems too obvious, try this one:
In 1999 a study at a major university found that children
who slept with a light on were more likely to develop
nearsightedness (myopia) later in life. But does this mean
that sleeping with a light on causes nearsightedness? In
fact, a follow-up study in 2000 found no direct causal
relationship between sleeping with a light on and the de-
velopment of nearsightedness. The follow-up study
showed that children who develop nearsightedness are
more likely to have parents who are nearsighted, suggest-
ing (but not proving) a genetic cause. It also showed that
parents who are nearsighted are just more likely to leave
the light on!

In the above example, the original scientific observation
was stated correctly (lights-on correlates with nearsighted-
ness). But anyone who became convinced that sleeping with
a light on causes nearsightedness would have been wrong. Be
skeptical of causal statements that are based only on a good
correlation, for the true cause may not be obvious at first.
(See MJ's Human Biology Blog, Correlation Versus
Causation.)

Of course, a close correlation is likely whenever a true
causal relationship does exist. So although a correlation does
not necessarily prove causation, it can be a strong hint that
you may have found the true cause, or at least that the true
cause is nearby and may even be linked to both of the
variables you're observing.

Recap Healthy skepticism, a basic understanding of statis-
tics, and an ability to read graphs are important tools for criti-
cal thinking. Know anecdotal evidence when you see it, and
appreciate the differences between fact and conclusion and
between correlation and causation. ®

1.6 The role of science in society

How do we place science in its proper perspective in our
society? Why do we bother spending billions of dollars on
scientific research when there are people starving in the
streets? These are vital questions for all of us, so let’s look
at why we study the natural world in the first place.

Science improves technology and the human
physical condition

Science gives us information about the natural world upon
which we can base our societal decisions. Throughout
history some of the greatest benefits of science have been
derived from the application of science, called technology,
for the betterment of humankind (Figure 1.12). Time and
time again, scientific knowledge has led to technological
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a) Modern farmers grow food crops much more efficiently than
in the past, thanks to advances in such diverse fields as
genetics, chemistry, and even the aerospace industry. Global
positioning satellites and computers allow farmers to administer
fertilizers precisely where needed, thereby eliminating waste,
reducing environmental degradation, and improving yields.

b) This scientist is collecting insects from a tree-top in a
tropical rainforest. Studies such as this improve our
understanding of the interrelationships of organisms in an
ecosystem and have yielded rare natural chemical compounds
that may prove useful in human and animal medicine.

Sep 22 2004

) A satellite map documenting depletion of the ozone layer
over Antarctica in 2004. The area of greatest depletion appears
dark blue. Studies such as this one allow scientists to document
when and where ozone depletion occurs so that they can better
understand its causes and cures.

Figure 1.12 Benefits of science. These photos show typical
scenes of scientists and the application of science (technology) for
the betterment of the human condition.
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advances that have increased the productivity and hence
prosperity of both industries and nations. Science has given
us larger crop yields, more consistent weather predictions,
better construction materials, better health care, and more
efficient and cleaner sources of power, to name just a few
benefits. It has made global transportation and communica-
tion possible.

Many people are concerned that overuse of our techno-
logical capabilities may lead to problems in the future.
Science can help here, too, by helping us identify problems
early on. We can see the early warning role of science in the
“Health & Wellness” discussion of bacterial resistance to an-
tibiotics (on page 15). Only by understanding a problem can
we learn how to solve it. Science helps us correct our
mistakes.

Science has limits

Scientific knowledge is limited to physical explanations
for observable events in the natural world. It cannot prove
or disprove the existence, or importance to us, of things
that fall outside the realm of the natural world, such as
faith or spiritual experiences. Many scientists have a
strong faith or belief that cannot be tested by science, be-
cause faith does not depend on logical proof or material
evidence. They believe that the search for meaning and the
search for knowledge are complementary, not
contradictory.

In addition, science alone cannot provide us with the
“right” answers to political, economic, social, legal, or eth-
ical dilemmas. Humans have minds, a moral sense, and a
sense of history and the future. How we use scientific
knowledge is up to all of us, not just scientists. For ex-
ample, given the current state of knowledge about how
cells grow and divide, scientists may eventually be able to
clone an adult human being. Whether or not we should
permit cloning, and under what circumstances, are impor-
tant topics of public debate. It's not for scientists to
decide alone.

This does not mean scientists are without moral
obligation. As experts in their fields, they are in a unique
position to advise us about the application of scientific
knowledge, even if the choices ultimately rest with
all of us.

A practical limitation of science is that some information,
including data that may be useful in improving human health,
cannot be obtained by observation or experimentation. Our
society places a very high value on human life, and therefore
we don’t experiment on humans unless the experiment is
likely to be of direct benefit to the subject (the use of experi-
mental cancer drugs falls into this category). This is why it is
hard to investigate the danger of street drugs like cocaine or
anabolic steroids. No good scientist would ever deliberately
give healthy humans a drug that might cause injury or death,
even if the resulting information could save lives in the future.
Our society currently does permit experiments on animals as
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Here’s an interesting dilemma for you: An industrial
chemical is known to cause a particular type of cancer
in rats. A lifelong employee at the plant that makes the
chemical is diagnosed with the cancer, so he sues the
company for millions of dollars. Ultimately the employee
loses the case and receives nothing, because the com-
pany’s lawyers argue (correctly) that the worker could
have gotten the cancer from some other source, or that
the worker had a genetic predisposition to cancer. In
other words, the worker cannot prove scientifically
beyond a reasonable doubt that his cancer was caused
by exposure to the chemical while working in the com-
pany’s plant. Having won the case, the company contin-
ues to expose its current workers to the chemical.

Do we consider this to be fair, equitable, and just?
Should the entire burden of uncertain science be borne
by just one side?

Some lawyers are now arguing for the concept of
“shared responsibility” when the scientific evidence
leaves room for uncertainty. Perhaps the company
should be asked to pay at least a small amount to its
workers who develop the cancer as acknowledgment
that their chemical might have caused the workers’
cancers—not enough for the workers to have “won
the lottery” or to bankrupt the company, but at least
enough to help defray the workers’ medical expenses.
Over time that might cause the company to reconsider
continuing to expose its current workers.

What do you think? =

substitutes for human subjects, however, provided that federal
guidelines are strictly followed (Figure 1.13).

The importance of making informed choices

You live in a science-oriented society. Throughout this book
we present a common theme: Every day you make decisions
about how you and society choose to use the knowledge that
science gives us. Whether or not you are conscious of it,
whether or not you deliberately take action, you make these
choices daily.

Should Olympic athletes be allowed to use bodybuild-
ing drugs? Do you think the use of pesticides is justified in
order to feed more people? How do you feel about the
cloning of human beings? Are you willing to eat a proper




Figure 1.13 Animals in research. In this society we allow the
use of animals for research in certain circumstances. This
researcher is using a noninvasive technique for measuring blood
flow in the skin as part of a study of vascular diseases.

Chapter Summary

The characteristics of life p. 4

= All living things acquire both matter and energy from their envi-
ronment, transforming them for their own purposes.

= The basic unit of life is a single cell.

= Living things maintain homeostasis, respond to their external
environments, and reproduce.

How humans fit into the natural world p. 7

= The biological world can be organized into kingdoms. A
common scheme classifies life into five kingdoms: Monera,
Protista, Fungi, Plantae, and Animalia.

= Peatures that define humans are bipedalism, well-developed op-
posable thumbs, a large brain, and the capacity for complex
language.

= Humans are part of communities of different organisms living
together in various ecosystems.

Science is both a hody of knowledge and a process p. 11

= Scientific knowledge allows us to describe and make predictions
about the natural world.

= The scientific method is a way of thinking, a way of testing
statements about the natural world (hypotheses) by trying to
prove them false.

= A theory is a hypothesis that has been extensively tested and that
explains a broad range of scientific facts with a high degree of
reliability.
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diet to stay healthy—and by the way, what is a proper diet?
Who should pay for health care for the poor?

Our knowledge has advanced rapidly. By the end of this
book you will know more about genetics and evolution
than did the scientists who originally developed the theo-
ries about them. With knowledge comes the responsibility
for making choices. From global warming to genetic engi-
neering to personal health, each of us must deal with issues
that concern our well-being and the future of the biological
world in which we live. We owe it to ourselves, as individu-
als and as a society, to acquire the knowledge and skill we
need to make intelligent decisions. Your choices can make a
difference.

Recap Science and technology have improved the human con-
dition. Science cannot, however, resolve moral dilemmas. Sci-
entists can advise us on issues of science, but we as a society
must decide how to put this scientific knowledge to use. ®»

Sources of scientific information vary in style and quality p. 15

= Articles in peer-reviewed scientific journals are generally written for
other scientists. They may be difficult to read but are very accurate.

= Journals, books, and television shows on popular science pre-
sent scientific knowledge efficiently to the general public.

= Web sites vary widely in the quality and accuracy of the informa-
tion they present.

Learning to be a critical thinker p. 16

= Skepticism is a questioning attitude (“prove it to me”). Critical
thinking requires skepticism.

= Knowing how to read graphs and understand basic statistics can
help you evaluate numerical data.

= Being able to recognize an anecdote, tell fact from conclusion,
and distinguish between correlation and causation can help you
evaluate the truth of a claim.

The role of science in society p. 19

= The application of science is called technology.
= Science is limited to physical explanations of observable events.
= How to use science is up to us.

Terms You Should Know

biology, 4 hypothesis, 12
control group, 14 science, 4

data, 16 scientific method, 11
experiment, 13 theory, 15

experimental group, 14 variable, 13

homeostasis, 6
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Concept Review

Answers can he found at the Human Biology Place.
www.humanbiology.com

1.

2.
3.

Living things have a different molecular composition from non-
living things. What makes this possible?

Explain the meaning of the term homeostasis.

Name four features that together contribute to our uniqueness
and define us as human.

. Describe the difference between a hypothesis and a prediction

(or working hypothesis).

. Discuss the role of scientists in helping us solve economic,

social, and ethical dilemmas.

Test Yourself

Answers can be found in Appendix A.

1.

To which of the following domains of life do humans belong?
a. prokarya

b. eukarya

c. animalia

d. mammalia

. To which of the following domains do unicellular organisms

which lack nuclei belong?

a. Eukarya

b. Archaea

c. Bacteria

d. both Archaea and Bacteria

. New scientific knowledge is gained through a multistep process

known as

a. the scientific method

b. hypothesis development
c. variable testing

d. observation testing

. An experiment designed and conducted under strictly managed

conditions is a:

a. replicated experiment

b. controlled experiment

c. "blind” experiment

d. peer-reviewed experiment

. A broad hypothesis that has been supported by repeated experi-

mentation is known as:

a. a proven hypothesis

b. a supported hypothesis
c. atheory

d. a dogma

. Which of the following is used when developing a

hypothesis?

a. observations

b. inductive reasoning

c. controlled experiments

d. both observations and inductive reasoning

7.

9

10.

11.

12.

13.

14.

The smallest unit of life that demonstrates all the properties of
life is:

a. an organism

b. an organ system

c. amolecule

d. acell

. Consider all of the organisms (human as well as nonhuman)

that occupy your college campus. From a biological standpoint,
this would be:

a. a community

b. an ecosystem

c. abiome

d. a population

. Which of the following lists the steps of the scientific method in

order?

a. observation—prediction—experimentation—hypothesis
development

b. hypothesis development—observation—experimentation—
prediction

c. prediction—hypothesis development—experimentation—
observation

d. observation—hypothesis development—prediction—
experimentation

In graphs, which of the following is usually plotted on the
abscissa (x axis)?

a. controlled variable

b. independent variable

c. dependant variable

d. placebo

An acceptable scientific hypothesis:
a. can be tested

b. can be proven true

c. can be proven false

d. both (a) and (¢)

Drug A is being tested for its effectiveness in shortening the

duration and severity of influenza in humans. In designing an

experiment to test Drug A, which of the following would be

an important consideration?

a. Participants can choose whether to be in the experimental or
control group.

b. The experimental group will contain only males and the
control group will contain only females.

c. The experimental group should contain 1,000 subjects, but
the control group should include 100 subjects.

d. The experimental group will receive Drug A and the control
group will receive a placebo.

Jenna has been telling her friends about how successful she was
at losing 10 pounds by using a dietary supplement she
purchased at a health food store. This is an example of:

a. a proven hypothesis

b. anecdotal evidence

c. a controlled experiment

d. ascientific theory

The maintenance of a relatively stable internal environment is:
a. metabolism

b. evolution

c. constancy

d. homeostasis
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15. All of the following are features that collectively distinguish

humans from other animals except:
. bipedalism
. large brain
ability to evolve as a species
. capacity for complex language

Apply What You Know

an o

Answers can be found at the Human Biology Place.
www.humanbiology.com

1. A magician has a coin that he says (hypothesizes) has heads on
both sides, but he’s unwilling to show you both sides. To con-
vince you, he flips it three times and gets heads each time. Do
you believe that the coin has two heads? What if he gets heads
10 times in a row? 100 times? What would it take (by coin flip)
to prove that the coin does not have two heads? With this exam-
ple, explain the difference between having relative confidence in
the truth of a hypothesis, proving it to be true, and proving it to
be false.

2. Your roommate is writing a paper on the subject of cocaine and

birth defects in humans and wonders why there don’t seem to
be published reports of controlled experiments in humans on
the subject; all the studies are on rats! Describe to her how such
a controlled experiment would have to be designed and
conducted, and convince her that it would never be permitted
by any responsible regulatory agency.

. You have a friend who truly believes in the existence of ghosts
and says he has scientific evidence; he and his two roommates
have all seen them. Explain to your friend what it means to
have scientific evidence. Think about what data are, how they
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are gathered, and why personal experiences do not meet the cri-
teria to be considered scientific evidence.

. An episode of an old TV show was about doctors living

in a tropical environment where the heat is unusually oppres-
sive. An orderly comes to seek relief from the heat, and one
doctor gives a supply of sugar pills to the orderly and tells
him they are an experimental drug designed to keep humans
cool in hot weather. The gullible orderly takes them, and
while others are sweating, he claims to suffer no effects from
the heat to the point of not even sweating. He later finds out
the drug is fake, and immediately complains of being
overheated.

This is a fictitious demonstration of the “placebo effect.”
Explain how the placebo effect can be avoided when testing
new drugs.

. You are trying to convince your friend who smokes cigarettes

that he should quit. You explain to him that smoking and the
incidence of lung cancer are strongly correlated. Your friend says
that that does not prove smoking causes lung cancer. Is your
friend correct? If so, explain why he is correct. What would you
say to him?

. On the radio, you hear an interview with a climatologist

discussing global warming. The interviewer asks the scientist
what proof she has that humans are to blame for global warming
and the resulting rise in sea levels. The scientist responds that
while we cannot prove humans are to blame for global warming,
there is much evidence that human activities are responsible for
the rising temperatures. The interviewer says, “Aha, so you have
no proof that humans are to blame, and this is all nothing more
than a theory, and isn’t a theory nothing more than an opinion?”
What differentiates a scientific theory from an opinion?

. Explain why religious explanations cannot disprove a scientific

theory, and conversely, why science cannot prove or disprove a
religious belief.
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Current Issue

Crystals of lactose, a carbohydrate. Human milk contains 6% lactose.

Functional Foods and Dietary Supplements—Safe and Effective?

R ed Bull energy drink to boost our
energy; glucosamine and chond-
roitin for our aching joints; extracts of
Ginkgo biloba to improve our memories:
We seem to have an appetite for func-
tional foods and dietary supplements
that promise to improve our health or
make us feel better.

Functional foods, also sometimes
called “nutraceuticals,” are food or drink
products that are said to have benefits
beyond basic nutrition. Some are natural
products; others are fortified foods or
completely artificially created products.
Red Bull is a functional food because of
the manufacturer’s claim that it “boosts

energy levels.” Whole-wheat bread is a

functional food, too, if the claim is made

that the insoluble fiber in wheat bran
“contributes to the maintenance of a
healthy digestive tract.”

Dietary supplements are products that
are not normally part of the diet, but that
you choose to take to improve your health
or well-being. They include your daily
multi-vitamin, as well as any supplemen-
tal minerals, amino acids, body-building
products, plant extracts, and hormones
you take by choice. Extracts of Echinacea
purpurea taken to fight infections and ex-
tracts of Ginkgo biloba for improved
memory are both dietary supplements.

Do you know what’s in this can?




Some natural-product dietary supple-
ments, such as herbal remedies, have been
around for hundreds or even thousands of
years. Many of the ingredients in them
probably do have specific health benefits.
However, their effectiveness and safety in
most cases have never been tested scien-
tifically. How did this state of affairs come
about, and are we comfortable with it? To
understand this issue, it will help you to
understand how and why functional foods
and dietary supplements are regulated dif-
ferently than pharmaceutical drugs (and
why drugs cost so much!).

Regulatory Issues

The U.S. Food and Drug Administration
(FDA) is responsible for overseeing the
safety and efficacy of pharmaceutical
drugs (drugs created specifically for the
treatment or prevention of disease). By
law, a pharmaceutical company must prove
beyond a reasonable doubt that a new drug
is safe and effective in humans before it
can be sold to the public. On average it
takes 12-15 years and costs about $800
million to bring one new drug to market.
Companies can afford it only because they
can patent the drug, giving them exclusive
ownership and marketing rights for a cer-
tain number of years. Although patients
sometimes complain about the high cost of
prescription medications, pharmaceutical
companies respond that the price reflects
their steep development costs.

Because the ingredients in functional
foods and dietary supplements occur in na-
ture, they cannot be patented. Anyone can
purify and package them. But without the
assurance of patent protection, manufactur-
ers and producers cannot afford to spend
what it would cost to test their safety and ef-
fectiveness. Recognizing this, back in 1994
the dietary supplement manufacturers asked
for (and were granted) an exemption from
the FDA drug approval process. Under the
Dietary Supplements Health and Education
Act of 1994, dietary supplements and

every year.

The facts...

products would be available.

functional foods can be produced and sold
until they are proven unsafe. And why would
any manufacturer choose to spend time and
money to prove its own product unsafe? The
FDA does not even need to be notified of
“adverse events”; the agency must rely on
voluntary information supplied by consumers
and health professionals. As a result, the
FDA reported only about 500 adverse events
per year associated with dietary supplements
over a five-year period. In contrast, the
American Association of Poison Control Cen-
ters received nearly 7,000 reports involving
dietary supplements in one year alone.

Producers and distributors of
functional foods and dietary supplements
also have considerable latitude in advertis-
ing their products; the only restriction is
that they are not allowed to claim that
their product prevents or treats specific
medical conditions or diseases. For exam-
ple, producers of cranberry juice products
are free to say that cranberry juice “helps
maintain urinary tract health” (a rather
vague health claim), but they cannot claim
that cranberry juice “prevents the recurrence
of urinary tract infections” because that
would represent a specific medical claim.
Nevertheless, many consumers do use
cranberry juice to treat urinary tract infec-
tions or to prevent their recurrence, simply
because they believe that it works. And in-
deed it may; it’s just that it has never been
scientifically tested to the standards of a
pharmaceutical drug.

With all that latitude in producing and
marketing their products, it's not surprising
that the functional foods and dietary sup-
plements industries and the advertising in-
dustry that supports them have grown
rapidly. U.S. sales of dietary supplements
now top $18 billion a year.

Questions of Safety and Efficacy

Proponents of functional foods and dietary
supplements argue that because many of
these products have been in use for a long
time, any adverse effects should have

m Functional foods and dietary supplements are popular with consumers.
Americans consume more than $18 billion worth of dietary supplements

Functional foods and dietary supplements don’t pass through the same rigor-
ous approval procedure that is required of all new pharmaceutical drugs.

Some products may not he effective; others may not be safe. However,
increased regulation to ensure efficacy and safety would mean fewer

shown up by now. Critics argue that many
of the ingredients can now be synthesized
chemically, and thus used at much higher
concentrations and in different combina-
tions than ever occur in nature. The active
ingredients in Red Bull, for example, are
all synthetically produced.

How will you determine if the supplement you're
taking is safe and effective?

Other concerns include inaccurate
product labeling and improper manufactur-
ing processes. Manufacturers are not
required to report quality control informa-
tion to the FDA, so there is no assurance
that the product actually contains what the
manufacturer says it does. For example, in-
dependent tests found that products
labeled as containing the same dosage of
ginseng actually varied by a factor of 10
(some contained none at all). And Califor-
nia investigators found that nearly a third
of all imported Asian herbal remedies they
tested contained lead, arsenic, mercury, or
drugs not mentioned on the label at all.

Consumers want to be assured that the
dietary supplements and natural and fortified
food products they use are safe. They'd like
to know that the health claims about these
products are true. How to achieve that goal
and still ensure that the products remain
available is an ongoing issue. In the mean-
time, it's up to you to know what is in the
products you choose to put in your body.

Questions to consider

1 Who do you think should be responsi-
ble for ensuring that dietary supplements
and functional foods are safe? Would
you be willing to accept more regulation
if it meant fewer products would be avail-
able? Explain your position.

2 What dietary supplements or
functional foods do you use? Do you
know what'’s in them and do you
understand why you're using them™?
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2> The natural world consists of matter and energy.
The smallest functional unit of matter is an
atom.

>»> Chemical bonds link atoms together to form
molecules. These bonds form naturally
because the molecules are more stable than
the atoms that comprise them. One of the
most important naturally occurring stable
molecules is water.

Key concepts

)> Water is the universal biological solvent. Water
comprises most of the fluid within cells and
also surrounds all cells in multicellular
organisms. Most of life’s chemical reactions
take place in it.

»> Living things harness energy and use it to
make complex molecules not otherwise found
in nature. The four classes of “organic”
molecules made by living organisms are pro-
teins, carbohydrates, lipids, and nucleic
acids.

»> Carbon is the common building block of all four
classes of organic molecules because of the
many ways it can form chemical bonds with
other atoms.

s mentioned in Chapter 1, the natural world consists of

matter and energy. Chemistry is the study of matter and
the energy that causes matter to combine, break apart, and
recombine into all the substances, both living and nonliving,

a) A magnified view (X 15,000) of a portion of b) A magnified view (X 30) of a crystal of
a skeletal muscle cell. aspirin.

Figure 2.1 All matter is made of atoms. The three most common atoms in both muscle

and aspirin are carbon, hydrogen, and oxygen.
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that exist in the natural world. Every substance is made from
the same basic units of matter and the same types of energy
(Figure 2.1). Everything in the natural world, including you
and me, is governed by the laws of chemistry.

Yet there is something very special about the chemistry of
living things. Living organisms have the ability to grow and re-
produce, unlike inanimate objects. Living things have evolved
to take advantage of the rules of chemistry that govern the nat-
ural world. Living organisms create special combinations of
matter not generally found in nonliving things. They also have
developed the ability to store energy so that they may later
turn it to their own purposes.

In this chapter we consider how the laws of chemistry
serve life. We begin with an introduction to basic
chemistry.

2.1 All matter consists of elements

Matter is anything that has mass and occupies space. All
matter is composed of elements. An element is a fundamen-
tal (pure) form of matter that cannot be broken down to a
simpler form. Aluminum and iron are elements, and so are
oxygen and hydrogen. There are just over 100 known
elements, and together they account for all matter on Earth.
The periodic table of elements arranges all known elements
into groups according to their similar properties (Figure 2.2).

Atoms are the smallest functional units
of an element

Elements are made up of particles called atoms. An atom is
the smallest unit of any element that still retains the physi-
cal and chemical properties of that element. Although we
now know that atoms can be split apart under unusual
circumstances (such as a nuclear reaction), atoms are the
smallest units of matter that can take part in chemical reac-
tions. So, for all practical purposes, atoms
are the smallest functional units of matter.
The central core of an atom is called
the nucleus. The nucleus is made of posi-
tively charged particles called protons
and a nearly equal number of neutral par-
ticles called neutrons, all tightly bound
together. An exception is the smallest
atom, hydrogen, whose nucleus consists
of only a single proton. Smaller
negatively charged particles called
electrons orbit the nucleus. Because elec-
trons are constantly moving, their precise
position at any one time is unknown. You
may think of electrons as occupying one
or more spherical clouds of negative
charge around the nucleus called shells.
Each shell can accommodate only a
certain number of electrons. The first
shell, the one closest to the nucleus, can
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Figure 2.2 The periodic table shows all known elements in order of increasing atomic number.
For example, nitrogen (N) has 7 protons, so its atomic number is 7. The table also organizes elements
into groups based on the number of electrons in their outer shells (elements in group 1 have one

electron, those in group 3 have three electrons, and so on). Scientists are interested in the number of
electrons in the outer shell because these particles affect how an atom interacts with other elements.

hold two electrons, the second can accommodate up to
eight, and the third shell (if there is one) also accom-
modates eight. Each type of atom has a unique number of
electrons. Under most circumstances the number of
electrons equals the number of protons, and, as a result,
the entire atom is electrically neutral (Figure 2.3).

Protons and neutrons have about the same mass and
both have much more mass than electrons. (Mass is mea-
sured chemically and is not dependent on gravity. For the
purpose of this text, however, mass and weight are about the
same.) The protons and neutrons in the atom'’s nucleus
account for over 99.9% of the atom’s mass.

In the periodic table and in chemical equations, atoms
are designated by one- or two-letter symbols taken from
English or Latin. For example, oxygen is designated by the
letter O, nitrogen by N, sodium by Na (from the Latin word
for sodium, natrium), and potassium by K (Latin kalium). A
subscript numeral following the symbol indicates the num-
bers of atoms of that element. For example, the chemical for-
mula O, represents two atoms of oxygen linked together, the
most stable form of elemental oxygen.

In addition to a symbol, atoms have an atomic number
representing the characteristic number of protons in the

nucleus and an atomic mass (or mass number), which is gen-
erally fairly close to the total number of neutrons and
protons.

Nitrogen’s atomic number is 7. Just from the
atomic number, can you determine how many protons, neutrons,
and electrons a nitrogen atom has, and how many electrons
are in its first and second electron shells? (Assume the atom
is electrically neutral.)

Isotopes have a different number of neutrons

Although all the atoms of a particular element have the
same number of protons, the number of neutrons can vary
slightly. Atoms with either more or fewer neutrons than the
usual number for that element are called isotopes. Isotopes
of an element have the same atomic number as the more
common atoms but a different atomic mass. For example,
elemental carbon typically consists of atoms with six protons
and six neutrons, for an atomic mass of 12. The isotope

Answers to questions can he found in Appendix A.
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Electron

Proton

a) Hydrogen
1 proton

Shell

b) Oxygen
8 protons
8 neutrons
8 electrons
in 2 shells

c) Sodium
11 protons
11 neutrons
11 electrons
in 3 shells

Figure 2.3 The structure of atoms. Atoms consist of a nucleus,
comprising positively charged protons and neutral neutrons,
surrounded by spherical shells of negatively charged electrons.

of carbon known as carbon-14 has an atomic mass of 14 be-
cause it has two extra neutrons.

Isotopes are always identified by a superscript mass
number preceding the symbol. For instance, the carbon-14
isotope is designated *C. The superscript mass number of
the more common elemental form of carbon is generally
omitted because it is understood to be 12.

Many isotopes are unstable. Such isotopes are called
radioisotopes because they tend to give off energy (in the form

of radiation) and particles until they reach a more stable state.
The radiation emitted by radioisotopes can be dangerous to
living organisms because the energy can damage tissues.

Certain radioisotopes have a number of important sci-
entific and medical uses. Because the rate of decay to more
stable energy states is known for each radioisotope, scientists
can determine when rocks and fossils were formed by mea-
suring the amount of radioisotope still present. The carbon-
14 isotope is commonly used for this purpose. In medicine,
radioisotopes are used to “tag” molecules so that radiation
sensors can track their location in the body. For example,
physicians use radioisotopes to locate areas of damaged tis-
sue in a patient’s heart after a heart attack. Radioisotopes
are also used to target and kill certain kinds of cancer. Cer-
tain radioisotopes that emit energy for long periods of time
are used as a power supply in heart pacemakers.

Recap Atoms are made up of protons, neutrons, and electrons.
Radioisotopes are unstable atoms with an unusual number of
neutrons that give off energy and particles as they decay to a
more stable state. »

2.2 Atoms combine to form molecules

A molecule consists of a stable association between two or
more atoms. For example, a molecule of water is two atoms
of hydrogen plus one atom of oxygen (written H,0). A mol-
ecule of ordinary table salt (written NaCl) is one atom of
sodium (Na) plus one atom of chlorine (Cl). A molecule of
hydrogen gas (written H,) is two atoms of hydrogen. To un-
derstand why atoms join together to form molecules, we
need to know more about energy.

Energy fuels life’s activities

Energy is the capacity to do “work,” the capacity to cause
some change in matter. Joining atoms is one type of work,
and breaking up molecules is another—and both require
energy. Stored energy that is not actually performing any
work at the moment is called potential energy because it
has the potential to make things happen. Energy that is actu-
ally doing work—that is, energy in motion—is called kinetic
energy (Figure 2.4).

You can visualize the difference between potential en-
ergy and kinetic energy in the water held behind a dam:
there is tremendous potential energy in the water held in
reserve. When the water is released, potential energy is con-
verted into kinetic energy: rushing water that can be put to
work turning turbines. Similarly, the spark of a match con-
verts the potential energy in firewood to kinetic energy in
the form of heat and light.

Potential energy is stored in the bonds that hold atoms
together in all matter, both living and nonliving. Living
organisms take advantage of this general principle of chem-
istry by using certain molecules to store energy for their own



a) Potential energy is
locked up in the
chemical bonds of
energy-storage
molecules in Greg
Louganis' tissues.

b) Kinetic energy is energy in motion.

Figure 2.4 Energy.

use. When the chemical bonds of these energy-storage mole-
cules are broken, potential energy becomes kinetic energy.
We rely on this energy to do biological work, such as breath-
ing, moving, digesting food, and many other tasks.

Recall that electrons carry a negative charge, whereas
protons within the nucleus have a positive charge. Electrons
are attracted to the positively charged nucleus and repelled
by each other. As a result of these opposing attractive and re-
pulsive forces, each electron occupies a specific shell around
the nucleus. Each shell corresponds to a specific level of elec-
tron potential energy, and each shell farther out represents a
higher potential energy level than the preceding one closer
to the nucleus. When an electron moves to a shell closer to
the nucleus, it loses energy. To move to a shell that is farther
from the nucleus, the electron must absorb energy.

Chemical bonds link atoms to form molecules

A key concept in chemistry is that atoms are most stable when
their outermost electron shell is completely filled with the max-
imum number of electrons that it can accommodate. An atom
whose outermost electron shell is not normally completely
filled tends to interact with one or more other atoms in a way
that fills its outermost shell. Such interactions generally cause
the atoms to be bound to each other by attractive forces called
chemical bonds. The three principal types of chemical bonds
are called covalent, ionic, and hydrogen bonds.
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Covalent bonds involve sharing electrons. One way that an atom
can fill its outermost shell is by sharing a pair of electrons with
another atom. An electron-sharing bond between atoms is
called a covalent bond (Figure 2.5). Covalent bonds between
atoms are among the strongest chemical bonds in nature, so
strong that they rarely break apart. In structural formulas, a
covalent bond is depicted as a line drawn between two atoms.
For example, the structural formula for hydrogen is H—H.

Hydrogen gas offers an example of how a covalent (elec-
tron-sharing) bond fills the outermost shells of two atoms.
Each of the two hydrogen atoms has just one electron in the
first shell, which could accommodate two electrons. When
joined together by a covalent bond (forming H,, a gas), each
atom has, in effect, a “full” first shell of two electrons. As a
result, H, gas is more stable than the same two hydrogen
atoms by themselves. The sharing of one pair of electrons, as
in H,, is called a single bond.

Oxygen gas is another example of covalent bonding. An
oxygen atom has eight electrons: two of these fill the first

Structural
: formula
;’X::.:‘tslna Structural representation with
covalent
bond
Hydrogen . H—H
(Hp) S

Single covalent bond

Oxygen 0=0
(02)
Double covalent bond
Water O—H
(H20) I
H

Two single
covalent bonds

Figure 2.5 Covalent bonds. Sharing pairs of electrons is a way
for atoms to fill their outermost shell.

Draw the structural formula of CH,. Hint: Carbon has 2 electrons
in its inner shell and 4 in its second shell.
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electron shell, and the remaining six occupy the second elec-
tron shell (which can accommodate eight). Two oxygen
atoms may join to form a molecule of oxygen gas by sharing
two pairs of electrons, thus completing the outer shells of
both atoms. When two pairs of electrons are shared, the
bond is called a double bond. In structural formulas, double
bonds are indicated by two parallel lines. For example, the
structural formula for oxygen is O=0.

A molecule of water forms from one oxygen and two hy-
drogen atoms because this combination completely fills the
outermost shells of both hydrogen and oxygen. The pre-
valence of water on Earth follows from the simple rule that
matter is most stable when it contains the least potential en-
ergy. That is, both hydrogen and oxygen are more stable
when bonded together (as H,0) than as independent atoms.

Quick Checl Can you determine the number of bonds
between atoms in a single molecule of carbon dioxide, CO,?
Hint: Oxygen has eight electrons and carbon has six electrons. ®»

lonic honds occur between oppositely charged ions. A second
way that atoms can fill their outer shell of electrons is to give
up electrons completely (if they have only one or two elec-
trons in their outermost shell) or to take electrons from
other atoms (if they need one or two to fill their outermost
shell). Such a loss or gain of electrons gives the atom a net
charge, because now there are fewer (or more) electrons than
protons in the nucleus. The net charge is positive (+) for
each electron lost and negative (—) for each electron gained.

An electrically charged atom or molecule is called an
ion. Examples of ions are sodium (Na*), chloride (Cl7), cal-
cium (Ca?"), and hydrogen phosphate (HPO, ™). Notice that
ions can have a shortage or surplus of more than one electron.
(Ca?* has lost two electrons.)

Ever heard the expression “opposites attract”? It should
come as no surprise that oppositely charged ions are att-
racted to each other. When two oppositely charged ions

Q
Q9
] o
00 Na 00
-9

Chlorine atom (Cl)

Sodium atom (Na)

come together, an ionic bond is formed (Figure 2.6). In
aqueous (watery) solutions, ionic bonds are much weaker
than covalent bonds, and so ionic bonds tend to break rather
easily. In the human body, for example, almost all of the
sodium is in the form of Na*, and most of the chlorine is in
its ionized form, called chloride (Cl™). Very little exists as NaClL.

Ions in aqueous solutions are sometimes called
electrolytes because solutions of water containing ions are
good conductors of electricity. As you will see, cells can
control the movement of certain ions, creating electrical
forces essential to the functioning of nerves, muscles, and
other living tissues.

Weak hydrogen honds form between polar molecules. A
third type of attraction occurs between molecules that do
not have a net charge. Glance back at the water molecule
in Figure 2.5 and note that the two hydrogen atoms are
found not at opposite ends of the water molecule, but
fairly close together. Although the oxygen and the two
hydrogen atoms share electrons, the sharing is unequal.
The shared electrons in a water molecule actually spend
slightly more of their time near the oxygen atom than
near the hydrogen atoms because the oxygen atom attracts
electrons more strongly than do the hydrogen atoms. The
uneven sharing gives the oxygen region of a water mole-
cule a partial negative charge and the two hydrogen re-
gions a partial positive charge, even though the water
molecule as a whole is electrically neutral.

Molecules such as water that are electrically neutral overall
but still have partially charged regions, or poles, are called polar
molecules. According to the principle that opposites attract,
polar molecules arrange themselves so that the partial negative
pole of one molecule is oriented toward (attracted by) the par-
tial positive pole of another molecule. The weak attractive force
between oppositely charged regions of polar molecules that
contain covalently bonded hydrogen is called a hydrogen
bond. Hydrogen bonds between water molecules are so weak
that they continually break and re-form, allowing liquid water

Loss of electron: Gain of electron:
positive charge negative charge

+ -

L Sodium ion (Na*) Chloride ion (CI") J

I
Sodium chloride molecule (NaCl)

Figure 2.6 lonic bonds. Electrically charged ions form when atoms give up or gain electrons.
The oppositely charged ions are attracted to each other, forming an ionic bond.



to flow (Figure 2.7). When water gets cold enough to freeze,
each water molecule forms four stable, unchanging hydrogen
bonds with its neighbors. When water is vaporized (becomes a
gas), the hydrogen bonds are broken and stay broken as long
as the water is in the gas phase.

Hydrogen bonds are important in biological molecules.
They're what give proteins their three-dimensional shape,
and they keep the two strands of the DNA molecule together.
The structures of both proteins and DNA are described later
in this chapter.

Table 2.1 summarizes covalent, ionic, and hydrogen
bonds.

@ Web Animation Atoms, lons, and Bonding at
www.humanbiology.com

Living organisms contain only certain elements

Although there are nearly 100 different elements in nature,
living organisms are constructed from a limited number of
them. In fact, about 99% of your body weight consists of just

Molecule{

Oxygen (0) —_|

Hydrogen (H)

Water
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six elements: oxygen, carbon, hydrogen, nitrogen, calcium,
and phosphorus (Table 2.2). However, the less common ele-
ments are still important, and life on Earth as we know it
would not be possible without them.

Even the largest atoms are small compared to the struc-
tures in living organisms. To appreciate the vast size differ-
ences between the atoms, cells, and organs in your body,
imagine that a sodium atom is the size of a penny. On this
scale, one of your red blood cells would be 1/2 mile in diam-
eter, and your heart would be larger than the entire Earth!

Next, let’s look at some of the most important matter of
living systems: water, hydrogen ions, and a host of molecules
that contain a backbone of carbon atoms.

Recap Electrons farthest from the nucleus have more poten-
tial energy than electrons close to the nucleus. Strong
covalent bonds form between atoms when they share pairs of
electrons, ionic bonds form between oppositely charged ions,
and weak hydrogen bonds occur between oppositely charged
regions of polar molecules. ®

Ice

Figure 2.7 Hydrogen bonds. In water, weak hydrogen bonds continually form, break, and re-form
between hydrogen and oxygen atoms of adjacent water molecules. Ice is a solid because stable hydrogen

bonds form between each water molecule and four of its neighbors.

Table 2.1 Summary of the three types of chemical honds

Type Strength Description Examples

Covalent bond Strong A bond in which the sharing of electrons between atoms results The bonds between hydrogen
in each atom having a maximally filled outermost shell of and oxygen in a molecule of
electrons water

lonic bond Moderate The bond between two oppositely charged ions (atoms or The bond between Na* and
molecules that were formed by the permanent transfer of one or Cl~in salt

more electrons)

Hydrogen bond Weak

The bond between oppositely charged regions of molecules that

The bonds between molecules

contain covalently bonded hydrogen atoms of water
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Table 2.2 The most common and important elements in living organisms*

Atomic Atomic Atomic % of Human

Element symbol  number mass weight Functions in life

Oxygen 0 8 16.0 65 Part of water and most organic molecules; also molecular oxygen

Carbon © 6 12.0 18 The backbone of all organic molecules

Hydrogen H 1 1.0 10 Part of all organic molecules and of water

Nitrogen N 7 14.0 Component of proteins and nucleic acids

Calcium Ca 20 40.1 Constituent of bone; also essential for the action of nerves and
muscles

Phosphorus P 15 31.0 1 Part of cell membranes and of energy storage molecules; also a
constituent of bone

Potassium K 19 39.1 0.3 Important in nerve action

Sulfur S 16 32.1 0.2 Structural component of most proteins

Sodium Na 11 23.0 0.1 The primary ion in body fluids; also important for nerve action

Chlorine Cl 17 35.5 0.1 Component of digestive acid; also a major ion in body fluids

Magnesium Mg 12 24.3 Trace Important for the action of certain enzymes and for muscle contraction

Iron Fe 26 55.8 Trace A constituent of hemoglobin, the oxygen-carrying molecule

*The elements are listed in descending order of their contribution to total body weight. Atomic number represents the number of protons in the nucleus. Atomic mass is roughly
equivalent to the total number of protons and neutrons because electrons have very little mass. Note that 99% of your body weight is accounted for by just six elements.

2.3 Life depends on water

No molecule is more essential to life than water. Indeed,
it accounts for 60% of your body weight. The following
properties of water are especially important to living
organisms:

= Water molecules are polar.
m Water is a liquid at body temperature.
m Water can absorb and hold heat energy.

These properties make water an ideal solvent and an impor-
tant factor in temperature regulation.

Water is the biological solvent

A solvent is a liquid in which other substances dissolve, and
a solute is any dissolved substance. Water is the ideal solvent
in living organisms specifically because it is a polar liquid at
body temperature. As the solvent of life, water is the sub-
stance in which the many chemical reactions of living organ-
isms take place. Let's look at a simple example of a solute
dissolving in water to better understand how the polar
nature of water facilitates the reaction.

Consider a common and important solid, crystals of
sodium chloride (NaCl), or table salt. Crystals of table salt
consist of a regular, repeating pattern of sodium and chlo-
ride ions held together by ionic bonds (Figure 2.8). When
salt is placed in water, individual ions of Na* and CI~
at the surface of the crystal are pulled away from the crys-
tal and are immediately surrounded by the polar water
molecules. The water molecules form such a tight cluster

!. - Na*

lons

in solution _ ‘

- o/

Molecules \ o ¢ @ ~.@ i

of water X "o ? . Ky 7
% - '. % A
p & B $ € o)

, e o »
o 1?2% Fa?

Salt crystal

Figure 2.8 How water keeps ions in solution. The slightly nega-
tive ends of polar water molecules are attracted to positive ions,
whereas the slightly positive ends of water molecules are attracted
to negative ions. The water molecules pull the ions away from the
crystal and prevent them from reassociating with each other.



around each ion that they are prevented from reassocia-

ting back into the crystalline form. In other words, water
keeps the ions dissolved. Note that the water molecules

are oriented around ions according to the principle that

opposite charges attract.

Polar molecules that are attracted to water and interact
with it easily are called hydrophilic molecules (Greek, mean-
ing “water-loving”). Nonpolar, neutral molecules such as
cooking oils do not interact easily with water and generally
won't dissolve in it. They are said to be hydrophobic (Greek,
meaning “water-fearing”). When water and oil are mixed, the
water molecules tend to form hydrogen bonds with each
other, excluding the oil from regions occupied by water. Over
time the oil is forced together into larger and larger drops
until it is separated from the water completely.

Because water is a liquid at body temperature, it can
flow freely. This makes it an excellent medium for trans-
porting solutes from one place to another. Indeed, the
blood in our cardiovascular system is over 90% water. As a
liquid, water also occupies space. It fills our cells (the in-
tracellular space) and the spaces between cells (the inter-
cellular space).

Quick Check You may have noticed when making salad
dressings that vinegar and olive oil don’t mix together easily.
Knowing that oils are nonpolar and hydrophobic, what can you
say about vinegar? Explain your reasoning.

Water helps regulate body temperature

An important property of water is that it can absorb and
hold a large amount of heat energy with only a modest
increase in temperature. In fact, it absorbs heat better than
most other liquids. Water thus may prevent large increases in
body temperature when excess heat is produced. Water also
holds heat well when there is a danger of too much heat loss
(for instance, when you go outdoors wearing shorts on a
cool day). The ability of water to absorb and hold heat helps
prevent rapid changes in body temperature when changes
occur in metabolism or in the environment.

Our bodies generate heat during metabolism. We usually
generate more heat than we need to maintain a constant
body temperature of 98.6° Fahrenheit (37° Celsius), so los-
ing heat is generally more of a priority than conserving it.
One way we can lose heat quickly is by evaporation of water.
When water is in contact with air, hydrogen bonds between
some of the water molecules at the surface of the water are
broken, and water molecules escape into the air as water
vapor. It takes energy to break all those hydrogen bonds, and
that energy comes from heat generated by the body and
transported to the skin by the blood. Evaporation of sweat is
just one of the mechanisms for the removal of heat from the
body (Figure 2.9). How the body regulates body temperature
is discussed in more detail in Chapter 4.

Chapter 2 The Chemistry of Living Things 33

Figure 2.9 Water contributes to the regulation of hody
temperature.

You can demonstrate the cooling power of evaporation
for yourself. The next time you perspire heavily, notice that
your exposed skin may actually feel cool to the touch.

Recap Most biological molecules dissolve readily in water
because water is a polar molecule. The liquid nature of water
facilitates the transport of biological molecules. Water absorbs
and holds heat and can lower body temperature through
evaporation. ®

@ Web Animation Water and Chemistry at
www.humanbiology.com

2.4 The importance of hydrogen
ions

One of the most important ions in the body is the hydro-
gen ion (a single proton without an electron). In this sec-
tion we will see how hydrogen ions are created and why it
is so important to maintain an appropriate concentration
of them.
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How does the public respond when a published scientific
report shows that a dietary supplement is ineffective, or
even worse, potentially harmful? To find out, scientists at
the National Institutes of Health examined the sales trends

of five different dietary supplements before and after the
publication of negative research results. There were no sig-
nificant declines in sales for four of the five supplements
(saw palmetto, Echinacea, glucosamine, and St. John'’s
wort) after published reports that the supplement was inef-
fective. But sales of the fifth supplement (Vitamin E) de-
clined about 33% after a report suggested that high doses
of Vitamin E might actually be harmful.

Why did consumers ignore the reports that supple-
ments just didn’t work, but responded to a report of po-
tential harm? Researchers speculate that reports of
harm might have higher impact because of greater news
coverage, or that some supplements (such as Vitamin E)
might be recommended more often by physicians who
are more likely to read and understand scientific
reports, or even that it depends on the type of person
who takes a particular kind of supplement, the purpose
of the supplement, and the availability of alternatives.

Still, it must be discouraging for public health offi-
cials to learn that consumers aren’t getting the
message, don’t believe the message, or just don't care
whether their supplements work or not. ®

Reference: Tilburt, Jon, et al. Does the Evidence Make a Difference in
Consumer Behavior? Sales of Supplements Before and After Publication of
Negative Research Results. J. Gen. Intern. Med. 23: 1495-1498, 2008.

Acids donate hydrogen ions, bases accept them

Although the covalent bonds between hydrogen and oxy-
gen in water are strong and thus rarely broken, it can hap-
pen. When it does, the electron from one hydrogen atom
is transferred to the oxygen atom completely, and the
water molecule breaks into two ions—a hydrogen ion (H*)
and a hydroxide ion (OH™).

In pure water, only a very few molecules of water are dis-
sociated (broken apart) into H" and OH™ at any one time.
However, there are other sources of hydrogen ions in aqueous
solutions. An acid is any molecule that can donate (give up)
an H" ion. When added to pure water, acids produce an
acidic solution, one with a higher H* concentration than that
of pure water. (By definition, an aqueous solution with the

same concentration of H* as that of pure water is a neutral so-
lution.) Common acidic solutions are vinegar, carbonated
beverages, black coffee, and orange juice. Conversely, a base
is any molecule that can accept (combine with) an H* ion.
When added to pure water, bases produce a basic or alkaline
solution, one with a lower H' concentration than that of
pure water. Common alkaline solutions include baking soda
in water, detergents, and drain cleaner.

Because acids and bases have opposite effects on the H*
concentration of solutions, they are said to neutralize each
other. You have probably heard that a spoonful of baking
soda in water is a time-honored way to counteract an “acid
stomach.” Now you know that this home remedy is based
on sound chemical principles.

The pH scale expresses hydrogen ion concentration

Scientists use the pH scale to indicate the acidity or alkalinity
of a solution. The pH scale is a measure of the hydrogen ion
concentration of a solution. The scale ranges from 0 to 14, with
pure water having a pH of 7.0, the neutral point. A pH of 7
corresponds to a hydrogen ion concentration of 1077 moles/
liter (a mole is a term used by chemists to indicate a certain
number of atoms, ions, or molecules). An acidic solution has a
pH of less than 7, whereas a basic solution has a pH of greater
than 7. Each whole number change in pH represents a 10-fold
change in the hydrogen ion concentration in the opposite di-
rection. For example, an acidic solution with a pH of 5 has an
H* concentration of 10~> moles/liter (100 times greater than
pure water), whereas an alkaline solution with a pH of 9 has
an H* concentration of 1072 moles/liter (1/100 that of water).
Figure 2.10 shows the pH scale and indicates the pH values of
some common substances and body fluids.

The pH of blood is 7.4, just slightly more alkaline than
neutral water. The hydrogen ion concentration of blood

pH Concentrations
values of H*
(moles/liter)
14 Drain opener

13 10713 Bleach
12

= 11 101 Ammonia cleanser
g 10 Soapy water
= 9 1079 Baking soda
8
Neutral pH 7 1077 Human blood, tears
6 Saliva, urine
o 5 1075 Black coffee
% 4 Tomatoes
) 3 1078 Vinegar, cola
2 Lemon juice
- 1 107! Hydrochloric acid
0 Concentrated nitric acid

Figure 2.10 The pH scale. The pH scale is an indication of the
H* concentration of a solution.



plasma is low relative to the concentration of other ions. (The
hydrogen ion concentration of blood plasma is less than one-
millionth that of sodium ions, for example.) It is important to
maintain homeostasis of this low concentration of hydrogen
ions in the body because hydrogen ions are small, mobile,
positively charged, and highly reactive. Hydrogen ions tend to
displace other positive ions in molecules, and when they do
they alter molecular structures and change the ability of the
molecule to function properly.

Changes in the pH of body fluids can affect how mole-
cules are transported across the cell membrane and how
rapidly certain chemical reactions occur. They may even
alter the shapes of proteins that are structural elements of
the cell. In other words, a change in the hydrogen ion con-
centration can be dangerous because it threatens
homeostasis.

A chemist has a solution that has a pH of 3.
She adds a chemical to it, and shortly afterwards the solution
has a pH of 5. What was the concentration of hydrogen ions
before adding the chemical, what was it afterwards, and did
she add an acid or a base? Explain.

Buffers minimize changes in pH

A buffer is any substance that tends to minimize the changes
in pH that might otherwise occur when an acid or base is
added to a solution. Buffers are essential to our ability to
maintain homeostasis of pH in body fluids.

In biological solutions such as blood or urine, buffers are
present as pairs of related molecules that have opposite effects.
One of the pair is the acid form of the molecule (capable of
donating an H* ion), and the other is the base form (capable
of accepting an H* ion). When an acid is added and the num-
ber of H" ions increases, the base form of the buffer pair
accepts some of the H* jons, minimizing the fall in pH that
might otherwise occur. Conversely, when a base is added that
might take up too many H* ions, the acid form of the buffer
pair releases additional H* ions and thus minimizes the rise
in pH. Buffer pairs are like absorbent sponges that can pick up
excess water and then can be wrung out to release water when
necessary.

One of the most important buffer pairs in body fluids
such as blood is bicarbonate (HCO, ™, the base form) and
carbonic acid (H,CO,, the acid form). When blood becomes
too acidic, bicarbonate accepts excess H* according to the
following reaction:

HCO,” + H* - H,CO,
When blood becomes too alkaline, carbonic acid
donates H* by the reverse reaction:
HCO,” + H* < H,CO,
In a biological solution such as blood, bicarbonate and

carbonic acid take up and release H* all the time. Ultimately
a chemical equilibrium is reached in which the rates of the
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The latest entry into the world of marketing hype—"energy
shots,” a mere two ounces of bad-tasting liquid loaded
with caffeine. Manufacturers won’t say how much caffeine
for proprietary reasons (and probably to add to the drinks’
mystique), but most energy shots are thought to contain on
the order of 120-200 mg. That's the equivalent of one to
two ordinary cups of coffee or a 16-0z energy drink.

Energy shots may also contain B-vitamins, amino
acids, and various plant extracts, but these aren't likely
to give you much of an energy boost despite the products’
claims. And then there’s the cost—upwards of $3 apiece.

If it's a caffeine buzz you need, what’s wrong with a
plain-old maximum-strength (200 mg) tablet containing
caffeine? It was your grandfather’s drug of choice nearly
50 years ago for pulling an all-nighter, and it still works.
Plus it only costs about 20 cents per dose. ®

two chemical reactions are the same, as represented by the
following combined equation:

HCO,~ + H* < H,CO,

When excess acid is produced, the combined equation
shifts to the right as the bicarbonate combines with H*. The
reverse is true for alkalinity.

There are many other buffers in the body as well. The more
buffers that are present in a body fluid, the more stable the pH.

Recap Acids can donate hydrogen ions to a solution, whereas
bases can accept hydrogen ions from a solution. The pH scale
indicates the hydrogen ion concentration of a solution. The
normal pH of blood is 7.4. Buffers help maintain a stable pH
in body fluids. ®»

2.5 The organic molecules of living
organisms

Organic molecules are molecules that contain carbon and
other elements held together by covalent bonds. The name
“organic” came about at a time when scientists believed that
all organic molecules were created only by living organisms
and all “inorganic” molecules came from nonliving matter.
Today we know that organic molecules can be synthesized in
the laboratory under the right conditions and that they prob-
ably existed on Earth before there was life.
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a) Diamonds are formed only under conditions b) Graphite is produced as a result of decay of

of extreme temperature and pressure. The
structure of diamond resembles the steel
framework of a large building; each atom is
covalently bonded to four neighboring carbon
atoms. This explains the hardness of diamonds.

Figure 2.11 Carbon. Graphite and diamond are both elemental forms of carbon.

Carbon is the common building block
of organic molecules

Carbon (Figure 2.11) is relatively rare in the natural world,
representing less than 0.03% of Earth’s crust. However, living
organisms actively accumulate it. Carbon accounts for about
18% of body weight in humans.

Carbon is the common building block of all organic mol-
ecules because of the many ways it can form strong covalent
bonds with other atoms. Carbon has six electrons, two in the
first shell and four in the second. Because carbon is most sta-
ble when its second shell is filled with eight electrons, its nat-
ural tendency is to form four covalent bonds with other molecules.
This makes carbon an ideal structural component, one that
can branch in a multitude of directions.

Using the chemist’s convention that a line between the
chemical symbols of atoms represents a pair of shared
electrons in a covalent bond, Figure 2.12 shows some of
the many structural possibilities for carbon. Carbon can
form covalent bonds with hydrogen, nitrogen, oxygen, or
another carbon. It can form double covalent bonds with
oxygen or another carbon. It can even form five- or six-
membered carbon rings, with or without double bonds be-
tween carbons.

In addition to their complexity, there is almost no limit
to the size of organic molecules derived from carbon. Some,
called macromolecules (from the Greek makros, long), consist
of thousands or even millions of smaller molecules.

older carbon-based substances. Its structure
consists of layers of hexagonal rings of carbon
atoms. Graphite is fairly soft (hence its use in
pencils) because these layers of carbon atoms
can slide past one another.

Macromolecules are synthesized
and broken down within the cell

Macromolecules are built (synthesized)
within the cell itself. In a process called
dehydration synthesis (also called the
condensation reaction), smaller mole-
cules called subunits are joined by cova-
lent bonds, like pearls on a string. The
name of the process accurately describes
what is happening: Each time a subunit
is added, the equivalent of a water mole-
cule is removed (“dehydration”) (Figure
2.13). The subunits needed to syn-
thesize macromolecules come from the
foods you eat and from the biochemical
reactions in your body that break down
other large molecules into smaller ones.

The synthesis of macromolecules
from smaller molecules requires
energy. That is one reason we need en-
ergy to survive and grow. It is no acci-
dent that children seem to eat
enormous amounts of food. Growing
children require energy to make the
macromolecules necessary to create
new cell membranes, muscle fibers,
and other body tissues.

Some macromolecules are syn-
thesized specifically for the purpose of storing energy within
our cells. The ability to store energy internally allows organ-
isms to survive even when food is not plentiful. Other ma-
cromolecules serve as structural components of cells or of extra
cellular (outside the cell) structures such as bone. Still others
direct the many activities of the cell or serve as signaling mole-
cules between cells.

T
T

a) In carbon dioxide,
a carbon atom forms
two covalent bonds
with each oxygen atom.

b) Lipid molecules (a portion of one
is shown here) contain long chains
of carbon atoms covalently bound
to hydrogen.

H H

N H H
Y2 N N
H—C C—C—C—C\
\C=C/ | | \O

\ H H-N—H
H H !
H

c) Carbon is the backbone of amino acids, the building
blocks of protein. This amino acid is phenylalanine.

Figure 2.12 Examples of the structural diversity of carbon.
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Figure 2.13 Dehydration synthesis and hydrolysis. The synthe-
sis of larger molecules by dehydration synthesis requires energy,
whereas the breakdown of molecules into smaller units by hydrol-
ysis liberates stored energy. In this example the smallest units are
simple sugars and the macromolecule is a carbohydrate.

Organic macromolecules are broken down by a process
called hydrelysis. During hydrolysis the equivalent of a water
molecule is added each time a covalent bond between single
subunits in the chain is broken. Notice that hydrolysis is essen-
tially the reverse of dehydration synthesis, and thus it should
not surprise you that the breakdown of macromolecules
releases energy. The energy was stored as potential energy in
the covalent bonds between atoms. The body obtains much of
its energy through hydrolysis of energy-storage molecules. Hy-
drolysis is also used to break down molecules of food during
digestion, to recycle materials for reuse, and to get rid of
substances that are no longer needed by the body.

Living organisms synthesize four classes of organic mole-
cules, known as carbohydrates, lipids, proteins, and nucleic acids.
The many different molecules within each class are
constructed of the same handful of chemical elements. How-
ever, there is essentially no limit to the number of different
molecules that could be created. No one knows for sure how
many different organic molecules there are in humans. On a
chemical level, the tremendous diversity among the many
species of organisms on Earth is due to differences in their or-
ganic molecules, especially their proteins and nucleic acids.
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Recap Carbon is a key element of organic molecules because
of the multiple ways it can form strong covalent bonds with
other molecules. Synthesizing organic molecules requires en-
ergy; breaking them down liberates energy. The four classes of
organic molecules are carbohydrates, lipids, proteins, and nu-
cleic acids. ®»

2.6 Carbohydrates: Used for energy and
structural support

A clue to the basic structure of carbohydrates is found in
their name. Carbohydrates have a backbone of carbon atoms
with hydrogen and oxygen attached in the same proportion
as they appear in water (2-to-1); hence the carbon is
“hydrated,” or combined with water.

Most living organisms use carbohydrates for energy, and
plants use at least one carbohydrate (cellulose) as structural
support.

Monosaccharides are simple sugars

The simplest kind of carbohydrate is called a monosac-
charide (meaning “one sugar”). Monosaccharides have rela-
tively simple structures consisting of carbon, hydrogen, and
oxygen in a 1-2-1 ratio. The most common monosaccharides
contain five or six carbon atoms arranged in either a five-
membered or six-membered ring (Figure 2.14).

HOCH, <O OH HOCH, «Ca  OH
m m

OH OH OH H

Ribose Deoxyribose
a) The five-carbon monosaccharides ribose and deoxyribose.

CH,OH
H O H
H
OH H
HO OH
H OH OH H
Glucose Fructose
(a monosaccharide) (a monosaccharide)
H,0
CH,OH
H A O, H HOCH, <O H
OH H H O
HO o CH,OH
H OH OH H

Sucrose (a disaccharide)

b) Two 6-carbon monosaccharides (glucose and fructose) are
joined together by dehydration synthesis, forming sucrose.

Figure 2.14 Monosaccharides. By convention, in a ringed struc-
ture the symbol C for carbon is often omitted because its presence
is inferred by the union of two bond lines at an angle.
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Ribose, deoxyribose, glucose, and fructose are four of the most
important monosaccharides in humans. Ribose and deoxyri-
bose (Figure 2.14a) are both five-carbon monosaccharides
that are components of nucleotide molecules, discussed below.
The only difference between the two is that deoxyribose has
one less oxygen atom than ribose. Glucose, a six-carbon mono-
saccharide, is an important source of energy for cells. When
more energy is available than can be used right away, glucose
molecules can be linked together by dehydration synthesis to
form larger carbohydrate molecules (Figure 2.14b).

Oligosaccharides: More than one monosaccharide
linked together

Oligosaccharides are short strings of monosaccharides
(oligo means “a few”) linked together by dehydration synthe-
sis. One common oligosaccharide is table sugar, or sucrose.
Sucrose is also called a disaccharide because it consists of just
two monosaccharides (glucose + fructose). Another is lactose
(glucose + galactose), the most common disaccharide in
human milk and an important source of energy for infants.

Some oligosaccharides are covalently bonded to certain
cell-membrane proteins (called glycoproteins). Glycopro-
teins participate in linking adjacent cells together and in cell-
cell recognition and communication.

Quick Checl Would you expect oligosaccharides to contain
exactly the same ratio of carbon, hydrogen, and oxygen that
monosaccharides have? If not, how would they differ? Explain. »

Polysaccharides store energy

Complex carbohydrates called polysaccharides (poly means
“many”) form when thousands of monosaccharides are
joined together into straight or branched chains by dehydra-
tion synthesis. Polysaccharides are a convenient way for cells
to stockpile extra energy by locking it in the bonds of the
polysaccharide molecule.

The most important polysaccharides in living organisms
consist of long chains of glucose monosaccharides. In animals
the storage polysaccharide is glycogen (Figure 2.15), whereas
in plants it is starch. The flour we obtain by grinding plant
grains is high in starch, which we then utilize for our own en-
ergy needs by breaking it down to glucose. Any glucose not
consumed for energy in the short term can be used to create
glycogen or lipids and stored within our cells for later use.

Cellulose is a slightly different form of glucose poly-
saccharide. Plants use it for structural support rather than for
energy storage. The nature of the chemical bonds in cellulose
is such that most animals, including humans, cannot break
cellulose down to glucose units (which is why we cannot di-
gest wood). But there’s plenty of energy locked in the chemi-
cal bonds of cellulose, as demonstrated by the heat generated
by a wood fire.

Undigested cellulose in the food we eat contributes to the
fiber or “roughage” in our diet. A certain amount of fiber is

Glucose Glucose

CH,OH CH,OH

H O H H O
H H H
OH H OH H
HO OH Dehydration HO OH
H OH synthesis H OH

a) Glycogen is formed by
H,0

dehydration synthesis from
glucose subunits.

CH,OH CH,OH
H O H H O, H
H
OH H OH H
HO 0 0
H OH H OH

b) A representation of the highly branched nature of glycogen.

Glycogen granules

T 7y

(blue). The large pink structures are mitochondria.

Figure 2.15 Glycogen is the storage carhohydrate in animals.

Name two common polysaccharides made by plants. Are they
also made of glucose? Can we digest both of them, and why or
why not?



thought to be beneficial because it increases the movement of
wastes through the digestive tract. The more rapid excretion of
wastes decreases the time of exposure to any carcinogens (can-
cer-causing agents) that may be in the waste material.

Recap Carbohydrates contain carbon, hydrogen, and oxygen
in a 1-2-1 ratio. Simple sugars such as glucose provide imme-
diate energy for cells. Complex carbohydrates called polysac-
charides store energy (in animals and plants) and provide
structural support (in plants). »

2.7 Lipids: Insoluble in water

For biology, the most important physical characteristic of the
class of organic molecules called lipids is that they are rela-
tively insoluble , meaning they do not dissolve in water. The
most important subclasses of lipids in your body are
triglycerides, phospholipids, and steroids.

Triglycerides are energy-storage molecules

Triglycerides, also called neutral fats or just fats, are synthe-
sized from a molecule of glycerol and three fatty acids
(Figure 2.16a). Fatty acids are chains of hydrocarbons
(usually about 16-18 carbons long) that end in a group of
atoms known as a carboxyl group (COOH). Fats vary in the
length of their fatty acid tails and the ratio of hydrogen
atoms to carbon atoms in the tails.

Saturated fats have a full complement of two hydrogen
atoms for each carbon in their tails (Figure 2.16b). In saturated
fats, the tails are fairly straight, allowing them to pack closely
together. As a result, saturated fats are generally solid at room
temperature. Animal fats, such as butter and bacon grease,
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a) Triglycerides (neutral fats) are
synthesized from glycerol and
three fatty acids by dehydration
synthesis.

Figure 2.16 Triglycerides.
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b) Triglycerides with saturated fatty
acids have straight tails, allowing
them to pack closely together.
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are saturated fats. A diet rich in saturated fats is thought to con-
tribute to the development of cardiovascular disease.

Unsaturated fats, also called oils, have fewer than two
hydrogen atoms on one or more of the carbon atoms in the
tails (Figure 2.16¢). As a result, double bonds form between
adjacent carbons, putting kinks in the tails and preventing
the fats from associating closely together. Consequently, un-
saturated fats (oils) are generally liquid at room temperature.

Triglycerides are stored in adipose (fat) tissue and are an
important source of stored energy in our bodies. Most of the
energy is located in the bonds between carbon and hydrogen
in the fatty acid tails.

Quick Check Cocoa butter is solid at room temperature;
canola oil is liquid at room temperature. Which would you
expect to contain more double bonds? Why? =

Phospholipids are the primary component
of cell membranes

Phospholipids are a modified form of lipid. They are the
primary structural component of cell membranes.

Like fats, phospholipids have a molecule of glycerol as
the backbone, but they have only two fatty acid tails. Re-
placing the third fatty acid is a negatively charged phos-
phate group (PO, ™) and another group that varies depending
on the phospholipid but is generally positively charged
(Figure 2.17). The presence of charged groups on one end
gives the phospholipid a special property: one end of the
molecule is polar and thus soluble (dissolves) in water,
whereas the other end (represented by the two fatty acid
tails) is neutral and therefore relatively insoluble in water.

O e T oo 0o T i T e T T O

c) Triglycerides with unsaturated fatty
acids have kinked tails, preventing
them from packing closely together.
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Membrane structure
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Figure 2.17 Phospholipids. Phospholipids are the primary con-
stituent of animal cell membranes.

Why is the head of each phospholipid oriented toward the
outer surface of each side of the membrane (toward water), in-
stead of toward the interior? Put another way, what is stopping
the phospholipids from flipping around?

Steroids are composed of four rings

Steroids do not look at all like the lipids described previously
but are classified as lipids because they are relatively insoluble
in water. Steroids consist of a backbone of three 6-membered

H,C  CH, CH, CH,

N/N\N/\/
CHsoH CH, CH
CH,
CH,
HO
a) Cholesterol:
A normal component of
the cell membrane.
OH OH
CH, CH,
CH,
HO (6]
b) Estrogen (estradiol): c) Testosterone:

Male sex hormone
synthesized from cholesterol.

Female sex hormone
synthesized from cholesterol.

Figure 2.18 Steroids. Steroids consist of a backbone of three 6-
membered carbon rings and one 5-membered ring.

carbon rings and one 5-membered carbon ring to which any
number of different groups may be attached.

One steroid you may be familiar with is cholesterol
(Figure 2.18a). High levels of cholesterol in the blood are
associated with cardiovascular disease. However, we all need
a certain amount of cholesterol. It is a normal and essential
structural component of animal cell membranes and is also
the source of several important hormones, including the sex
hormones estrogen and testosterone (Figure 2.18b and
2.18c). Our bodies manufacture cholesterol even though we
generally get more than we need from our diet.

@ Web Animation Lipid Structure and Function at
www.humanbiology.com

Recap Lipids (triglycerides, phospholipids, and steroids) are
all relatively insoluble in water. Triglycerides are an important
source of stored energy. Phospholipids, an important compo-
nent of cell membranes, have a polar (water-soluble) head and
two fatty acid (water-insoluble) tails. Steroids, such as choles-
terol, have a four-ring structure. ®»

2.8 Proteins: Complex structures
constructed of amino acids

Proteins are macromolecules constructed from long strings
of single units called amineo acids. All human proteins

are constructed from only 20 different amino acids

(Figure 2.19). Each amino acid has an amino group (NH,)
on one end, a carboxyl group on the other, a C—H group
in the middle, and an additional group (designated “R")
that represents everything else. Some of the R groups are
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Amino acids with uncharged polar R groups
H
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Figure 2.19 The 20 amino acid building blocks of proteins. The portions of amino acids that
make them different from each other, called R groups, are colored. The three-letter codes in paren-
theses designate the amino acids in written formulas.
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Figure 2.20 The synthesis of proteins. Proteins are created from amino acids by dehydra-

tion synthesis.

completely neutral, others are neutral but polar, and a few
carry a net charge (either positive or negative). Differences
in the charge and structure of the amino acids affect the
shape and functions of the proteins constructed from
them. Our bodies can synthesize (make) 11 of the amino
acids if necessary. However, we generally get enough of
most of them, including the 9 we cannot synthesize, in the
food we eat.

Like complex carbohydrates and fats, proteins are formed
by dehydration synthesis (Figure 2.20). A single string of 3 to
100 amino acids is called a polypeptide. A polypeptide is
generally referred to as a protein when it is longer than 100
amino acids and has a complex structure and a function.
Some proteins consist of several polypeptides linked together.

Protein function depends on structure

The function of every protein depends critically on its struc-
ture. We can define protein structure on at least three levels
and sometimes four levels (Figure 2.21):

m Primary structure. The primary structure of a protein is repre-
sented by its amino acid sequence. In writing, each amino
acid is indicated by a three-letter code (review Figure 2.19).

m Secondary structure. The secondary structure describes
how the chain of amino acids is oriented in space. A
common secondary structure of proteins is an alpha («)
helix. An « helix is a right-hand spiral that is stabilized
by hydrogen bonds between amino acids at regular in-
tervals. Another common secondary structure also
stabilized by hydrogen bonds is a flat ribbon called a
beta (B) sheet. A B sheet is formed when hydrogen
bonds join two primary sequences of amino acids side
by side. In addition to forming these two structures,
proteins can coil into an almost infinite variety of
shapes depending on which amino acids make up the
sequence.

m Tertiary structure. Tertiary structure, the third level, refers
to how the protein twists and folds to form a three-
dimensional shape. The protein’s three-dimensional

structure depends in part on its

sequence of amino acids, because the

locations of the polar and charged
groups within the chain determine
the locations of hydrogen bonds that
hold the whole sequence together. In
addition, occasionally a covalent
bond called a disulfide (S—S) bond
forms between the sulfur molecules
of two cysteine amino acids (see

Figure 2.19). Finally, proteins tend to

fold in such a way that neutral amino

acids are more likely to end up in the
interior, whereas charged and polar
amino acids are more likely to face
the outside (aqueous environment).

Proteins acquire their characteristic
tertiary structure by a folding process that occurs either
during synthesis or shortly thereafter.

m  Quaternary structure. The quaternary (fourth) structure of
some proteins refers to how many polypeptide chains
make up the protein (if there is more than one) and
how they associate with each other.

The human body has thousands of different proteins,
each serving a different function. Some proteins are
primarily for structural support. Others are involved in
muscle contraction. Others form part of the cell membrane,
where they help transmit information and materials into
and out of cells. Still others, called enzymes, regulate the
rates of biochemical reactions within cells (see next
section).

Because the links that determine the secondary and tertiary
structures of protein are relatively weak hydrogen bonds, they
may be broken by nearby charged molecules. This means that
the shape of proteins can change in the presence of charged or
polar molecules. The ability to change shape is essential to the
functions of certain proteins.

Protein structure can also be damaged, sometimes perma-
nently, by high temperatures or changes in pH. Denaturation
refers to permanent disruption of protein structure, leading to
a loss of biological function. An egg becomes hard when it is
exposed to high temperatures because the soluble proteins in
the egg become denatured and clump together as a solid mass.

Most proteins are water soluble, meaning that they dis-
solve in water. There are exceptions, however. Many of the
proteins that are part of our cell membranes either are insol-
uble in water or have water-insoluble regions. You will learn
more about why this is important in Chapter 3.

@ Web Animation Protein Structure at www.humanbiology.com

Quick Check You've isolated an unknown macromolecule,
and you are trying to identify it. So far, all you know is that it
consists mostly of carbon and hydrogen, it doesn’t contain any
nitrogen at all, and it is insoluble in water. Is it most likely to
be a protein, a carbohydrate, or a lipid? Why? =
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Figure 2.21 The structure of proteins. In the diagrams of
secondary structure the R groups have been omitted so that the
basic backbone can be seen more easily.

Random coil

Enzymes facilitate biochemical reactions

An enzyme is a protein that functions as a biological cat-
alyst. A catalyst is a substance that speeds up the rate of a
chemical reaction without itself being altered or consumed
by the reaction. Enzymes help biochemical reactions to occur,
but they do not change the final result of the reaction. That
is, they can only speed reactions that would have happened
anyway, although much more slowly. A chemical reaction
that could take hours by itself might reach the same point in
minutes or seconds in the presence of an enzyme.

Without help from thousands of enzymes, most bio-
chemical reactions in our cells would occur too slowly to
sustain life. Each enzyme facilitates a particular chemical re-
action or group of reactions. Some enzymes break molecules
apart; others join molecules together. In general, the enzyme
takes one or more reactants (also called substrates) and turns
them into one or more products. Enzymes serve as catalysts
because, as proteins, they can change shape. The ability to
change shape allows them to bind to other molecules and
orient them so that they may interact. Figure 2.22 illustrates
how a typical enzyme works.

Just how important are enzymes? As one example, the rea-
son we can digest glycogen and starch is that we possess specific
enzymes that break the chemical bonds between the glucose
monosaccharides in these molecules (as you can demonstrate
with the Try It Yourself box). In contrast, we cannot digest cellu-
lose because we lack the right enzyme to break it apart. Termites
can utilize cellulose only because their digestive systems harbor
bacteria that have a cellulose-digesting enzyme.

The changeable shape of an enzyme shows why
homeostasis within our cells is so important. Protein shape
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is in part determined by the chemical and physical environ-
ment inside a cell, including temperature, pH, and the con-
centrations of certain ions. Any deviation from homeostasis
can affect the shapes and biological activities of dozens of
different enzymes and thus alter the course of biochemical
reactions within the cell.

Recap Proteins consist of strings of amino acids. The
function of a protein relates to its shape, which is determined
by its amino acid sequence and the twisting and folding of its
chain of amino acids. Enzymes are proteins that facilitate bio-
chemical reactions in the body. Without enzymes, many
biochemical reactions would occur too slowly to sustain life. ®

2.9 Nucleic acids store genetic
information

Another important class of organic molecules is the nucleic
acids, DNA (deoxyribonucleic acid) and RNA (ribonucleic
acid). You have probably heard of such subjects as cloning, ge-
netic engineering, and DNA “fingerprinting.” These subjects re-
late to the nucleic acids, DNA and RNA.

DNA, the genetic material in living things, directs every-
thing the cell does. It is both the organizational plan and the
set of instructions for carrying the plan out. Because it directs
and controls all of life’s processes including growth, develop-
ment, and reproduction, DNA is key to life itself. RNA, a

Enzyme Reactants
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closely related macromolecule, is responsible for carrying
out the instructions of DNA, and in some cases, of regulating
the activity of DNA itself. In some viruses RNA (rather than
DNA) serves as the genetic material.

To fully appreciate the importance of DNA and RNA,
consider that

= DNA contains the instructions for producing RNA.
= RNA contains the instructions for producing proteins.
m Proteins direct most of life’s processes.

Both DNA and RNA are composed of smaller molecular
subunits called nucleotides. Nucleotides consist of (1) a
five-carbon sugar, (2) a single- or double-ringed structure
containing nitrogen called a base, and (3) one or more
phosphate groups. There are only eight different nucleo-
tides, four in DNA and four in RNA.

Figure 2.23 shows the structures of the four nucleotides
that make up DNA. Each nucleotide is composed of a
five-carbon sugar molecule called deoxyribose (like the five-
carbon sugar ribose but missing one oxygen atom), a phos-
phate group, and one of four different nitrogen-containing
base molecules (adenine, thymine, cytosine, or guanine). In a
single strand of DNA, these nucleotides are linked together
by covalent bonds between the phosphate and sugar groups.
The complete molecule of DNA is actually composed of two
intertwined strands of nucleotides that are held together by
weak hydrogen bonds (Figure 2.24). The sequence of one

Enzyme Products
changes shape are release

Figure 2.22 Enzymes facilitate chemical reactions. This particular enzyme facilitates a dehydra-
tion synthesis reaction in which two reactants join to create one larger product plus a molecule of

water. Note that the enzyme is not used up during the reaction.
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Figure 2.23 The four nucleotides that compose DNA. The phosphate and sugar groups are

identical in all four nucleotides.
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Figure 2.24 The double helical structure of DNA. The single
strands of DNA are formed by dehydration synthesis. The two strands
are held together by two hydrogen bonds between adenine and
thymine and three hydrogen bonds between cytosine and guanine.

strand determines the sequence of the other (they are
complementary strands), for adenine can form hydrogen
bonds only with thymine (A with T) and cytosine can form
bonds only with guanine (C with G).

The “code” for making a specific protein resides in the
specific sequence of base pairs in one of the two strands of the
DNA molecule. Notice that the entire genetic code is based en-
tirely on the sequence of only four different molecular units
(the four nucleotides). You will learn more about DNA, the
genetic code, and inheritance in Chapters 17 and 19.

A single molecule of DNA carries the code for making a
lot of different proteins. It is like an entire bookshelf of
information, too big to be read all at once. To carry out their
function, portions of the DNA molecule are transcribed into

Chapter 2 The Chemistry of Living Things 45

smaller fragments of RNA. RNA is structurally like DNA,
with a few exceptions (Figure 2.25):

m The sugar unit in all four of the nucleotides in RNA is
ribose rather than deoxyribose (hence the name ribonu-
cleic acid).

= One of the four nitrogen-containing base molecules is
different (uracil is substituted for thymine).

= RNA is a single-stranded molecule, representing a com-
plementary copy of a portion of only one strand of
DNA.

= RNA is shorter, representing only the segment of DNA
that codes for one or more proteins.

In Chapter 17 we discuss how RNA is used to make proteins,
as well as RNA’s possible role in regulating the activity of DNA.

@ Web Animation Nucleic Acids at www.humanbiology.com

Recap DNA and RNA are constructed of long strings of
nucleotides. Double-stranded DNA represents the genetic
code for life, and RNA, which is single-stranded, is responsi-
ble for carrying out those instructions. ®
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Figure 2.25 The structure of RNA. RNA is a single strand of
nucleotides in which the base uracil substitutes for thymine. The
sugar is ribose in RNA (as opposed to deoxyribose in DNA).
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2.10 ATP carries energy

One additional related nucleotide with an important func-
tion is ATP (adenosine triphosphate). ATP is identical to
the adenine-containing nucleotide in RNA except that it has
two additional phosphate groups. ATP consists of an adenine
base, the five-carbon sugar ribose (together they are called
adenosine), and three phosphate groups (triphosphate)
(Figure 2.26). ATP is a universal energy source for cells
because the bonds between the phosphate groups contain a
great deal of potential energy. Any time a cell needs energy
for virtually any function, it can break the bond between the
last two phosphate groups of ATP and release energy accord-
ing to the following equation:

ATP — ADP + P, + energy

The breakdown of ATP produces ADP (adenosine
diphosphate) plus an inorganic phosphate group (P,),
which is not attached to an organic molecule, plus energy
that is now available to do work. The reaction is reversible,
meaning that ATP is replenished by using another source
of energy to reattach P, to ADP. The energy to replenish
ATP may come from stored energy in the food we eat, or
from the breakdown of energy storage molecules such as
glycogen or fat. You will learn more about ATP as an
energy source when we discuss energy utilization by mus-
cles (Chapter 6).

Recap ATP is a nearly universal source of quick energy for
cells. The energy is stored in the chemical bonds between
phosphate groups. ®

Chapter Summary

All matter consists of elements p. 26

= Atoms, the smallest functional unit of any element, contain a
nucleus and a cloud of electrons.

= The protons and neutrons in an atom'’s nucleus account for most
of its mass.

= Radioisotopes are unstable isotopes; an isotope has more or
fewer neutrons than the usual number for that atom.
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a) The structure of ATP.

Far

& Hydrolysis of ATP
produces useful energy
H,0 - for the cell

Adenosine— P P P Adenosine— P P + P
(ATP) (ADP)

Energy for ATP synthesis
& comes from food or body
stores of glycogen or fat

Ty,

b) The breakdown and synthesis of ATP.
The breakdown (hydrolysis) of ATP yields
energy for the cell. The reaction is reversible,
meaning that ATP may be resynthesized
using energy from other sources.

Figure 2.26 Adenosine triphosphate (ATP).

Atoms combine to form molecules p. 28

= Energy exists as either kinetic energy or potential
energy.

u Three types of chemical bonds account for the structures of mol-
ecules: covalent, ionic, and hydrogen bonds. Covalent bonds are
the strongest; hydrogen bonds are the weakest.

= Over 99% of your body weight consists of just six elements:
oxygen, carbon, hydrogen, nitrogen, calcium, and
phosphorus.



Life depends on water p. 32

= The polar nature of the water molecule accounts for its physical
properties and for its unusually good qualities as a solvent for
most other molecules and ions.

= Water is important in human temperature regulation.

The importance of hydrogen ions p. 33

= Molecules that can donate a hydrogen ion (H") are called acids.
Molecules that can accept H™ are called bases.

= The hydrogen ion concentration of a solution is expressed
as pH.

= Buffers are pairs of molecules that tend to minimize changes in
pH when an acid or base is added to a solution.

The organic molecules of living organisms p. 35

= The backbone of all organic molecules is carbon.

= Organic molecules are formed by a process called dehydration
synthesis (requiring energy) and broken down by a process
called hydrolysis (releasing energy).

Carbohydrates: Used for energy and structural support p. 37

= Monosaccharides, or simple sugars, are a source of quick energy
for cells.

= Complex carbohydrates (polysaccharides) are formed by linking
simple sugars (monosaccharides) together by dehydration
synthesis.

= Carbohydrates are primarily energy-storage molecules. Plants
use them for structural support as well.

» In animals the storage molecule is glycogen; in plants it is starch.

Lipids: Insoluble in water p. 39

= Lipids include fats and oils, phospholipids, and steroids. Lipids
are insoluble in water.

= Fats store energy. Phospholipids and cholesterol are important
structural components of the cell membrane. The sex hormones
are steroids synthesized from cholesterol.

Proteins: Complex structures constructed of amino
acids p. 40

m Proteins have unique three-dimensional structures that depend
on their primary structure (their amino acid sequences). Living
organisms construct a tremendous number of different proteins
using just 20 different amino acids.

= The human body contains thousands of proteins, each with a
different function.

= Enzymes are proteins that facilitate the rates of chemical
reactions.

Nucleic acids store genetic information p. 44

= DNA is composed of two long strands of nucleotides
intertwined into a double helix. DNA is constructed from just
four different DNA nucleotides.

= RNA is a shorter single strand of RNA nucleotides, representing
the code for one or more proteins.
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ATP carries energy p. 46

= The nucleotide ATP is an energy source for cells. The energy is
stored in the bonds between phosphate groups.

Terms You Should Know

acid, 34 hydrogen bond, 30

atom, 26 ionic bond, 30
ATP, 46 lipid, 39

base, 34 molecule, 28
catalyst, 43 neutron, 26
covalent bond, 29 pH scale, 34
DNA, 44 protein, 42
electron, 26 proton, 26
enzyme, 43 RNA, 44

Concept Review

Answers can he found at the Human Biology Place.
www.humanbiology.com

1. Describe the electrical charges and relative masses of protons,
neutrons, and electrons.

2. Explain why two atoms of hydrogen tend to combine into a
molecule of hydrogen gas (H,).

. Explain why polar and charged molecules tend to be soluble in
water.

. How is a covalent bond different from an ionic bond?

. Compare and contrast potential energy and kinetic energy.

. Distinguish between saturated and unsaturated fats.

. Describe the role cholesterol plays in cells.

. Explain why proteins come in an almost unlimited variety of
shapes.
9. Discuss the importance of enzymes in living organisms.

10. Describe the role of ATP in energy transfer within a cell.

Test Yourself

Answers can he found in Appendix A.
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1. If a molecule of starch is repeatedly hydrolyzed, which of the
following would be the final product?

glucose

. fructose

ribose

. sucrose

deoxyribose

can o
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. Which of these molecules would be described as
hydrophobic?

glucose

. sodium chloride
cholesterol

. DNA
RNA

Pan o

. bonds form between the oxygen and
hydrogens within water molecules while
form between different water molecules.

bonds

a. hydrogen...... covalent
b. covalent....... hydrogen
c. ionic....... hydrogen

d. hydrogen....... ionic

e. covalent....... ionic

. 13C and “C are of carbon.
a. isotopes

b. ions

c. compounds

d. molecules

e. isomers

. Which of the following substances has the lowest hydrogen ion
concentration?
water (pH 7)
. bleach (pH 13)
baking soda (pH 9)
. vinegar (pH 3)
black coffee (pH 5)
. When sugar is dissolved in water, sugar is the
and water is the

Pan o

a. acid......... base
b. base......... acid
c. solvent...... solute
d. solute........ solvent

It
=
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o
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=
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=
o
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....... organic molecule

. A monosaccharide is to a polysaccharide as an amino acid is
toa

nucleic acid

. carbohydrate
protein

. nucleotide
triglyceride

canoe

. Which of these bonds is the easiest to disrupt, simply by raising
the temperature?
a. hydrogen bonds
b. ionic bonds
c. polar covalent bonds
d. nonpolar covalent bonds
e. peptide bonds

10.

11.

12.

13.

14.

15.

. The primary structure of a protein is maintained by

bonds.
hydrophilic
. hydrophobic
hydrogen
. covalent
ionic

man o

DNA ultimately contains the instructions for the assembly of:
proteins

. polysaccharides

triglycerides

. nucleotides

steroids

If one strand of DNA has the sequence A-A-C-T-G-T-G, what will
be the nucleotide sequence of the complementary strand?
a. A-A-C-T-G-T-G

b. U-U-G-A-C-A-C

c. T-T-G-U-C-U-C

d. G-G-C-A-G-A-G

e. T-T-G-A-C-A-C

Which of the following is true regarding the synthesis of a
triglyceride?

a. Three water molecules would be removed.

b. The triglyceride would be hydrophilic.

c. It would require three amino acids.

d. It would require three monosaccharides.

e. Hydrolysis reactions would be involved.

can o

Which of the following is true regarding enzymes?

a. The synthesis of an enzyme involves hydrolysis reactions.

b. Enzymes provide energy for biochemical reactions.

c. One enzyme can catalyze many different types of reactions.

d. The instructions for the synthesis of an enzyme are found in
DNA.

e. Each enzyme molecule can be used only once.

Synthesis of proteins requires the input of energy which can be
provided by:
. enzymes
. synthesis of ATP from ADP and P,
hydrolysis of ATP to form ADP and P,
. amino acids
isotopes

man o

The element phosphorus (P) has an atomic number of 15 and a
mass number of 31. Which of the following represents the num-
bers of subatomic particles in phosphorus?

15 protons, 15 electrons, 31 neutrons

. 15 protons, 16 electrons, 15 neutrons

31 protons, 31 electrons, 15 neutrons

. 15 protons, 15 electrons, 16 neutrons

16 protons, 16 electrons, 15 neutrons

Poanpos
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to take a little extra dose of these drugs to try to lower
Apply What You Know your cholesterol to below normal levels, just to be on the
safe side?

4. In Miami when it's 90 degrees outside and very humid, the heat
feels stifling. Yet most people report feeling fine in Arizona,
where the humidity is generally low, even when it is 100
degrees. Why does the humidity have such an effect on our per-
ception of comfort in terms of temperature?

5. Coca Cola is a very acidic drink; its pH is around 3. Blood has a
pH of about 7. Yet when you drink a Coke the pH of the blood
doesn’t change measurably. Why is that?

6. Although normal physiological processes produce small amounts
of free radicals, it is possible that your behavior, lifestyle, or envi-
ronment might contribute to an increased production of free rad-
icals. What behavioral or environmental risks do you think you
have that might promote the formation of free radicals?

Answers can be found at the Human Biology Place.
www.humanbiology.com

1. Athletes are sometimes advised to eat large amounts of complex
carbohydrates (such as whole-wheat pasta) for a day or two be-
fore a competitive event. Explain the reasoning behind this.

2. Physicians become concerned about the potential for
irreversible brain damage when body temperatures approach
105 °E Which of the four classes of macromolecules do you
think is most likely affected by high temperatures? Explain.

3. Many people use cholesterol-lowering drugs to reduce their
high cholesterol, because they know that a high cholesterol
level is a risk factor for heart disease. Would it be advisable
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Fluorescent light micrograph of fibroblast cells from connective tissue.

The Use of Human Stem Cells

hat do boxing champion

Muhammad Ali and actor Michael
J. Fox have in common? They both suffer
from Parkinson’s disease, a debilitating
neurological disorder. The key to curing
Parkinson’s disease and many other
diseases and health problems including
Alzheimer’s disease, leukemia, diabetes,

and spinal cord injuries may be stem cells.
A stem cell is a cell from which other
types of more specialized cells originate
(or stem). The ultimate stem cell is the
fertilized egg, for all of the specialized
cells of the body originate from it. The
first eight cells of a human embryo are

also stem cells, since they have not yet
begun to differentiate (become different
from each other). But shortly after the
eight-cell stage the cells begin to

: - N
Many people object strongly to the
harvesting and use of human embryonic
stem cells.

specialize. Some become muscle; others
become skin; still others become nerve
cells in the brain.

Stem cells have several properties
that make them desirable for research
and for the treatment of certain diseases.
They are easier to work with in the labora-
tory than adult cells because they don’t
adhere tightly to each other, and they
grow better in culture (in controlled con-
ditions, such as in a laboratory). They
generally don’t provoke a “tissue rejection”
immune response in the patient because
they are undifferentiated and thus not
recognized as foreign cells. They are also




easier to administer to a patient—usually
they can be injected and allowed to migrate
to their target site rather than having to be
surgically transplanted. And most important,
they still have the capacity to become the
type of specialized cell the patient needs,
under the direction of the patient’s own

cell division/differentiation control
mechanisms.

Traditionally most human embryonic
stem cells have come from very early-stage
embryos. Currently, the only available em-
bryos of this age are those created “in
excess of clinical need” by in vitro ferti-
lization at private fertility clinics. Only a
few researchers have access to such em-
bryos. However, cells used to treat specific
diseases don’t need to be completely un-
differentiated. If nerve cells are needed, a
good source of young cells is the very first
embryonic neural tissue in the human
fetus. Already, over 100 people with
Parkinson’s disease have received fetal
nerve cell transplants worldwide, and some
have shown measurable improvements in
brain function. Nonliving human fetuses
are widely available as a consequence of
the more than one million legal abortions
performed in the U.S. each year.

Controversy and Compromise

Not surprisingly, the use of human embryonic
cells from fertilized eggs and undifferentiated
fetal cells from legally aborted fetuses is
highly controversial. On one hand, patient ad-
vocacy groups recognize the potential bene-
fits of human embryonic and fetal cells and
promote efforts to harvest and use them. On
the other, some human rights groups object
strongly to harvesting or using human embry-
onic stem cells or fetal cells under any
circumstances, calling such research the de-
struction of precious human life. Both sides
believe strongly in their position and both
sides are active politically, and as a result
politicians have been forced to take a stand.
According to guidelines developed
under the Bush administration in 2001,

to treat or cure diseases.

controversial.

political environment.

The facts...

as a source of stem cells.

o J

Muhammad Ali and Michael J. Fox, both suf-
ferers of Parkinson’s disease, support stem
cell research.

federal funds could only be used to study
stem cell lines derived from embryos
before 2001. (A stem cell “line” is a group
of identical cells grown from a single stem
cell.) In effect, the 2001 federal guidelines
prohibited the National Institutes of Health,
which funds most biomedical research,
from financing any stem cell research

that might require the future death of a
human embryo, but allows research on
cells harvested from embryos in the past.
However, the guidelines stopped short of
prohibiting human stem cell research alto-
gether; privately funded human embryonic
stem cell research is still permitted under
certain conditions.

The guidelines developed under Presi-
dent Bush were a political compromise at
best. They allow selected federally funded
research projects to go forward with the few
stem cell lines that already existed at the
time the law was passed (2001), while
respecting concerns about the sanctity of
human life. The guidelines were opposed by
stem cell researchers, who contended that
the limited number of cell lines available
were not enough for the United States to stay
in the forefront of this important research
area. Some stem cell researchers moved to
Britain, which had developed a facility for
storing thousands of cell lines, or to other
places in the world where stem cell research
was not only allowed, but encouraged.

The election of President Obama
changed the political environment yet
again. Shortly after taking office in 2009,

Stem cells obtained from human embryos and fetuses have the potential

m Research using cells obtained from human embryos or fetuses is

In the United States, stem cell research has been affected by changes in the

m In the distant future, human embryos and fetuses may no longer be needed

President Obama signed an executive
order lifting the restrictions on stem cell
research laid down by President Bush.
Federally funded researchers are now free
to use the hundreds of stem cell lines in
existence today, as well as new stem cell
lines created by private funding in the fu-
ture. But there is still a prohibition in
place, called the Dickey-Wicker Amend-
ment of 1996, which prohibits federal
funding for research “in which human
embryos are created, destroyed, dis-
carded, or knowingly subjected to risk

of injury or death.” So while federally
funded researchers will be able to use
stem cell lines created by private funds
(because the researchers themselves did
not destroy any embryos), they will still
be prohibited from creating their own
new cell lines from human embryos. Ob-
viously, the controversy over stem cells is
not over.

What Is the Solution?

Both sides in this controversy actually do
have something they can agree on; they both
hope that someday we will not need to use
stem cells from embryos or fetuses at all.
The key may be the development of methods
to create undifferentiated stem cells from
fully differentiated adult cells—in essence,
reversing the entire process of cellular differ-
entiation and specialization. Several groups
of scientists already claim to have done it
successfully. But some scientists caution
that new techniques for creating stem cell
lines may not necessarily translate quickly
into cures for specific diseases. It would be a
shame if a well-meaning public, convinced
that human embryonic stem cells are no
longer necessary, came to accept laws that
severely restrict human embryonic stem cell
research in this country. Although the day
may yet come when human embryonic stem
cells truly aren’t necessary, that day has not
yet arrived. Just ask Michael J. Fox or
Mohammed Ali.

Questions to consider

1 What is your opinion on this contro-
versy? What basic beliefs do you hold
that cause you to feel as you do?

2 Suppose that you and your spouse
held frozen embryos at a private fertility
clinic and that you knew you would never
need them. Would you donate them for
stem cell research? Why or why not?
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2> Asingle cell is the smallest unit of life. All liv-
ing things are comprised of one or more cells
(plus cell products), and all cells come only
from preexisting cells.

2> Human cells are surrounded by a plasma mem-
brane. The plasma membrane serves to con-
tain the cellular structures within the cell
and to regulate the kinds and quantities of
molecules that can enter and exit the cell.

Key concepts

>> The nucleus of a human cell contains the cell’s
DNA. The genetic code of DNA specifies the
amino acid sequences of the proteins
produced by the cell.

2> Mitochondria, which are cell structures,
produce useable energy in the form of
adenosine triphosphate (ATP). Most of the
energy for making ATP comes from the
complete breakdown of glucose, a mitochon-
drial process that requires oxygen and results
in the production of carbon dioxide, a waste
product.

>> Other cell structures use ATP to carry out cellu-
lar functions, including manufacturing and
exporting biological molecules, providing
for cell support, movement, growth, and
division, defending against foreign cells and
toxic chemicals, and getting rid of cellular
waste.

cientists first observed living cells under a microscope in

1674. Since then, countless observations and experiments
have confirmed the cell doctrine, which consists of three
basic principles:

1. All living things are composed of cells and cell
products.

2. Asingle cell is the smallest unit that exhibits all the char-
acteristics of life.

3. All cells come only from preexisting cells.

If we examine any part of the human body under a
microscope, we find living cells and/or cell products. “Cell
products” include materials composed of dead cells (such as
the outer layer of your skin) and substances resulting from
cellular activity (such as the hard crystalline elements of
bone). There are no living units smaller than cells. All of our
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cells—all 100 trillion of them—are derived from earlier cells,
going all the way back to our first cell, the fertilized egg. Even
that original cell came from preexisting cells: the sperm and
egg from our parents.

3.1 Cells are classified according
to their internal organization

All cells are surrounded by an outer membrane called the
plasma membrane. The plasma membrane encloses the
material inside the cell, which is mostly water but also con-
tains ions, enzymes, and other structures the cell requires

to maintain life. All living cells are classified as either eukary-
otes or prokaryotes, depending on their internal
organization.

Eukaryotes have a nucleus, cytoplasm,
and organelles

Human cells, like those of most species, are eukaryotes
(eu- means “true” and karyote means “nucleus”). Nearly
every eukaryotic cell has three basic structural components
(Figure 3.1a):

1. A plasma membrane. The plasma membrane forms the
outer covering of the cell.

2. A nucleus. Nucleus is a general term for “core.” In the last
chapter, we saw that chemists define a nucleus as the core
of an atom. In biology, the nucleus is a membrane-bound
compartment that houses the cell’s genetic material and
functions as its “information center.” Most eukaryotic
cells have one nucleus. There are a few exceptions, to be
discussed in later chapters.

3. Cytoplasm (“cell material”). The cytoplasm includes
everything inside the cell except the nucleus. It is com-
posed of a soft, gel-like fluid called the cytosol (“cell solu-
tion”). The cytosol contains a variety of microscopic
structures called organelles (“little organs”) that carry
out specialized functions, such as digesting nutrients or
packaging cellular products.

Prokaryotes lack a nucleus and organelles

Prokaryotes (pro- means “before” and karyote means
“nucleus”) are the bacteria (kingdom Monera) (Figure 3.1b).
Prokaryotes have a plasma membrane that is surrounded by
a rigid cell wall. Their genetic material is concentrated in a
particular region, but it is not specifically enclosed within a
membrane-bound nucleus. Prokaryotes also lack most of the
organelles found in eukaryotes. Nevertheless they are living
organisms that fit the definition of a cell according to the cell
doctrine.
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Plasma
membrane

Cell wall

Cytoplasm

b) Prokaryotic cells such as this bacterium have a rigid cell wall surrounding the
plasma membrane. The genetic material is not surrounded by a membrane, and
there are no organelles in the cell. The elongated bacterium in the center of the
photo is about to divide in two, as its genetic material is concentrated at both ends
of the cell.

a) A eukaryotic animal cell has a large
nucleus and numerous small organelles. The
cytoplasm is enclosed by a flexible plasma
membrane.

Figure 3.1 Eukaryotes versus prokaryotes.

In the rest of this chapter and throughout the book, we con-
centrate on the structure and function of eukaryotic cells. How-
ever, we discuss bacteria again in terms of how they can make us
ill (Chapter 9) and in the context of evolution (Chapter 22).

3.2 Cell structure reflects cell
function

Eukaryotic cells are remarkably alike in their structural
features regardless of which organism they come from. This
is because all cells carry out certain activities to maintain life,
and there is a strong link between structure and function.

All cells must gather raw materials, excrete wastes, make
macromolecules (the molecules of life), and grow and repro-
duce. These are not easy tasks. The specific activities carried
out by a living cell (and the structures required to perform
them) would rival those of any large city or even a country!

“‘i o — —re

a) A portion of several muscle cells of the
heart (X 1,500).

Figure 3.2 Human cells vary in shape.

b) Nerve cells of the central nervous
system (X 830).

There is an outer structure that defines its border; an infra-
structure for support; an information center; manufacturing
facilities; refining, packaging, and shipping centers; trans-
portation systems for supplying raw materials and energy;
stockpiles of energy; and mechanisms for recycling or remov-
ing toxic waste. Cells even possess sophisticated defense
mechanisms to combat invaders.

Most of the structural differences between cells reflect differ-
ences in function (Figure 3.2). Muscle cells contain numerous
mitochondria that produce the energy for muscle contraction.
Many nerve cells are long and thin; the longest nerve cells carry
impulses all the way from your toes to your spinal cord. The cells
that line the kidney tubules are cube shaped and tightly bound
together, reflecting their role in the transport of water and other
molecules. Essentially every cell has a specialized function of
some sort or it would be of little use to the organism.

Cells that serve the same function are often remarkably sim-
ilar between species. For example, a human nerve cell has more

c) Cells lining a tubule of a kidney
(X 250).
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in common (structurally and functionally) with a nerve cell in a
cockroach than it does with a human liver cell. Furthermore,
cells in a mouse are not that much different in size from those
in an elephant; it's just that an elephant has more of them.

@ Web Animation Ce// Structures at www.humanbiology.com

Cells remain small to stay efficient

Despite their structural differences, all cells have at least
one feature in common: they are small in one or more
dimensions, requiring considerable magnification to be
seen (Figure 3.3). Despite the incredible complexity of
human cells, not one can be seen with the naked eye. Even
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c) The scanning electron microscope

us have seen or used a light microscope.
The light microscope uses visible light

and a series of glass lenses to magnify a
small sample as much as 1,000-fold.
Focus can be difficult to maintain if objects
are at different depths in a sample. Light
does not transmit well through very dense
or thick samples. Light microscopes have
been in use for over 300 years.

microscope (TEM). A transmission
electron microscope bombards the sample
with a beam of electrons, some of which
pass through the sample. Electrons
behave like light waves, but since the
wavelengths of electrons are shorter than
visible light, the image has greater clarity
at any magnification. A good electron
microscope can magnify up to about
100,000 times, a hundred times greater
than the light microscope. The images

are two-dimensional (flat) because the
sample must be very thin, but the
magnification is sufficiently high that one
can see the structural details of organelles
within single cells.

(SEM). The scanning electron microscope
also focuses beams of electrons on the
object. It produces what appears to be

a three-dimensional view of the surface of
an object. A narrow beam of electrons is
scanned over the surface of an object

that has been coated with a thin coat of
metal so that the electron beam cannot
penetrate. As the beam passes, the

metal gives off secondary electrons, which
can be recorded to produce a visual
picture of the object’s surface. Scanning
electron microscopes have revealed
stunning images of the relationships
between cells and of the outer surfaces of
cells. The scanning electron microscope
can also magnify up to about 100,000
times.

Figure 3.3 Visualizing cells with microscopes. Photographs taken by the various methods of
microscopy are called photomicrographs. All three of the photomicrographs shown here are of
Escherichia coli, a normally harmless bacterium found in the digestive tract.
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nerve cells that are over 3 feet long are so thin that we can't
see them. Given the variety of life forms on Earth, why are
there are so few giant cells? (An exception is the egg of some
species.)

The answer shows that nature obeys certain simple and
understandable principles:

m The total metabolic activities of a cell are proportional to
its volume of cytoplasm, which is in effect its size. To
support its activities, every cell needs raw materials in
proportion to its size. Every cell also needs a way to get
rid of its wastes.

m All raw materials, energy, and waste can enter or leave
the cell only by crossing the plasma membrane.

m As objects get larger, their volume increases more than
their surface area. For both spheres and cubes, for exam-
ple, an eightfold increase in volume is accompanied by
only a fourfold increase in surface area.

The larger a cell gets, then, the more likely that its
growth and metabolism will be limited by its ability to sup-
ply itself across the plasma membrane (Figure 3.4). Put
another way, the smaller a cell is, the more effectively it can
obtain raw materials and get rid of wastes.

Some cells have numerous microscopic projections of
the plasma membrane called microvilli (see Figure 3.4c)
Microvilli are an effective way to increase surface area relative
to volume. Plasma membranes with microvilli are especially
common in cells that transport substances into and out of
the body, such as the cells that line the digestive tract and the
tubules of the kidneys.

Recap Common features of nearly all eukaryotic cells are a
plasma membrane, a nucleus, organelles, and the cytoplasm.
Cells exchange materials with their environment across their
plasma membrane. Cells are small, because this makes them
more efficient at obtaining nutrients and expelling wastes. ®»
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a) One large b) Eight small c) Cell with
cell. cells. microvilli

on one surface.

Figure 3.4 Cell size and plasma membrane shape affect
surface area and volume. The volume is the same in these three
groups of cells, but the ratio of volume to surface area is different
in a), b), and c). Compared to the cell in a), the eight small cells
in b) have twice the surface area. c) The surface area of any cell
can be increased by the presence of microvilli.
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Researchers in Europe are about to begin a long and ex-
pensive series of experiments to determine if transplan-
tation of fetal brain cells into the brains of patients with
Parkinson’s disease will improve the patients’ condition.
The study is raising some eyebrows in scientific quar-
ters. Two similar experiments carried out in the United
States in the 1990s, admittedly when the techniques
were less well developed, failed miserably.

If they get final approval to go ahead, the re-
searchers will harvest fetal brain cells from 6-9-week-
old human fetuses and then inject the cells into the
brains of patients with Parkinson’s disease. Up to six fe-
tuses will be needed to obtain the 8 million cells to be
transplanted into each Parkinson’s patient, according to
a news article in Science. The first patients will receive
the injections in 2012 as part of a safety study. If all
goes well, a double-blind trial complete with sham surg-
eries will be carried out to see if the procedure actually
benefits patients.

Controversial? Yes. Worthwhile? You decide.

Reference: Holden, Constance. Fetal Cells Again? Science, Oct. 16,
2009, pp. 358-359.

3.3 A plasma membrane surrounds
the cell

Consider a house. Its walls and roof are composed of
special materials that prevent rain and wind from entering.
They also form a barrier that allows the temperature inside
the house to stay warmer or cooler than the temperature
outside. At the same time, the house interacts with its envi-
ronment. Windows allow light in; doors open and close to
allow entry and exit. Water and power lines permit the reg-
ulated entry of water and energy, and sewer lines remove
wastes. The house exchanges information with the outside
world through mail slots, telephone lines, and computer
cables.

The exterior structure of a living cell is its plasma
membrane. Like the roof and walls of a house, the plasma
membrane must permit the movement of some substances
into and out of the cell yet restrict the movement of others.

It must also allow the transfer of information across the
membrane.
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Figure 3.5 The plasma membrane. The plasma membrane is a phospholipid bilayer containing
cholesterol and proteins. Cholesterol provides mechanical strength. The proteins transfer information,
permit the passage of certain molecules, and provide structural support for the cytoskeleton.

The plasma membrane is a lipid bilayer

The plasma membrane is constructed of two layers of phospho-
lipids, called a lipid bilayer, plus some cholesterol and various
proteins (Figure 3.5). Each of the three components contributes
to the membrane’s overall structural and functional properties:

m Phospholipids. Recall that phospholipids are a particular
type of lipid with a polar head and neutral nonpolar
tails. In the plasma membrane the two layers of phos-
pholipids are arranged so that the nonpolar tails meet in
the center of the membrane. One layer of polar (water-
soluble) heads faces the watery solution on the outside
of the cell, and the other layer of polar heads faces the
watery solution of the cell’s cytoplasm.

m Cholesterol. Cholesterol increases the mechanical
strength of the membrane by preventing it from becom-
ing either too rigid or too flexible. It also prevents the
phospholipids from moving around too much and helps
to anchor the proteins within the membrane.

m Proteins. Various proteins are embedded in the phospho-
lipid bilayer of the plasma membrane. Like the doors,
windows, and wires of a house, they provide the means
for transporting molecules and information across the
plasma membrane. A few membrane proteins anchor the
cell’s internal scaffold-like support network. Some pro-
teins span the entire membrane; others protrude from
only one surface. Plasma membrane proteins generally
have one region that is electrically neutral and another
that is electrically charged (either + or —). The charged
regions tend to extend out of the membrane and thus are
in contact with water, whereas the neutral portions are
often embedded within the phospholipid bilayer.

The phospholipid bilayer of the plasma membrane is
only about 3.5 nanometers thick (a nanometer, abbreviated
nm, is a billionth of a meter), too small to be seen in detail
even with microscopes. To appreciate relative sizes, imagine
as we did in Chapter 2 that a single sodium ion is the size of
a penny. At this scale the phospholipid bilayer of a typical cell
would be about 13 inches thick. It is no wonder that many
substances are restricted from passing through the membrane
unless there is some sort of channel or transport mechanism
available.

Although we have likened the plasma membrane to
the exterior of a house, there are two key differences. First,
the plasma membrane of animal cells is not rigid. If you
could touch a plasma membrane, it would probably feel
like a wet sponge, giving way under your touch and sp-
ringing back when you remove your hand. Most cells
do maintain a certain shape, but it is mainly due to a su-
pporting network of fibers inside the cell, the fluid within
the cell, and the limitations imposed by contact with sur-
rounding cells, not the stiffness of the plasma membrane
itself.

Second, the phospholipids and proteins are not anchored
to specific positions in the plasma membrane. Many proteins
drift about in the lipid bilayer like icebergs floating on the sur-
face of the sea. Imagine if you were to get up in the morning
and find that the front door to your house had moved 3 feet
to the left! The plasma membrane of animal cells is often de-
scribed as a “fluid mosaic” to indicate that it is not a rigid
structure and that the pattern of proteins within it constantly
changes.

@ Web Animation Membrane Structure at www.humanbiology.com
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Recap The plasma membrane is comprised of phospholipids,
cholesterol, and proteins. The proteins transfer information
and transport molecules across the membrane and provide
structural support. ®

3.4 Molecules cross the plasma
membrane in several ways

The plasma membrane creates a barrier between the cell’s exter-
nal environment and the processes of life going on within. Life
was impossible until these functions could be enclosed and
concentrated in one place, keeping what was needed for growth
and reproduction inside and limiting the entry of other materi-
als. Molecules (and ions) cross the plasma membrane in three
major ways: (1) passive transport (diffusion and osmosis),

(2) active transport, and (3) endocytosis or exocytosis.

Passive transport: Principles of diffusion
and osmosis

Passive transport is “passive” because it transports a
molecule without requiring the cell to expend any energy.
Passive transport relies on the mechanism of diffusion.

Diffusion Molecules in a gas or a liquid move about randomly,
colliding with other molecules and changing direction. The
movement of molecules from one region to another as the
result of this random motion is known as diffusion.

If there are more molecules in one region than in another,
then strictly by chance more molecules will tend to diffuse
away from the area of high concentration and toward the
region of low concentration. In other words, the net diffusion
of molecules requires that there be a difference in concentra-
tion, called a concentration gradient, between two points. Once
the concentration of molecules is the same throughout the so-
lution, a state of equilibrium exists in which molecules diffuse
randomly but equally in all directions.

Figure 3.6 illustrates diffusion by showing what happens
when a concentrated solution of blue dye is placed in the
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How can scientists determine the age of human cells?
How frequently are human cells replaced, if at all?

In 2005 scientists hit upon an ingenious method
that takes advantage of a dark period in recent world
history—the above-ground testing of nuclear weapons
between the mid-1950s and 1963. Nuclear weapons
testing resulted in a sharp spike in carbon-14 levels
worldwide. The levels peaked in 1967 and have since
declined as carbon-14 diffused and equilibrated with
the atmosphere, the oceans, and the biosphere. Carbon
is incorporated into the chemical components of all new
cells, of course, including DNA. It turns out that the
carbon-14 levels in nuclear DNA correspond very closely
to the atmospheric levels at the time the DNA was
synthesized. So by comparing the cells’ nuclear DNA
carbon-14 levels to a chart of atmospheric cabon-14
levels each year, one can determine the cells’
birth date.

How does this help us determine cell turnover?
Think about it: if all of the cells in a piece of tissue are
the same age as the individual, then cells are not being
replaced throughout life. But if the average cell age is
much younger than the individual, then cell turnover
must be relatively high. The scientists who developed
the cell-dating technique report that neurons in the
cerebral cortex (the most highly developed region of the
brain) do not undergo significant replacement through-
out life—you’re born with all the cortical brainpower
you're ever going to have. In contrast, cells lining the
intestine are replaced frequently. ®

Reference: “Retrospective Birth Dating of Cells in Humans.”
Cell 122: 133-143, 2005.

Figure 3.6 Diffusion. At time zero a concentrated solution of a
blue dye was placed in the middle of a tube of water. To prevent
the movement of water by bulk flow, a stabilizing agent had been
added previously to the water. Over time the random motion of
molecules in solution has caused some molecules of dye to move
from the region of highest dye concentration to the region of low
dye concentration. Although not visible, water has diffused in the
opposite direction, from the region of highest water concentration
(pure water) toward the region of lower water concentration (the
region occupied by dye). Note that diffusion is effective only over
short distances; it has taken 24 hours for the dye to move only

1 cm in any direction.
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middle of a tube of water. Over time, the dissolved molecules
diffuse away from their region of highest concentration and
toward the regions of low concentration.

Water also diffuses from the region of its highest concen-
tration toward the region of its lowest concentration. How-
ever, the concentration of water (the liquid, or solvent) in a
solution is opposite to that of the molecules other than water
(the solutes). The higher the concentration of solutes, the
lower the concentration of water. Pure water is the solution
with the highest possible concentration of water. Net diffu-
sion of water is always toward the solution with the higher
concentration of solutes and away from the solution with a
higher concentration of water.

Osmosis Not all substances diffuse readily into and out

of living cells. The plasma membrane is selectively per-
meable, meaning that it allows some substances to cross
by diffusion but not others. It is highly permeable to
water but not to all ions or molecules. The net diffusion
of water across a selectively permeable membrane is called
0Smosis.

Figure 3.7 demonstrates the process of osmosis. In
Figure 3.7a, a selectively permeable membrane—in this case
permeable only to water—separates pure water from a solu-
tion of glucose in water. Although the glucose cannot diffuse,
the water diffuses toward its region of lower concentration,
from right to left. As osmosis occurs, the volume in the left
chamber rises, creating a fluid pressure that begins to oppose
the continued osmosis of water (Figure 3.7b). Eventually the
movement of water from left to right (because of differences
in fluid pressure) equals the movement from right to left (by
osmosis), and there is no further net change in the volume
of water on each side of the membrane.

The fluid pressure required to exactly oppose osmosis is
called osmotic pressure. In Figure 3.7c osmotic pressure is
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@ Web Animation Diffusion and Osmosis at www.humanbiolgoy.com

Passive transport moves with the
concentration gradient

Most substances cross cell membranes by passive transport. Pas-
sive transport always proceeds “downhill” with respect to the
concentration gradient, meaning that it relies on diffusion in
some way. Three forms of passive transport across the cell mem-
brane are (1) diffusion through the lipid bilayer, (2) diffusion
through channels, and (3) facilitated transport (Figure 3.8).

Diffusion through the lipid bilayer The lipid bilayer structure
of the plasma membrane allows the free passage of some
molecules while restricting others. For instance, small
uncharged nonpolar molecules can diffuse right through the
lipid bilayer as if it did not exist. Such molecules simply dis-
solve in the lipid bilayer, passing through it like a ghost through
a wall. Polar or electrically charged molecules, in contrast, can-
not cross the lipid bilayer because they are not soluble in lipids.

Two important lipid-soluble molecules are oxygen (O,),
which diffuses into cells and is used up in the process of me-
tabolism, and carbon dioxide (CO,), a waste product of me-
tabolism, which diffuses out of cells and is removed from the
body by the lungs. Another substance that crosses the lipid
bilayer by diffusion is urea, a neutral waste product removed
from the body by the kidneys.

Quick Checlk Do you think sodium (Na*) or chloride (CI")
ions can diffuse directly through the lipid bilayer? How about
water molecules? Explain. »

Answers to questions can be found in Appendix A.
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Figure 3.7 Generation of osmotic pressure hy osmosis. Starting in a), there is a net movement of
water from right to left until the diffusion of water (osmosis) is opposed by movement of water due to

osmotic pressure c).

In the third figure, what would happen if you now add glucose to the right side—adding exactly the
same total number of glucose molecules as are in the left side? Explain your answer.
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Diffusion through channels.
Some polar and charged
molecules diffuse through
protein channels that span
the membrane. Water

is a typical example.

Diffusion through the lipid
layer. Lipid-soluble molecules
such as O, and CO, diffuse
freely through the plasma
membrane.

Figure 3.8 The three forms of passive transport. All involve transport down a concentration

gradient without the expenditure of additional energy.

Diffusion through channels Water and many ions diffuse
through channels in the plasma membrane. The channels
are constructed of proteins that span the entire lipid
bilayer. The sizes and shapes of these protein channels, as
well as the electrical charges on the various amino acid
groups that line the channel, determine which molecules
can pass through.

Some channels are open all the time (typical of water
channels). The diffusion of any molecule through the
membrane is largely determined by the number
of channels through which the molecule can fit.
Other channels are “gated,” meaning that they can
open and close under certain conditions. Gated
channels are particularly important in regulating
the transport of ions (sodium, potassium, and cal-
cium) in cells that are electrically excitable, such
as nerve cells (Chapter 11). Look at Figure 3.5,
which represents a number of the proteins instru-
mental in transport.

Q

Facilitated transport In facilitated transport,
also called facilitated diffusion, the molecule
does not pass through a channel at all. Instead
it attaches to a membrane protein, triggering a
change in the protein’s shape or orientation
that transfers the molecule to the other side
of the membrane and releases it there. Once
the molecule is released, the protein returns
to its original form. A protein that carries a
molecule across the plasma membrane in

this manner, rather than opening a channel
through it, is called a transport protein
(carrier protein).

Facilitated transport. Certain
molecules bind to a protein,
triggering a change in protein
shape that transports the
molecule across the membrane.
Glucose typically enters cells by
this method.
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is always from a region of higher concen-
tration to one of lower concentration,
and thus it does not require the cell to
expend energy. The normal process of
diffusion is simply being “facilitated” by
the transport protein. Glucose and other
simple sugars enter most cells by this
method.

Active transport requires energy

All methods of passive transport allow
substances to move only down their
concentration gradients, in the direction
they would normally diffuse if there were
no barrier. However, active transport
can move substances through the plasma
membrane against their concentration
gradient. Active transport allows a cell to
accumulate essential molecules even
when their concentration outside the

cell is relatively low, and to get rid of
molecules that it does not need. Active transport requires the
expenditure of energy.

Like facilitated transport, active transport is accomplished
by proteins that span the plasma membrane. The difference is
that active transport proteins must have some source of energy
to transport certain molecules. Some active transport proteins
use the high-energy molecule ATP (adenosine triphosphate)
for this purpose (Figure 3.9a). They break ATP down to ADP
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a) In active transport using ATP, energy  b) Some carrier proteins use energy
derived from the breakdown of ATP
is used to change the shape of the
carrier protein.

derived from the downhill transport of
one molecule to transport another
molecule uphill. In this example, the
energy to transport the square molecules
comes from the facilitated transport of the
spearhead molecules.

Facilitated transport is highly selective for
particular substances. The direction of movement

Figure 3.9 Active transport. A cell can employ active transport to move a molecule
against a concentration gradient. Because this is an “uphill” effort, energy is required.
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(adenosine diphosphate) and a phosphate group (P,) and use
the released energy to transport one or more molecules across
the plasma membrane against their concentration gradient.
Imagine that the active transport protein is a conveyor belt
moving objects uphill, powered by a gasoline engine. In this
analogy, ATP is the gasoline and ADP the exhaust (with one dif-
ference: the ADP “exhaust” in the cell can be recycled to ATP).

Proteins that actively transport molecules across the
plasma membrane are sometimes called “pumps.” Some
pumps can transport several different molecules at once and
even in both directions at the same time. One of the most im-
portant plasma membrane pumps is the sodium-potassium
pump, which uses energy derived from breaking down ATP to
transport sodium out of the cell and potassium into the cell.

Not all active transport pumps use ATP as the energy
source. Some derive energy from the “downhill” facilitated
transport of one molecule and use it to transport another mol-
ecule “uphill,” against its concentration gradient (Figure 3.9b).
This type of transport is analogous to an old-fashioned mill
that grinds grain into flour by using energy derived from the
downhill movement of water.

@ Web Animation Passive and Active Transport at
www.humanbiology.com

Quick Check You've discovered a membrane protein that
seems to be necessary for cells to transport fructose from
higher to lower concentration. Predict whether this membrane
protein requires ATP to function, and name the type of trans-
port that it is most likely doing. Explain your reasoning. ®

a) Endocytosis. In endocytosis, material is surrounded by the cell
membrane and brought into the cell.

b) Exocytosis. In exocytosis, a membranous vesicle fuses with the plasma

membrane, expelling its contents outside the cell.

Figure 3.10 Endocytosis and exocytosis.

Endocytosis and exocytosis move materials in bulk

Most ions and small molecules move across the cell mem-
brane by one or more of the passive and active transport
mechanisms just described. However, some molecules are too
big to be transported by these methods. To move large mole-
cules or transport several kinds of molecules in bulk, some
cells resort to endocytosis and/or exocytosis. These two
processes are based on the same principle but have different
directions of movement. Endocytosis moves materials into
the cell, and exocytosis moves materials out of the cell.

Figure 3.10 shows the processes of endocytosis and exo-
cytosis. In endocytosis, molecules dissolved in the extracel-
lular fluid are surrounded by a pocket formed by an
infolding of the plasma membrane. Eventually the pocket
pinches off, forming a membrane-bound vesicle within the
cell. To facilitate the selection of the right molecules for en-
docytosis, some vesicles have receptors on their surface that
bind only to certain specific molecules. Insulin and certain
enzymes enter cells by this method. Other vesicles are nons-
elective, engulfing whatever is in the extracellular fluid, such
as nutrients and water. Vesicles of this type are often found
in cells lining the digestive tract. Some white blood cells en-
gulf and destroy whole bacteria by endocytosis (Chapter 9).

In exocytosis, a vesicle already present within the cell
fuses with the plasma membrane and releases its contents
into the fluid surrounding the cell. This is how certain cells
release toxic waste products, get rid of indigestible material,
or secrete their special products.

@ Web Animation Endocytosis and Exocytosis at
www.humanbiology.com
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c) Photomicrograph showing various stages
of endocytosis.


www.humanbiology.com
www.humanbiology.com

Information can be transferred across the
plasma membrane

Receptor proteins that span the plasma membrane can re-
ceive and transmit information across the membrane. The
information received by receptor proteins generally causes
something to happen within the cell even though no mole-
cules cross the membrane.

Figure 3.11 illustrates how a receptor protein works.

A molecule approaches the membrane and binds to a spe-
cific receptor site in a lock-and-key fashion. This binding trig-
gers a series of biochemical events that ultimately cause
changes within the cell. Receptor proteins are highly specific
for a particular molecule or a group of similar molecules.
For example, the receptor protein for the hormone insulin
responds only to insulin and not to any other hormone. Fur-
thermore, different cells have different sets of receptor pro-
teins, which explains why some cells and tissues respond to
a particular hormone and others do not.

We discuss receptor proteins and hormones in more de-
tail in Chapter 13. For now, remember that certain molecules
can influence what happens inside a cell merely by coming
in contact with the cell’s outer surface.

The sodium-potassium pump helps maintain
cell volume

Probably the most critical task facing a cell is maintaining its
volume. Why? Recall that the plasma membrane is soft and
flexible. It cannot withstand much stretching or high fluid
pressures. Furthermore, cells tend to accumulate certain ma-
terials depending on what is available in their extracellular
environment (the area outside the cell, beyond the plasma
membrane). Cells already contain a nucleus and organelles.

Extracellular environment
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Figure 3.11 Receptor protein action. A specific molecule
approaches a receptor site on a receptor protein and binds to it.
The binding of the molecule to the receptor protein causes a series
of chemical reactions within the cell. In this example, a particular
cellular product (the squares) is produced from substrate
molecules (the circles).
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In addition, they produce or stockpile molecules, including
amino acids, sugars, lipids, ions, and many others. These
molecules are necessary for the cell to function normally, but
they represent a lot of solute particles within the cell.

Because water can diffuse across the plasma membrane
rather easily, you might expect that water would diffuse into
the cell, toward the high cytoplasmic solute concentration.
This inward diffusion would increase cell volume, eventually
causing the cell to swell and even rupture.

The only way to avoid this is for the cell to keep the
solute concentration in its cytoplasm identical to the solute
concentration of the extracellular fluid. Then there is no net
driving force for the diffusion of water. What the cell actually
does is get rid of ions it doesn’t need in large quantities (pri-
marily sodium) in exchange for those it must stockpile. This
is the primary function of a specialized protein embedded in
the cell membrane called the sodium-potassium pump.

Figure 3.12a shows how the sodium-potassium pump
works. The pump has three binding sites for sodium that are
accessible from inside the cell. The binding of three cytoplas-
mic sodium ions triggers the breakdown of an ATP molecule
to ADP and an inorganic phosphate. The energy released by
ATP causes the pump to change shape, expelling the sodium
ions and exposing two binding sites for potassium that are
accessible only from outside the cell. The binding of potassium
triggers another change of shape, and the potassium ions are
transported into the cell.

One effect of this three sodium/two potassium exchange
is to lower slightly the number of ions within the cell. More
importantly, the plasma membrane is much more permeable
to potassium than to sodium because it contains many potas-
sium channels but very few sodium channels. Effectively, the
cell keeps the number of sodium ions in the cytoplasm low
by pumping them out again just as soon as a few leak in. The
inward active transport of potassium does not increase the
intracellular potassium concentration very much because
they can leak back out so easily.

As Figure 3.12b shows, the sodium-potassium pump ef-
fectively controls cell volume. To reduce its volume, the cell
increases the activity of the sodium-potassium pumps,
getting rid of more sodium than usual. Water also exits to
maintain osmotic equilibrium. To expand its volume, the
cell lowers the activity of the pumps and retains water along
with the extra sodium. Because potassium can diffuse so
quickly no matter how much is pumped, the rate of
potassium transport by the pumps is not relevant to the con-
trol of cell volume.

A single red blood cell may have over a hundred
sodium-potassium pumps in its plasma membrane. In addi-
tion, the pump is essential to the ability of nerve cells to gen-
erate an electric current. We discuss the sodium-potassium
pump in more detail in Chapter 11.

Quick Checlc If a cell’s sodium-potassium pumps are
poisoned so that they stop working, will the cell tend to swell,
shrink, or stay the same? Explain. ®
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and the cell swells.

b) The rate of transport by the Na* - K* pumps determines cell volume.

Figure 3.12 Control of cell volume by the sodium-potassium pump (Na*-K+ pump).



Isotonic extracellular fluid also maintains
cell volume

Tonicity refers to the relative concentrations of solutes in two
fluids (-tonic means “strength”). Because water can diffuse
across the cell membrane so easily, the ability of a human
cell to control its volume also depends on the tonicity of the
extracellular fluid (Figure 3.13).

Extracellular fluid that is isotonic (Greek isos, equal) has
the same solute concentration as the intracellular fluid. Cells
maintain a normal volume in isotonic extracellular solutions
because the concentration of water is the same inside and
out. In humans, isotonic extracellular fluid is equivalent to
about 9 grams of salt dissolved in a liter of solution. Regula-
tory mechanisms in the body ensure that the extracellular
fluid solute concentration remains relatively constant at
that level.

When cells are placed in a hypertonic solution, one
with a concentration of solutes higher than the intracellular
fluid, water diffuses out of the cells, and the cells shrink.
Eventually this impairs normal function and the cells die.

Conversely, when cells are placed in a hypotonic solution
with a lower concentration of solutes than intracellular fluid,
water enters the cells and causes them to swell. Pure water is

Isotonic Hypertonic Hypotonic
9 grams of 18 grams of Pure water
saltin 1 liter saltin 1 liter
of solution of solution

a) Water movement into and out of human red blood
cells placed in isotonic, hypertonic, and hypotonic
solutions. The amount of water movement is indicated
by the sizes of the arrows.

b) Scanning of electron micrographs of red blood cells
placed in similar solutions.

Figure 3.13 The effect of extracellular fluid tonicity on cell
volume.

Suppose a woman runs a marathon on a hot summer day and
becomes extremely dehydrated. Would you expect that her ex-
tracellular fluid would be isotonic, hypotonic, or hypertonic?
Predict what might happen to her red blood cells.
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the most hypotonic solution possible. Most human cells
quickly swell, burst, and die when placed in pure water.

Recap Molecules may move across the plasma membrane by
diffusion, by passive or active transport, or by endocytosis/
exocytosis. Sodium-potassium exchange pumps in the cell
membrane are essential for the regulation of cell volume. In
addition, homeostatic regulatory processes keep the tonicity of
the extracellular fluid relatively constant. ®

3.5 Internal structures carry out
specific functions

So far we have discussed the plasma membrane that sur-
rounds the cell. Now we move inside the cell, where we find a
number of different membrane-bound and non-membrane-
bound structures. The membrane-bound structures are called
organelles, because they are like tiny organs in that they have a
specific function to perform. Figure 3.14 presents a cutaway
view of an animal cell with its nucleus and organelles.

The nucleus controls the cell

The most conspicuous organelle of a living eukaryote is its
nucleus (Figure 3.15). As the information center of a cell, the
nucleus contains most of the cell’s genetic material in the form
of long molecules of DNA. (As you will learn in Chapter 17,
mitochondria have their own DNA.) Ultimately, DNA controls
nearly all the activities of a cell. Details of how DNA controls
cellular function are discussed in Chapters 17 and19.

The outer surface of the nucleus consists of a double-
layered membrane, called the nuclear membrane, that keeps
the DNA within the nucleus. The nuclear membrane is
bridged by nuclear pores that are too small for DNA to pass
through but that permit the passage of certain small proteins
and RNA molecules.

Within the nucleus is a dense region called the
nucleolus, where the components of ribosomes (RNA and
ribosomal proteins) are synthesized. The components pass
through the nuclear pores, to be assembled into ribosomes
in the cytoplasm.

Ribosomes are responsible
for protein synthesis

Ribosomes are small structures composed of RNA and
certain proteins that are either floating freely in the cytosol or
are attached to the endoplasmic reticulum, the cell organelle
that synthesizes most biological molecules. Ribosomes are re-
sponsible for making specific proteins. They assemble amino
acids into proteins by connecting the appropriate amino
acids in the correct sequence according to an RNA template.
We describe this process in more detail in Chapter 17.
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Figure 3.14 A typical animal cell. Not shown in this
cell are cilia, a flagellum, glycogen granules, or fat
deposits, as only certain cells have these features.

Lysosome
Digests damaged organelles
and cellular debris

Nuclear
pores

Nucleolus

Nuclear
membrane

Nuclear
membrane

%on , o e =

A transmission electron micrograph (X 6,000) of
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Figure 3.15 The nucleus. The nucleus contains the cell’s genetic material. The nucleolus
produces the protein and RNA components of ribosomes. These components exit the nucleus
through nuclear pores.



Ribosomes that are attached to the endoplasmic reticulum
release their proteins into the folds of the endoplasmic reticu-
lum. Many of these proteins are packaged in membrane-bound
vesicles, transported to the cell membrane, and secreted. Free-
floating ribosomes generally produce proteins for immediate
use by the cell, such as enzymes that serve as catalysts for
chemical reactions within the cytoplasmic fluid.

The endoplasmic reticulum is the
manufacturing center

The endoplasmic reticulum (ER), in conjunction with its
attached ribosomes, synthesizes most of the chemical
compounds made by the cell. If a cell were an industrial city,
then the ER would be the city’s steel mills, sawmills, and
chemical plants. Like the output of a steel mill, the materials
manufactured by the ER are often not in their final form.
They are refined and packaged by the Golgi apparatus,
discussed later.

Figure 3.16 shows the structure of the ER and its role in
the manufacture of proteins and other materials. The ER is
an extensively folded, membranous system surrounding a
fluid-filled space. A portion of the ER connects to the nuclear
membrane. Some regions of the ER’s outer surface are dotted
with ribosomes, giving those regions, called rough ER, a gran-
ular appearance. Regions without ribosomes are called
smooth ER.
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The rough ER is involved in the synthesis of proteins, as
you may guess from the presence of ribosomes. Most of the
proteins synthesized by the attached ribosomes are released
into the fluid-filled space of the ER. Eventually they enter the
smooth ER, where they are packaged for transfer to the Golgi
apparatus.

The smooth ER synthesizes macromolecules other than
protein. Most notable among these are the lipids, including
some hormones. Numerous enzymes embedded in the inner
surface of the ER membrane facilitate the chemical reactions
necessary for macromolecule synthesis.

The smooth ER is also responsible for packaging the pro-
teins and lipids for delivery to the Golgi apparatus. Newly
synthesized proteins and lipids collect in the outermost lay-
ers of smooth ER. There, small portions of the fluid-filled
space are surrounded by ER membrane and pinched off,
forming vesicles that contain fluid, proteins, and lipids. The
vesicles migrate to the Golgi apparatus, fuse with the Golgi
apparatus membrane, and release their contents into the
Golgi apparatus for further processing.

Quiclk Checl The cells of the pancreas make large
quantities of proteins that are constantly secreted outside the
cell. Would you expect a pancreatic cell to have a relatively
large or small number of ribosomes, and would you expect it
to have a lot of smooth or rough ER (compared to a cell that
does not secrete proteins)?

Figure 3.16 The endoplasmic reticulum (ER). The rough ER is studded with ribosomes, where
proteins are made. The smooth ER packages the proteins and other products of the ER and prepares
them for shipment to the Golgi apparatus in vesicles.
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The Golgi apparatus refines, packages,
and ships

The Golgi apparatus is the cell’s refining, packaging, and
shipping center. To continue our analogy of the cell as an in-
dustrial city, here is where steel bars are shaped into nails
and screws, raw lumber assembled into doors and window
frames, and grain turned into bread.

Figure 3.17 diagrams the structure of the Golgi appara-
tus and the processes that occur there. In cross section the
Golgi apparatus appears as a series of interconnected fluid-
filled spaces surrounded by membrane, much like a stack of
plates. Like the ER, it contains enzymes that further refine
the products of the ER into final form.

The contents of the Golgi apparatus move outward by
a slow but continuous process. At the outermost layer of
the Golgi apparatus, the products are finally ready to
be packaged into vesicles and shipped to their final
destinations.

Vesicles: Membrane-bound storage
and shipping containers

Vesicles are membrane-bound spheres that enclose
something within the cell. Sometimes they contain it inside
the cell, and sometimes they move it to another location.
There are several types of vesicles, each with a different origin
and purpose.

Vesicles that ship and store cellular products These vesicles
enclose and transport the products of the ER and Golgi
apparatus. Each vesicle contains only one product out of the
thousands of substances made by the Golgi apparatus.

The contents of each vesicle depend on certain proteins
in the vesicle membrane that act as “shipping labels.” They
determine which product is put into the vesicle and where
the vesicle is sent. If a vesicle’s products are not immediately
needed it remains in the cell cytoplasm, like a box stored in
a warehouse awaiting shipment.

Secretory vesicles Secretory vesicles contain products
destined for export from the cell. They migrate to the plasma
membrane and release their contents outside the cell by
exocytosis. Because most secretory products are made in the
Golgi apparatus, secretory vesicles generally derive from
Golgi apparatus membrane.

Endocytotic vesicles These structures enclose bacteria and raw
materials from the extracellular environment. They bring them
into the cell by endocytosis.

Peroxisomes and lysosomes These vesicles contain enzymes
so powerful that they must be kept within the vesicle to
avoid damaging the rest of the cell. Both are produced by the
Golgi apparatus. Figure 3.18 shows their functions.

The enzymes in peroxisomes destroy various toxic wastes
produced in the cell, including hydrogen peroxide (H,O,).
They also destroy compounds that have entered the cell from
outside, such as alcohol. The detoxification process occurs en-
tirely within the peroxisome.

Lysosomes (from the Greek lysis, dissolution, and soma,
body) contain powerful digestive enzymes. Lysosomes fuse
with endocytotic vesicles within the cell, digesting bacteria
and other large objects. Lysosomes also perform certain
housekeeping tasks, such as dissolving and removing dam-
aged mitochondria and other cellular debris. When their

— Vesicle

— Lysosome
— Secretory vesicle

— Plasma
membrane

Figure 3.17 The Golgi apparatus. The Golgi apparatus receives substances from the ER, refines
them into final products, and packages them into vesicles for their final destinations.
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Figure 3.19 shows a photograph of a
single mitochondrion and diagrams its
structure and function. A smooth outer
membrane, similar to the plasma mem-
brane, covers the entire surface. Within the
outer membrane is an inner membrane with
numerous folds that increase its surface
area. The inner membrane and the fluid in
its folds contain hundreds of protein
enzymes, which serve as catalysts to break

. down chemical bonds in our food and
release the energy. This process consumes
oxygen and produces carbon dioxide.

The energy liberated within the mitochon-
dria is used to create high-energy molecules
such as ATP. ATP is then exported from the mi-
tochondria to the cytosol, where it is available
as a quick source of energy for the cell. Like

@

a electric power, ATP is useful for a variety of
Residual purposes. We have already seen one of its
uses—providing the energy used to transport

sodium and potassium across the plasma
membrane.

Quick Check While studying a human cell
under a microscope, you spot a small, round
organelle that seems to have a single mem-
brane. Is it more likely to be a nucleus, ribo-
some, vesicle, or mitochondrion? What might
it contain? =

Figure 3.18 Lysosomes and peroxisomes. Lysosomes formed by the Golgi apparatus

fuse with endocytotic vesicles containing a bacterium. Following digestion of the
bacterium the residual waste is excreted by exocytosis. Peroxisomes take up toxic
wastes (including alcohol) and degrade them to harmless waste, which is also excreted.

digestive task is complete they become “residual bodies,”
analogous to small bags of compacted waste. Residual bod-
ies can be stored in the cell, but usually their contents are
eliminated from the cell by exocytosis.

Mitochondria provide energy

Nearly all of a cell’s functions require energy. Energy is avail-
able in the chemical bonds of the food we eat, but cells can-
not use it directly. Most energy in ingested nutrients must be
converted to a more usable form before it can power the
chemical and physical activities of living cells.

Mitochondria are the organelles responsible for
providing most of this usable energy; they are often called
the cells’ “power plants.” Not surprisingly, their number
within different cells varies widely according to the energy
requirements of the cells. A cell with a high rate of energy
consumption, such as a muscle cell, may contain over
1,000 mitochondria.

Fat and glycogen: Sources
of energy

The mitochondria generally manufacture ATP

as it is needed. To avoid the possibility of
running out of fuel, some cells store energy in raw form.
These energy stores are not enclosed in any membrane-
bound container. They are more like large piles of coal on
the ground, awaiting delivery to the power plants
(mitochondria) for conversion to electricity (ATP).

Some cells store raw energy as lipids (fat). Our so-
called fat cells are so specialized for this purpose that most
of their volume consists of large droplets of stored lipids.
Dieting and exercise tend to reduce the amount of stored
fat—that is, they make the fat cells leaner. However, dieting
and exercise do not reduce their number. The cells are avail-
able to store fat again, which is why it is so hard to keep
lost weight off.

Other cells store energy as glycogen granules (review
Figure 2.15). Muscle cells rely on glycogen granules rather
than on fat deposits because the energy stored in the chemi-
cal bonds of glycogen can be used to produce ATP more
quickly than the energy derived from fat.
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a) The structure and overall function of a mitochondrion. b) A photomicrograph of a mitochondrion.

Figure 3.19 Mitochondria.

Recap The nucleus contains most of the cell’s genetic mate-
rial. Ribosomes are responsible for protein assembly. The en-

doplasmic reticulum manufactures most other cellular products

in rough form. The Golgi apparatus refines cellular products
and packages them into membrane-bound vesicles. Some
vesicles store, ship, and secrete cellular products; others
digest and remove toxic waste and cellular debris. Mitochon-
dria manufacture ATP for the cell. ®

3.6 Cells have structures for support
and movement

The soft plasma membrane is supported by an internal scaf-
folding that helps the cell maintain its shape. In addition,
some cells have specialized structures to help them move
around, and all cells contain structures that are involved in
moving cellular components during cell division. Structural
elements for support and movement include the
cytoskeleton, cilia and flagella, and centrioles.

The cytoskeleton supports the cell

The cytoskeleton (Figure 3.20) consists of a loosely
structured network of fibers called microtubules and
microfilaments. As their names imply, microtubules are tiny
hollow tubes, and microfilaments are thin solid fibers. Both
are composed of protein. They attach to each other and to

Plasma
membrane

Microfilaments

Microtubule

Golgi
apparatus

Mitochondrion

Figure 3.20 The cytoskeleton. The cytoskeleton consists of mi-
crotubules and microfilaments that attach to and support the cell’'s
organelles and plasma membrane.



proteins in the plasma membrane, called glycoproteins, which
typically have carbohydrate group components.

The cytoskeleton forms a framework for the soft plasma
membrane, much as tent poles support a nylon tent. The cy-
toskeleton also supports and anchors the other structures
within the cell.

Cilia and flagella are specialized
for movement

A few cells have hairlike cilia (singular: cilium) or longer
flagella (singular: flagellum) that extend from the surface.
Cilia are generally only 2-10 microns long (1 micron
equals one-millionth of a meter). In cells that have them,
cilia are numerous. Cilia move materials along the surface
of a cell with a brushing motion. They are common on the
surfaces of cells that line the airways and in certain ducts
within the body.

In humans, flagella (approximately 200 microns long)
are found only on sperm cells (Figure 3.21). The whiplike
movement of the flagellum moves the entire sperm cell from
one place to another.

Cilia and flagella are similar in structure. They are com-
posed primarily of protein microtubules held together by
connecting elements and surrounded by a plasma mem-
brane. Nine pairs of fused microtubules surround two single
microtubules in the center. The entire structure bends when
temporary linkages form between adjacent pairs of
microtubules, causing the pairs to slide past each other. The
formation and release of these temporary bonds requires
energy in the form of ATP.

Microtubule
pair

—

£l

Figure 3.21 Flagella. A cross-sectional view of a flagellum show-
ing that it is composed of nine pairs of microtubules surrounding a
central pair.
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Centrioles are involved in cell division

Centrioles are short, rodlike microtubular structures located
near the nucleus. Centrioles are essential to the process of
cell division because they participate in aligning and
dividing the genetic material of the cell. We discuss them in
Chapter 17 when we describe how a cell divides.

Recap The cytoskeleton forms a supportive framework for the
cell. Cilia and flagella are specialized for movement, and cen-
trioles are essential to cell division. ®

3.7 Cells use and transform matter
and energy

Living cells can release the energy stored in the chemical
bonds of molecules and use it to build, store, and break down
still other molecules as required to maintain life. Metabolism
is the sum of all of the chemical reactions in the organism.

In a single cell, thousands of different chemical
reactions are possible at any one time. Some of these
chemical reactions are organized as metabolic pathways in
which one reaction follows after another in orderly and
predictable patterns (Figure 3.22). Some metabolic path-
ways are linear, in which the product (or end material)
from one chemical reaction becomes the substrate (start-
ing material) for the next. Other metabolic pathways form
a cycle in which substrate molecules enter and product
molecules exit, but the basic chemical cycle repeats over
and over again.

There are two basic types of metabolic pathways:

1. Anabolism (from the Greek anabole, a throwing up):
molecules are assembled into larger molecules that
contain more energy, a process that requires energy. The

A— B—> C—> D

a) A linear pathway.

A

{
N
Nep ¢/

b) A cyclic pathway in which B through E
repeat over and over again.

Figure 3.22 Types of metabolic pathways.
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assembly of a protein from many amino acids is an ex- CgHy20g + (6) O, (6) CO, + (8) H,O

ample of an anabolic pathway.

(glucose + oxygen) (carbon dioxide + water)

2. Catabolism (Greek katabole, a throwing down): larger
molecules are broken down, a process that releases en-
ergy. The breakdown of glucose into water, carbon diox- C'e//war resp'\‘a‘.‘o(\
ide, and energy is an example of a catabolic pathway.

Two facts are important about metabolic pathways. First,

@“ergy "equirg )

nearly every chemical reaction requires a specific enzyme. The
cell regulates and controls the rates of chemical reactions
through the specificity and availability of key enzymes. Second,

Energy is required for building the complex macromolecules

the metabolic activities of a living cell require a lot of energy. (36) ADP + (36) P
' 36

found only in living organisms, such as proteins, DNA, choles-
terol, and so on. Energy is also used to power cellular activities

such as active transport and muscle contraction.

Cells get their energy by catabolism of molecules that serve

as chemical stores of energy. The most immediately useful

Ener gy release®

source of energy, a sort of “energy cash” if you will, is ATP. The
energy in ATP is locked in the chemical bond between the sec- celllar wop,
ond and third phosphate group. Every time the third phosphate

group is removed from an ATP molecule, energy is released that

. . . . A li
the cell can use to do work. The reaction is reversible, meaning . Trg?]ggéﬂn
that the application of energy to ADP in the presence of a phos- * Muscle contraction

phate group can phosphorylate (add a phosphate group to) ADP

again, re-creating ATP. The equation is written as:
ATP <> ADP + P; + energy

In this equation, Pi is used as the abbreviation for the

inorganic phosphate (PO, ~?) to distinguish it
from the chemical symbol for pure phospho-
rus (P).

Glucose provides the cell with energy

Cells can use a variety of fuels to make the
ATP energy “cash” they need. The most readily
available fuel generally is glucose, derived ei-
ther from food recently eaten or from stored
glycogen. However, if glucose is not available,
cells may turn to stored fats and even proteins
for fuel. Regardless of the fuel used, most of
the ATP is produced by very similar metabolic
pathways. Let's look at the use of glucose as a
fuel source first, and then we'll describe briefly
how other fuels are used.

Recall that glucose is a six-carbon sugar
molecule with the chemical formula C.H,,O,.
This seemingly simple little molecule packs a
lot of potential energy in its chemical bonds.
Just as a gallon of gas provides enough energy
to power your car for 25-30 miles, a single glu-
cose molecule provides the cell enough energy
to produce approximately 36 molecules of ATP
(Figure 3.23).

The production of ATP from glucose occurs
in four stages, summarized in Figure 3.24:

Figure 3.23 Glucose provides energy for the cell. The complete
catabolism of glucose uses oxygen, produces carbon dioxide and
water, and generates 36 molecules of ATP that can be used to do
cellular work.

Citric Electron
Prepatory acid transport
step cycle system

Figure 3.24 Cellular respiration: An overview. Glycolysis occurs in the cytoplasm.
The products of glycolysis, two molecules of pyruvate, enter mitochondria. The
preparatory step and the citric acid cycle result in the complete breakdown of the two
pyruvate molecules but only limited ATP production. Most of the ATP is produced in
the electron transport system, using energy harvested from the first three steps.



1. Glycolysis: The six-carbon glucose molecule is split into
two 3-carbon pyruvate molecules. Energy is required to
get the process started.

2. The preparatory step: In preparation for the citric acid cycle,
pyruvate enters a mitochondrion. A series of chemical
reactions yields a two-carbon molecule called acetyl CoA,
plus some energy.

3. The citric acid cycle: An acetyl CoA molecule is broken
down completely by mitochondrial enzymes, and its en-
ergy is released. Most of the energy is captured by certain
high-energy electron transport molecules.

4. The electron transport system: Most of the energy derived
from the original glucose molecule is used to phosphory-
late ADP, producing high-energy ATP.

Glycolysis: Glucose is split into two pyruvate molecules
Figure 3.25 illustrates glycolysis, the first stage in the
complete breakdown of glucose (glyco- means “sweet,”
referring to sugar, and -lysis means “to break”). Glycolyis
occurs within the cell’s cytoplasm, not within mito-
chondria. In the first five of the ten chemical reactions
that constitute glycolysis, glucose is broken into two
3-carbon molecules called glyceraldehyde-3-phosphate
(PGAL). Two of these steps require the input of energy
(two molecules of ATP)—Ilike putting a match to a
bonfire.

Then, each of the two PGAL molecules is converted in a
series of steps to pyruvate. This process requires several more
enzymes. At several of these steps, enzymes carrying high-
energy phosphate groups pass their phosphate groups directly
to ADP, producing ATP. The process, called substrate-level
phosphorylation, does not require oxygen. During glycolysis,
four molecules of ATP are produced by substrate-level phos-
phorylation.

The rest of the potentially usable energy from glycolysis
is released as high-energy hydrogen ions (H") and electrons
(e7). Most of these are picked up by a coenzyme called NAD*
(nicotinamide adenine dinucleotide). A coenzyme is a small
molecule that assists an enzyme by transporting small mole-
cular groups. In this case NAD™* functions as an energy-
carrying molecule. NAD* picks up one high-energy H* ion
and two high-energy electrons to become the higher-energy
molecule NADH.

So far, then, the net energy yield from glycolysis is only
two molecules of ATP (four were formed, but two were used
to get the process started) and two molecules of NADH.

The energy carried by NADH is used to make ATP within the
mitochondria, as we'll see later.

The preparatory step: Pyruvate is converted to acetyl CoA
At this point the pyruvate molecules enter the mitochon-
dria, where all the rest of the ATP-generating reactions
occur. In a series of steps preparatory to the citric acid
cycle, a two-carbon acetyl group and a carbon dioxide
(CO,) waste molecule are formed from each pyruvate
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Figure 3.25 Glycolysis. This initial breakdown of glucose to two
molecules of glyceraldehyde-3-phosphate (PGAL) requires energy.
Thereafter, energy is generated as the two PGAL molecules are
further degraded to two molecules of pyruvate.

(Figure 3.26). Each acetyl group is then joined with
another coenzyme (called coenzyme A) to form acetyl CoA,
which delivers the acetyl group to the citric acid cycle.
There is a net gain of an additional two NADH molecules
from the conversion of two pyruvates to two acetyl CoA
molecules in the preparatory step.

The citric acid cycle harvests energy The citric acid cycle,
also called the Krebs cycle for its discoverer, Hans Krebs, is
a series of eight sequential steps in which each acetyl
group is completely disassembled to CO, waste and
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Figure 3.26 The preparatory step. Pyruvate is transported into a
mitochondrion and catabolized to a two-carbon acetyl group.
Energy is released, and the freed carbon is given off as carbon
dioxide waste. The acetyl group combines with coenzyme A for
delivery to the next step, the citric acid cycle.

various high-energy products (Figure 3.27). The citric acid
cycle begins when acetyl CoA combines with the four-
carbon fragment left over from the previous turn of the
cycle (oxaloacetic acid) to produce citric acid, the six-
carbon molecule for which the cycle is named. Citric acid
is the starting substrate for seven reactions that end with
oxaloacetic acid again. Each reaction is regulated by a
different enzyme. The two carbons that are lost during the
citric acid cycle are given off as CO, waste, and one ATP
molecule is produced directly by substrate-level
phosphorylation. The high-energy hydrogen ions and
electrons removed at various points in the cycle are
harvested in the form of three molecules of NADH and
one molecule of another energy-carrying coenzyme called
FAD (flavin adenine dinucleotide). FAD picks up two
high-energy H* ions and two electrons to become FADH,.

The electron transport system produces ATP So far, the glu-
cose molecule has been completely dismantled and CO,
has been generated as a waste product, but only four new
ATP molecules have been generated. The rest of the energy is

still in the electrons and hydrogen ions that are part of
NADH and FADH,,.

At this point NADH and FADH, move to the inner
membrane of the mitochondria and release their cargo to
the electron transport system (Figure 3.28). Here, the
energy-rich electrons are transferred sequentially from one
protein carrier molecule to another. The sequential transfer
is important because it allows the energy in the electrons to
be released in manageable quantities. The sequence of
events is as follows:

1. NADH and FADH, release the H* and high-energy elec-
trons they acquired in the citric acid cycle to a carrier
protein of the electron transport system.

2. The electrons pass from one protein carrier molecule to
the next in the electron transport system.

3. Each time an electron is transferred, the carrier molecule
acquires some of its energy and the electron loses energy.
The carrier protein uses the energy to transport H* from
the inner compartment of the mitochondria to the outer
compartment.

The active transport of H* into the outer compartment
of the mitochondria sets the stage for the actual production
of ATP. Since the concentration of H* is now higher in the
outer compartment than in the inner compartment, there is
a concentration gradient that favors diffusion of H* back
to the inner compartment. However, H* can diffuse only
through special channels. These channels are actually an en-
zyme called ATP synthase that uses the energy derived from
the diffusion of H* to catalyze the synthesis of ATP from
ADP and P,. Once it is formed, ATP leaves the inner compart-
ment of the mitochondria via a special channel protein, to
be used by the cell as an energy source.

As mentioned earlier, phosphorylation is the addition of a
phosphate group. The process of producing ATP from ADP
plus P, using the energy obtained as electrons are transferred
from one molecule to another in the electron transport
system, is called oxidative phosphorylation. The term
oxidative indicates that the process uses oxygen and that elec-
trons have been removed.

By the time they have reached the end of the electron
transport system, most of the energy of the electrons and H*
has been spent. At this point the spent hydrogen ions and
electrons combine with oxygen to form water, a waste prod-
uct. The low-energy NAD* and FAD molecules, now lacking
hydrogen ions and electrons, are recycled and used again.
The ability to recycle NAD*, FAD, and ADP increases cellular
efficiency because it means that these do not need to be syn-
thesized anew each time.

Cellular metabolic processes that use oxygen and
produce carbon dioxide in the process of making ATP are
collectively termed cellular respiration. Cellular respiration
takes place entirely within mitochondria. Although some
ATP is made in the cytoplasm during glycolysis, glycolysis
does not require oxygen. Indeed, glycolysis can proceed
without oxygen because there are alternative metabolic
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Figure 3.27 The citric acid cycle. A complete turn of the citric acid cycle produces two
molecules of CO, waste, an ATP molecule, three molecules of NADH, and a molecule of FADH, for
every 2-carbon acetyl group used as fuel. The cycle occurs twice for each molecule of glucose that
undergoes glycolysis to produce two pyruvate molecules. The NADH and FADH, molecules carry
high-energy hydrogen ions and electrons to the electron transport system, where their energy can be
used to synthesize ATP.
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Electron transport system

%0, + 2H* + 26" —>»H,0 ADP + P,

Figure 3.28 The electron transport system and oxidative phosphorylation. During electron trans-
fer, the high-energy molecules of NADH (and FADH,) give up electrons and hydrogen ions, releasing
energy. The energy is used to transport hydrogen ions into the space between the two mitochondrial

membranes. Diffusion of hydrogen ions back into the inner mitochondrial space provides the energy
for the enzyme ATP synthase to synthesize ATP from ADP and inorganic phosphate (P,). The process

of using energy derived from the electron transport system to produce ATP by phosphorylation of

ADP is called oxidative phosphorylation.

Explain in your own words what exactly is causing the ATP synthase to make ATP. Do NADH or

FADH, interact directly with the ATP synthase?

pathways that pyruvate can take besides entering the prepara-
tory step and citric acid cycle. In contrast, the citric acid cycle
is considered to be part of cellular respiration, because al-
though it does not use oxygen directly, it would soon come
to a complete halt in the absence of oxygen.

Quicle Checlec If ATP synthase completely stopped working,
could glycolysis or the citric acid cycle still produce any ATP?
Explain. »

Summary of energy production from glucose The most
effective way to harvest the energy in any fuel, whether
gasoline or glucose, is to release the energy slowly, under
carefully controlled conditions. Holding a match to a
gallon of gasoline results in a useless fire or even a

potentially dangerous explosion, but burning it drop by
drop in the pistons of your car allows the energy to be
converted to mechanical work. Similarly, in a living cell,
the whole point of glycolysis and cellular respiration is to
release the energy in the chemical bonds of glucose slowly
so that the energy can be harvested effectively.

That is exactly what the cell does (Figure 3.29). The com-
plete breakdown of glucose during glycolysis, the preparatory
step, and the citric acid cycle are accomplished by a sequence
of over 20 different chemical reactions, each controlled by an
enzyme. The net yield of high-energy molecules (prior to the
electron transport chain) is four molecules of ATP, ten mole-
cules of NADH, and two molecules of FADH,. Each NADH
carries sufficient energy to produce about three ATP mole-
cules in the electron transport system. FADH, carries less
energy, enters the electron transport chain at a lower
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a) Most of the ATP generated during cellular respiration is synthesized in the electron transport system.

b) Cellular respiration powers the activities of humans and many
other organisms.

Figure 3.29 Cellular respiration: A recap.

energy point, and so produces only about two ATP molecules
per FADH, molecule. Add it all up and you should get about
38 ATP molecules per glucose molecule.

But there’s a catch. Two of the NADH (the two produced
during glycolysis) were produced in the cytoplasm. Yet the
electron transport system utilizes NADH located in the inner
compartment of the mitochondria. Since the inner mito-
chondrial membrane is impermeable to NADH, the cytoso-
lic NADH molecules release their H* ions and electrons,
which are then transported across by transport proteins.
Once inside, they may be picked up again by other NAD*

molecules. But every transfer and active transport results
in a small energy loss—in this case it’s the equivalent of
about two ATP molecules. Therefore, the net maximum
yield of energy from a single glucose molecule is closer
to 36 ATP molecules. In fact it may be even lower than
that because some of the energy may be used directly to
do other work for the cell, but for the sake of simplicity
we'll settle on a number of 36.

@ Web Animation Breaking Down Glucose for Energy at
www.humanbiology.com

Fats and proteins are additional energy
sources

So far we have concentrated on the cellular catabolism
of glucose. Normally the blood glucose concentration
remains fairly constant even between meals because
glycogen (the storage form of glucose in humans) is
constantly being catabolized to replenish the glucose
that is used by cells.
However, most of the body’s energy reserves do not
take the form of glycogen. In fact, the body stores only
about 1% of its total energy reserves as glycogen; about
78% are stored as fats and 21% as protein. After glycogen,
our bodies may utilize fats and proteins. Figure 3.30
illustrates the metabolic pathways for fat, glycogen, and
protein.
Energy is constantly being transferred into and out
of the body. Immediately after a meal, when plenty of glu-
cose, lipids, and amino acids are readily available in the
blood, we tend to use primarily glucose as an energy
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Figure 3.30 Metabolic pathways for fats, glycogen, and proteins as sources of cellular energy. All
three sources produce pyruvate and acetyl groups. In addition, a few components of protein can enter the

citric acid cycle directly.

source. When we eat more calories than we can use imme-
diately, some of the excess energy goes to replenish the
body’s stores of glycogen and the rest is converted to fat
and stored in fat tissue. After we have not eaten for hours,
the body uses glycogen and eventually fats and even pro-
teins for energy.

Pound for pound, fats carry more than twice the energy
of carbohydrates such as glycogen. During fat catabolism,
triglycerides (the storage form of fat) are first broken down
to glycerol and fatty acids. The glycerol can be converted to
glucose in the liver or it can be converted to pyruvic acid,
which then enters the citric acid cycle. Enzymes break down
the fatty acid tails to two-carbon acetyl groups, which also
enter the citric acid cycle. Each molecule of triglyceride yields
a great deal of ATP because the fatty acid tails are generally
16-18 carbons long and so generate many acetyl groups.

Proteins carry about the same amount of energy per
pound as glycogen. Proteins are first broken down to amino
acids, and the amine group (—NH,) of each amino acid is
removed. The carbon backbones then enter the citric acid
cycle at various points, depending on the specific amino
acid. The amine groups are converted to urea by the liver and
then excreted in urine as waste.

Proteins serve primarily as enzymes and structural com-
ponents of the body, not as a stored form of energy. Neverthe-
less, protein catabolism increases significantly during
starvation. Prolonged protein catabolism causes muscle wast-
ing, but at least it keeps the individual alive.

Quick Check When people die from starvation, the actual
cause of death is often a sudden heart attack. What causes
the heart attack? ®

Anaerobic pathways make energy available
without oxygen

As we have seen, cellular respiration requires oxygen to
complete the chemical reactions of the citric acid cycle
and the electron transport chain. However, a small amount
of ATP can be made in humans by anaerobic metabolism
(without oxygen) for at least brief periods of time. Glycol-
ysis, for example, is an anaerobic metabolic pathway. In
the absence of oxygen, glucose is broken down to pyru-
vate (glycolysis occurs), but then the pyruvate cannot pro-
ceed through the citric acid cycle and electron transport



chain (Figure 3.31). Instead, the pyruvate is converted to
lactic acid. The buildup of lactic acid is what causes the
burning sensation and cramps associated with muscle fa-
tigue when not enough oxygen is available to muscle tis-
sue. When oxygen becomes available again, the lactic acid
is metabolized by aerobic pathways.

Because glycolysis is the only step that can occur without
oxygen, glucose (and glucose derived from glycogen) is the
only fuel that can be used under anaerobic conditions. The
amounts of ATP are very limited, however; only two
molecules of ATP are produced per molecule of glucose
instead of the usual 36.

Recap Metabolism refers to all of a cell’s chemical
processes. Metabolic pathways either create molecules and
use energy (anabolism) or break them down and liberate en-
ergy (catabolism). The primary source of energy for a cell is
ATP, produced within mitochondria by the complete break-
down of glucose to CO, and water. The process requires oxy-
gen. A single molecule of glucose yields about 36 molecules
of ATP. Fats and proteins can also be used to produce
energy if necessary. ®

Chapter Summary

Cells are classified according to their internal organization p. 52

m All cells have a plasma membrane that surrounds and encloses
the cytoplasm.
= Eukaryotic cells have a nucleus.

Cell structure reflects cell function p. 53

= Limits to cell size are imposed by the mathematical relationship
between cell volume and cell surface area.

= Various types of microscopes with magnifications up to 100,000-
fold enable us to visualize cells and their structures.

A plasma membrane surrounds the cell p. 55

= The plasma membrane is a bilayer of phospholipids that also
contains cholesterol and various proteins.

Molecules cross the plasma membrane in several ways p. 57

= Some molecules are transported across the plasma membrane
passively (by diffusion), whereas others are transported by active
processes requiring the expenditure of energy.

= Receptor proteins transfer information across the plasma membrane.

= The sodium-potassium pump is a plasma membrane protein
with a critical role in the maintenance of cell volume.

Internal structures carry out specific functions p. 63

= The nucleus directs all of the cell’s activities.
= Ribosomes, the endoplasmic reticulum, and the Golgi apparatus
participate in the synthesis of life’s molecules.

Chapter 3 Structure and Function of Cells 11

Glucose
(Glycolysis) || — p (2)
Pyruvate La_ctic acid
buildup

Mitochondrial
metabolism
blocked without
oxygen

Mitochondrion

Figure 3.31 Anaerobic metaholism. In the absence of oxygen,
glycolysis is the only ATP-producing step available. Glycolysis
without oxygen results in lactic acid buildup.

= Vesicles are membrane-bound spheres that transport, store, and
ship cellular products and toxic or dangerous materials.

= Mitochondria make energy available for the cell in the form of
the high-energy molecule ATP.

Cells have structures for support and movement p. 68

m A cytoskeleton of microtubules and microfilaments serves as
structural support and anchors the various organelles.

= Cilia and flagella provide for movement in certain types of
cells. Both cilia and flagella are made of pairs of protein
microtubules.

Cells use and transform matter and energy p. 69

= The creation and destruction of molecules either requires energy
or liberates energy.

= The most readily useful form of energy for cells is ATP.

= The production of ATP from glucose requires four consecutive
stages: glycolysis, a preparatory step, the citric acid cycle, and the
electron transport system.

= Cells can utilize glycogen, fats, or proteins for energy.

= Only a small amount of ATP can be made in the absence of

oxygen.

Terms You Should Know

cytoskeleton, 68
diffusion, 57
electron transport system, 72

active transport, 59
ATP synthase, 72
citric acid cycle, 71
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endocytosis/exocytosis, 60
endoplasmic reticulum (ER), 65
glycolysis, 71

Golgi apparatus, 66
metabolism, 69

mitochondria, 67

osmosis, 58

passive transport, 57

plasma membrane, 52
ribosome, 63
sodium-potassium pump, 60
vesicles, 60

NAD*/NADH, 71

Concept Review

Answers can he found at the Human Biology Place.
www.humanbiology.com

1.
. List the basic tenets of the cell doctrine.
. Describe how phospholipids are oriented in the plasma mem-

10.

Explain why being small is advantageous to a cell.

brane and why they orient naturally that way.

. Define passive transport and name the three passive transport

methods that are used to transport different molecules across
the plasma membrane.

. Compare and contrast endocytosis and exocytosis.
. Describe the activity of the sodium-potassium pump and indi-

cate its importance to the cell.

. Explain what happens to cells placed in a high-salt or a low-salt

environment, and why.

. Define vesicles and name at least two different types of vesicles.
. What are the four stages of ATP production from glucose, and

which one yields the most ATP?
Describe what happens to a cell’s ability to produce ATP when
oxygen is not available.

Test Yourself

Answers can be found in Appendix A.

1.

2

Which of the following adaptations would increase the surface
area of a cell?

a. increased number of mitochondria

b. increased number of ribosomes

c. presence of microvilli

d. increased number of channel proteins

e. changing a cell shape from cubical to spherical

. Which of the following would be most likely to enter a cell by

diffusion directly through the phospholipid bilayer?
a. potassium ions

b. steroid hormone

c. hydrogen ions

d. glucose

e. sodium ions

. Cells transport sodium ions out of the cell against the sodium

concentration gradient. This is an example of:
a. facilitated diffusion
b. simple diffusion

10.

C.
d.

&

can o

Papos

diffusion via channel proteins
endocytosis
active transport

. Red blood cells placed into distilled water will:

swell as water moves into the cells by osmosis

. shrink as sodium moves out of the cells by diffusion

swell as water moves into the cells by active transport

. shrink as proteins move out of the cell by diffusion

remain unchanged because of homeostatic
mechanisms

. Which organelles are most active during vigorous exercise?

ribosomes

. endoplasmic reticulum

mitochondria

. lysosomes

cilia

. Phagocytic white blood cells engulf and digest bacteria and

cellular debris. Which organelles would be most involved in
the digestion of the engulfed material?

an o

&

mitochondria

. lysosomes

Golgi apparatus

. ribosomes

endoplasmic reticulum

. Some lymphocytes (white blood cells) synthesize and secrete

defensive proteins known as antibodies. Which of the following
represents the most likely path of these proteins from synthesis
to secretion?

a.

b.

endoplasmic reticulum—ribosomes—Golgi apparatus—
vesicles—plasma membrane

ribosomes—Golgi apparatus—vesicles—endoplasmic
reticulum—plasma membrane

ribosomes—Golgi apparatus—lysosome—endoplasmic
reticulum—plasma membrane

. ribosomes—endoplasmic reticulum—Golgi apparatus—

vesicles—plasma membrane
ribosomes—lysosomes—endoplasmic reticulum—vesicles—
Golgi apparatus

. Which organelles would be active in liver cells that are detoxify-

ing alcohol?

an o

&

Golgi apparatus

. lysosomes

mitochondria

. endoplasmic reticulum

peroxisomes

. Cells lining the respiratory passages have numerous

filamentous structures that sweep mucus and debris up and
away from the lungs. These filamentous structures are:

Pan o

microtubules

. flagella

cilia

. microfilaments

microvilli

Which of the following is/are the most immediate source of
energy for cellular work?

a.
b.
c.

glucose
ATP
glycogen
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11.

12.

13.

14.

15.

d. triglycerides
e. amino acid

All of the following cellular activities require energy except:
. facilitated transport
. active transport
movement
. protein synthesis
cell division

can o

Which of the following can occur within a cell in the absence of
oxygen?

a. glycolysis

b. lactate production

c. citric acid cycle

d. electron transport system

e. both (a) and (b)

In which stage of cell respiration does oxygen play a role?
a. glycolysis

b. electron transport system

c. citric acid cycle

d. lactate production

e. transport of pyruvate into the mitochondria

Which of the following is/are recycled during cellular
respiration and do not appear in the net equation?
. NAD* and NADH
. ATP, ADP, and P,
glucose
. carbon dioxide
e. oxygen
Most of the ATP produced during cell respiration is produced
during:
. glycolysis
. citric acid cycle
electron transport system
. lactate production
anaerobic pathways

an oe

o Aan oM
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Apply What You Know

Answers can be found at the Human Biology Place.
www.humanbiology.com

1

. Imagine that you are shown two cells under the microscope.

One is small, has lots of mitochondria, and contains numer-
ous glycogen granules. The other is somewhat larger and has
only a few mitochondria and no glycogen granules. Which
cell do you think is more metabolically active? Explain your
reasoning.

. The sodium-potassium pump is a large protein molecule.

Where do you think the sodium-potassium pumps are made in
the cell, and how do you think they become inserted into the
lipid bilayer of the plasma membrane?

. Mitochondria resemble a bacterial cell in a number of ways.

Some scientists hypothesize that mitochondria evolved from
aerobic prokaryotes that were engulfed by anaerobic eukaryotes,
and now both have evolved together in a mutually
advantageous way. Can you think of an explanation for why it
might have been advantageous for both cells to enter into such
an arrangement?

. You have decided that you need to lose a little weight. You have

heard a lot about no-carbohydrate and low-carbohydrate diets,
and you have decided to use one of these diet plans. Explain
how a low-carbohydrate diet works. Can you think of any possi-
ble negative side effects of such a diet?

. Recently a young man from Derby in the United Kingdom entered

a contest and drank 26 pints of water in a very short time. He later
died of complications due to hypotonic hydration, also known as
water intoxication. How were his body’s cells affected by the
excess water, and how might that have contributed to his death?

. You have been selected to serve on a jury for a trial involving a

young man accused of public intoxication. His defense attorney
argues that the alcohol found in his system was the result of
natural fermentation; that he had just finished a grueling one-
hour workout during which his body could not meet the
oxygen demand, and that the excess lactic acid that was
produced during the exercise was then converted to alcohol by
the process of lactic acid fermentation. Should you believe the
defense attorney? Explain why or why not.
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Current Issue

Can Lipodissolve Melt Away Fat?

y now you are familiar with the

chemistry of lipids (Chapter 3) and
the structure and function of fat cells (this
chapter). You understand that when your
average daily caloric intake exceeds your
average daily caloric expenditure, you gain
weight. And yet all this knowledge hasn’t
helped, because you still have those
annoying fat deposits in places where you
don’t want them! Perhaps you've tried di-
eting and exercise and still aren’t happy
with your body shape.

What if you could just melt away

that unwanted fat? What if you could
kill some of those pesky fat cells once

A human fat cell (x 3,000) fill
droplets (yellow).

Dried skin cells on the surface of the skin.

and for all? What if you could sculpt
your body into perfect shape without
ever having to diet or exercise again?
It's a fantasy many of us have indulged
in, and it's one of the reasons for the
meteoric rise of a controversial cos-
metic procedure called Lipodissolve.

What Is Lipodissolve?

Lipodissolve, also called injection lipoly-
sis, is described by its promoters as a
safe, effective, nonsurgical way to sculpt
the body into perfect shape. Usually the
technique is performed as a series of six
injections two weeks apart directly into




Lipodissolve is injected directly into areas
of excess fat.

subcutaneous fat deposits. The injections
contain two active ingredients: phos-
phatidylcholine (a phospholipid) and
deoxycholate (a bile acid). The combin-
ation of these two drugs, known as PCDC
(for phosphotidylcholine deoxycholate), al-
legedly works by dissolving the bonds be-
tween the three fatty acids and the glycerol
backbone that comprise a triglyceride mol-
ecule (see Chapter 3), the primary molecu-
lar form of stored fat in the body. PCDC
also is thought to disrupt the cell mem-
branes of fat cells in the vicinity of an in-
jection, resulting in death of the fat cells
themselves. Some Lipodissolve cocktails
also include vitamins and plant extracts.
And at the moment, the safety and ef-
fectiveness of Lipodissolve are not backed
by scientific data. The Food and Drug Ad-
ministration (FDA) has called Lipodissolve
just another example of “unapproved drugs
for unapproved uses.” Nevertheless
Lipodissolve clinics can legally administer
Lipodissolve because of a loophole in our
drug regulatory laws. According to the law,
a licensed doctor can legally and ethically
prescribe compounded drugs (drugs made
from more than one ingredient) specifically
for individual patients, as long as all of the
ingredients are approved by the FDA. The
intent is to protect the sanctity of the doc-
tor/patient relationship, allowing the doctor
to choose what is best for that particular
patient. Both of the compounds in a
Lipodissolve injection have been approved
by the FDA as ingredients in other drugs,

The facts...

though neither was approved as a fat-
dissolving drug.

Health clinics and spas have been quick
to capitalize on the loophole, for at prices
ranging from $400 to $1,500 per Lipodis-
solve treatment they stand to make a lot of
money. Most patients who try the technique
eventually sign up for treatment of several
body parts. Women generally request treat-
ment of their thighs and abdomen, whereas
men are more likely to choose jaw lines
and love handles. One of the distinct adv-
antages of the technique is that because it
does not involve surgery there is no recov-
ery period. Not surprisingly, there are per-
sistent rumors on various celebrity-watch
Web sites that certain celebrities have tried
the procedure or are thinking about it.

One of the first companies to offer the
Lipodissolve technique in this country was
Advanced LipoDissolve Center, later renamed
fig. (short for figure). Fig.’s “dissolve to your
beautiful shape” advertising campaign was
so successful that the company grew to 18
body-shaping centers in eight states in just
two years. The company went out of business
in late 2007, but there are still plenty of
other clinics and spas willing to perform the
Lipodissolve procedure.

Is Lipodissolve Safe and Effective?

Critics of the Lipodissolve technique argue
that the current law covering single doctor/
patient relationships was never intended to
allow mass marketing by chains of clinics or
spas, or mass compounding of the PCDC
drug combination. The American Society of
Plastic Surgeons, The American Society of
Aesthetic Plastic Surgery, and the American
Society of Dermatologic Surgery have issued
cautionary warnings against the technique,
but that’s understandable since all three
societies represent surgeons who might be
financially affected by Lipodissolve’s in-
creasing popularity. Lipodissolve pro-
ponents, on the other hand, counter by
pointing out that there have been only anec-
dotal reports of minor unwanted side effects

m A nonsurgical cosmetic procedure for “melting away fat” is heing heavily
promoted by health clinics and spas.

m The procedure, called Lipodissolve, involves a series of injections of fat-
dissolving drugs directly into local fat deposits.

m Lipodissolve is not approved as a fat-reducing therapy by the FDA. Its safety
and efficacy are not yet backed by scientific evidence.

associated with the technique, such as
swelling, skin blistering, pain, and black-
ened skin in some patients. No deaths have
been reported. However, because the tech-
nique has been performed in this country
only since 2004, the long-term conse-
quences of Lipodissolve therapy are still
unknown. Some scientists worry that dis-
ruption of fat cell membranes at the site of
injection might cause a sharp rise in choles-
terol in the blood. After all, cholesterol is a
normal constituent of cell membranes. In
addition, little is known about how the
Lipodissolve drugs are metabolized or
removed from the body. Nor is it known
whether they enter the circulatory system in
sufficient quantities to affect other organs
or tissues far from the injection site.

Does Lipodissolve work? The jury is
still out on this one. Some patients see
an improvement in body shape after Lipo-
dissolve, others do not. One possible reason
for differences in effectiveness between pa-
tients may be that there is no standard dose
of Lipodissolve. The procedure is not regu-
lated by the FDA, so physicians are free to
try any combination of doses, injection inter-
vals, and treatment sites they want.

Faced with the awkward and potentially
dangerous situation of having patients flock
to an unregulated procedure, the FDA
decided to take action. Late in 2007 the
FDA approved the first clinical trial of
Lipodissolve—a double-blind, placebo-
controlled prospective study that will follow
patients for up to 46 weeks. The trial, to be
conducted by the research arm of the Amer-
ican Society for Aesthetic Plastic Surgery, is
expected to provide the first scientifically
defensible data on the efficacy and safety of
Lipodissolve. The results may not be known
for several more years. In the meantime the
FDA is keeping an eye on the situation. Con-
sumers would be wise to remain skeptical
about this procedure until more is known
about it.

Questions to consider

1 Health clinics sometimes cite retro-
spective studies to support their claim
that the Lipodissolve technique is safe.
What is a “retrospective study”? How is
it different from a controlled study?

2 How important is FDA approval
and/or scientific evidence of safety to
you? If someone were to pay for a
Lipodissolve procedure for you, would
you try it?
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2> In multicellular organisms, cells have special-
ized functions. These functions evolved (along
with multicellularity) because they benefit
the entire organism.

>> Groups of cells with a common function are
called tissues. The four main tissue types are
epithelial, connective, muscle, and nervous.

»> Organs and organ systems each perform one
or more essential complex functions for the
organism. Humans have 11 different organ
systems; examples are the male and female
reproductive systems (reproduction), skeletal
system (structural support), and muscular
system (movement).

Key concepts

»> Multicellular organisms must maintain
homeostasis (constancy) of their internal
environments. The maintenance of a
constant internal environment compatible
with life allows each living cell, regardless of
its specialized function, to live far away from
the external environment.

>> Homeostasis is maintained by negative
feedback control systems. In negative
feedback systems, any deviation from the
desired condition is detected and corrected.

I:or nearly two-thirds of the history of life, or more than
two billion years, all organisms consisted of just one
cell. There are still plenty of single-celled organisms today; in
fact they far outnumber multicellular organisms. Theirs is a
simple, uncomplicated life. They get their raw materials and
energy from the fluid in which they are bathed, they dump
their wastes into that same fluid, and they reproduce by
dividing in two.

There are, however, disadvantages to being a single
cell. The single-celled organism is completely at the mercy
of its immediate external environment for every require-
ment of life. If the pond in which it lives dries up, it will
die. If salt levels in the water rise, if the temperature gets
too hot, or if its food runs out, it dies. There must be
another way!

There is another way, and that is for cells to join
together. In this chapter we look at how cells are organized
into the tissues, organs, and organ systems that make up
your body. We consider the structure and function of your
skin as an example of an organ system. And we discuss how
your cells, tissues, and organs work together to maintain the
health and stability of your body.

82

4.1 Tissues are groups of cells
with a common function

A multicellular organism consists of many cells that collectively
share the functions of life. Advantages to multicellularity in-
clude greater size (the better to eat, rather than be eaten) and
the ability to seek out or maintain an environment conducive
to life.

All cells in a multicellular organism have a specialized
function that benefits the organism in some way. However,
specialization is not enough. The specialized functions
must be organized and integrated if they are to be useful.
As an example, the activity of a single cell in your heart is
insignificant because the cell is so small. The beating of
your heart requires that hundreds of thousands of such
cells be arranged end to end, so that their functions are
coordinated to produce a single heartbeat.

Tissues are groups of specialized cells that are similar
in structure and that perform common functions. There are
four major types of tissues: epithelial, connective, muscle,
and nervous.

4.2 Epithelial tissues cover body
surfaces and cavities

Most epithelial tissues consist of sheets of cells that line
or cover various surfaces and body cavities. Two epithelial
tissues you know about are your skin and the lining of your
mouth. Other epithelial tissues line the inner surfaces of
your digestive tract, lungs, bladder, blood vessels, and the
tubules of your kidneys.

Epithelial tissues are more than just linings. They
protect underlying tissues. Often they are smooth to reduce
friction; the smooth epithelial tissue lining your blood
vessels helps blood flow more easily through your body, for
instance. Some are highly specialized for transporting mate-
rials. Epithelial tissues (and cells) absorb water and nutrients
across your intestines into your blood. They also secrete
waste products across the tubules of your kidneys so that you
can eliminate them in urine.

A few epithelial tissues are glandular epithelia that
form the body’s glands. Glands are epithelial tissues
that are specialized to synthesize and secrete a product.
Exocrine glands (exo- means “outside” or “outward”) se-
crete their products into a hollow organ or duct. Examples
of exocrine glands are the glands in your mouth that
secrete saliva, sweat glands in your skin, and glands in
your stomach that produce digestive acid. Endocrine
glands (endo- means “within”) secrete substances called
hormones into the bloodstream. One endocrine gland is
the thyroid gland, which secretes several hormones that
help regulate your body’s growth and metabolism. We
describe various glands throughout the book where
appropriate.



Epithelial tissues are classified according
to cell shape

Biologists classify epithelial tissues into three types according
to the shapes of the cells (Figure 4.1):

u Squamous epithelium consists of one or more layers of
flattened cells. (Squama means “platelike.” Think of squa-
mous epithelium as “squashed flat.”) Squamous epithe-
lium forms the outer surface of the skin and lines the inner
surfaces of the blood vessels, lungs, mouth and throat,
and vagina.

Simple squamous

¢ Lines blood vessels
and air sacs
of lungs

* Permits exchange
of nutrients, wastes,
and gases

Simple cuboidal

e Lines kidney
tubules and glands

¢ Secretes and
reabsorbs water
and small molecules

Simple columnar

e Lines most
digestive organs

¢ Absorbs nutrients,
produces mucus

Goblet cell

a) Most epithelial tissues line or cover surfaces or body cavities.

Exocrine gland

b) Glandular epithelia secrete a product.

Figure 4.1 Types of epithelial tissues.
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u  Cuboidal epithelium is composed of cube-shaped cells.
Cuboidal epithelium forms the kidney tubules and also
covers the surfaces of the ovaries.

m Columnar epithelium is composed of tall, rectangular (col-
umn-shaped) cells. Columnar epithelium lines parts of
the digestive tract, certain reproductive organs, and the
larynx. Certain cells within columnar epithelium, called
goblet cells, secrete mucus, a thick fluid that lubricates the
tissues and traps bacteria, viruses, and irritating particles.

Epithelial tissues are classified not only by shape but also
by the number of cell layers in the tissue. A simple epithelium is

Stratified squamous

¢ Outer layer of skin,
mouth, vagina

¢ Protects against
abrasion, drying
out, infection

Stratified cuboidal

e Lines ducts of
sweat glands

¢ Secretes water
and ions

Stratified columnar

e Lines epididymus,
mammary glands,
larynx

¢ Secretes mucus

Basement membrane

Endocrine gland
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a single layer of cells, whereas a stratified epithelium consists of
multiple layers (or strata). Simple epithelium is so thin that
molecules can pass through it easily. Stratified epithelium is
thicker and provides protection for underlying cells.

Quicl Checl What sort of epithelium would you expect to
find lining a part of the digestive tract that absorbs food mole-
cules and also secretes mucus? Explain your answer. ®

The basement membrane provides
structural support

Directly beneath the cells of an epithelial tissue is a support-
ing noncellular layer called the basement membrane (see
Figure 4.1a), and beneath that is generally a layer of connec-
tive tissue (described later). You can think of the basement
membrane as the mortar that anchors the cells to the
stronger connective tissue underneath. The basement mem-
brane is composed primarily of protein secreted by the
epithelial cells, and thus although noncellular, it is a cellular
product. It should not be confused with the plasma
membrane that is a part of every living cell.

In addition to being attached to a basement membrane,
epithelial cells may be connected to each other by several

Answers to questions can be found in Appendix A.

types of cell junctions made up of various proteins. Three
different types of junctions may hold the cells together,
depending on the type of epithelial tissue (Figure 4.2):

m Tight junctions seal the plasma membranes of adjacent cells
so tightly together that nothing can pass between the cells.
Tight junctions are particularly important in epithelial lay-
ers that must control the movement of substances into or
out of the body. Examples include the cells that line the di-
gestive tract (which bring in nutrients) and the bladder
(which stores urine), and the cells that form the tubules of
the kidneys (which remove waste products from the body).

u Adhesion junctions, sometimes called “spot desmosomes,”
are looser in structure. The protein filaments of adhesion
junctions allow for some movement between cells so
that the tissues can stretch and bend. Adhesion junctions
in the epithelium of your skin, for instance, allow you to
move freely.

u  Gap junctions represent connecting channels made of pro-
teins that permit the movement of ions or water between
two adjacent cells. They are commonly found in the ep-
ithelial cells in the liver, heart, and some muscle tissues.

Recap Epithelial tissues line body surfaces and cavities, and
form glands. They are classified according to cell shape (squa-
mous, cuboidal, or columnar) and the number of cell layers
(simple or stratified). »

Tight junction
proteins

Intercellular

space

a) Tight junctions form leak-proof seals
between cells.

b) Adhesion junctions anchor two cells
together, yet allow flexibility of movement.

Protein
filaments

channel

Intercellular

space

c) Gap junctions provide for the
direct transfer of water and ions
between adjacent cells.

— Intercellular
space

Figure 4.2 Examples of junctions between cells. Only one type of junction is generally present in

any given tissue.

Which type of junction would you expect to find between two
cells that share ions or raw materials? Why?
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Nearly all of us harbor a few cells that come from a
close relative. The phenomenon, called microchimerism,
occurs because the placenta is not a perfect barrier to
formed cells—sometimes maternal cells make their way
into the fetus, and vice versa. Apparently some of these
cells live indefinitely in their new host, which is surpris-
ing since foreign cells are usually attacked and killed.
Scientists are still working out what the foreign cells
may be doing in their host. In some cases they may dif-
ferentiate into fully functional tissue cells in the host.
For example, genetically female heart cells (presumably
from the mother) have been found in males. In other
cases these foreign cells may trigger immune disorders
later in life, when the immune system of the host finally
recognizes and attacks the foreign cells. Diseases that
may have a microchimerism link include several auto-
immune inflammatory diseases of connective tissue
(scleroderma, lupus erythematosus, and rheumatoid
arthritis), and perhaps even Type 1 diabetes, a disease
characterized by poor regulation of blood sugar. ®

Reference: Nelson, J. Lee. Your Cells are My Cells. Scientific American
Feb. 2008, pp. 72-79.
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4.3 Connective tissue supports
and connects body parts

Connective tissue supports the softer organs of the body
against gravity and connects the parts of the body together. It
also stores fat and produces the cells of blood.

Unlike epithelial tissue, most connective tissues have few
living cells. Most of their structure consists of nonliving
extracellular material, the matrix, that is synthesized by con-
nective tissue cells and released into the space between them.
The strength of connective tissue comes from the matrix, not
from the living cells themselves. The few living cells rarely
make contact with each other, and so direct cell-to-cell junc-
tions are not present.

Connective tissues are so diverse that any classification
system is really a matter of convenience (Table 4.1). Broadly,
we can divide them into fibrous and specialized connective
tissues.

Fibrous connective tissues provide strength
and elasticity

Fibrous connective tissues connect various body parts, provid-
ing strength, support, and flexibility. Figure 4.3 shows the
structural elements of fibrous connective tissue.

As indicated by their name, fibrous connective tissues
consist of several types of fibers and cells embedded in a gel-
like ground substance. Collagen fibers, made of protein,
confer strength and are slightly flexible. Most fibrous connec-
tive tissues also contain thinner coiled elastic fibers, made
primarily of the protein elastin, which can stretch without
breaking. Some fibrous connective tissue also contains

Table 4.1 Types of connective tissues

Type Structure Attributes Locations

Fibrous Connective Tissue

Loose Mostly collagen and elastin fibers in
no particular pattern; more ground
substance

Dense Mostly collagen in a parallel arrange-

ment of fibers; less ground substance

Elastic High proportion of elastin fibers
Reticular Mostly thin, interconnecting
(lymphoid) reticular fibers of collagen

Flexible but only moderately
strong

Strong
Stretches and recoils easily

Serves as a flexible internal
framework

Surrounds internal organs, muscles,
blood vessels

In tendons, ligaments, and the
lower layers of skin

Surrounds hollow organs that
change shape or size regularly

In soft organs such as liver, spleen,
tonsils, and lymph glands

Special Connective Tissues

Cartilage Primarily collagen fibers in a ground
substance containing a lot of water

Bone Primarily hard mineral deposits of
calcium and phosphate

Blood Blood cells, platelets, and blood

fluid called plasma

Adipose tissue Primarily cells called adipocytes

filled with fat deposits

Maintains shape and resists
compression

Very strong
Transports materials and assists

in defense mechanisms

Stores energy in the form of fat

Embryonic tissue that becomes
bone. Also the nose, vertebral disks,
and the lining of joint cavities

Forms the skeleton

Within cardiovascular system

Under the skin, around some
internal organs
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Mast cell Fibroblast

Elastic
fiber

Reticular fiber

Macrophage

Nerve fiber:

Lymphocyte

Collagen fiber

Neutrophil

Plasma cell

Ground
substance

Fat cell

Figure 4.3 Fibrous connective tissue. The main elements are three types of fibers
(collagen, elastic, and reticular) and a variety of cells (fibroblasts, fat cells, mast
cells, and several types of white blood cells) in a ground substance of polysaccharides,
proteins, and water. Blood vessels and nerves pass through or are associated with
connective tissue. Fibrous connective tissues vary in their relative proportions of cells

and fibers, and also in fiber orientation.

thinner fibers of collagen, called reticular fibers, that inter-
connect with each other. The reticular fibers often serve as an
internal structural framework for some of the “soft” organs
such as the liver, spleen, and lymph nodes.

The various fibers are embedded in a ground substance
consisting of water, polysaccharides, and proteins that ranges
in consistency from gel-like to almost rubbery. The ground
substance contains several types of cells, among them fat cells,
mast cells, various white blood cells (macrophages, neutro-
phils, lymphocytes, and plasma cells), and most importantly,

Al Elastin fibers
— Fibroblast

a) Loose areolar connective tissue (X 160). In loose connective
tissue the collagen and elastin fibers are arrayed in a random
pattern.

Figure 4.4 Examples of fibrous connective tissues.

Capillary

fibroblasts. The fibroblasts are the cells responsi-
ble for producing and secreting the proteins that
compose the collagen, elastic, and reticular fibers.
The fat cells, of course, store fat, and both the
mast cells and white blood cells are involved in
the body’s immune system (Chapter 9).

Fibrous connective tissues are subclassified
according to the density and arrangement of
their fiber types:

m Loose connective tissue (Figure 4.4a), also called
areolar connective tissue, is the most common
type. It surrounds many internal organs, mus-
cles, and blood vessels. Loose connective tis-
sue contains a few collagen fibers and elastic
fibers in no particular pattern, giving it a great
deal of flexibility but only a modest amount
of strength.

m Dense connective tissue (Figure 4.4b), found
in tendons, ligaments, and lower layers
of skin, has more collagen fibers. The fibers
are oriented primarily in one direction, espe-
cially in the tendons and ligaments in and
around our joints. Dense connective tissue is
the strongest connective tissue when pulled
in the same direction as the orientation of
the fibers, but it can tear if the stress comes
from the side. There are very few blood

vessels in dense connective tissue to supply the few liv-

ing cells. This is why, if you strain a tendon or ligament,

it can take a long time to heal.

m Elastic connective tissue surrounds organs that have to

change shape or size regularly. Examples include the
stomach, which must stretch to accommodate food;
the bladder, which stretches to store urine; and the
vocal cords, which vibrate to produce sounds. Elastic
connective tissue contains a high proportion of elastic
fibers, which stretch and recoil easily.

— Collagen
fibers

Nuclei of
fibroblasts

b) Dense connective tissue (X 160). In dense connective
tissue the fibers are primarily collagen fibers. In tendons and
ligaments the fibers are oriented all in the same direction,
with fibroblasts occupying narrow spaces between adjacent
fibers.



m Reticular connective tissue (also called lymphoid tissue)
serves as the internal framework of soft organs such as
the liver and the tissues of the lymphatic system (spleen,
tonsils, and lymph nodes). It consists of thin, branched
reticular fibers (composed of collagen) that form an in-
terconnected network.

Quick Check People with a hereditary condition known as
Ehlers-Danlos Syndrome (EDS) have hyperextensible joints
that frequently dislocate, and extremely stretchy skin that
tears easily. Develop a hypothesis for what type of tissue, and
what protein in particular, might be the cause of EDS. ®

Specialized connective tissues serve
special functions

The so-called specialized connective tissues are a diverse group
that includes cartilage, bone, blood, and adipose tissue. Each
is specialized to perform particular functions in the body.
Cartilage Cartilage is the transition tissue from which bone
develops (Chapter 5). It also maintains the shape of certain
body parts (such as the soft tip of your nose) and protects
and cushions joints. Disks of cartilage separate and cushion
the vertebrae in your backbone, for instance, and cartilage
forms the tough, smooth surfaces that reduce friction in
some body joints.

Like dense connective tissue, cartilage consists
primarily of collagen fibers. The two tissues differ in that
the ground substance of cartilage, which is produced by
cells called chondroblasts, contains a great deal more water.
This is why cartilage functions so well as a cushion. As
cartilage develops, the cells become enclosed in small
chambers called lacunae (Figure 4.5a). There are no
blood vessels in cartilage, so the mature cells (called
chondrocytes) obtain their nutrients only by diffusion
through the ground substance from blood vessels located

in lacuna

—— Ground
substance

a) Cartilage from the trachea (X 300). Mature cartilage cells,
called chondrocytes, become trapped in chambers called
lacunae within the hard, rubbery ground substance. Ground
substance is composed of collagen fibers, polysaccharides,
proteins, and water.

Figure 4.5 Examples of special connective tissues.

1 Chondrocyte
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outside the cartilage. Consequently, cartilage is slow to
heal when injured.

Bone Like cartilage, bone is a specialized connective tissue
that contains only a few living cells. Most of the matrix of
bone consists of hard mineral deposits of calcium and
phosphate. However, unlike cartilage, bone contains
numerous blood vessels, and for this reason it can heal
within four to six weeks after being injured. We discuss bone
in more detail in Chapter 5 when we discuss the skeletal
system.

Blood Blood consists of cells suspended in a fluid matrix
called plasma. 1t is considered a connective tissue because all
blood cells derive from earlier cells (called stem cells) located
within bone. Red blood cells transport oxygen and nutrients
to body cells and carry away the waste products of the cells’
metabolism. White blood cells function in the immune
system that defends the body, and platelets participate in
the mechanisms that cause blood to clot following an
injury. You will learn more about the functions of blood

in Chapter 7.

Adipose tissue Adipose tissue is highly specialized for fat
storage (Figure 4.5b). It has few connective tissue fibers and
almost no ground substance. Most of its volume is occupied
by adipocytes (fat cells). Adipose tissue is located primarily
under the skin, where it serves as a layer of insulation. It also
forms a protective layer around internal organs such as the
kidneys. The number of adipocytes you have is partly det-
ermined by your genetic inheritance. When you eat more
food than your body can use, some of the excess energy is
stored in your adipocytes as fat (the fat cells get “fatter”).
When you lose weight the fat cells slim down, too. In other
words, weight loss reduces the volume of each fat cell but it
does not necessarily reduce the number of fat cells. Lipodissolve
is a controversial technique that disrupts fat cells chemically
(review the Current Issue at the beginning of this chapter).

- Vacuole
containing
stored fat

>~— Blood
vessel

Nuclei of
fat cells

b) Adipose tissue from the subcutaneous layer under the
skin (X 140). Adipose tissue consists almost entirely of fat cells.
The fat deposit within a fat cell can become so large that the
nucleus is pushed to the side.
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It is known that every adult has a relatively constant
number of fat cells—obese people just tend to have
more of them than thin people. When we gain or lose
weight our fat cells swell or shrink, but the number of

fat cells stays the same. This is one reason why it is so
hard for some obese people to lose weight; they are con-
stantly fighting internal homeostatic mechanisms that
work to maintain their fat cell’s “normal” weight.

But now, researchers have discovered that although
you do have a constant number of fat cells throughout
life, they are not the same cells. About 10% of them
die each year and are replaced by new ones.

No one knows for sure what determines how many
fat cells each person has. But the findings open up in-
teresting new avenues for weight control research. If we
could determine what regulates the number of fat cells
and then alter that regulation, or if we could slow the
rate of fat cell division, we might have a new way to
fight obesity. ®

Reference: Spalding, Kirsty L., et al. Dynamics of Fat Cell Turnover in
Humans. Nature 453: 783-787, 2008.

Recap Fibrous connective tissues provide strength and elas-
ticity and hold body parts together. Among the specialized
connective tissues, cartilage and bone provide support, blood
transports materials throughout the body, and adipose tissue
stores energy in the form of fat. ®

4.4 Muscle tissues contract to
produce movement

Muscle tissue consists of cells that are specialized to
shorten, or contract, resulting in movement of some kind.
Muscle tissue is composed of tightly packed cells called
muscle fibers. The fibers are generally long and thin and
aligned parallel to each other (Figure 4.6). The cytoplasm
of a muscle fiber contains proteins, which interact to make
the cell contract.

There are three types of muscle tissue: skeletal, cardiac,
and smooth. They vary somewhat in body location, struc-
ture, and function, but they all do essentially the same
thing—when stimulated, they contract. We devote an entire
chapter (Chapter 6) to muscles as an organ system. For
now, we focus on differences between the three types of
muscle tissue.
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a) Skeletal muscle (X 100). Skeletal muscle cells are very long
and have many nuclei.

— Intercalated
disc

— Nucleus

b) Cardiac muscle (X 225). Cardiac muscle cells interconnect
with each other.

— Nucleus

c) Sheet of smooth muscle (X 250). Smooth muscle cells are
thin and tapered.

Figure 4.6 Muscle tissue.

Skeletal muscles move body parts

Skeletal muscle tissue connects to tendons, which attach to
bones. When skeletal muscles contract, they cause body parts
to move. The individual fibers are thin cylinders too small to
be seen with the naked eye, but they may be as long as the
entire muscle (Figure 4.6a). Each muscle fiber has many
nuclei, a phenomenon that comes about because many cells
fuse end to end during development, producing one long fiber.

A skeletal muscle may contain thousands of individual
fibers, all aligned parallel to each other. This parallel arrange-
ment enables them to all pull together, shortening the mus-
cle between its two points of attachment. Skeletal muscle is
called voluntary muscle because we can exert conscious con-
trol over its activity.



Cardiac muscle cells activate each other

Cardiac muscle tissue (Greek kardia, the heart) is found
only in the heart. The individual cells are much shorter than
skeletal muscle fibers, and they have only one nucleus
(Figure 4.6b). Like skeletal muscle, the cells are arranged par-
allel to each other. Cardiac muscle cells are short and blunt-
ended, with gap junctions between the ends of adjoining
cells. The gap junctions represent direct electrical connections
between adjoining cells, so when one cell is activated it acti-
vates its neighbors down the line. Because of these gap junc-
tions, the entire heart contracts in a coordinated fashion.

Cardiac muscle is considered involuntary because the
heart can contract thythmically entirely on its own, without
any conscious thought on our part and without any stimula-
tion by nerves.

Quick Checl Do you think skeletal muscle, like cardiac
muscle, has gap junctions between adjacent cells? Why or
why not? ®

Smooth muscle surrounds hollow structures

Smooth muscle tissue surrounds hollow organs and tubes,
including blood vessels, digestive tract, uterus, and bladder.
These slim cells are much smaller than skeletal muscle cells
and have only one nucleus, like cardiac muscle (Figure 4.6¢).
The cells are aligned roughly parallel to each other. In blood
vessels they are generally aligned in a circular fashion around
the vessel. When smooth muscle cells shorten, the diameter
of the blood vessel is reduced.

Smooth muscle cells taper at both ends, and there are
gap junctions between adjacent cells so that when one con-
tracts, nearby cells also contract. Like cardiac muscle,
smooth muscle is involuntary in that we cannot control
its contractions consciously.

Recap The common feature of all muscle tissues (skeletal, car-
diac, and smooth) is that they contract, producing movement. ®

4.5 Nervous tissue transmits
impulses

Nervous tissue consists primarily of cells that are specialized
for generating and transmitting electrical impulses throughout
the body. It forms a rapid communication network for the
body. Nervous tissue is located in the brain, the spinal cord,
and the nerves that transmit information to and from various
organs. Chapter 11 is devoted to the nervous system, so we de-
scribe nervous tissue only briefly here.

Nervous tissue cells that generate and transmit electrical
impulses are called neurons (Figure 4.7). Neurons can be as
long as the distance from your spinal cord to the tip of your
toe. Neurons typically have three basic parts: (1) the cell body
where the nucleus is located; (2) dendrites, numerous cytoplas-
mic extensions that extend from the cell body and receive sig-
nals from other neurons; and (3) a long extension called an
axon that transmits electrical impulses over long distances.
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Axon

Nuclei of
glial cells

— Cell body

>— Dendrites

Figure 4.7 Nervous tissue: a neuron (x170). The neuron is the
functional unit of nervous tissue. The single neuron shown here is
surrounded by numerous supporting cells called glial cells. The
cell bodies of the glial cells do not stain well, but their nuclei are
clearly visible.

Nervous tissue also includes another type of cell called a
glial cell that does not transmit electrical impulses. Glial
cells play a supporting role by surrounding and protecting
neurons and supplying them with nutrients.

Recap Nervous tissues serve as a communication network by
generating and transmitting electrical impulses. ®»

4.6 Organs and organ systems perform
complex functions

Many of the more complex functions of multicellular organ-
isms (such as pumping blood or digesting food) cannot be
carried out by one tissue type alone. Organs are structures
composed of two or more tissue types joined together that
perform a specific function or functions.

Your heart is an organ. Most of it consists of cardiac
muscle, but there is also smooth muscle in the blood
vessels that supply the cardiac muscle. The heart also
contains nervous tissue that affects the rate at which the
heart beats. It contains some connective tissue, primarily in
the heart valves that open and close to control blood flow
within the heart, and even a thin layer of epithelial tissue
that lines the heart chambers. These tissues function
together to pump blood, so together they constitute the
organ known as the heart. Some organs have several
functions. For example, the kidneys remove wastes and
help control blood pressure.

The human body is organized

by organ systems

Organ systems are groups of organs that together serve a
broad function that is important to survival either of the indi-
vidual organism (such as respiration, movement, or excretion
of wastes) or of the species (reproduction). A good example is
the organ system responsible for the digestion of food. Your
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Integumentary System Skeletal System Muscular System

* Protects us from injury, infection, and dehydration * Protects, supports, and anchors body parts ¢ Produces movement or

* Participates in temperature control ¢ Provides the structural framework for movement resists movement

* Receives sensory input from the external * Produces blood cells * Generates heat
environment * Stores minerals

Nervous System Endocrine System Digestive System
» Detects both external and internal stimuli ¢ Produces hormones that regulate * Provides the body with water and nutrients
* Controls and coordinates rapid responses many body functions ¢ (The liver) synthesizes certain proteins
to these stimuli * Participates with the nervous and lipids for the body
* Integrates the activities of other organ systems system in integrative functions * (The liver) inactivates many chemicals,

including hormones, drugs, and poisons

The 11 organ systems of the human body.
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Circulatory System Lymphatic System Respiratory System
¢ Transports materials to and from all cells ¢ Returns excess tissue fluid to the ¢ Exchanges gases (oxygen and carbon
* Participates in the maintenance of circulatory system dioxide) between air and blood

body temperature ¢ Participates in both general and specific ¢ Participates in the production of sound
* Participates in mechanisms of defense (immune) defense responses (vocalization)

against disease and injury

Urinary System Reproductive System
¢ Maintains the volume and composition ¢ Female: Produces eggs

of body fluids ¢ Female: Nurtures the fertilized egg, developing embryo,
* Excretes some waste products and fetus until birth

¢ Male: Produces sperm
¢ Male: Participates in the delivery of sperm to the female
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digestive system includes your mouth, throat, esophagus, stom-
ach, intestines, and even your liver, pancreas, and gallbladder.
All of these organs must interact and be controlled and coor-
dinated to accomplish their overall function.

The figures on pages 90 and 91 depict the 11 organ
systems of the human body. Some organ systems perform
several functions and so are discussed in several chapters in
this book. For example, the lymphatic system has important
functions related to defense against disease, the circulation of
certain body fluids, and digestion. Other organ systems are
covered in a single chapter.

Tissue membranes line body cavities

Some of the organs and organ systems are located in hollow
cavities within the body (Figure 4.8). The large anterior cav-
ity is divided into the thoracic cavity and abdominal cavity
by the diaphragm between them. The thoracic cavity is in
turn divided into two pleural cavities, each containing a
lung, and the pericardial cavity, which encloses the heart.
The lower part of the abdominal cavity is sometimes called
the pelvic cavity. The smaller posterior cavity consists of the
cranial cavity and the spinal cavity (vertebral canal). There

Diaphragm

and abdominal
cavities

Anterior—
cavity

cavity

Cranial
cavity } Posterior

cavity

separates thoracic

are many other smaller cavities as well, such as the synovial
cavities in movable joints.

Tissue membranes consisting of a layer of epithelial tis-
sue and a layer of connective tissue line each body cavity and
form our skin. There are four major types of tissue
membranes:

m Serous membranes. Line and lubricate body cavities to re-
duce friction between internal organs.

®  Mucous membranes. Line the airways, digestive tract, and
reproductive passages. Goblet cells within the epithelial
layer secrete mucus, which lubricates the membrane’s
surface and entraps foreign particles.

m Synovial membranes. Line the very thin cavities between
bones in movable joints. These membranes secrete a wa-
tery fluid that lubricates the joint.

m Cutaneous membrane. Our outer covering. You know it as
skin, and it serves several functions discussed later in
this chapter.

By now you may have noticed that “membrane” is a
general term for a thin layer that covers or surrounds
something. You have been introduced to three different

Abdominal
cavity

Pelvic
cavity

\

Figure 4.8 The main bhody cavities. The pelvic cavity and the abdominal cavity are continuous

(not separated by a membrane).



membranes so far: the plasma membrane of phospholipids
surrounding every cell, the basement membrane of extracel-
lular material on which epithelial tissue rests, and tissue
membranes consisting of several layers of tissue
sandwiched together that cover or surround cavities,
organs, and entire organ systems.

Quick Checl What kind of membrane would you expect to
find lining a pleural cavity? Explain. »

Describing body position or direction

When describing parts of the body, biologists use precise
terms to define position and direction. Generally speaking,
an organ or even the entire body can be described by three
planes known as the midsagittal, frontal, and transverse
planes (Figure 4.9). These planes divide the body into left
and right, front and back, and top and bottom, respectively.
Anterior means “at or near the front” and posterior means
“at or near the back.” Proximal means “nearer (in closer
proximity) to” any point of reference, usually the body
trunk, and distal means “farther away.” For example, your
wrist is distal to your elbow. Superior means “situated
above” or “directed upward,” and inferior means “situated
below” or “directed downward.” There are dozens of such
terms, each with a precise meaning, defined as they occur
in this book.

Superior A
(closer to
the head or '
upper part of Frontal 3= Distal
a structure) plane -4 (farther away
from the trunk)

Transverse

plane
Inferior Posterior
(farther from 7 ‘ (at or near
the head or _— | the back)
toward the T Art1ter|or
lower part of | Midsagittal Eﬁ (?r n(iar
astructure) Y plane e front)

Figure 4.9 Planes of symmetry and terms used to describe
position or direction in the human body. The frontal plane
divides the body into anterior and posterior sections, the midsagittal
plane divides it into left and right, and the transverse plane divides
it into superior and inferior sections. Proximal and distal refer to
points closer to or farther away from a point of reference, usually
the trunk.

A friend who is an anatomist tells you that he has a blister on
the distal part of his right leg, on the inferior surface. Where is
the blister?
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Recap An organ consists of several tissue types that join to-
gether to perform a specific function. An organ system is a
group of organs that share a broad function important for sur-
vival. The body’s hollow cavities are lined by tissue membranes
that support, protect, and lubricate cavity surfaces. ®

4.7 The skin as an organ system

The proper name for the skin and its accessory structures
such as hair, nails, and glands is the integumentary system
(from the Latin integere, meaning “to cover”). We describe
the skin here as a representative organ system; other organ
systems are covered later in the book.

Skin has many functions

The skin has several different functions related to its role as
the outer covering of the body:

m Protection from dehydration (helps prevent our bodies
from drying out)

Protection from injury (such as abrasion)

Defense against invasion by bacteria and viruses
Regulation of body temperature

Synthesis of an inactive form of vitamin D

Sensation: provides information about the external
world via receptors for touch, vibration, pain, and tem-
perature

Skin consists of epidermis and dermis

Recall that skin is a tissue membrane, and that tissue mem-
branes contain layers of epithelial and connective tissue. The
outer layer of the skin’s epithelial tissue is the epidermis, and
the inner layer of connective tissue is the dermis

(Figure 4.10).

The skin rests on a supportive layer called the hypodermis
(hypo- means “under”), consisting of loose connective tissue
containing fat cells. The hypodermis is flexible enough to
allow the skin to move and bend. The fat cells in the hypo-
dermis insulate against excessive heat loss and cushion
against injury.

Epidermal cells are replaced constantly The epidermis con-
sists of multiple layers of squamous epithelial cells. A key
feature of the epidermis is that it is constantly being replaced
as cells near the base of the epidermis divide repeatedly,
pushing older cells toward the surface.

Two types of cell make up the epidermis: keratinocytes
and melanocytes. The more numerous of the two cell types
are keratinocytes, which produce a tough, waterproof pro-
tein called keratin. Actively dividing keratinocytes located
near the base of the epidermis are sometimes called basal
cells. As keratinocytes derived from the basal cells move to-
ward the skin surface, they flatten and become squamous.
Eventually they die and dry out, creating a nearly water-
proof barrier that covers and protects the living cells below
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Figure 4.10 The skin. The two layers of skin (epidermis and dermis) rest on a supportive layer
(hypodermis). Although not part of the skin, the hypodermis serves important functions of

cushioning and insulation.

(Figure 4.11). The rapid replacement of keratinocytes
allows the skin to heal quickly after injury.

One reason the outer layers of epidermal cells die is
that the epidermis lacks blood vessels, so as mature cells
are pushed farther from the dermis they can no longer ob-
tain nutrients. The dead cells of the outer layers are shed
over time, accounting for the white flakes you sometimes
find on your skin or on dark clothing, especially when your
skin is dry.

Less numerous cells called melanocytes located near
the base of the epidermis produce a dark-brown pigment
called melanin. Melanin accumulates inside keratinocytes
and protects us against the sun’s ultraviolet radiation.
Exposure to sunlight increases the activity of melanocytes,
accounting for the ability of some people to develop a
suntan. (For more on tanning, see Health & Wellness,

Suntans, Smoking, and Your Skin.) Because all humans have
about the same number of melanocytes, racial differences in
skin color reflect either differences in melanocyte activity or
differences in the rate of breakdown of melanin once it is
produced.

Quick Checlk What would happen to your skin if your
keratinocytes started dividing more rapidly than usual?
Could the skin still perform its major functions? »

Fibers in dermis provide strength and elasticity The dermis is
primarily dense connective tissue, consisting of collagen,
elastic, and reticular fibers embedded in a ground substance
of water, polysaccharides, and proteins. The fibers allow the
skin to stretch when we move and give it strength to resist
abrasion and tearing. Our skin becomes less flexible and
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Figure 4.11 The epidermis. Living cells near the base of the epidermis divide, pushing more ma-
ture cells toward the surface. As cells migrate toward the surface they die and dry out, forming a
tough, waterproof barrier. The cells of the epidermis are supplied only by blood vessels located in

the dermis.

more wrinkled as we age because the number of fibers in the
dermis decreases.

The surface of the dermis has many small projections
called papillae that contain sensory nerve endings and small
blood vessels. When the skin is rubbed excessively—such as
when your shoes are too tight—the epidermis and dermis
separate from each other and a fluid-filled blister develops
between them.

The most abundant living cells in the dermis are the
fibroblasts that produce the various fibers, but there are also
mast cells, white blood cells, and occasional fat cells. Other
structures in the dermis include:

m Hair. Each hair has a shaft above the skin’s surface and a
root below the surface. Hair is actually composed of several
layers of cells enclosed in an outer layer of overlapping,
dead, flattened keratinocytes. The root of a hair is

surrounded by a sheath of several layers of cells called the
follicle. The cells at the very base of the follicle are con-
stantly dividing to form the hair root. As new hair cells are
formed at the base, the hair root is pushed upward toward
the skin's surface.

Smooth muscle. Attached to the base of the hair follicle, it
contracts when you are frightened or cold, causing your
hair to become more erect.

Sebaceous glands. Also known as oil glands, these secrete
an oily fluid that moistens and softens hair and skin.
Sweat glands. These produce sweat, a watery fluid contain-
ing dissolved ions, small amounts of metabolic wastes,
and an antibiotic peptide called dermicidin. Sweat helps
regulate body temperature and protects against bacteria.
Blood vessels. These supply the cells of the dermis and
epidermis with nutrients and remove their wastes. The
blood vessels also help regulate body temperature. They
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Suntans, Smoking, and Your Skin

any of us think suntans are attrac-
tive. A suntan indicates we have

leisure time to spend basking in the sun,
and it gives the skin a healthy looking
“glow.” But are suntans really healthy?

The answer is clearly no, according to
medical experts. Strong light rays can
age your skin prematurely and increase
your risk for skin cancer. The rays pene-
trate to the dermis and damage its colla-
gen and elastin fibers. Elastin fibers
clump together, leading at first to fine
wrinkles and later to a wrinkled, leathery
skin texture.

Prolonged exposure to light rays
can also damage small blood vessels.
Sometimes the vessels remain perma-
nently dilated, leading to a condition called
telangiectasis, or spider veins.
Sunlight also damages the ker-
atinocytes and melanocytes in the
epidermis. The keratinocytes become
rough and thickened and no longer fit
together as a smooth interlocking
layer. The melanocytes begin to pro-
duce melanin unevenly, leading to
patches of darker pigmentation known
as freckles, age spots, or liver spots.

What about tanning beds—are
they okay? The tanning salon in-
dustry has been quite aggressive in
trying to convince the public that tan-
ning beds are not only safe, but that

dilate to facilitate heat loss when we are too hot and
constrict to prevent heat loss when we are too cool. The
dermis also contains lymph vessels, which drain fluids
and play a role in the immune system.

Sensory nerve endings. These provide information about the
outside environment. Separate receptors exist to detect
heat, cold, light touch, deep pressure, and vibration. You

a healthy tan is good for you. Experts
disagree. According to skin cancer re-
searchers, repeated exposure to light rays,
whether from sunlight or from tanning
beds, is a risk factor for melanoma. In
addition, your skin is likely to age more
quickly as you get older. Although a mini-
mal amount of sunlight is necessary to acti-
vate vitamin D, the amount is far below
what is necessary to cause a tan.

Perhaps you have heard that ultraviolet
(UV) rays consist of “good” UVA rays that
tan your skin and “bad” UVB rays that
cause sunburn. Tanning lotions with high
SPF (sun protection factor) numbers are
designed to block the UVB rays, which at
least prevents the acute damage and pain
of a sunburn. However, UVA rays are also

Repeated exposure to light rays is a risk factor
for melanoma.

comes active.

will learn more about these nerve endings in Chapter 12.

bad for you. They penetrate more deeply
than the UVB rays and in fact cause
most of the long-term changes that age
skin prematurely.

What about smoking? Heavy smokers
are nearly five times more likely to de-
velop premature wrinkles. Smoking dam-
ages and thickens the elastin fibers in the
dermis. It also dehydrates keratinocytes in
the epidermis, causing the epidermis to
develop a rough texture. Finally, smoking
narrows blood vessels, reducing blood
flow to the skin. As a result the skin of
smokers heals more slowly from injury
than the skin of nonsmokers. ®

As mentioned earlier, the skin synthesizes an inactive form
of vitamin D. It is not known which cell type in the skin is
responsible. But we do know that a cholesterol-like molecule
in the skin becomes an inactive form of vitamin D when it is
exposed to the ultraviolet rays of sunlight. The inactive form
must then be modified in the liver and kidneys before it be-



Recap The skin is an organ because it consists of different
tissues serving common functions. Functions of skin include
protection, temperature regulation, vitamin D synthesis, and
sensory reception. ®

4.8 Multicellular organisms must
maintain homeostasis

Although multicellularity offers many advantages to organ-
isms, it presents certain disadvantages that must be overcome.
For example, cells that are surrounded entirely by other cells
can’t obtain their nutrients directly from the organism’s exter-
nal environment and are constantly exposed to the waste
products of neighboring cells.

The environment that surrounds the cells of a multicellular
organism (their external environment) is the internal environ-
ment of the organism. The internal environment is a clear fluid
called the interstitial fluid (the Latin noun interstitium means
“the space between,” in this case the space between cells). Every
cell gets nutrients from the interstitial fluid around it and
dumps wastes into it. In a multicellular organism, the inter-
stitial fluid is the equivalent of the ocean, lake, or tiniest drop
of fluid that surrounds and nourishes single-celled organisms.

Because every cell must receive all its requirements for
life from the surrounding interstitial fluid, the composition
of this fluid must be kept fairly constant to sustain life. In
the long run, nutrients consumed by the cell must be
replaced and wastes must be removed or the cell will die.

Controlled variable
Higher

Lower

Effector Sensor

Control center

a) An increase in the controlled variable causes events that lower
the controlled variable toward its set point again.
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Relative constancy of the conditions within the internal
environment is called homeostasis (homeo- means “un-
changing” or “the same,” and -stasis means “standing”). The
maintenance of homeostasis is so important for life that
multicellular organisms, including human beings, devote a
significant portion of their total metabolic activities to it.
Although small changes in the internal environment do
occur from time to time, the activities of cells, tissues, organs,
and organ systems are carefully integrated and regulated to
keep these changes within acceptable limits.

Homeostasis is maintained by negative feedback

In living organisms, homeostasis is maintained by negative
feedback control systems (Figure 4.12). Negative feedback
control systems operate in such a way that deviations from
the desired condition are automatically detected and
counteracted. A negative feedback control system has the fol-
lowing components:

= A controlled variable. The focal point of any negative
feedback control loop is the controlled variable. A con-
trolled variable is any physical or chemical property that
might vary from time to time and that must be con-
trolled to maintain homeostasis. Examples of controlled
variables are blood pressure, body temperature, and the
concentration of glucose in blood.

= A sensor (or receptor). The sensor monitors the current
value of the controlled variable and sends the information
(via either nerves or hormones) to the control center.

Controlled variable
Higher

Lower

Effector Sensor

Control center

b) A decrease in the controlled variable causes events that raise
the controlled variable toward its set point again.

Figure 4.12 Components of a negative feedback control system. The focal point of the control
system is the controlled variable. A sensor monitors the controlled variable and sends signals to a
control center, which compares the current value of the controlled variable with its set point. If the
controlled variable and set point do not match, the control center sends signals to effectors that take
action to reverse the difference between the controlled variable and its set point.
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= A control center. The control center receives input from
the sensor and compares it to the correct, internally set
value of the controlled variable, sometimes called the
set point. When the current value and the set point are
not in agreement, the control center sends signals
(again, via either nerves or hormones) to an effector.

= An effector. The effector takes the necessary action to
correct the imbalance, in accordance with the signals it
receives from the control center.

The cycle is called negative feedback because any change in
the controlled variable triggers a series of events that ulti-
mately opposes (“negates”) the initial change, returning the
variable to its set point. In other words, homeostasis is
maintained.

Your refrigerator’s ability to maintain a
relatively steady cool temperature is another example of a
feedback system. Is it a negative feedback system? Identify
the major components of the system.

Negative feedback helps maintain core
body temperature

A prime example of negative feedback is the maintenance
of homeostasis of your body temperature. In this case,

Core temperature
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------ Set point-------
Lower

Constriction of blood
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Shivering —
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multiple organ systems participate in maintaining
homeostasis (Figure 4.13).

The controlled variable is your core temperature,
meaning the temperature near the center of your body.
Temperature sensors in your skin and internal organs mon-
itor core temperature. These sensors transmit signals via
nerves to the control center, located in a region of your
brain called the hypothalamus. The control center uses dif-
ferent combinations of effector mechanisms to raise or
lower core temperature as needed.

When your core temperature falls below its set point, the
hypothalamus:

= Sends more nerve impulses to blood vessels in the
skin, causing the blood vessels to constrict. This
restricts blood flow to your skin and reduces heat
loss.

m Stimulates your skeletal muscles, causing brief bursts of
muscular contraction known as shivering. Shivering gen-
erates heat.

When your core temperature rises above its set point, the
hypothalamus:

= Sends fewer nerve impulses to blood vessels in the skin,
causing the blood vessels to dilate. This increases blood
flow to your skin and promotes heat loss.

m Activates your sweat glands. As perspiration evaporates
from your skin, you lose heat.

Core temperature

Higher
------ Set point-------
Lower
Dilation of blood
vessels in skin
(promotes heat loss)
Sensors
Sweating %
2
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Figure 4.13 Negative feedback control of core temperature. Note that different combinations
of effector mechanisms may be activated, depending on the direction of the initial change in core

temperature.

In most people, hunger (and food intake) appears to be regulated in such a way that the amount
of body fat stays surprisingly constant over time (despite people’s efforts to lose weight). Draw a
diagram showing how hunger and food intake might be regulated in a negative feedback system

to keep body fat stores at a certain set point.



Even when your core temperature is normal, your hypothala-
mus is transmitting some nerve impulses to the blood vessels
in your skin. Small changes in temperature, then, can be
handled effectively just by increasing or decreasing the nor-
mal number of signals. Only when the variations in temper-
ature are large is sweating or shivering called into play.

From this example, we can make the following points
about negative feedback control:

= Many sensors may be active at once. In this case, sensors
throughout the body monitor body temperature.

= The control center integrates all of this incoming
information and comes up with an appropriate
response.

m There can be multiple effectors as well as multiple
sensors, and they may belong to different organ
systems.

Both skin and muscles function in returning body tempera-
ture to its set point.

People who have fevers will often get “chills”"—
feeling as if they are cold and shivering—even though body
temperature is actually above normal. Later, when the fever
“breaks,” they will suddenly start sweating. Develop a hypoth-
esis for why this happens.

Chapter Summary

Tissues are groups of cells with a common function p. 82

= The four main types of tissues are epithelial tissue, connective
tissue, muscle tissue, and neural tissue.

Epithelial tissues cover hody surfaces and cavities p. 82

= Epithelial tissues are sheets of cells that cover or line body
surfaces and form the glands.

= Epithelial tissues are supported by a noncellular layer called the
basement membrane.

Connective tissue supports and connects hody parts p. 85

= Fibrous connective tissues contain several types of extracellular
fibers and only a few living cells. They support and connect
body parts.

= Cartilage, blood, bone, and adipose tissue are classified as
special connective tissues.

Muscle tissues contract to produce movement p. 88

= Muscle tissue is composed of either skeletal, cardiac, or smooth
muscle cells.
» Skeletal muscles are attached to bones by tendons.
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Positive feedback amplifies events

Positive feedback control systems are relatively uncommon
in living organisms. In positive feedback, a change in the
controlled variable sets in motion a series of events that
amplify the original change, rather than returning it to
normal. The process of childbirth once labor has started is
governed by positive feedback mechanisms.

Obviously something must terminate positive feedback
events. The contractions of childbirth end when the child is
born. The important point is that positive feedback is not a
mechanism for maintaining homeostasis.

@ Web Animation Homeostasis at www.humanbiology.com

Recap All multicellular organisms must maintain homeostasis
of their internal environment. In a negative feedback control
system, any change in a controlled variable sets in motion a
series of events that reverse the change, maintaining
homeostasis. ®

Nervous tissue transmits impulses p. 89

= Neurons are specialized for conduction of electrical impulses.
= Glial cells surround and protect neurons and supply them with
nutrients.

Organs and organ systems perform complex functions p. 89

= The human body is composed of 11 organ systems, each of
which has at least one broad function.

= Membranes consisting of layers of epithelial and connective
tissues line the body cavities.

= Positions of body parts are described on three planes:
midsagittal, frontal, and transverse.

The skin as an organ system p. 93

= The skin functions as a protective barrier, participates in the
maintenance of homeostasis, and provides us with sensory
information about the external environment.

= Skin has two layers: an outer epithelial layer called the
epidermis and an inner connective tissue layer called the
dermis.

= Skin also contains nerves, blood vessels, glands, hair follicles,
and smooth muscle.
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Multicellular organisms must maintain homeostasis p. 97

In a multicellular organism, the external environment of every
cell is the internal environment of the organism.

Relative constancy of the internal environment is called homeostasis.
Homeostasis is maintained by negative feedback control systems.
In a negative feedback control system, a change in the controlled
variable sets in motion a sequence of events that tends to reverse
(or negate) the initial change.

In the regulation of body temperature, sensors located through-
out the body send information about temperature to the control
center, located in the hypothalamus of the brain.

Possible responses to a change in body temperature include dilat-
ing or constricting the blood vessels to the skin, shivering (if tem-
perature is too low), and sweating (if temperature is too high).

Terms You Should Know

n AN T

basement membrane, 84
cell junctions, 84
connective tissue, 85
controlled variable, 97
dermis, 93

endocrine gland, 82
epidermis, 93

epithelial tissue, 82

homeostasis, 97

internal environment, 97
muscle tissue, 88
negative feedback, 97
nervous tissue, 89
neuron, 89

organ system, 89

set point, 98

exocrine gland, 82

Concept Review

Answers can he found at the Human Biology Place.
www.humanbiology.com

1.
2.

W~

Describe some advantages and disadvantages of multicellularity.
Name the four main types of tissues in the human body and list
their main functions.

. Describe the functions of the three types of cell junctions.
. Distinguish between an organ and an organ system.
. List the 11 organ systems of the body and give at least one func-

tion of each.

. Define interstitial fluid.
. Name the two cavities of the anterior body cavity that are sepa-

rated from each other by the diaphragm.

. Compare/contrast positive and negative feedback.
. Discuss the purpose of homeostasis in the body.
. Describe the function of a control center in a negative feedback

control system.

Test Yourself

Answers can he found in Appendix A.

1

. Collagen and elastin fibers are typically found in:

. connective tissue

. epithelial tissue

. intercellular junctions
. muscle tissue

. the epidermis

n AN TP

10.

. The thoracic cavity is located

. Cells in cardiac muscle are able to contract in a coordinated

fashion because of communication made possible through:
. gap junctions

. spot desmosomes

. adhesion junctions

. tight junctions

. synapses

n AN T

. Which of the following membranes is not composed of cells?

. serous membrane

. synovial membrane

. cutaneous membrane
. basement membrane
. mucous membrane

n AN TP

. Exocrine and endocrine glands are types of:

. loose connective tissue

. epithelial tissue

. squamous tissue

. fibrous connective tissue

. specialized connective tissue

to the abdominal
cavity.

. proximal

. superior

. inferior

. ventral

. distal

n AN TP

. What property do all muscle tissues have in common?

. composed of collagen and elastin filaments
. under conscious control

. ability to form a communication network

. ability to contract

. cells are joined by tight junctions

n AN T

. Injury to bone heals more quickly than injury to cartilage

because:

a. bone marrow contains stem cells

b. chondroblasts are only present during prenatal development

c. the polysaccharides in cartilage ground substance can't be re-
placed

d. there is a richer blood supply to bone

e. bone has a higher mineral content

. Which of the following tissues may be found in the skin?

. smooth muscle

. fibrous connective tissue
. nervous tissue

. epithelial tissue

. all of these tissues

mn AN TP

. Which of the following is responsible for the pigmentation of

the skin?

. melanin

. keratin

. collagen

. sebum

. dermicidin

n AN T

When a decrease in blood pressure is detected by the central
nervous system, the central nervous system triggers several
changes that will return the blood pressure to its set point. This
is an example of:

a. positive feedback

b. thermoregulation
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11.

12.

13.

14.

15.
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Apply What You Know

Answers can be found at the Human Biology Place.
www.humanbiology.com

c. negative feedback
d. reverse feedback
e. set point feedback

The presence of a full bladder triggers the bladder to
contract. As a little urine is released, this causes more contrac-
tions which will completely empty the bladder. This is an

example of: 1. Your roommate says that the concept of homeostasis is being
a. homeostatic regulation violated when the rate of respiration goes up during exercise,
b. uroregulation because the rate of respiration clearly is not being held

c. negative feedback constant. Explain to him where his thinking is faulty.

d. positive feedback 2. What do you think would be some of the problems associated
e. reverse feedback with severe third-degree burns, in which both the epidermis

Which type of tissue stores triglycerides?
. muscle tissue

. loose connective tissue

. fibrous connective tissue

. columnar epithelial tissue

e. adipose tissue

O n T

A substantial amount of nonliving extracellular material, also

known as the matrix, characterizes all:
. muscle tissue

. epithelial tissue

. connective tissue

. nervous tissue

membranes

o AN T

All of the following organ systems may be involved in
thermoregulation except:

. integumentary system

. muscular system

. circulatory system

. skeletal system

. niervous system

n AN T

Reducing food intake may lead to weight loss by:

. decreasing the number of muscle cells

. decreasing the amount of fibrous connective tissue
. decreasing the volume of adipocytes

. decreasing the volume of muscle cells

. decreasing the number of adipocytes

n AN TP

and the dermis are severely damaged or destroyed?

. Sherlock Holmes, the greatest fictional detective of all time,

is talking to a woman in her late 40s, when he suddenly

says, “I see, my dear madam, you must have enjoyed your
cigarettes and your suntans.” The woman is amazed, because
she mentioned nothing about these two former favorite
activities. What physical characteristics might Mr. Holmes
have seen in this woman to indicate she was an avid sun-
worshiper and cigarette smoker? And how do these character-
istics develop?

. Dieting is difficult. People who do manage to lose weight can

gain it back if they're not careful. Are techniques such as
liposuction or Lipodissolve a good way to keep the weight off
permanently? Why or why not?

. Fibrous connective tissue consists of ground substance and

fibers that provide strength, support, and flexibility. Concrete
is used to make tough, durable structures in construction pro-
jects. How is a concrete structure like or unlike fibrous
connective tissue?

. By definition, an organ is a structure composed of two

or more tissue types that perform a specific function. Perfor-
mance of that function often requires coordination among
many cells. Why is it so important that cardiac muscle cells
of the heart be synchronized (coordinated) so that they beat
nearly all at once?
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Current Issue

A Black Market in Human Bones?

Alistair Cooke, famed host of the PBS
series Masterpiece Theatre, died in 2004
at the age of 95. His body lay in a New
York City funeral parlor for a few days
awaiting cremation. But before Cooke’s
body was cremated, it was secretly carved
up in a back room and his bones were
removed. Authorities allege that his bones
were then sold for a substantial profit, to
be transplanted into patients in desperate
need of tissue grafts.

Cooke’s family, who had not given
permission for his body parts to be
donated, knew nothing of this until police
contacted them after the funeral. Under-
standably, they were appalled. But there

is an even more horrifying side to this
story: Cooke died of lung cancer that had
spread to his bones. Could his deadly
cancer have been transmitted to the
people who received his bone tissue? Its
unlikely since bone products generally
are sterilized (see below), but the answer
may not be known for decades.

Recycling Body Parts:
A Legitimate Industry

The processing of tissues taken from
human corpses into products that can
be transplanted into other people is a
legitimate industry that serves urgent
medical needs. The industry has evolved

A colored X-ray of a foot on tiptoe.

Alistair Cooke, long-time host of
Masterpiece Theatre. Cooke’s body was
subjected to secret, illegal hone harvesting
after he died.
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Donated bones are cleaned, sterilized, and
shaped into bone products.

over the past several decades as harvesting
and transplantation techniques have im-
proved. Bones are used to repair fractures
and replace cancerous bone. Bone pins
and powdered bone are used in dental
surgery; bone paste plugs holes. Tendons
and ligaments are used to repair joints and
tissues damaged by sports injuries, trans-
planted vertebrae relieve back pain, and
veins and heart valves are used in heart
surgeries. The bones, tendons, veins, and
heart valves from just one corpse can be
worth over $200,000 to surgeons, hospi-
tals, and recipients.

Under federal law it is illegal to sell
human body parts for a profit—they can
only be donated, either by the patient while
he or she is still alive or by the family after
death. Several hundred licensed nonprofit
tissue banks in the United States receive
donated tissues and test them for infectious
diseases such as HIV, syphilis, and the
viruses that cause hepatitis (inflammation of
the liver). To reduce the chances of tissue
products transmitting disease, authorities
impose strict guidelines that specify what
types of tissues may be harvested, from
whom they may be harvested, and how they
must be processed. For instance, to prevent
any risk of transmitting cancer, federal
guidelines prohibit the use of bones from
cancer patients for tissue implants.

The facts...

After donation, bone tissue is shaped
into usable forms, such as pins, plates, and
powders. The final products are sterilized
and shipped to hospitals and surgeons all
over the country, where they are used in
more than 600,000 surgical procedures
every year. The patient pays all fees incurred
in the handling, processing, testing, and
shipping of the products, but the tissue
banks themselves do not make a profit.

lllegal Body Parts Enter
the Supply Chain

In the Alistair Cooke case, prosecutors
alleged that Michael Mastromarino, an oral
surgeon who had lost his license, arranged
for a Brooklyn funeral parlor to deliver bod-
ies to a secret operating room. There, Mas-
tromarino and his accomplices removed
body parts before the bodies were buried or
cremated. Authorities say that the men paid
the funeral parlor up to $1,000 per body
and then sold the harvested tissues for up to
$7,000 per body to a legitimate but unsus-
pecting tissue-processing company.

In some cases Mastromarino and his
accomplices falsified records indicating the
deceased’s age and cause of death. Mr.
Cooke died of cancer at the age of 95, but
his records were falsified to indicate that
he died at age 85 of a heart attack. They
also allegedly looted body parts from a
43-year-old woman who had died of ovarian
cancer; they then forged a signature on a
consent form and listed the cause of death
as a head injury. When investigators exam-
ined the corpse of one grandmother, they
found that her leg bones had been removed
and replaced with PVC pipes. Prosecutors
eventually identified over a thousand
corpses from which body parts were
taken without permission between 2001
and 2005.

In 2008 Mr. Mastromarino plead guilty
in a plea bargain that could reduce his jail
time in exchange for providing information
about others who were involved. He is
expected to spend at least 18 years in

It is illegal to buy or sell human body parts for a profit. Patients or their fami-
lies can donate body parts only to nonprofit tissue banks.

m Legitimately donated tissues are tested, sterilized, processed, and
transplanted into patients who urgently need them.

Only 22,000 cadavers are donated annually for body parts—not enough to
meet the growing legitimate demand for human tissues and tissue products.

m The supply/demand imbalance may be contributing to a black market in body
parts harvested illegally from cadavers.

prison. An accomplice and seven funeral
home directors received lesser sentences.

Just as the Alistair Cooke case is not
the first such incident, it is not likely to be
the last. In 1999 the University of Califor-
nia at Irvine discovered that the director
of its Willed Body Program was selling
human spines to a Phoenix hospital for
$5,000 apiece. And in 2008 the director
of UCLA's Willed Body Program was sen-
tenced to 4 years in prison for selling
more than a million dollars worth of body
parts. Regulators say that abuses such
as these are most likely to occur when rel-
atively poorly paid directors (including fu-
neral home directors) have access to
valuable body parts and when oversight is
lax. UC Irvine and UCLA have both tight-
ened their oversight procedures as a result
of the scandals.

Only 22,000 cadavers are donated an-
nually for body parts—not enough to supply
the growing demand for human body parts
and tissues. Done properly, the donation
of a single cadaver to a nonprofit tissue-pro-
cessing company can benefit several dozen
patients. Patients should only have to pay
the legitimate costs associated with the
body parts processing industry—not the
added fees paid to traffickers in illegal body
parts. Safeguards need to be put in place to
prevent abuses so that we can be assured of
the legitimacy and the safety of the supply
of human body parts.

Human bones and bhone products ready for
shipment to hospitals.

Questions to consider

1 Do you approve of human bones being
harvested from cadavers for processing
into bone-based products for patients,
provided the bones are legally obtained?

2 What steps do you think should be
taken to curb abuses in the human body
parts industry?
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)> The skeletal system is comprised of hones, lig-
aments, and cartilage. The skeletal system
supports and protects the other organ
systems of the body and provides a structure
that enables movement.

>> Bones consist of living cells surrounded by ex-
tracellular deposits of calcium minerals. Bone
tissue undergoes constant replacement,
remodeling, and repair.

Key concepts

)> Bones store minerals and produce the cellular
components of blood (red blood cells, white
blood cells, and platelets).

)> Ligaments comprised of connective tissue hold
bones together. When damaged, ligaments
are slow to heal because they have very few
living cells and a poor blood supply.

>> Joints are the points of contact between hones.
In @ moveable joint, bone surfaces are covered
by a layer of smooth cartilage and lubricated
with fluid, to reduce friction and wear.

he human body is capable of an awesome array of phys-

ical activities. With training, some individuals can run a
mile in less than four minutes or lift more than their own
weight. Exquisitely sensitive motor skills allow us to thread a
needle, turn our head to focus on a single star, and throw a
baseball into the strike zone. Considered individually, any
one of these activities may not seem amazing, but for a single
structure (the human body) to be capable of all of them is re-
markable indeed. From an engineering standpoint it would
be like designing a bulldozer that is strong enough to flatten
a building, yet delicate enough to pick up a dime.

This chapter describes the skeletal system, the organ sys-
tem for support, protection, and movement. We examine
the structure and development of bones, and the way they
remodel and repair themselves. We review how the bones fit
together to make the skeleton. We take a look at how joints
enable bones and muscles to work together. Finally, we con-
sider what can go wrong with the skeletal system.

5.1 The skeletal system consists
of connective tissue

The skeletal system comprises three types of connective
tissue—bones, ligaments, and cartilage. Bones are the hard
elements of the skeleton with which we are most familiar.
Ligaments consist of dense fibrous connective tissue—they
bind the bones to each other. Cartilage is a a specialized con-
nective tissue consisting primarily of fibers of collagen and
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elastic in a gel-like fluid called ground substance. Cartilage has
several functions, including reducing friction in joints.

Bones are the hard elements of the skeleton

Most of the mass of bones consists of nonliving extracellular
crystals of calcium minerals that give bones their hard, rigid ap-
pearance and feel. But bone is actually a living tissue that con-
tains several types of living cells involved in bone formation
and remodeling, plus nerves and blood vessels. Indeed, bones
bleed when cut during orthopedic surgery or when they break.

Bones perform five important functions. The first
three—support, protection, and movement—are the same as the
functions of the skeleton overall, which is, after all, primarily
bone. The rigid support structure of bones is what allows us
to sit and to stand upright. The bones of the skeleton also
support, surround, and protect many of our soft internal or-
gans, such as the lungs, liver, and spleen. The attachment of
bones to muscles makes it possible for our bodies to move.

The fourth and fifth functions of bones—blood cell forma-
tion and mineral storage—are harder to remember, but they are
just as important. Cells in certain bones are the only source
of new red and white blood cells and platelets for blood.
Without this production and supply function we would die
within months. You will learn more about the formation of
blood cells in Chapter 7. Bones also serve as an important
long-term storage depot for two important minerals, calcium
and phosphate. These two minerals can be drawn from bone
when necessary, though excessive withdrawal may have con-
sequences for bone composition and strengh.

Bone contains living cells

A typical long bone, so called because it is longer than it is
wide, consists of a cylindrical shaft (called the diaphysis)
with an enlarged knob called an epiphysis at each end
(Figure 5.1a). Dense compact bone forms the shaft and
covers each end. A central cavity in the shaft is filled with
yellow bone marrow. Yellow bone marrow is primarily fat
that can be utilized for energy.

The outer surface of the bone is covered by a tough layer
of connective tissue, the periosteum, which contains specialized
bone-forming cells. If an epiphysis of a long bone forms a
movable joint with another bone, the joint surface is covered
by a smooth layer of cartilage that reduces friction.

Inside each epiphysis is spongy bone (Figure 5.1b).
Spongy bone is less dense than compact bone, allowing the
bones to be light but strong. Spongy bone is a latticework of
hard, relatively strong trabeculae (from Latin, meaning “little
beams”) composed of calcium minerals and living cells. In
certain long bones, most notably the long bones of the upper
arms and legs (humerus and femur, respectively), the spaces
between the trabeculae are filled with red bone marrow. Special
cells called stem cells in the red bone marrow are responsible
for the production of red and white blood cells and platelets.

Taking a closer look (Figure 5.1c), we see that compact
bone is made up largely of extracellular deposits of calcium
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a) A partial cut through a long bone.
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Compact bone is a nearly solid structure
with central canals for the blood vessels

and nerves.

Figure 5.1 Structure of bone.

phosphate enclosing and surrounding living cells called
osteocytes (from the Greek words for “bone” and “cells”).
Osteocytes are arranged in rings in cylindrical structures
called osteons (sometimes called Haversian systems). Osteo-
cytes nearest the center of an osteon receive nutrients by dif-
fusion from blood vessels that pass through a central canal
(Haversian canal).

As bone develops and becomes hard, the osteocytes
become trapped in hollow chambers called lacunae
(Figure 5.1d). However, the osteocytes remain in direct con-
tact with each other via thin canals called canaliculi. Within
the canaliculi, extensions of the cell cytoplasm of adjacent
osteocytes are joined together by gap junctions. (Gap junc-
tions, as explained in Chapter 4, are channels that permit
the movement of ions, water, and other molecules between
two adjacent cells.) By exchanging nutrients across these gap

junctions, all the osteocytes can be supplied with nutrients even
though most osteocytes are not located near a blood vessel.
Waste products produced by the osteocytes are exchanged in
the opposite direction and are removed from the bone by the
blood vessels.

In spongy bone, osteocytes do not need to rely on
central canals for nutrients and waste removal. The slender
trabecular structure of spongy bone gives each osteocyte
access to nearby blood vessels in red bone marrow.

Quick Checlc If osteocytes did not have gap junctions in
their cell membranes, would they be able to survive?
Explain. »

Answers to questions can be found in Appendix A.
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Ligaments hold bones together

Ligaments attach bone to bone. Ligaments consist of dense
fibrous connective tissue, meaning that they are a regular array
of closely packed collagen fibers all oriented in the same
direction with a few fibroblasts in between (see Chapter 4).
(Recall that fibroblasts are cells that produce and secrete the
proteins that compose collagen, elastic, and reticular fibers.)
Ligaments confer strength to certain joints while still permit-
ting movement of the bones in relation to each other.

Cartilage lends support

Cartilage, as you already know, contains fibers of collagen
and/or elastin in a ground substance of water and other ma-
terials. Cartilage is smoother and more flexible than bone.
Cartilage is found where support under pressure is important
and where some movement is necessary.

There are three types of cartilage in the human skeleton.
Fibrocartilage consists primarily of collagen fibers arranged in
thick bundles. It withstands both pressure and tension well.
The intervertebral disks between the vertebrae, and also cer-
tain disk-like supportive structures in the knee joint called
menisci, are made of fibrocartilage. Hyaline cartilage is a

Fetus: At

] 2-3 months
Fetus: First

2 months )
Developing

periosteum

Blood
vessel

b) The periosteum begins to
develop and cartilage

a) Chondroblasts form
hyaline cartilage, creating

smooth, almost glassy cartilage of thin collagen fibers.
Hyaline cartilage forms the embryonic structures that later
become the bones. It also covers the ends of mature bones in
joints, creating a smooth, low-friction surface. Elastic cartilage
is mostly elastin fibers, so it is highly flexible. It lends struc-
ture to the outer ear and to the epiglottis, a flap of tissue that
covers the larynx during swallowing.

Recap Bones contribute to support, movement, and
protection. Bones also produce the blood cells and store
minerals. Ligaments hold bones together, and cartilage
provides support. ®

5.2 Bone development begins
in the embryo

In the earliest stages of fetal development, even before or-
gans develop, the rudimentary models of future bones are
created out of hyaline cartilage by cartilage-forming cells
called chondroblasts (Figure 5.2a). After about two to
three months of fetal development, the chondroblasts
slowly die out and the cartilage models begin to dissolve

Adolescence

a rudimentary model of
future bone.

starts to dissolve. Newly
developing blood vessels
transport osteoblasts into the

. Cartilage —— ..
Childhood growth S
: plate
Compact —
bone
containing
osteocytes
SLA
c) Osteoblasts secrete

osteoid and enzymes,

facilitating the deposition Cartilage

of hard hydroxyapatite growth

crystals. plate

area from the periosteum.

d) The growth plates in long bones
move farther apart and
osteoblast activity continues
just below the periosteum. The
bone lengthens and widens.

Figure 5.2 How hone develops. The first two phases of bone development occur in the
fetus. Bones continue to grow longer throughout childhood and adolescence because of growth

at the growth plates.



and are replaced by bone. This process is called ossification.
Although ossification is slightly different for flat bones
and long bones, we will concentrate on the process for
long bones.

After the chondroblasts die, the cartilage models they
produced gradually break down inside the future shaft and
epiphysis of the bone, making room for blood vessels to
develop. The blood vessels carry bone-forming cells called
osteoblasts (from the Greek words for “bone” and “to
build”) into the area from the developing periosteum
(Figure 5.2b). The osteoblasts secrete a mixture of proteins
(including collagen) called osteoid, which forms a matrix
that provides internal structure and strength to bone.
Osteoblasts also secrete enzymes that facilitate the crystal-
lization of hard mineral salts of calcium phosphate, known
as hydroxyapatite, around and between the osteoid matrix
(Figure 5.2c). As more and more hydroxyapatite is
deposited, the osteoblasts become embedded in the hard-
ening bone tissue. In mature compact bone, approximately
one-third of the structure is osteoid and two-thirds is
crystals of hydroxyapatite.

Eventually the rate at which osteoblasts produce the os-
teoid matrix and stimulate the mineral deposits declines,
and osteoblasts become mature osteocytes embedded in
their individual lacunae. Mature osteocytes continue to
maintain the bone matrix, however. Without them the
matrix would slowly disintegrate.

Bones continue to lengthen throughout childhood
and adolescence. This is because a narrow strip of cartilage
called the growth plate (or epiphyseal plate) remains in each
epiphysis (Figure 5.2d). Chondroblast activity (and hence the
development of new cartilage as a model for the lengthening
bone) is concentrated on the outside of the plate, whereas the
conversion of the cartilage model to bone by osteoblasts is
concentrated on the inside of the plate (Figure 5.3). In
effect, the bone lengthens as the two growth plates migrate

Osteoblasts
convert cartilage
to bone at the

Chondroblasts h
inner surface

deposit new

cartilage at the

outer surface
Joint
cartilage

Figure 5.3 How long bones increase in length.

Mark the place(s) in this bone where osteoblasts are most
active, and name the crystal that they are producing.
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farther and farther apart. Bones also grow in width as
osteoblasts lay down more bone on the outer surface just
below the periosteum.

@ Web Animation Bone Growth at www.humanbiology.com

The bone development process is controlled by hor-
mones, chemicals secreted by the endocrine glands. The
most important hormone in preadolescents is growth
hormone, which stimulates the bone-lengthening activity
of the growth plate. During puberty the sex hormones
(testosterone and estrogen) also stimulate the growth plate,
at least initially. But at about age 18 in females and 21 in
males these same sex hormones signal the growth plates to
stop growing, and the cartilage is replaced by bone tissue. At
this point the bones can no longer lengthen, though they
can continue to grow in width.

Recap Bone-forming cells called osteoblasts produce a
protein mixture (including collagen) that becomes bone’s
structural framework. They also secrete an enzyme that
facilitates mineral deposition. ®

MJ's Human Biology Blog
i com/ Ec jar

A drug called Cerezyme has become a topic of debate
among health care professionals, insurance companies,
and patients. That's because at the recommended
dosage, the drug costs up to $300,000 per year.

Cerezyme is used to treat a rare inherited disorder
called Gaucher disease, characterized by severe deterio-
ration of bones and joints. The recommended dosage
was determined on the basis of a clinical trial in only
12 patients more than 15 years ago. At the recommended
dosage the drug has proven to be quite effective. But
would a lower dose work just as well? Many doctors and
insurance companies think so, but the manufacturer
(Genzyme) has no interest in finding out. And why
would they, when the drug has annual sales of over a
billion dollars? Genzyme says it's not their issue; they’d
leave it up to doctors to determine whether a lesser dose
would work just as well in their patients.

If the drug were cheap, dosage wouldn’t be an issue.
But insurance companies are paying for this drug, and
therefore so are we, indirectly. Who do you think should
be responsible for determining the proper dose? ®
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5.3 Mature bone
undergoes remodeling
and repair

Even though bones stop growing
longer, they do not remain the same
throughout life. Bone is a dynamic :
tissue that undergoes constant replace- {
ment, remodeling, and repair. Remod- .
eling may be so extensive that there is a
noticeable change in bone shape over
time, even in adults.

Bone remodeling and repair is in
part due to a third type of bone cell
called an osteoclast (from the Greek
words for “bone” and “to break”). Os-
teoclasts cut through mature bone
tissue, dissolving the hydroxyapatite
and digesting the osteoid matrix in
their path. The released calcium and
phosphate ions enter the blood. The
areas from which bone has been re-
moved attract new osteoblasts, which
lay down new osteoid matrixes and
stimulate the deposition of new
hydroxyapatite crystals.

Table 5.1 summarizes the four
types of cells that contribute to bone
development and maintenance.

Compressive force

Bones can change in shape, produces a greater

size, and strength

Over time, constant remodeling can ac-
tually change the shape of a bone. The
key is that compression stress on a bone,
such as the force of repeated jogging on
the legs, causes tiny electrical currents
within the bone. These electrical currents
stimulate the bone-forming activity of osteoblasts. The
compressive forces and the electric currents are greatest at
the inside curvature of the long bone undergoing stress
(Figure 5.4). Thus, in the normal course of bone turnover,

inside curvature.
Compressive force

osteoblasts.

Table 5.1 Cells involved in bone development and maintenance

Type of cell Function

Chondroblasts Cartilage-forming cells that build a model

of the future bone

Osteoblasts Young bone-forming cells that cause the

hard extracellular matrix of bone to develop

Mature bone cells that maintain the struc-
ture of bone

Osteocytes

Osteoclasts Bone-dissolving cells

a) The application of force
to a slightly bent bone

compressive force on the

produces weak electrical
currents which stimulate

New bone
added here

Bone removed —
here

b) Over time, bone is
deposited on the inside
curvature and removed
from the outside
curvature.

c) The final result is
a bone matched to
the compressive
force to which it is
exposed.

Figure 5.4 Bone remodeling.

new bone is laid down in regions under high compressive
stress and bone is resorbed in areas of low compressive stress.
The final shape of a bone, then, tends to match the compres-
sive forces to which it is exposed.

Weight-bearing exercise increases overall bone mass
and strength. The effect is pronounced enough that the bones
of trained athletes may be visibly thicker and heavier than
those of nonathletes. You don’t have to be a professional ath-
lete to get this benefit, however. If you begin a regular program
of any weight-bearing exercise, such as jogging or weight lift-
ing, your bones will become denser and stronger as your
osteoblasts produce more bone tissue.

The maintenance of homeostasis of bone structure
depends on the precise balance of the activities of osteoclasts
and osteoblasts. Osteoporosis is a common condition in
which bones lose a great deal of mass (seemingly becoming



“porous”) because of an imbalance over many years in the
rates of activities of these two types of bone cells.

Quick Checl Professional bicyclists tend to lose bone den-
sity in their arms and back. Why does this happen given that
they are otherwise in very good physical condition? m

Bone cells are regulated by hormones

Like bone growth, the rates of activities of osteoblasts and
osteoclasts in adulthood are regulated by hormones that
function to maintain calcium homeostasis. When blood lev-
els of calcium fall below a given point, parathyroid hormone
(PTH) stimulates the osteoclasts to secrete more bone-
dissolving enzymes. The increased activity of osteoclasts
causes more bone to be dissolved, releasing calcium and
phosphate into the bloodstream. If calcium levels rise, then
another hormone called calcitonin stimulates osteoblast
activity, causing calcium and phosphate to be removed from
blood and deposited in bone. Although the total bone mass
of young adults doesn’t change much, it’s estimated that al-
most 10% of their bones may be remodeled and replaced
each year. We discuss this and other types of hormonal regu-
lation further in Chapter 13.

Quick Check Suppose a man is not getting sufficient calcium
in his diet, such that his blood calcium level is chronically low.
Would his PTH levels and calcitonin levels be low, normal, or
high? Explain. »

Bones undergo repair

When you break (fracture) a bone, the blood vessels supply-
ing the bone bleed into the area, producing a mass of
clotted blood called a hematoma. Inflammation, swelling,
and pain generally accompany the hematoma in the days
immediately after a fracture. The repair process begins
within days as fibroblasts migrate to the area. Some of

the fibroblasts become chondroblasts, and together they
produce a tough fibrocartilage bond called a callus between
the two broken ends of the bone. A callus can be felt as a
hard, raised ring at the point of the break. Then osteoclasts
arrive and begin to remove dead fragments of the original
bone and the blood cells of the hematoma. Finally, osteo-
blasts arrive to deposit osteoid matrix and encourage the
crystallization of calcium phosphate minerals, converting
the callus into bone. Eventually the temporary union
becomes dense and hard again. Bones rarely break in the
same place twice because the repaired union remains
slightly thicker than the original bone.

The repair process can take weeks to months, depending
on your age and the bone involved. In general, the repair
process slows with age. Recently it has been discovered that
the application of weak electrical currents to the area of a
broken bone can increase the rate of healing. It is thought
that electrical current works by attracting osteoclasts and os-
teoblasts to the area under repair.
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Recap Healthy bone replacement and remodeling depend on
the balance of activities of bone-resorbing osteoclasts and
bone-forming osteoblasts. When a bone breaks, a fibrocartilage
callus forms between the broken ends and is later replaced
with bone. ®

5.4 The skeleton protects, supports,
and permits movement

Now that we have reviewed the dynamic nature of bone tissue,
we turn to how all of those bones are classified and organized.
Bones can be classified into four types based on shape: long,
short, flat, and irregular. So far we have discussed long bones,
which include the bones of the limbs and fingers. Short bones
(the bones of the wrists) are approximately as wide as they are
long. Flat bones (including the cranial bones, the sternum, and
the ribs) are thin, flattened, and sometimes curved, with only a
small amount of spongy bone sandwiched between two layers
of compact bone. Irregular bones such as the coxal (hip) bones
and the vertebrae include a variety of shapes that don't fit into
the other categories. A few flat and irregular bones, including
the sternum and the hip bones, contain red bone marrow that
produces blood cells.

The 206 bones of the human body and the various con-
nective tissues that hold them together make up the skeleton
(Figure 5.5). The skeleton has three important functions.
First, it serves as a structural framework for support of the soft
organs. Second, it protects certain organs from physical
injury. The brain, for example, is enclosed within the bones
of the skull, and the heart and lungs are protected by a bony
cage consisting of ribs, the sternum, and vertebrae. Third, be-
cause of the way that the bony elements of the skeleton are
joined together at joints, the presence of the skeleton permits
flexible movement of most parts of the body. This is particu-
larly true of the hands, feet, legs, and arms.

The skeleton is organized into the axial skeleton and the
appendicular skeleton.

The axial skeleton forms the midline of the body

The axial skeleton consists of the skull (including the max-
illa and mandible), sternum, ribs, and vertebral column (in-
cluding the sacrum) (see Figure 5.5).

The skull: Cranial and facial hones The human skull (cranium)
comprises over two dozen bones that protect the brain and
form the structure of the face. Figure 5.6 (on the next page)
illustrates some of the more important bones of the skull.

The cranial bones are flat bones in the skull that enclose
and protect the brain. Starting at the front of the skull, the
frontal bone comprises the forehead and the upper ridges of
the eye sockets. At the upper left and right sides of the skull
are the two parietal bones, and forming the lower left and


www.humanbiology.com

110 Chapter 5 The Skeletal System

Axial skeleton Appendicular skeleton

Cranium —8
(skull) {’
Maxilla H‘“&Tﬂ*f
Mandible —

Clavicle
Scapula
Sternum
Ribs
Humerus

N\ ul
\;K— Rancﬁus

Metacarpals
Coxal bone

Femur
Patella
Tibia
Fibula

Tarsals
e

Jl=——— Metatarsals

__———Phalanges
Figure 5.5 The human skeleton.

On this and subsequent figures, find the anatomical terms
corresponding to the following common names: breastbone,
collarbone, shoulder blade, hip bone, thighbone, shinbone.

right sides are the two temporal bones. Each temporal bone is
pierced by an opening into the ear canal that allows sounds
to travel to the eardrum. Between the frontal bone and the
temporal bones is the sphenoid bone, which forms the back
of both eye sockets. The ethmoid bone contributes to the eye
sockets and also helps support the nose.

The two small, narrow nasal bones underlie only the
upper bridge of the nose; the rest of the fleshy protuberance
called the nose is made up of cartilage and other connective
tissue. Part of the space formed by the maxillary and nasal
bones is the nasal cavity. The small lacrimal bones, at the
inner eye sockets, are pierced by a tiny opening through
which the tear ducts drain tears from the eye sockets into
the nasal cavity.

The mandible, or lower jaw, contains the sockets that
house the lower row of teeth. All the bones of the skull are
joined tightly together except for the mandible, which attaches
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Frontal bone
Sphenoid bone

Ethmoid bone
Lacrimal bone

Nasal bone
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Maxilla Occipital
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meatus

Maxilla

Zygomatic bone
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Vomer bone

Foramen magnum
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Figure 5.6 The human skull. Except for the mandible, which has
a hinged joint with the temporal bone, the bones of the skull are
joined tightly together. Their function is protection, not movement.

to the temporal bone by a joint that, because it permits a sub-
stantial range of motion, allows us to speak and chew.

Curving underneath to form the back and base of the
skull is the occipital bone. Near the base of the occipital bone
is a large opening called the foramen magnum (Latin for “great
opening”). This is where the vertebral column connects to the
skull and the spinal cord enters the skull to communicate
with the brain.

The facial bones compose the front of the skull. On either
side of the nose are the two maxilla (maxillary) bones, which
form part of the eye sockets and contain the sockets that an-
chor the upper row of teeth. The hard palate (the “roof” of
the mouth) is formed by the maxilla bones and the two
palatine bones. Behind the palatine bones is the vomer bone,
which is part of the nasal septum that divides the nose into
left and right halves. The two zygomatic bones form the cheek-
bones and the outer portion of the eye sockets.

Several of the cranial and facial bones contain air spaces
called sinuses, which make the skull lighter and give the
human voice its characteristic tone and resonance. Each
sinus is lined with tissue that secretes mucus, a thick, sticky
fluid that helps trap foreign particles in incoming air. The



sinuses connect to the nasal cavity via small passageways
through which the mucus normally drains. However, if you
develop a cold or respiratory infection, the tissue lining your
sinuses can become inflamed and block these passages.
Sinus inflammation is called sinusitis. If fluid accumulates in-
side the sinuses, the resulting sensation of pressure may give
you a “sinus headache.”

The vertebral column: The body’s main axis The vertebral
column (the backbone or spine) is the main axis of the
body (Figure 5.7). It supports the head, protects the spinal
cord, and serves as the site of attachment for the four
limbs and various muscles. It consists of a column of 33
irregular bones called vertebrae (singular: vertebra) that
extends from the skull to the pelvis. When viewed from the
side the vertebral column is somewhat curved, reflecting
slight differences in structure and size of vertebrae in the
various regions.

Cervical —
vertebrae

@)

Thoracic —
vertebrae
(12)

Lumbar —
vertebrae

(%)

Sacrum —
(5 fused)

Coccyx
(4 fused)

Figure 5.7 The vertebral column. Vertebrae are named and num-
bered according to their location. The vertebral column is moderately
flexible because of the presence of joints and intervertebral disks.
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We classify the vertebral column into five anatomical
regions:

m Cervical (neck)—7 vertebrae.

Thoracic (the chest or thorax)—12 vertebrae.

= Lumbar (the lower portion or “small” of the back, which
forms the lumbar curve of the spine)—5 vertebrae.

m Sacral (in the sacrum or upper pelvic region)—In the
course of evolution, the 5 sacral vertebrae have become
fused.

= Coccygeal (the coccyx or tailbone)—4 fused vertebrae.
The coccyx is all that remains of the tails of our ancient
ancestors. It is an example of a vestigial structure, mean-
ing one that no longer has any function.

A closer look at vertebrae (Figure 5.8a) shows how they
are stacked on each other and how they are joined. Verte-
brae share two points of contact, called articulations, located

Spinal cord

Articulations

with another Intervertebral

vertebra disk
Spinal nerve
Articulation
with ribs
Main bodies
of vertebrae
a) Healthy disks.

Herniated area
pressing against
a nerve

b) A herniated disk.

Figure 5.8 Vertebrae.
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behind their main body. There are also articulations with
the ribs. The spinal cord passes through a hollow cavity be-
tween the articulations and the main body. Neighboring
vertebrae are separated from each other by a flat, elastic,
compressible intervertebral disk composed of a soft
gelatinous center and a tough outer layer of fibrocartilage.
Intervertebral disks serve as shock absorbers, protecting the
delicate vertebrae from the impact of walking, jumping,
and other movements. In conjunction with the vertebral
joints, vertebral disks also permit a limited degree of move-
ment. This lends the vertebral column greater flexibility, al-
lowing us to bend forward, lean backward, and rotate the
upper body.

An especially strong impact or sudden movement can
compress an intervertebral disk, forcing the softer center
to balloon outward, press against spinal nerves, and cause
intense back pain. This condition is referred to as a “herni-
ated” or “slipped disk” (Figure 5.8b), and it occurs most
often in the lumbar vertebrae. Occasionally the disk may
rupture, releasing its soft, pulpy contents. The pain that ac-
companies a herniated disk can be alleviated by surgery to
remove the damaged disk, relieving the pressure against
the nerve. However, surgical correction of a herniated
disk reduces spinal flexibility somewhat because the two
adjacent vertebrae must be fused together with bone
grafts.

Generally the bony vertebral column does an effective
job of shielding the softer spinal cord, which consists of
nervous tissue that connects the brain to the rest of the
body. However, injury to the vertebral column can damage
the spinal cord or even sever it, resulting in partial or com-
plete paralysis of the body below that point. Persons with
suspected vertebral injuries should not be moved until a
physician can assess the situation, because any twisting or
bending could cause additional, perhaps permanent, dam-
age to the spinal cord. You may have noticed that when ath-
letes are injured on the field, they are instructed to lie
absolutely still until a trainer and physician have examined
them thoroughly.

The ribs and sternum: Protecting the chest cavity Humans
have 12 pairs of ribs (Figure 5.9). One end of each rib
branches from the thoracic region of the vertebral column.
The other ends of the upper seven pairs attach via cartilage
to the sternum, or breastbone, a flat blade-shaped bone
composed of three separate bones that fuse during develop-
ment. Rib pairs 8-10 are joined to the seventh rib by
cartilage, and thus attach indirectly to the sternum. The
bottom two pairs of ribs are called floating ribs because they
do not attach to the sternum at all.

The ribs, sternum, and vertebral column form a protec-
tive rib cage that surrounds and shields the heart, lungs, and
other organs of the chest (thoracic) cavity. The rib cage also
helps us breathe, because muscles between the ribs lift them
slightly during breathing, expanding the chest cavity and

TNy O
Sternum
(breastbone)
Ribs
Cartilage
Vertebral column

Floating ribs

Figure 5.9 Ribs. The 12 pairs of ribs are numbered according to
their attachment to the thoracic vertebrae. Only the first 7 pairs
attach directly to the sternum.

What function do the ribs and sternum have that other parts
of the skeleton do not have? How might this explain the fact
that the ribs and sternum are connected by flexible cartilage
rather than by bone?

inflating the lungs. The base of the sternum is connected to
the diaphragm, a muscle that is important to breathing (see
Chapter 10).

Quicle Check Humans have more sacral vertebrae than most
mammals do, and these sacral bones are fused into an unusu-
ally strong structure. Given what you know about the functions
of the vertebral column, propose an explanation. ®

The appendicular skeleton: Pectoral girdle,
pelvic girdle, and limbs

Those parts of the body that attach to the axial skeleton are
called appendages, from the Latin word meaning “to hang
upon.” The second division of the human skeleton, the
appendicular skeleton, includes the arms, legs, and their
attachments to the trunk, which are the pectoral and pelvic
girdles.

The pectoral girdle lends flexibility to the upper limbs The
pectoral girdle, a supportive frame for the upper limbs,
consists of the right and left clavicles (collarbones) and right
and left scapulas (shoulder blades) (Figure 5.10). The
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Figure 5.10 Bones of the right side of the pectoral girdle and
the right arm and hand.

clavicles extend across the top of the chest and attach to the
scapulas, triangular bones in the upper back.

The arm and hand consist of 30 different bones. The
upper end of the humerus, the long bone of the upper arm,
fits into a socket in the scapula. The other end of the
humerus meets with the ulna and radius, the two bones of
the forearm, at the elbow. If you've ever hit your elbow and
experienced a painful tingling, you know why this area is
nicknamed the “funny bone”; you've just struck the ulnar
nerve that travels along the elbow.

The lower ends of the ulna and radius meet the carpal
bones, a group of eight small bones that makes up the
wrist. The five metacarpal bones form the palm of the hand,
and they join with the 14 phalanges, which form the fingers
and thumb.

The pectoral girdle and arms are particularly well
adapted to permit a wide range of motion. They connect to
the rest of the body via muscles and tendons—a relatively
loose method of attachment. This structure gives the upper
body of humans a degree of dexterity unsurpassed among
large animals. We can rotate our upper arms almost 360 de-
grees—a greater range of movement than with any other
joint in the body. The upper arm can rotate in roughly a
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circle, the arm can bend in one dimension and rotate, and
the wrist and fingers can all bend and rotate to varying de-
grees. We also have “opposable thumbs,” meaning we can
place them opposite our other fingers. The opposable
thumb has played an important role in our evolutionary
history, as it makes it easier to grasp and manipulate tools
and other objects.

We pay a price for this flexibility, because freedom of
movement also means relative instability. If you fall on your
arm, for example, you might dislocate your shoulder joint or
crack a clavicle. In fact, the clavicle is one of the most
frequently broken bones in the body.

Although our upper limbs are well adapted to a wide
range of movements, too much of one kind of motion can
be harmful. Repetitive motions—performing the same task
over and over—can lead to health problems called repetitive
stress syndromes. Depending on the part of the body that is
overused, these injuries can take many forms. A well-known
repetitive stress syndrome is carpal tunnel syndrome, a condi-
tion often due to repetitive typing at a computer keyboard.
The carpal bones of the wrist are held together by a sheath
of connective tissue. The blood vessels, nerves, and tendons
to the hand and fingers pass through the sheath via the
“carpal tunnel.” Overuse of the fingers and hands produces
swelling and inflammation of the tendons, which causes
them to press against the nerve supplying the hand. The re-
sult may be pain, tingling, or numbness in the wrist and
hand. Mild episodes of carpal tunnel syndrome respond to
rest and pain relievers. Severe cases can be treated with
surgery to relieve the pressure.

The pelvic girdle supports the body The pelvic girdle con-
sists of the two coxal bones and the sacrum and coccyx

of the vertebral column (Figure 5.11 on the next page).
The coxal bones attach to the sacral region of the vertebral
column in back, then curve forward to meet in front at the
pubic symphysis, where they are joined by cartilage. You can
feel the upper curves of the coxal bones (the iliac region) as
your hip bones. Together, these structures form the pelvis.

The primary function of the pelvic girdle is to support
the weight of the upper body against the force of gravity. It
also protects the organs inside the pelvic cavity and serves as
a site of attachment for the legs. The structure of the pelvic
girdle reflects a trade-off between dexterity and stability.
Partly because the pelvic girdle and lower limbs are larger
and more firmly connected to the rest of the body than the
pectoral girdle and upper limbs, the lower limbs are less dex-
terous than the upper limbs.

In adult women the pelvic girdle is broader and shallower
than it is in men, and the pelvic opening is wider. This allows
for safe passage of a baby’s head during labor and delivery.
These characteristic differences appear during puberty when a
woman'’s body begins to produce sex hormones. The sex hor-
mones trigger a process of bone remodeling that shapes the
female pelvic girdle to adapt for pregnancy and birth.
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Figure 5.11 Bones of the pelvic girdle and the left leg and foot.

The femur (thighbone) is the longest and strongest
bone in the body. When you jog or jump, your femurs are
exposed to forces of impact of several tons per square inch.
The rounded upper end of each femur fits securely into a
socket in a coxal bone, creating a stable joint that effectively
supports the body while permitting movement. The lower
end of the femur intersects at the knee joint with the larger
of the two bones of the lower leg, the tibia, which in turn
makes contact with the thinner fibula. The patella, or
kneecap, is a triangle-shaped bone that protects and stabilizes
the knee joint.

At the ankle, the tibia and fibula join with the seven tarsal
bones that make up the ankle and heel. Five long bones, the
metatarsals, form the foot. The 14 bones of the toes, like those
of the fingers, are called phalanges.

Recap The skull and vertebral column protect the brain and
spinal cord, the rib cage protects the organs of the chest cav-
ity, and the pelvic girdle supports the body’s weight and pro-
tects the pelvic organs. The upper limbs are capable of a wide
range of motions (dexterous movement). The lower limbs are
stronger but less dexterous than the upper limbs. ®

5.5 Joints form connections
between bones

We now turn to the structures and tissues that hold the skeleton
together while still permitting us to move about freely: joints,
ligaments, and tendons. Joints, also called articulations, are
the points of contact between bones. Ligaments and tendons
are connective tissues that stabilize many joints.

Joints vary from immovable to freely movable

Joints vary considerably from basically immovable to freely
movable. Types of joints include fibrous, cartilaginous, and
synovial joints.

Fibrous joints are immovable. At birth, the flat bones in
a baby’s skull are separated by relatively large spaces filled
with fibrous connective tissue. These “soft spots,” called
fontanels, enable the baby’s head to change shape slightly so
that it can squeeze safely through the mother’s pelvic open-
ing during childbirth. The presence of joints also allows for
brain growth and development after birth. During
childhood these fibrous joints gradually harden. By the
time we reach adulthood, the joints have become thin lines,
or sutures, between skull bones. These immovable joints
firmly connect the bones that protect and stabilize the skull
and brain.

Cartilaginous joints, in which the bones are connected by
hyaline cartilage, are slightly movable, allowing for some de-
gree of flexibility. Examples include the cartilaginous joints
that connect the vertebrae in the backbone, and those that
attach the lower ribs to the sternum.

The most freely movable joints are synovial joints, in
which the bones are separated by a thin fluid-filled cavity.
The two bones of a synovial joint are fastened together and
stabilized by ligaments. The interior of the cavity is lined
with a synovial membrane, which secretes synovial fluid to
lubricate and cushion the joint. To reduce friction even fur-
ther, the articulating surfaces of the two bones are covered
with a tough but smooth layer of hyaline cartilage. Together,
the synovial membrane and the surrounding hyaline carti-
lage constitute the joint capsule.

Different types of synovial joints permit different kinds
of movements. A hinge joint, such as the knee and elbow, gets



its name because it allows movement in one plane like the
hinges on a door. Figure 5.12 illustrates a human knee joint.
The knee joint is strong enough to withstand hundreds of
pounds of force, yet it is flexible enough to swing freely in
one direction. To reduce friction, there are small disks of car-
tilage on either side of the knee called menisci (singular:
meniscus). The knee joint also includes 13 small sacs of
fluid, called bursae (singular: bursa), for additional cushion-
ing. The entire joint is wrapped in strong ligaments that
attach bone to bone and tendons that attach bone to muscle.
Note the two cruciate ligaments (posterior and anterior) that
join the tibia to the femur bone. The anterior cruciate
ligament is sometimes injured when the knee is hit with
great force from the side.

A second type of synovial joint, a ball-and-socket joint,
permits an even wider range of movement. Examples
include the joint between the femur and the coxal bone (see
Figure 5.11), and between the humerus and the pectoral gir-
dle (see Figure 5.10). In both cases, the rounded head of the
bone fits into a socket, allowing movement in all planes.

Figure 5.13 (on the next page) illustrates the different types
of movements made possible by hinge and ball-and-socket

Femur
Hyaline
cartilage
f
3 Posterior
Ligament — cruciate ligament

Anterior

Meniscus

Tibia J - Ligament

Tendon

a) A cutaway anterior view of the right knee
with muscles, tendons, and the joint capsule removed
and the bones pulled slightly apart so that the two
menisci are visible.

Figure 5.12 The knee joint is a hinged synovial joint.

cruciate ligament
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joints. Note that you can rotate your arm and your leg because
the shoulder and hip are ball-and-socket joints, but you cannot
rotate the hinge joint in your knee.

Ligaments, tendons, and muscles strengthen
and stabilize joints

Thanks to its design, a synovial joint can withstand tremen-
dous pounding day after day, year after year without wearing
out. But where does it get its strength? For that we turn to lig-
aments, tendons, and muscles. As we have seen, the bones of
a synovial joint are held tightly together by ligaments. They
are stabilized even more by tendons, another type of tough
connective tissue, which join the bones to muscles. Liga-
ments and tendons contain collagen arranged in parallel
fibers, making ligaments and tendons as strong and as flexi-
ble as a twisted nylon rope. In addition, muscle contraction
strengthens and stabilizes certain joints at the very moment
they need it the most.

To appreciate the role of muscle contraction in stabiliz-
ing a joint, try this simple experiment. Sit in a low chair,
stretch your leg straight out in front of you with your heel

Thigh
muscles

Tendon

Joint

capsule

b) A view of the knee with muscles, tendons, and
ligaments in their normal position surrounding the
intact joint capsule. The combination of ligaments,
tendons, and muscles holds the knee tightly together.

What is the difference between a ligament and a tendon? Hint: find all the ligaments and

tendons in this figure and notice what they are attached to.
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Figure 5.13 Types of movements made possible by synovial joints.
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resting on the floor, and relax your muscles. Move your
kneecap (patella) from side to side gently with your hand.
Notice how easily you can shift it out of position. Now with-
out changing position, tense the muscle of your thigh and
again try to move your kneecap with your hand. See the dif-
ference? The patella is attached to the tibia by a ligament and
to the muscles of the thigh by a tendon (Review Figure 5.12b).
Contraction of the thigh muscle (as when you take a step
while walking) puts tension on the tendon and the ligament.
The increased tension holds the patella and the rest of the
joint firmly in place. If you move your hand to just below the
kneecap, you can feel the tightening of the patellar ligament
as you alternately contract and relax your thigh muscle.

Recap Joints are the points of contact between bones.
Fibrous joints are immovable in adults, cartilaginous joints
permit some movement, and synovial joints are highly
movable. Synovial joints are held together by ligaments
and lubricated by synovial fluid. »
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Runners are often told (usually by nonrunners) that run-
ning is hard on their knees. According to commonly held
belief, the constant pounding wears out or damages
knee cartilage and leads to either knee injury or an
increased likelihood of osteoarthritis later in life.

But the available scientific evidence suggests that
running is not a risk factor for knee osteoarthritis, and
may in fact keep you healthier later in life. In one study,
runners were compared to age-matched nonrunners over
an 18-year period. There was no difference in the rate
of development of osteoarthritis between the two groups.
In another study, overall disability rates in runners
increased at only one quarter of the rate seen in age-
matched sedentary persons.

A maijor risk factor for knee osteoarthritis is not run-
ning per se; it's having had a previous knee injury. That
is why there is so much osteoarthritis among former
NFL football players and former soccer players. But if
you're a recreational runner and manage to stay injury-
free, don’t worry about wearing out your knees—just
keep running! ®

Reference: Chakravarty, Eliza F., et al. Long Distance Running and Knee
Osteoarthritis: A Prospective Study. Am. J. Prev. Med. 35: 133-138,
2008.
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5.6 Diseases and disorders of the
skeletal system

In this chapter we have already discussed several health con-
ditions related to the skeletal system, including fractures and
carpal tunnel syndrome. Now we look at several more.

Sprains mean damage to ligaments

A sprain is due to stretched or torn ligaments. Often it is ac-
companied by internal bleeding with subsequent bruising,
swelling, and pain. The most common example is a sprained
ankle. Sprains take a long time to heal because the ligaments
have few cells and a poor blood supply. Minor sprains, in
which the ligaments are only stretched, usually mend them-
selves with time. If a large ligament is torn completely, it gen-
erally does not heal by itself, and surgery may be necessary to
remove it. Sometimes the joint can be stabilized with a piece
of tendon or by repositioning other ligaments. Torn liga-
ments in the knee are particularly troublesome because they
often leave the knee joint permanently unstable and prone
to future injuries.

Do you think a broken bone would take more or
less time to heal than a sprained ligament? Why?

Bursitis and tendinitis are caused
by inflammation

Bursitis and tendinitis refer to inflammation of the bursae

or tendons following injury. We discuss the inflammatory
process in Chapter 9. Causes of bursitis and tendinitis may
include tearing injuries to tendons, physical damage caused
by blows to the joint, and even some bacterial infections.
Like ligaments, tendons and the tissues lining the bursae are
not well supplied with blood vessels, so they do not heal
quickly. Treatment usually involves applying cold during the
first 24 hours and heat after that, resting the injured area, and
taking pain-relieving medications. “Tennis elbow” is a painful
condition caused by either bursitis or tendinitis. Other com-
mon locations for pain include the knee, shoulder, and the
Achilles tendon that pulls up the back of the heel.

Arthritis is inflammation of joints

By their nature, joints are exposed to high compressive forces
and are prone to excessive wear caused by friction. “Arthritis”
is a general term for joint inflammation. The most common
type of arthritis is osteoarthritis, a degenerative (“wear-and-
tear”) condition that affects about 20 million Americans,
most over age 45. In osteoarthritis the cartilage covering the
ends of the bones wears out. With time the bone thickens
and may form bony spurs, which further restrict joint move-
ment. The result is increased friction between the bony
surfaces, and the joint becomes inflamed and painful. Over-
the-counter medications can reduce the inflammation and



TR -

Treating a Sprained Ankle

For a severe sprain, many physicians
advise the frequent application of

cold to the sprained area during the first
24 hours, followed by a switch to heat.
Why the switch, and what is the logic be-
hind the timing of cold versus heat?

The biggest immediate problem asso-
ciated with a sprain is damage to small
blood vessels and subsequent bleeding
into the tissues. Most of the pain associ-
ated with a sprain is due to the bleeding
and swelling, not damage to ligaments
themselves. The immediate application of
cold constricts blood vessels in the area
and prevents most of the bleeding. The
prescription is generally to cool the sprain
for 30 minutes every hour or 45 minutes
every hour and a half. In other words,
keep the sprain cold for about half the

pain, and surgical joint replacements for severe osteoarthritis
are fairly routine today. Injections of hyaluronic acid, a com-
ponent of hyaline cartilage, can also reduce arthritic knee
pain. Many physicians advise people with osteoarthritis to
exercise regularly, which helps preserve the joints” healthy
range of motion. Several promising new treatments to reduce
joint inflammation are still in the experimental stage.

Osteoarthritis should not be confused with rheumatoid
arthritis. Rheumatoid arthritis also involves joint inflamma-
tion, but it is caused by the body’s own immune system,
which mistakenly attacks the joint tissues. We take a closer
look at disorders of this type in Chapter 9.

A medical researcher is trying to develop a new
drug that will help reverse arthritis. Which is likely to be most
helpful: a drug that increases osteoclast activity, one that in-
creases osteoblast activity, or one that increases chondroblast
activity? Explain.

Osteoporosis is caused by excessive bone loss

Osteoporosis is a condition caused by excessive bone loss
over time (Figure 5.14), leading to brittle, easily broken
bones. Symptoms include hunched posture (Figure 5.15),
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time, for as long as you can stand it. The
in-between periods ensure adequate blood
flow for tissue metabolism. It's also a
good idea to keep the ankle wrapped in

Treat sprains first with cold, then later with
heat.

an elastic bandage and elevated between
cooling treatments, to prevent swelling. If
you're having trouble remembering all
this, remember the acronym “RICE"—
Rest, Ice, Compression, Elevation.

The key to a quick recovery from a
sprain is rapid application of the RICE
method. Athletes who try to “work through
the pain” by continuing to compete while
injured generally pay the price in a longer
recovery time.

After 24 hours there shouldn’t be
any more bleeding from small vessels.
The damage has been minimized, so
now the goal is to speed the healing
process. Heat dilates the blood vessels,
improves the supply of nutrients to the
area, and attracts blood cells that begin
the process of tissue repair. ®

difficulty walking, and an increased likelihood of bone frac-
tures, especially of the spine and hip. Osteoporosis is a
major health problem in the United States. Over 10 million
Americans have the condition, and it accounts for more than
1.5 million debilitating fractures every year.

A very slow progressive bone loss occurs in both men
and women after age 35 because of a slight imbalance bet-
ween the rates of bone breakdown by osteoclasts and new
bone formation by osteoblasts. Overall, the rate of bone loss
in men (and in women before menopause) is only about
0.4% per year. That means that on average, a man will lose
only about 20% of his bone mass by age 85—not enough to
cause disability in most cases.

For women it’s a different story, because a decline in es-
trogen after menopause leads to a more rapid rate of bone
loss in the decade immediately after menopause—as high as
2-3% per year. After that, the rate of loss begins to decline
slowly toward 0.4% again. Nevertheless, women tend to lose
considerably more bone mass over a lifetime than men,
which is why women are more prone to osteoporosis. Other
risk factors include smoking, a sedentary lifestyle, low
calcium intake, and being underweight.

The good news is that osteoporosis can be prevented.
Two important strategies: get enough calcium and vitamin
D, and maintain a consistent exercise program throughout
your life. Calcium is crucial for the formation of new bone



b) SEM of a bone showing osteoporosis.

Figure 5.14 Bone loss in osteoporosis.

Figure 5.15 Osteoporosis. Osteoporosis can lead to repeated
compression fractures of the spine and a permanent change in
spine curvature.

tissue. Current recommendations call for a daily intake of
about 1,000-1,500 mg per day for adults, but women who
have gone through menopause may benefit from even
higher intakes. Both men and women can benefit from
weight-bearing exercise (such as walking) and strength
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training (such as lifting weights), because these activities
increase bone mass. For women especially, estrogen
replacement therapy after menopause can slow the rate of
bone loss.

Several medications are available to treat osteoporosis. A
class of drugs called biphosphonates (alendronate and rise-
dronate) act by inhibiting the bone-resorbing function of os-
teoclasts. The FDA recently approved a new biphosphonate
medication, Boniva Injection, that can be administered intra-
venously every three months. Teriparatide, a medication that
is a fragment of the normal parathyroid hormone molecule,
is the first osteoporosis medication that can actually stimulate
the activity of the bone-forming osteoblasts.
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First the definition of “overweight” was changed, mak-
ing 35 million more Americans overweight overnight.
Then normal blood pressure was redefined, and every-
one just above it became “pre-hypertensive.” And
now, millions of women with a bone density just
slightly below normal (for a 30-year-old!) are being
told they have a condition called “pre-osteoporosis,”
or “osteopenia.” This is like telling a middle-aged
woman she has a skin disease because her skin is not
as smooth as her daughter’s. In fact, a woman’s bone
density normally declines with age—its just part of the
aging process. Bone density declines very slowly after
30 but before menopause, and then accelerates after
menopause.

The pharmaceutical industry helped to define
osteopenia, and it also has the pills to treat it. Call me a
skeptic, but I’'m guessing they had an interest in seeing
a lot of women diagnosed with the condition. Some doc-
tors are suggesting that the drugs used to treat osteope-
nia are being over-marketed to younger post-menopausal
women who may still be at relatively low risk for bone
fractures. They argue that the benefits of the drugs used
to treat osteopenia are exaggerated and the risks gener-
ally are downplayed. If you're still young, consult your
physician before taking drugs to treat osteopenia. Other-
wise, you could be trying to treat a problem that you
don’t really have yet. ®

Reference: P. Alonso-Coello, et al. Drugs for pre-osteoporosis—
prevention or disease-mongering? British Medical Journal 336:
126-129, 2008.
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Chapter Summary

The skeletal system consists of connective
tissue p. 104

Connective tissues of the skeletal system are bones, ligaments,
and cartilage.

Bone is a living tissue composed of cells and extracellular
material.

Ligaments, composed of dense fibrous connective tissue, attach
bones to each other.

Cartilage forms the intervertebral disks and lines the points of
contact between bones.

Bone development begins in the embryo p. 106

After about two months of fetal development, rudimentary
models of bones have been formed from cartilage.

Throughout the rest of fetal development and on into child-
hood, bone-forming cells called osteoblasts replace the cartilage
model with bone.

Growth in the length of long bones centers on growth plates in
each epiphysis.

Mature bone undergoes remodeling
and repair p. 108

Bone undergoes replacement throughout life.

Bones can change shape over time, depending on the forces to
which they are exposed.

The process of bone repair includes: (1) the formation of a
hematoma, (2) the formation of a fibrocartilage callus that
binds the broken ends together, and (3) the eventual
replacement of the callus with new bone.

The skeleton protects, supports, and permits movement p. 109

The axial skeleton is represented by the skull, the vertebral
column, the sternum, and the ribs.

In the vertebral column, intervertebral disks of fibrocartilage
absorb shock and permit limited movement.

The appendicular skeleton includes the pectoral girdle, the
pelvic girdle, and the upper and lower limbs.

Joints form connections hetween hones p. 114

Three types of joints connect bones: fibrous, cartilaginous,
and synovial.

Synovial joints are designed for movement without friction.
They are lined with a synovial membrane and lubricated by
synovial fluid.

Diseases and disorders of the skeletal system p. 117

Sprains are the result of stretched or torn ligaments. Bursitis and
tendinitis are caused by injuries to the bursae and tendons.

m Arthritis is a general term for joint inflammation.
m Osteoarthritis is a condition in which the cartilage covering the

ends of the bones wears out and joint friction increases.
Osteoporosis is a condition caused by progressive bone loss
over time.

Terms You Should Know

appendicular skeleton, 112
axial skeleton, 109

bone, 104

cartilage, 106

central (Haversian) canal, 105
chondroblast, 106

compact bone, 104

growth plate, 107
intervertebral disk, 112
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spongy bone, 104
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Concept Review

Answers can be found at the Human Biology Place.
www.humanbiology.com

1.
2.
3.

List the five functions of bone.

Describe the functions of red and yellow bone marrow.
Explain how the two growth plates in a long bone account for
the ability of a long bone to lengthen.

. Explain what might cause a long bone to slowly change shape

over many years.

. Describe the process of bone remodeling and how it can

reshape bones to make them stronger.

. Name the three anatomical regions of the vertebral column that

are above the sacral and coccygeal regions.

. Explain why it is important not to move someone who may

have suffered an injury to the vertebral column until a medical
assessment can be made.

. Describe the features of synovial joints that reduce friction and

prevent the joint from wearing out prematurely.

. Distinguish between flexion and extension.
. Define the differences between osteoarthritis and rheumatoid

arthritis.

Test Yourself

Answers can be found in Appendix A.

1.

Which of the following might result from a parathyroid tumor
which causes oversecretion of parathyroid hormone?

a. joint inflammation leading to osteoarthritis

b. bone loss due to stimulation of osteoclasts

c. bone growth due to stimulation of osteoblasts

d. conversion of cartilage to bone

. Steps in the repair of a bone fracture include (1) bone deposi-

tion by osteoblasts, (2) bone and debris removal by osteoclasts,
(3) hematoma, and (4) formation of a fibrocartilage callus. In
what order do these steps occur?

1-2-3-4
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10.

11.

12.

. All of the following bones form part of the eye socket except:

a. occipital bone
b. lacrimal bone
c. zygotmatic bone
d. ethmoid bone

. All of the following bones of the skull are stationary except:

a. frontal bone

b. mandible

c. maxilla

d. zygomatic bone

. Which bones are found in both the hands and feet?

a. carpals

b. metacarpals
c. tarsals

d. phalanges

. The movement of the thumb to trace a circle might best be

described as:

a. abduction

b. rotation

c. circumduction
d. pronation

. Synovial joints may include cartilage, ligaments, tendons, and

synovial fluid. Which of these attach bones to other bones
within the joint?

a. synovial membrane

b. ligaments

c. tendons

d. cartilage

. Which of the following is an example of a cartilaginous joint?

a. knee joint

b. skull sutures

c. pubic symphysis
d. hip joint

. All of the following are bones of the axial skeleton except:

a. vertebrae
b. ribs

c. skull

d. clavicle

Which of the following would be likely to prevent or slow the
bone loss of osteoporosis?

a. stimulate the activity of fibroblasts

b. stimulate the activity of osteoblasts

c. inhibit the activity of osteoclasts

d. both (b) and (c)

Which of the following contains the richest population of the
stem-cell precursors for red and white blood cells?

a. red bone marrow

b. yellow bone marrow

c. osteoid

d. hydroxyapatite

In the formation and development of bones within the fetus,
which of these cell types functions earliest?

a. osteocyte

b. osteoblasts

c. osteoclasts

d. chondroblasts

13.
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Which of the following might be most helpful in determining
whether an adolescent is no longer growing?

a. measuring the length of the femur and humerus

b. examining the growth plates near the ends of long bones
c. examining bone density

d. examining the fontanels in the skull

14. All of the following processes continue in the skeletal system

15.

throughout the life span except:

a. bones continue to lengthen

b. stem cells continue to form new blood cells

c. bones continue to be remodeled

d. bones continue to store minerals (calcium and phosphorus)

Which kind of joint is essentially immovable?
a. hinge joint

b. fibrous joint

c. cartilaginous joint

d. ball and socket joint

Apply What You Know

Answers can he found at the Human Biology Place.
www.humanbiology.com

1.

Compare and contrast swimming and running as forms of exer-
cise training in terms of how they might affect muscle mass,
bone mass, and the possibility of injuries to joints.

. The administration of growth hormone is sometimes used clini-

cally to stimulate growth in unusually short children who are
deficient in growth hormone. However, growth hormone is in-
effective in unusually short but otherwise normal adults. What
accounts for the difference?

. Although sports are getting more and more competitive at

younger and younger ages, in baseball it is not recommended
that children learn to throw curveballs at too young an age.
What is the problem with throwing a curveball?

. You and a friend decide to volunteer to help build houses with

Habitat for Humanity over your spring break. Although you
have only rarely used a hammer, you take on the task helping to
construct the frame of the house. After your break is over and
you have returned to campus, you notice a sharp pain in your
elbow every time you bend your arm. You seek medical advice,
and the doctor tells you that you have tendonitis. What is ten-
donitis? What might have caused your condition?

. You just graduated and got your first job as a forensic investiga-

tor. Your first case is a skeleton that was discovered in the
desert. The pathologist examines the bones and tells you that
the skeleton belonged to an adult man. How can the patholo-
gist be certain by examining only the bones? What else might
the pathologist be able to tell you by examining the bones of
this skeleton?

. Obesity is a common problem in this country, even among chil-

dren. What changes would you expect to see in the skeletal sys-
tem of a person who has been obese for a long time?
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Current Issue

Climber in Banff National Park, Canada.

Drug Abuse Among Athletes

B aseball slugger Barry Bonds is under
indictment for lying under oath
about using performance-enhancing
drugs. Sprinter Marion Jones confessed to
her drug use and offered a tearful apology,
but was stripped of her five Olympic gold
medals. High school athletes are routinely
being tested for performance-enhancing
drugs. What is going on here?

The short answer is that many
performance-enhancing drugs do
enhance athletic performance. They
work in ways that are predictable
and understood, based on human physi-
ology. In an environment where just a
hundredth of a second can make the

difference between an Olympic gold
medal and relative obscurity, the temp-
tation to use these drugs is high.

Anabolic Steroids

Anabolic steroids and related compounds

such as dehydroepiandrosterone (DHEA)

and androstenedione (“Andro”) are the

most widely abused drugs in athletics

today. Although anabolic steroids are

banned by sports federations and school

systems, many of them are available

over the counter as the result of a 1994 )

federal law that was written to ensure - E & T ,"
access to herbal remedies (see the Current Marion Jones after winning the gold in 2000,

Issue in Chapter 2). In general, they are and in 2007 after admitting to using
performance-enhancing drugs.



structurally and functionally related to

the male sex steroid testosterone. And like
testosterone, they make it easy for the

user to increase his/her muscle mass. Mus-
cle strength improves as well, leading to
improved athletic performance in sports
that require short bursts of energy.

How common is anabolic steroid use?
A study funded by the National Institute
on Drug Abuse found that 2.5% of 12th-
graders, 1.5% of 10th-graders and 1.1%
of 8th-graders had tried them. Information
on steroid use by college and professional
athletes is unreliable because the athletes
are reluctant to talk about it. A few well-
known athletes, including Arnold Schwar-
zenegger, sprinter Ben Johnson, and
wrestler Hulk Hogan, have admitted to
using them at one time or another.

A recent trend is the increased use of
sophisticated “designer drugs” such as
THG (tetrahydrogestrinone), designed specif-
ically to avoid detection. THG is known as
“the clear” to athletes because allegedly it
couldn’t be detected. And for years it wasn’t
detected—until an anonymous tipster sent a
sample of the drug to a sport federation for
testing. THG is so potent that it doesn’t
even have to be injected—ijust a couple of
drops under the tongue are enough. In 2007
sprinter Marion Jones finally admitted that
she started using THG in 1999 as she pre-
pared for the 2000 Olympic games. She
was stripped of her five medals from the
2000 Olympics and banned from participa-
tion in the 2008 Olympics in Beijing.

Aside from the obvious issue of fairness
in athletic competition, anabolic steroids
are banned by sports federations because
of their side effects and possible health
risks. Androgens have masculinizing effects
in both sexes. Men may experience gyneco-
mastia (enlargement of the breasts),
shrinkage of the testicles, reduced sperm
production, and impotence. In women,
breast size and body fat decrease and the
voice deepens. Women may lose scalp hair
but gain body hair. Some of these changes

athletic performance.

The facts...

athletic performance.

. young Barry Bonds playing for the Pirates,
and years later, a bulkier Barry as the SF
Giants’ slugger.

are not reversible. Anabolic steroid abuse is
also associated with irritability, hostility, and
aggressive behavior (“roid rage”). Prolonged
anabolic steroid abuse is associated with an
increased risk of heart attack, stroke, and
severe liver disease, including liver cancer.
Although the number of cases of these dis-
eases is fairly low (so far), the effects of
steroid use/abuse may be underestimated
because these diseases tend to come later
in life. We just don’t know what will happen
to steroid abusers 30 years later.

Blood Enhancers

Marathoners and cyclists aren’t interested
in muscle mass; they’re interested in
maintaining a high level of sustained per-
formance over long periods of time. For
that, they need increased aerobic capacity.
Their (banned) drug of choice is erythro-
poietin (EPO), a hormone produced by the
kidneys that increases the production of
red blood cells. EPO is available by
prescription only for patients with anemia
(too few red blood cells in the blood). But
cyclists and marathon runners use it to im-
prove their performance. It's all a matter of
normal human physiology; EPO produces
more red blood cells, which leads to a
higher oxygen-carrying capacity, which in
turn leads to a higher level of sustainable
muscle activity and faster times.

Performance-enhancing drugs such as anabolic steroids and erythropoietin
(EPO) are used by some athletes hecause they improve certain types of

m Abuse of performance-enhancing drugs can lead to unwanted side effects, an
increased risk of certain chronic diseases, and perhaps even premature death.

m Although most sports federations have banned the use of performance-
enhancing drugs, enforcement has proven difficult.

= Soon it may be possible to use genetic engineering techniques to enhance

But a health risk is associated with
EPO abuse. Excessive production of red
blood cells can raise the hematocrit (the
percentage of the blood that is red cells)
to dangerous levels. The blood becomes
sludge-like, increasing the risk of high
blood pressure, blood clots, and heart
attacks. Statistically, one of the most
common causes of death among pro-
fessional cyclists is heart attack, although
no deaths have ever officially been listed
as having been caused by EPO.

It's hard to test for EPO abuse because
EPO disappears from the blood within days,
leaving behind an increased hematocrit
and an improved endurance that lasts for
a month or more. The cycling organizations
are only able to curb EPO abuse by setting
an upper limit for hematocrit of 50%; above
that, EPO abuse is just assumed and the
athlete is banned from competition. It is
widely suspected that cyclists who choose
to abuse EPO measure their hematocrit
shortly before a race and then remove blood
cells to just meet the 50% rule!

Next Up: Gene Doping

Within decades, it will probably be possible
to use genetic engineering techniques to
modify an athlete’s genes for improved ath-
letic performance. It's called gene doping.
What if you could tinker with the genes that
lead to the production of natural erythropoi-
etin or testosterone, so that an athlete just
naturally produces more of these hormones?
What if you could alter muscle biochem-
istry so that muscles used energy more
efficiently or more rapidly? What if you
could insert genes that caused muscle cells
to store up more ATP? These ideas are not
so far-fetched. Nearly all experts on the
subject are convinced that if gene doping
hasn’t been tried already, it soon will be.
Gene doping will be extremely hard to
detect or to prevent.

Have we lost our perspective for the
role that sports should play in our lives?

Questions to consider

1 Do you think we should continue to try
to prevent the use of drugs and genetic
engineering in sports? Why or why not?
2 A friend who uses anabolic steroids
says that there is no convincing scien-
tific evidence that anabolic steroid use
will lead to health problems such as
heart disease or cancer later in life. Is he
right? What would you say to him?
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2> Your body has three types of muscle: Skeletal
muscle, cardiac muscle, and smooth muscle.

»> The fundamental activity of all muscles is con-
traction. Depending on muscle type and loca-
tion, muscle contraction can either cause
movement or resist movement. Muscles also
generate heat.

)> Skeletal muscle contraction is initiated by
nerve activity, and only by nerve activity.
Contraction requires energy that ultimately
comes from stored carbohydrates and fats.

Key concepts

2> Skeletal muscle mass, strength, and endurance
can be increased by exercise training. The
type of exercise training determines whether
primarily strength or endurance is increased.

2> Cardiac and smooth muscle cells can he
activated either by nerve activity or by other
nearby cells. As a result, cardiac and smooth
muscles tend to contract in a coordinated
fashion; when one cell contracts, nearby
cells contract too.

M uscle cells are found in every organ in the body and
participate in every activity that requires movement.
Together, they constitute nearly half of our body mass. The
most obvious are the skeletal muscles that attach to the skele-
ton and give us strength and mobility. Skeletal muscles also
sculpt the body and contribute to our sense of attractive-
ness and well-being. Some of the smallest skeletal muscles
control the focus of our eyes; some of the largest are respon-
sible for the shivering that helps keep us warm when it is
cold. Nearly 40% of body weight in males and about 32%
in females is skeletal muscle.

But there are two other types of muscle in the body be-
sides skeletal muscle. Rhythmic contractions of the cardiac
muscle of the heart pump blood throughout the body. Power-
ful intermittent contractions of smooth muscle in the walls of
the uterus propel the child through the birth canal. Slower
waves of smooth muscle contractions push food through the
digestive tract and transport urine from the kidney to the
bladder. Steady, sustained contractions of smooth muscle in
the walls of blood vessels regulate blood flow to every living
cell in the body.

How do muscles accomplish all this? In this chapter we
examine the structure of muscles, learn how they function,
and see how their activity is controlled. Finally, we'll see how
muscles can become damaged and describe some diseases of
muscle.

124

6.1 Muscles produce movement
or generate tension

Some muscle movements are voluntary, meaning that we have
conscious control over the movements they produce. An ex-
ample is deliberately picking up an object. Other muscle
movements, such as the pumping action of the heart or the
maintenance of muscle tone in blood vessels, are involuntary in
that they are generally beyond our conscious control. You can-
not will your heart to stop beating.

We tend to think of muscles as producing movement,
but another very important function of many muscles is to
resist movement. The maintenance of posture while standing
is a good example. If you faint, you collapse because you lose
control over the muscles that support your upright posture.
The maintenance of a constant blood vessel diameter even
when blood pressure within the vessel changes is another ex-
ample of how a muscle resists movement. These are cases
where muscles generate a force that exactly opposes an equal
but opposite force being applied to a body part.

Besides producing or resisting movement, muscles also
generate heat. Under normal circumstances, contraction of
our skeletal muscles accounts for over three-quarters of all
the heat generated by the body. Heat generated by muscles
is important in maintaining homeostasis of our body tem-
perature, because normally our body temperature is higher
than that of our surroundings. When we generate too much
heat, temperature-control mechanisms are called into play
that allow the body to get rid of it. However, if you spend
time outdoors on a cold day you may notice that you
start to shiver. Shivering occurs because your temperature-
control mechanisms cause skeletal muscles to alternately
contract and relax so as to generate more heat.

The fundamental activity of muscle
is contraction

All three types of muscle cells have certain fundamental features
in common. First, muscle cells are excitable, meaning that they
contract in response to chemical and/or electrical signals from
other organ systems. Second, all muscles have only one basic
mechanism of action: they contract (shorten), and then they
relax, returning to their original length. The movements of your
limbs, the beating of your heart, and the regulation of the diam-
eters of your blood vessels all depend on muscles.

The muscle type with which you are probably most famil-
iar is skeletal muscle. In this chapter we concentrate on skeletal
muscle because skeletal muscle, in conjunction with the skele-
ton, is responsible for voluntary movement. At the end of this
chapter we briefly discuss cardiac and smooth muscle.

Skeletal muscles cause bones to move

Most skeletal muscles interact with the skeleton and cause
bones to move (or prevent them from moving) relative to
each other. All of the tasks accomplished by our skeletal



muscles, whether shivering, threading a needle, lifting heavy
weights, or even just standing completely still, are
performed by skeletal muscles that are either contracting
or relaxing. We have more than 600 skeletal muscles,
often organized into pairs or groups. Hundreds of muscles,
each controlled by nerves and acting either individually or

Pectoralis major
* Draws arm forward
and toward the body

Serratus anterior
* Helps raise arm
 Contributes to pushes
* Draws shoulder blade forward

Biceps brachii
¢ Bends forearm at elbow

Rectus abdominus

e Compresses abdomen
¢ Bends backbone

* Compresses chest cavity

External oblique
e Lateral rotation of trunk
e Compresses abdomen

Adductor longus

* Flexes thigh

* Rotates thigh laterally

* Draws thigh toward body

Sartorius
* Bends thigh at hip

* Bends lower leg at knee
* Rotates thigh outward

Quadriceps group
* Flexes thigh at hips
* Extends leg at knee

Tibialis anterior
¢ Flexes foot toward knee

Figure 6.1 Major skeletal muscle groups and their functions.
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in groups, produce all possible human motions. Muscle
groups that work together to create the same movement
are called synergistic muscles. Muscles that oppose each
other are called antagonistic muscles. Figure 6.1 summari-
zes some of the major muscles of the body and their
actions.

Deltoid
¢ Raises arm

Trapezius

e Lifts shoulder blade
* Braces shoulder

¢ Draws head back

Triceps brachi
e Straightens forearm
at elbow

Latissimus dorsi

* Rotates and draws
arm backward and
toward body

Gluteus maximus
* Extends thigh
* Rotates thigh laterally

Hamstring group
* Draws thigh backward
* Bends knee

Gastrocnemius

* Bends lower leg at
knee

* Bends foot away from
knee

Achilles tendon

¢ Connects
gastrocnemius
muscle to heel
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Most skeletal muscles are attached to bones via tendons
(Figure 6.2a), though a few are attached only to other muscles
or to skin (such as the muscles that permit you to smile). Mus-
cles join to the skeleton in such a way that each individual
muscle produces a very specific movement of one bone relative
to another. The skeleton is a complex set of levers that can be
pulled in many directions by contracting or relaxing skeletal
muscles. One end of a skeletal muscle, called its origin, joins
to a bone that remains relatively stationary. The other end of
the muscle, called its insertion, attaches to another bone
across a joint. When the muscle contracts, the insertion is
pulled toward the origin. The origin is generally closer to the
midline of the body and the insertion is farther away.

Figure 6.2b shows how the two antagonistic muscles of the
upper arm, the biceps and triceps, oppose each other to bend
(flex) and straighten (extend) the forearm. When the triceps

Scapula

Shoulder joint

Origins from
scapula and
humerus

Triceps muscle

Tendon

Insertion on ulna

Elbow joint

a) Origin and insertion. The point of attachment
of a muscle to the stationary bone is its origin;
the point of attachment to the movable bone is
its insertion.

Figure 6.2 Movement of hones.

Origins from
scapula

Tendons

Humerus

Biceps muscle

Tendon

Insertion |
on radius K |

Radius

muscle relaxes and the biceps contracts, the combined action
pulls on the forearm and flexes it. When the biceps relaxes and
the triceps contracts, the combined action pulls the forearm
down, extending it again.

A muscle is composed of many muscle cells

A single muscle (sometimes referred to as a “whole muscle”) is
a group of individual muscle cells, all with the same origin and
insertion and all with the same function. A cross section of
muscle (Figure 6.3) reveals that it is arranged in bundles called
fascicles, each enclosed in a sheath of a type of fibrous connec-
tive tissue called fascia. Each fascicle contains anywhere from a
few dozen to thousands of individual muscle cells, or muscle
fibers. The outer surface of the whole muscle is covered by sev-
eral more layers of fascia. At the ends of the muscle all of the

Biceps contracts,

Triceps relaxes pulling forearm up

Triceps contracts,
pulling forearm down

Biceps relaxes

b) Movement. Antagonistic muscles produce
opposite movements. The forearm bends when
the biceps contracts and the triceps relaxes. The
forearm straightens when the biceps relaxes
and the triceps contracts.



Muscle bundle (fascicle)
surrounded by connective
tissue (fascia)

Whole muscle

Single muscle cell
(fiber)

Tendon

Bone

Figure 6.3 Muscle structure. A muscle is arranged in bundles
called fascicles, each composed of many muscle cells and each
surrounded by a sheath of fascia. Surrounding the entire muscle
are several more layers of fascia. The fascia join together to
become the tendon, which attaches the muscle to bone.

fasciae (plural) come together, forming the tendons that attach
the muscle to bone.

Individual muscle cells are tube shaped, larger, and usually
longer than most other human cells. Some muscle cells are only
a millimeter in length, whereas others may be as long as 30 cen-
timeters—roughly the length of your thigh muscle. Taking a
closer look at a single muscle cell (Figure 6.4), we see that each
cell contains more than one nucleus. The nuclei are located just
under the cell membrane because nearly the entire interior of
the cell is packed with long cylindrical structures arranged in
parallel, called myofibrils. The myofibrils are packed with con-
tractile proteins called actin and myosin, discussed below. When
myofibrils contract (shorten), the muscle cell also shortens.

Quicle Check Beef, chicken, and fish are all “high protein”
foods, and they are all primarily composed of muscle. Why are
foods that are mostly muscle so high in protein content? ®

The contractile unit is a sarcomere

Looking still closer at a single myofibril, we see a striated (or
banded) appearance that repeats at regular intervals. Various

Answers to questions can be found in Appendix A.
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a) A single muscle cell contains
many individual myofibrils
and has more than one

nucleus. Nuclei

P

Muscle
cell

ERLARL b bdasl -

b) A photograph of portions of several skeletal muscle cells.

Figure 6.4 Muscle cells.

elements of the pattern stand out, but the one that is important
for our discussion is a dark line called the Z-line (Figure 6.5 on
the next page). A segment of a myofibril from one Z-line to the
next is called a sarcomere. A single myofibril within one mus-
cle cell in your biceps muscle may contain over 100,000
sarcomeres arranged end to end. The microscopic shortening
of these 100,000 sarcomeres all at once is what produces con-
traction (shortening) of the muscle cell and of the whole mus-
cle. Understanding muscle shortening, then, is simply a matter
of understanding how a single sarcomere works.

A sarcomere consists of two kinds of protein filaments.
Thick filaments composed of a protein called myosin are in-
terspersed at regular intervals within filaments of a different
protein called actin. Notice that the actin filaments are struc-
turally linked to the Z-line and that myosin filaments are lo-
cated entirely within sarcomeres, stretching between two
different actin filaments. As we will see, muscle contractions
depend on the interaction between these actin and myosin
filaments.

Recap Muscles either produce or resist movement. Their
fundamental activity is contraction. A muscle is composed of
many muscle cells arranged in parallel, each containing numer-
ous myofibrils. The contractile unit in a myofibril is called a
sarcomere. A sarcomere contains thick filaments of a protein
called myosin and thin filaments of a protein called actin. ®»
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/ Sarcomere

a) A closer view of a section of a myofibril
showing that it is composed of
sarcomeres joined end to end at the Z-line
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b) Sarcomeres contain thin filaments of
actin that attach to the Z-lines and
thicker filaments of myosin that span
the gap between actin molecules.
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c) A transmission electron micrograph (X 11,300)
of a longitudial section of a sarcomere. The
rounded red objects are mitochondria.

Figure 6.5 Structure of a myofibril.

6.2 Individual muscle cells
contract and relax

During a muscle contraction each sarcomere shortens just a
little. Subtle though this action seems, it is also powerful.
The contraction of an entire skeletal muscle depends on the
simultaneous shortening of the tiny sarcomeres in its cells.
There are four keys to understanding what makes a skeletal
muscle cell contract and relax:

m A skeletal muscle cell must be activated by a nerve. It
does not contract on its own.

m Nerve activation increases the concentration of calcium
(Ca) in the vicinity of the contractile proteins.

Myosin

d) An electron micrograph
cross section of a sarcomere  cle, acetylcholine excites (activates) the cells.
in a region that contains both
actin and myosin.

m  The presence of calcium permits contraction.
The absence of calcium prevents contraction.

= When a muscle cell is no longer stimulated by a
nerve, contraction ends.

Let’s look at each point in more detail.

Nerves activate skeletal muscles

Skeletal muscle cells are stimulated to contract by
certain nerve cells called motor neurons. The motor
neurons secrete a chemical substance called acetylcholine
(ACh). Acetylcholine is a neurotransmitter, a chemi-
cal released by nerve cells that has either an excitatory
or inhibitory effect on another excitable cell (another
nerve cell or a muscle cell). In the case of skeletal mus-

The junction between a motor neuron and a
skeletal muscle cell is called the neuromuscular
junction. When an electrical impulse traveling in a
motor neuron arrives at the neuromuscular junction,
acetylcholine is released from the nerve terminal
(Figure 6.6). The acetylcholine diffuses across the nar-
row space between the neuron and the muscle cell
and binds to receptor sites on the muscle cell mem-
brane. The binding of acetylcholine to the receptors
causes the muscle cell membrane to generate an elec-
trical impulse of its own that travels rapidly along the
cell membrane in all directions. In addition, tubelike
extensions of the cell membrane called T tubules (the
T stands for transverse) transmit the electrical impulse
deep into the interior of the cell. The function of the
T tubules is to get the electrical impulse to all parts of
the cell as quickly as possible.

Activation releases calcium

As shown in Figure 6.6, T tubules are in close contact with a se-
ries of membrane-bound chambers called the sarcoplasmic
reticulum (sarco- is derived from a Greek word for “flesh” or
“muscle”). The sarcoplasmic reticulum is similar to every other
cell’'s smooth endoplasmic reticulum except that its shape is
different, in part because it must fit into the small amount
of space in the cell not occupied by myofibrils. The primary
function of the sarcoplasmic reticulum is to store ionic
calcium (Ca?").

Inside the muscle cell, an electrical impulse races down
the T tubules to the sarcoplasmic reticulum. The arrival of an
electrical impulse triggers the release of calcium ions from the
sarcoplasmic reticulum. The calcium diffuses into the cell cyto-
plasm and then comes in contact with the myofibrils, where it
sets in motion a chain of events that leads to contraction.

Calcium initiates the sliding filament mechanism

Muscles contract when sarcomeres shorten, and sarcomeres
shorten when the thick and thin filaments slide past each
other, a process known as the sliding filament mechanism
of contraction. Taking a closer look at the arrangement of thick
and thin filaments in a single sarcomere (Figure 6.7), we see
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The release of acetylcholine at the neuromuscular
junction causes an electrical impulse to be
generated in the muscle cell plasma membrane

Motor neuron

Electrical
impulse
The electrical impulse
(W) is carried
to the cell’s interior by

T tubule
the T tubules

Sarcoplasmic

reticulum The electrical impulse
triggers the release of
Ca2+ from the
sarcoplasmic reticulum
Myofibrils

Muscle cell

plasma

membrane

Z-line

Figure 6.6 How nerve activation leads to calcium release within a muscle cell.

If a muscle cell's sarcoplasmic reticulum had little to no Ca?*, could the muscle
cell still produce an electrical impulse, and could it still contract? Explain.

Myosin molecule head
Myosin molecule

Thick
filament

O
LYy

Thin
filament

e ®

a) Relaxed state. The myosin heads do
not make contact with actin.

b) Contraction. The myosin heads form cross-bridges with actin and
then bend, pulling the actin filaments toward the center of the sarcomere.

Figure 6.7 Sliding filament mechanism of contraction.
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that every thin filament consists of two strands of actin mole-
cules spiraling around each other. Thick filaments are com-
posed of many individual molecules of myosin. Myosin
molecules are shaped somewhat like a golf club, with a long
shaft and a rounded head. Myosin shafts form the main part
of the thick filaments. The heads stick out to the side, nearly
touching the thin filaments of actin. When a muscle is relaxed,
the myosin heads do not quite make contact with the thin fila-
ments, however. Contraction occurs when the myosin heads
make contact with the thin filaments, forming a cross-bridge
between the two filaments. The formation of a cross-bridge
causes the head to bend relative to the shaft, pulling the actin
molecules toward the center of the sarcomere. The processes of
cross-bridge formation and bending (the molecular events of
contraction) require energy.

But what initiates the process of contraction? Put an-
other way, what prevents contraction from occurring all
the time? The answer is that contraction is inhibited
unless calcium is present. An even closer look at a section
of myosin and actin (Figure 6.8) shows why. Closely asso-
ciated with the actin filaments are two other protein mole-
cules called troponin and tropomyosin that together form the
troponin-tropomyosin protein complex. In the absence of
calcium, the troponin-tropomyosin protein complex inter-
feres with the myosin binding sites on the actin molecule.
Following an electrical impulse, calcium released from the
sarcoplasmic reticulum binds to troponin, resulting in a
shift in the position of the troponin-tropomyosin protein
complex that exposes the myosin binding sites and
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permits the formation of cross-bridges. At this point the
myosin heads form cross-bridges with actin, undergo

a bending process, and physically pull the actin filaments
toward the center of the sarcomere from each end. With
thousands of myosin cross-bridges doing this simulta-
neously, the result is a sliding movement of the thin
filaments relative to the thick ones and a shortening of
the sarcomere. As hundreds of thousands of sarcomeres
shorten, individual muscle cells, and ultimately the whole
muscle, shorten as well.

Web Animation Muscle Structure and Function at www.
humanbiology.com

Quiclk Checl Suppose a person had an unusual mutation in
the troponin protein of his skeletal muscles, such that the tro-
ponin could not bind to calcium at all. Would this person’s
muscles be constantly contracted, constantly relaxed, or able
to function normally? Explain. ®

When nerve activation ends, contraction ends

Relaxation of a muscle cell occurs when nerve activity
ends. In the absence of nerve activity, no more calcium
is released from the sarcoplasmic reticulum. The calcium
released as a result of prior electrical impulses is trans-
ported back into the sarcoplasmic reticulum by active
transport, which requires energy in the form of ATP. As
the calcium concentration in the myofibrils falls, the

Sarcoplasmic
reticulum

trical

Myosin
binding sites

Cross-bridge

a) Resting sarcomere. In the absence of calcium the muscle is
relaxed because the myosin heads cannot form cross-bridges
with actin.

Figure 6.8 Role of calcium in contraction.

b) Cross-bridge attachment. The binding of calcium
to troponin causes a shift in the troponin-tropomyosin
complex, allowing cross-bridges to form.

Name two things that must happen for the myosin to stop binding to the

actin (i.e., for the muscle to relax), and explain why each is necessary.


www.humanbiology.com
www.humanbiology.com

troponin-tropomyosin protein complex shifts back into
its original position, preventing the binding of the myosin
cross-bridges to actin. The sarcomere stretches passively to
its original resting length, and the muscle cell relaxes.

Any factor that interferes with the process of nerve
activation can disrupt muscle function. In the disorder
myasthenia gravis, the body’s immune system attacks and
destroys acetylcholine receptors on the cell membrane of
muscle cells. Affected muscles respond only weakly to nerve
impulses or fail to respond at all. Most commonly impaired
are the eye muscles, and many people with myasthenia
gravis experience drooping eyelids and double vision. Mus-
cles in the face and neck may also weaken, leading to prob-
lems with chewing, swallowing, and talking. Medications
that facilitate the transmission of nerve impulses can help
people with this condition.

Caffeine prolongs the lifespan of acetylcholine
molecules in the motor junctions. Explain how this fact is re-
lated to caffeine’s tendency to cause “jitters,” such as hand
tremors and other small involuntary contractions.

6eono6 MJ's Human Biology Blog

The International Olympics Committee plans to retest
many of the nearly 1,000 blood samples it collected
during the 2008 games in Beijing for a synthetic
analogue of the natural hormone erythropoietin, called

CERA. CERA is a so-called “designer drug” that was
supposed to escape detection. But a test is now
available to detect CERA, and several Tour de France
cyclists subsequently were found to have used it.

According to World Anti-Doping Agency rules, an
athlete’s blood may be retested for up to eight years
after an athletic event. The International Olympics
Committee keeps blood samples for eight years for
situations like this, in which a new test is developed
to detect a previously undetectable performance-
enhancing drug. It's just another way that sports au-
thorities try to keep up with athletes who are willing to
cheat. Sports authorities hope that the knowledge that
an athlete might still be stripped of his/her medals up
to eight years after a competition will deter some ath-
letes from using drugs in the first place. But the desire
to win is strong, and no one knows if this drug-testing
strategy will work. ®
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Muscles require energy to contract
and to relax

Muscle contraction requires a great deal of energy. Like
most cells, muscle cells use ATP as the energy source.

In the presence of calcium, myosin acts as an enzyme,
splitting ATP into ADP and inorganic phosphate and
releasing energy to do work. The energy is used to
“energize” the myosin head so that it can form a cross-
bridge and undergo bending. Once the bending has
occurred, another molecule of ATP binds to the myosin,
which causes the myosin head to detach from actin. As
long as calcium is present, the cycle of ATP breakdown,
attachment, bending, and detachment is repeated over and
over again in rapid succession. The result is a shortening
of the sarcomere.

At the end of the contractile period (when nerve
impulses end), energy from the breakdown of ATP is
used to transport calcium back into the sarcoplasmic
reticulum so that relaxation can occur. However, a second
requirement for relaxation is that an intact molecule
of ATP must bind to myosin before myosin can finally
detach from actin. This last role of ATP is the explanation
for rigor mortis (Latin, meaning “rigid death”), in which
a body becomes stiff during the time period from about
four hours to several days after death. Shortly after
death, calcium begins to leak out of the sarcoplasmic
reticulum, causing muscle contraction. The contractions
use up the available ATP, but after death the ATP cannot
be replenished. In the absence of ATP, the myosin
heads cannot detach from actin, and so the muscles
remain “locked” in the contracted state. Eventually the
stiffness of rigor mortis decreases as the muscle cells
degenerate.

Muscle cells store only enough ATP for about 10
seconds’ worth of maximal activity. Once this is used
up the cells must produce more ATP from other energy
sources, including creatine phosphate, glycogen, glucose,
and fatty acids.

An important pathway for producing ATP involves
creatine phosphate (creatine-P), a high-energy molecule
with an attached phosphate group. Creatine phosphate
can transfer a phosphate group and energy to ADP and
therefore create a new ATP molecule quickly. This reaction
is reversible: if ATP is not needed to power muscle contrac-
tions, the excess ATP can be used to build a fresh supply of
creatine phosphate, which is stored until needed. In recent
years creatine phosphate loading has become common
among bodybuilders and athletes, particularly those who
need short-term bursts of power. Unfortunately, muscles
cannot store much more creatine phosphate than they
usually have, even without creatine phosphate loading.
Creatine phosphate also seems to improve muscle per-
formance in certain neuromuscular diseases, such as
amyotrophic lateral sclerosis (ALS), also known as Lou
Gehrig's Disease.
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Table 6.1 Energy sources for muscle

Energy source Quantity

Time of use

Comments

Stored ATP Stored only in small quantities

Three to five times amount of
stored ATP

Stored creatine
phosphate

Stored glycogen Variable; some muscles store

large quantities

Aerobic Not fueled by energy stored in

metabolism muscle; oxygen and nutrients
(glucose and fatty acids derived
from fat) are constantly supplied
by the blood

The combination of previously available ATP plus stored
creatine phosphate produces only enough energy for up to
30-40 seconds of heavy activity. Beyond that, muscles must
rely on stored glycogen, a complex sugar (polysaccharide)
composed of many smaller molecules of glucose. For the first
three to five minutes of sustained activity, a muscle cell draws
on its internal supply of stored glycogen. Glucose molecules
are removed from the glycogen, and their energy is used
to synthesize ATP. Part of the process of the breakdown of
glucose can happen without oxygen (called anaerobic metab-
olism) fairly quickly, but anaerobic metabolism yields only
two ATP molecules per glucose molecule. It also has the unfor-
tunate side effect of producing lactic acid, which causes the
burning sensation one feels right at the end of a heavy weight-
lifting session, just as exhaustion sets in.

The most efficient long-term source of energy is the
aerobic metabolism of glucose in the blood, fatty acids
derived from stored fat in fat cells, and other high-energy
molecules such as lactic acid. Aerobic metabolism, as you
already know, takes place in mitochondria and requires
oxygen. The next time you engage in strenuous exercise,
notice that it may take a minute or two for your respiratory
rate to increase dramatically. Your heart rate also increases
because there is an increase in blood flow to the exercising
muscle. The increased respiration and heart rate are signs
that aerobic metabolism is now taking place. Until aerobic
metabolism kicks in, however, your cells are relying on
stored ATP, creatine phosphate, and anaerobic metabolism
of glycogen.

Weight lifters can rely almost exclusively on stored
energy because their muscles perform for relatively short pe-
riods of time. Long-distance runners start out by depending
on stored energy, but within several minutes they are relying

About 10 seconds

About 30 seconds

Primarily used during heavy
exercise within the first 3-5
minutes

Always present; increases
dramatically within several
minutes of onset of exercise,
when blood flow and respira-
tion increase

ATP is only direct energy source. It must be
replenished by the other energy sources.

Converted quickly to ATP.

ATP yield depends on whether oxygen is
available. One glucose molecule (derived
from stored glycogen) yields only 2 ATP mol-
ecules in the absence of oxygen, but 36 ATP
molecules in the presence of oxygen.

High yield. Complete metabolism of one glu-
cose molecule yields 36 ATP molecules.

almost exclusively on aerobic metabolism. If they could not,
they would collapse in exhaustion. Table 6.1 summarizes en-
ergy utilization by muscle.

After you finish exercising, note that you continue
to breathe heavily for a period of time. These rapid, deep
breaths help reverse your body’s oxygen debt, incurred
because your muscles used more ATP early on than was
provided by aerobic metabolism. The additional ATP was
produced by anaerobic metabolism, with the subsequent
buildup of lactic acid. After exercise, you still need oxygen
to metabolize the lactic acid by aerobic pathways and to
restore the muscle’s stores of ATP and creatine phosphate
to their resting levels. The ability of muscle tissue to accu-
mulate an oxygen debt and then repay it later allows mus-
cles to perform at a near-maximal rate even before aerobic
metabolism has increased.

Muscle fatigue is defined as a decline in muscle perfor-
mance during exercise. The most common cause of fatigue
is insufficient energy to meet metabolic demands, due to
depletion of ATPD, creatine phosphate, and glycogen stores
within the muscle. However, fatigue can also be caused by
psychological factors, including discomfort or the boredom
of repetitive tasks.

Recap Skeletal muscle contraction is initiated by nerves, which
trigger the release of calcium within the cell. The calcium allows
cross-bridges to form between myosin and actin, leading to con-
traction. Energy from the breakdown of ATP is required for
contraction and for calcium transport. ATP is produced from
metabolism of creatine phosphate and glycogen stores within
the muscle, and from glucose and fatty acids obtained from
the blood. ®



Delayed Onset Muscle Soreness

M ost of us are familiar with the feel-
ing of stiffness and soreness that
occurs a day or two after an unfamiliar
form of exertion. The soreness is actually
due to microscopic tears in myofibrils
throughout the muscle. It is thought
that the damage occurs because in

the absence of regular use, some sar-
comeres become like old, stiff rubber
bands, unable to contract as well as they
should. During exercise these old or in-
jured sarcomeres stretch passively to the
point that the thick and thin filaments
no longer overlap, damaging the sarcom-
eres permanently. Exercises that cause
muscles to be stretched (lengthened)
while they are actively contracting (try-
ing to shorten) are the most likely to
cause damage and soreness. Examples

Health &
. Welln

€SS
_: R

include running downhill, lowering very
heavy weights, and the downward motion
of push-ups and squats.

The feeling of soreness after exercise
begins a day or so after exercise and usu-
ally reaches a peak 1-3 days later. The
soreness is caused by chemicals released
during the repair process, which involves
inflammation, swelling, and the release
of chemical substances such as prosta-
glandins. With time, the damaged
sarcomeres are removed completely and
new sarcomeres take their place.

Once muscles become accustomed to
a particular exercise, damage (and the ac-
companying soreness) no longer occurs.
To minimize muscle injury and soreness,
undertake any new exercise activity in
moderation for the first few days. ®

Delayed onset muscle soreness

6.3 The activity of muscles can vary

The general functions of muscles are to move body parts
or to maintain a certain body position. How well they
carry out their functions depends on a number of factors,
including whether bones actually move or not, the degree
of nerve stimulation, the type of muscle fiber, and the
degree to which exercise has improved muscle mass and
aerobic capacity.

Isotonic versus isometric contractions: Movement
versus static position

Most types of exercise include a combination of two different
types of muscle contractions, called isotonic and isometric
contractions.

Isotonic (“same” + “strength” or “tone”) contractions occur
whenever a muscle shortens while maintaining a constant
force. An example of an isotonic contraction is the generation
of enough muscle force to move an object or part of the skele-
ton. How heavy the object is doesn’t matter, as long as parts of

the skeleton actually move. It could be just your empty hand, a
pencil, a book, or a 100-pound barbell.

In isometric (“same” + “length”) contractions, force is
generated, muscle tension increases, and the muscle may
even shorten a little as tendons are stretched slightly, but
bones and objects do not move. As a result, isometric con-
tractions do not cause body movement. Examples are
tightening your abdominal muscles while sitting still,
or straining to lift a weight too heavy to lift. Isometric con-
tractions help to stabilize the skeleton. In fact, you contract
your muscles isometrically whenever you stand, just to
maintain an upright position. If you doubt it, think about
how quickly you would fall down if you were to faint and
lose control over your skeletal muscles. Isometric contrac-
tions are a useful way to strengthen muscles.

The degree of nerve activation influences force

A single muscle may consist of thousands of individual
muscle cells. The individual cells in any muscle are
organized into groups of cells that all work together. Each
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group of cells is controlled by a single nerve cell called a
motor neuron (because it affects movement). The motor neu-
ron and all of the muscle cells it controls are called a motor
unit (Figure 6.9). A motor unit is the smallest functional
unit of muscle contraction, because when the motor neuron
is activated, all the muscle cells in that motor unit are acti-
vated together.

Our strength and ability to move effectively depend on
how forcefully our muscles contract. The mechanical force
that muscles generate when they contract is called muscle
tension. How much tension is generated by a muscle depends
on three factors:

= The number of muscle cells in each motor unit (motor
unit size)

m The number of motor units active at any one time

m The frequency of stimulation of individual motor
units

WTWO motor neurons

Muscle

Muscle cells

Neuromuscular
junctions

a) A motor unit consists of a motor
neuron and all of the muscle cells
it controls. Any one muscle cell is
controlled by only one motor neuron,
but a motor neuron controls more than
one muscle cell.

b) Photograph of the muscle cells in a motor unit, showing branches
of the motor neuron and neuromuscular junctions.

Figure 6.9 Motor units.

Motor unit size can vary widely from one muscle to
the next. The number of muscle cells per motor unit is a
tradeoff between brute strength and fine control. Larger
motor units generate more force but offer less control. In
the thigh muscle, where strength is more important than
fine control, a single motor unit may consist of as many as
a thousand muscle cells. In muscles of the eye, where fine
control is essential, a motor unit may consist of only 10
muscle cells.

According to the all-or-none principle, muscle cells
are completely under the control of their motor neuron.
Muscle cells never contract on their own. For an individual
muscle cell, there is no such thing as a half-hearted contrac-
tion, and there is no such thing as disobeying an order.
Muscle cells always respond with a complete cycle of con-
traction and relaxation (called a twitch) every time they
are stimulated by an electrical impulse, called an action
potential, from their motor neuron. You will learn more
about action potentials in Chapter 11. For now you need
only understand that they are the stimuli for muscle
contraction.

Although individual motor units either are contracting
or are relaxed, whole muscles generally maintain an inter-
mediate level of force known as muscle tone. Muscle tone
exists because, at any one time, some of the muscle’s motor
units are contracting while others are relaxed. The second
factor that affects overall muscle force, then, is the number
of motor units active at any one time. Increasing tone (or
force) by activating more motor units is called recruitment.
The maintenance of muscle tone depends on the nervous
system.

The third factor that affects force generation by a mus-
cle is the frequency of stimulation of individual motor
units. To understand how frequency of stimulation inf-
luences force, we need to take a closer look at what happens
when a muscle cell is stimulated by its motor neuron.
Although we cannot easily study the contraction of single
muscle cells in the laboratory, the study of whole muscles
has revealed some important findings regarding the timing
of the relationship between a stimulus and a twitch. A
laboratory recording of muscle activity, called a myogram,
reveals that the stimulus-twitch relationship has three
stages (Figure 6.10):

1. Latent period (the time between stimulation and the start
of contraction). This is the time it takes for the nerve im-
pulse to travel to the sarcoplasmic reticulum, for calcium
to be released, and for the myosin heads to bind to the
actin filaments.

2. Contraction (the time during which the muscle actually
shortens). Actin filaments are pulled toward the center of
the sarcomere and myofibrils shorten.

3. Relaxation (muscle returns to its original length). Calcium
is transported back into the sarcoplasmic reticulum, the
troponin-tropomyosin protein complex shifts back into
its original position, and the sarcomere stretches passively
to its original length.
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Figure 6.10 How frequency of stimulation affects muscle
contractile force. A single stimulus produces, after a latent
period, a contraction/relaxation cycle called a twitch. More
than one stimulus in a short time may produce summation
and ultimately a tetanic contraction (tetanus).

In what way is the tetanic contraction shown in this figure
different from recruitment? In what way are they similar?

A key point is that the contraction/relaxation cycle of the
muscle twitch lasts longer than the stimulus that caused the
contraction in the first place. If additional stimuli arrive at
the muscle before the muscle has had a chance to transport
calcium back into the sarcoplasmic reticulum and relax
completely, the total force produced becomes greater than
the force produced by one twitch alone. In effect, the force be-
comes greater because more calcium is present. Increasing
muscle force by increasing the rate of stimulation of motor
units is called summation.

There is a limit to summation, however. If stimulation
becomes so frequent that the muscle cannot relax at all, it
will remain in a state of maximum contraction called tetanus

Table 6.2 Summary of activation and contraction of skeletal muscle

Action Description
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or a tetanic contraction. On a myogram, tetanus appears as a
straight horizontal line representing the fusion of the peaks
and valleys of individual twitches. A tetanic contraction may
lead eventually to muscle fatigue.

Table 6.2 summarizes the mechanism of muscle cell acti-
vation and contraction.

A friend of yours tells you that the “all-or-
none” principle means that all the motor units in a muscle al-
ways contract simultaneously. Explain what is wrong with his
reasoning.

Slow-twitch versus fast-twitch fibers:
Endurance versus strength

As we have seen, all muscle cells can obtain ATP through
both aerobic and anaerobic pathways. Humans have two
types of skeletal muscle fibers, called slow-twitch and fast-
twitch fibers. The distinction is based on how quickly they
can utilize ATP to produce a contraction, and whether they
use primarily aerobic or anaerobic metabolic pathways.
Most muscles contain a mixture of both slow-twitch and
fast-