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Goals of the Fifteenth Edition

Humans are a naturally inquisitive species. As children, we become
fascinated with life at a very early age. We want to know how our
bodies work, why there are differences, and similarities, between
ourselves and the other children around us. In other words, at a
very early age, children are acting like biologists.

In many ways, today’s students in the science classroom face
some of the same challenges their parents did decades ago. The
abundance of new terms often overwhelms even the best prepared
student, and the study of biological processes and methods of sci-
entific thinking may convince some students that “science isn’t
their thing.” The study of human biology creates an opportunity
for teachers to instruct their students using the ultimate model
organism—their own bodies. Whether this is their last science
class or the first in a long career in allied health, the study of
human biology is pertinent to everyone.

There are also challenges that are unique to the modern
classroom. Today’s students are being exposed, almost on a daily
basis, to exciting new discoveries and insights that, in many
cases, were beyond our predictions even a few short years ago. It
is our task, as instructors, not only to make these findings avail-
able to our students, but to enlighten students as to why these
discoveries are important to their lives and society. At the same
time, we must provide students with a firm foundation in those
core principles on which biology is founded, and in doing so,
provide them with the background to keep up with the many dis-
coveries still to come.

In addition, this revision of Human Biology, Fifteenth Edition,
had the following goals:

1. Updating of chapter openers, featured readings, and Connec-
tions content to focus on issues and topics important to this
generation of students

2. Utilization of the data from the LearnSmart adaptive learning
platforms to identify content areas within the text that students
demonstrated difficulty in mastering

3. Refinement of digital assets to provide a more effective assess-
ment of learning outcomes to enable instructors in the flipped,
online, and hybrid teaching environments

4. Development of a new series of videos and websites to intro-
duce relevancy and engage students in the content

Relevancy

The use of real world examples to demonstrate the importance of
biology in the lives of students is widely recognized as an effective
teaching strategy for the introductory biology classroom. Students

want to learn about the topics they are interested in. The develop-
ment of relevancy-based resources is a major focus for the authors
of the Mader series of texts. Some examples of how we have
increased the relevancy content of this edition include:

* A series of new chapter openers to introduce relevancy to the
chapter. The authors chose topics that would be of interest to a
nonscience major, and represent what would typically be
found on a major news source.

* The development of new relevancy-based videos, BioNow,
that offer relevant, applied classroom resources to allow stu-
dents to feel that they can actually do and learn biology
themselves.

* A website, RicochetScience.com, managed by Dr. Windelspecht,
that provides updates on news and stories that are interesting to
nonscience majors. The Biology101 project links these resources
to the major topics of the text. The site also features videos and
tutorial animations to assist the students in recognizing the rele-
vancy of what they are learning in the classroom.

-~ -
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Ricochet Science

* In addition, the author’s website, michaelwindelspecht.com,
contains videos and articles on how the Human Biology text
may be easily adapted for use in a topics-based course, or in
the hybrid, online, and flipped classroom environments.
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Today’s science classroom relies heavily on the use of digital assets, including animations
and videos, to engage students and reinforce difficult concepts. Human Biology, 15e,
includes two resources specifically designed for the introductory science class to help you
achieve these goals.

BioNow Sessions Videos

A relevant, applied approach allows
your students to feel they can
actually do and learn biology
themselves. While tying directly to
the content of your course, the
videos help students relate their
daily lives to the biology you teach
and then connect what they learn
back to their lives.

~ = P i -
e O

Each video provides an engaging
and entertaining story about
applying the science of biology to a
real situation or problem. Attention
is taken to use tools and techniques
that any regular person could
perform, so your students see the
science as something they could do
and understand.

0:03

A video series narrated and produced by Jason Carlson

Tutorial Videos

The tutorials in this series were prepared to assist
students in understanding some of the more difficult
. topics in biology. Each of the videos explores a

right atrium_ @ 1 specific figure in the text.

For students, these act as informal office hours,
where they can review the most difficult concepts in
the chapter at a pace which helps them learn.

atrioventricular

right ventricle - ~ left ventricle . ) .
2 Instructors of hybrid and flipped courses will find

arteries these useful as online supplements.

semilunar valves

right ventricle —% AN 3 left ventricle
Wi LN

An animation series narrated by Michael Windelspecht and produced by
Ricochet Creative Productions, LLC
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A number of the chapters in this edition now include references
and links to new BioNow relevancy videos that have been de-
signed to show students how the science of biology applies to their
everyday lives. All of these are available in the instructor and stu-
dent resources section within Connect. In addition, for the digital
edition of the text, many of the images and illustrations have been
reworked to be compatible with the mobile environment.

In Chapter 1: Exploring Life and Science the discussion of
levels of biological organization (Fig. 1.2) now includes a species
level. The content on challenges facing science (Section 1.4) now
focuses on biodiversity loss, emerging and reemerging diseases,
and climate change.

Unit 1: Human Organization

Chapter 3: Cell Structure and Function has been reorganized
so that the discussion of ATP occurs before the content on cel-
lular respiration in Section 3.6. The Science feature, “Face Trans-
plantation,” in Chapter 4: Organization and Regulation of
Body Systems has been updated to provide examples of advances
in the procedure.

Unit 2: Maintenance of the Human Body

Chapter 5: Cardiovascular System: Heart and Blood Vessels
contains a new Health feature on preventing cardiovascular
disease. Chapter 6: Cardiovascular System: Blood has a new
Science in Your Life box on carbon monoxide. Section 6.5 has
been renamed as “Human Blood Types” to indicate the focus on
the basis of blood types. Chapter 7: The Lymphatic and
Immune Systems has new figures (Fig. 7.6) on the interaction of
the adaptive defenses, and B cell clonal selection (Fig. 7.7). The
Health feature on adult vaccination schedules has been updated.
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Chapter 8: Biology of Infectious Diseases has a new chapter
opener on the Ebola outbreak in west Africa. This is supplemented
by additional content and a new figure (Fig. 8.5) in Section 8.2.
The data and graphics for HIV/AIDS (Section 8.2) has been up-
dated. A new Health feature. “HIV Testing” has also been added.
Chapter 9: Digestive System and Nutrition now begins with a
discussion of celiac disease. The BMI discussion includes a
new table of values (Table 9.3) and metric calculations. A new
Health feature on the new dietary guidelines has been added to
Section 9.6. In Chapter 10: Respiratory System, the Science
feature “Artificial Lungs” now explores the extracorporeal membrane
oxygenation (ECMO) and BioLung technologies. Chapter 11:
Urinary System has a new chapter opener on kidney stones.

Unit 6: Human Genetics

Chapter 22: DNA Biology and Technology includes new content
on genome editing (CRISPR) in Section 22.3. The content on
biotechnology products in plants has been updated with new
examples.

Unit 7: Human Evolution and Ecology

Chapter 23: Human Evolution begins with new material on
Neandertal genes in Homo sapiens. Also included are a revised
graph of human evolution (Fig. 23.16) and content on Homo naledi.
Chapter 24: Ecology and the Nature of Ecosystems begins with
a new chapter opener on the consequences of climate change. The
chapter contains a new graphic of the major terrestrial biomes
(Fig. 24.1). A new Bioethics feature, “The California Drought” has
been added. Chapter 25: Human Interactions with the Biosphere
now starts with a piece on the Flint water crisis.

Biology of
Infectious
Diseases

Ecology and the
Nature of
Ecosystems

Digestive System
and Nutrition

BEFORE YOU BEGIN
Bt

528




Dr. Sylvia Mader is one of the icons of science education. Her
dedication to her students, coupled to her clear, concise writing
style, has benefited the education of thousands of students over the
past four decades. As an educator, it is an honor to continue her
legacy and to bring her message to the next generation of students.

As always, I had the privilege to work with a phenomenal
group of people on this edition. I would especially like to thank
you, the numerous instructors who have shared emails with me or
have invited me into your classrooms, both physically and virtu-
ally, to discuss your needs as instructors and the needs of your
students. You are all dedicated and talented teachers, and your
energy and devotion to quality teaching is what drives a textbook
revision.

Many dedicated and talented individuals assisted in the devel-
opment of Human Biology, Fifteenth Edition. I am very grateful
for the help of so many professionals at McGraw-Hill who were
involved in bringing this book to fruition. Therefore, I would like
to thank the following:

* The product developer, Anne Winch, for her patience and im-
peccable ability to keep me focused.

* My brand manager, Michelle Vogler, for her guidance and
reminding me why what we do is important.

* My marketing manager, Britney Ross, and market development
manager, Jenna Paleski, for placing me in contact with great
instructors, on campus and virtually, throughout this process.

* The digital team of Eric Weber and Christine Carlson for
helping me envision the possibilities in our new digital world.

e My content project manager, Jayne Klein, and program
manager, Angie Fitzpatrick, for calmly steering this project
throughout the publication process.

e Lori Hancock and Jo Johnson for the photos within this text.
Biology is a visual science, and your contributions are evident
on every page.

e David Hash for the design elements in this text, including one
of the most beautiful textbook covers in the business.

e Dawnelle Krouse, Carey Lange, and Jane Hoover who acted
as my proofreaders and copyeditor for this edition.

e Jane Peden for her behind the scenes work that keeps us all
functioning.

* Inkling for providing a dynamic authoring platform, and Aptara
for all of their technical assistance.

As both an educator, and an author, communicating the impor-
tance of science represents one of my greatest passions. Our mod-
ern society is based largely on advances in science and technology
over the past few decades. As I present in this text, there are many
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challenges facing humans, and an understanding of how science
can help analyze, and offer solutions to, these problems is critical
to our species’ health and survival.

I also want to acknowledge my family for all of their support.
My wife and partner Sandy has never wavered in her energy and
support of my projects. The natural curiosity of my children, Devin
and Kayla, has provided me with the motivation to make this world
a better place for everyone.

Michael Windelspecht, Ph.D.
Blowing Rock, NC
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CASE STUDY: THE SEARCH FOR LIFE

hat do Enceladus, Europa, Titan, Mars, and Earth all have in common?
Besides being part of our solar system, they are all at the front line of our
species’ effort to understand the nature of life.

You may never have heard of Enceladus (shown above) or Europa, but
they are both now prime candidates to harbor life outside of Earth. Enceladus
is one of Saturn’s moons, and Europa orbits Jupiter. Why are these moons so
special? Because scientists believe that both of these moons contain water,
and plenty of it. Even though Enceladus and Europa are far from the sun, the
gravitational pull of their parent planets means that each of these moons may
have an ocean of liquid water beneath its frozen surface. And as we will see,
water has an important relationship to life.

Titan is the second-largest satellite in the solar system, larger than even
our moon. Although it is in orbit around Saturn, and thus located some dis-
tance from the influence of the sun, Titan has become a focal point for the
study of extraterrestrial life since the NASA space probe Cassini-Huygens
first arrived at Saturn in 2004. Cassini has detected on Titan the presence of
the building blocks of life, including lakes of methane and ammonia, and vast
deposits of hydrogen and carbon compounds called hydrocarbons.

On Earth, scientists are exploring the extreme environments near volca-
noes and deep-sea thermal vents to get a better picture of what life may have
looked like under the inhospitable conditions that dominated at the time
when, we now know, life first began on our planet. There is evidence that
water is still present on Mars, raising the hopes that we may still find evidence
of early life there.

In this chapter we will explore what it means to be alive. By looking to
other areas of our solar system, we may develop a better understanding of
how life first developed and our place in the universe.

As you read through the chapter, think about the following questions:

1. What are the basic characteristics that define life?

2. What evidence would you look for on one of these moons that would tell
you that life may have existed on it in the past?

3. What does it tell us if we discover life on one of these moons and it has
characteristics similar to those of life on Earth? What if it is very different?

Exploring Life and

Science

CHAPTER CONCEPTS

11

1.2

1.3

1.4

The Characteristics of Life

The process of evolution accounts for the
diversity of living organisms and explains why all
life shares the same basic characteristics.

Humans Are Related to Other Animals
Humans are eukaryotes and are further classified
as vertebrate mammals in the animal kingdom.

Science as a Process

Biologists use a scientific process when they
make observations and study the natural world.
Data is collected, analyzed, and sent to be
reviewed by the scientific community.

Challenges Facing Science

Technology is the application of scientific
information. Many challenges, including climate
change, the loss of biodiversity, and emerging
diseases, are actively being studied by scientists.
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11 The Characteristics of Life

LEARNING OUTCOMES |

Upon completion of this section, you should be able to
1. Explain the basic characteristics that are common to all
living organisms.
. Describe the levels of organization of life.
3. Summarize how the terms homeostasis, metabolism,
development, and adaptation all relate to living organisms.
4. Explain why the study of evolution is important in
understanding life.

N

The science of biology is the study of living organisms and their
environments. All living organisms (Fig. 1.1) share several basic
characteristics. They (1) are organized, (2) acquire materials and
energy, (3) are homeostatic, (4) respond to stimuli, (5) reproduce
and grow, and (6) have an evolutionary history.

Life Is Organized

Figure 1.2 illustrates the levels of biological organization. Note
that, at the bottom of the figure, atoms join together to form the

medicinal leech

meerkats

Figure 1.1 All life shares common characteristics.

molecules that make up a cell. A cell is the smallest structural and
functional unit of an organism. Some organisms, such as bacteria,
are single-celled organisms. Humans are multicellular, because
they are composed of many different types of cells. A nerve cell is
one of the types of cells in the human body. It has a structure suit-
able to conducting a nerve impulse.

A tissue is a group of similar cells that perform a particular
function. Nervous tissue is composed of millions of nerve cells
that transmit signals to all parts of the body. An organ is made up
of several types of tissues, and each organ belongs to an organ
system. The organs of an organ system work together to accom-
plish a common purpose. The brain works with the spinal cord to
send commands to body parts by way of nerves. Organisms, such
as trees and humans, are a collection of organ systems.

The levels of biological organization extend beyond the
individual. All the members of one species (a group of interbreed-
ing organisms) in a particular area belong to a population. A tropi-
cal grassland may have a population of zebras, acacia trees, and
humans, for example. The interacting populations of the grass-
lands make up a community. The community of populations inter-
acts with the physical environment to form an ecosystem. Finally,
all the Earth’s ecosystems collectively make up the biosphere
(Fig. 1.2, top).

|

From the simplest one-celled organisms to complex plants and animals, all life shares several basic characteristics.

(leech): © St. Bartholomews Hospital/Science Source; (mushrooms): © IT Stock/age fotostock RF; (bacteria): © Science Source; (meerkats): © Jami Tarris/Getty Images;
(sunflower): © Dave Thompson/Life File/Getty RF; (Giardia): Source: Dr. Stan Erlandsen/CDC



Biosphere

Regions of the Earth’s crt

waters, and atmosphere inhabit
by living organisms

Ecosystem
A community plus the physical environment

Community
Interacting populations in a particular area

Population
Organisms of the same species
in a particular area

Species
A group of similar, interbreeding organisms

Organism
An individual; complex individuals
contain organ systems

Organ System
Composed of several organs
working together

Organ
Composed of tissues functioning
together for a specific task

Tissue
A group of cells with a common
structure and function

Cell
The structural and functional
unit of all living organisms

Molecule
Union of two or more atoms
of the same or different elements

Atom
Smallest unit of an element; composed of
electrons, protons, and neutrons
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Figure 1.2 Levels of biological organization.

Life is connected from the atomic level to the biosphere. The cell is the
basic unit of life, and it comprises molecules and atoms. The sum of all
life on the planet is called the biosphere.

shoot
system

nervous
system

the brain leaves

methane

oxygen
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How many cells are in your body?

The number of cells in a human body varies depending on the
size of the person and whether cells have been damaged or
lost. However, most estimates suggest that there are well over
100 trillion cells in a human body.

Life Requires Materials and Energy

Humans, like all living organisms, cannot maintain their organization
or carry on life’s activities without an outside source of materials and
energy. Energy is the capacity to do work. Like other animals,
humans acquire materials and energy by eating food (Fig. 1.3).

Food provides nutrient molecules, which are used as building
blocks or for energy. It takes energy to maintain the organization of the
cell and of the organism. Some nutrient molecules are broken down
completely to provide the energy necessary to convert other nutrient
molecules into the parts and products of cells. The term metabolism
describes all the chemical reactions that occur within a cell.

Figure 1.3 Humans and other animals must acquire
energy.

All life, including humans (a) and other animals, such as this mongoose
(b), must acquire energy to survive. The method by which organisms
acquire energy is dependent on the species.

(a): © Corbis RF; (b): © Gallo Images-Dave Hamman/Getty RF

The ultimate source of energy for the majority of life on Earth
is the sun. Plants, algae, and some bacteria are able to harvest the
energy of the sun and convert it to chemical energy by a process
called photosynthesis. Photosynthesis produces organic molecules,
such as sugars, that serve as the basis of the food chain for many
other organisms, including humans and all other animals.

Living Organisms Maintain an Internal
Environment

For the metabolic pathways within a cell to function correctly, the
environmental conditions of the cell must be kept within strict
operating limits. The ability of a cell or an organism to maintain an
internal environment that operates under specific conditions is
called homeostasis. In humans, many of our organ systems work
to maintain homeostasis. For example, human body temperature
normally fluctuates slightly between 36.5 and 37.5°C (97.7 and
99.5°F) during the day. In general, the lowest temperature usually
occurs between 2 A.M. and 4 A.M., and the highest usually occurs
between 6 p.M. and 10 p.M. However, activity can cause the body
temperature to rise, and inactivity can cause it to decline. A num-
ber of body systems, including the cardiovascular system and the
nervous system, work together to maintain a constant temperature.
The body’s ability to maintain a normal temperature is also some-
what dependent on the external temperature. Even though we can
shiver when we are cold and perspire when we are hot, we will die
if the external temperature becomes overly cold or hot.

This text emphasizes how all the systems of the human body
help maintain homeostasis. For example, the digestive system takes
in nutrients, and the respiratory system exchanges gases with the
environment. The cardiovascular system distributes nutrients and
oxygen to the cells and picks up their wastes. The metabolic waste
products of cells are excreted by the urinary system. The work of
the nervous and endocrine systems is critical, because these sys-
tems coordinate the functions of the other systems. Throughout the
text, the Connecting the Concepts feature at the end of each section
will provide you with links to more information on homeostasis.

Living Organisms Respond

Homeostasis would be impossible without the body’s ability to re-
spond to stimuli. Response to external stimuli is more apparent to us,
because it involves movement, as when we quickly remove a hand
from a hot stove. Certain sensory receptors also detect a change in
the internal environment, and then the central nervous system brings
about an appropriate response. When you are startled by a loud
noise, your heartbeat increases, which causes your blood pressure to
increase. If blood pressure rises too high, the brain directs blood ves-
sels to dilate, helping restore normal blood pressure.

All life responds to external stimuli, often by moving toward
or away from a stimulus, such as the sight of food. Organisms may
use a variety of mechanisms to move, but movement in humans
and other animals is dependent on their nervous and musculoskel-
etal systems. The leaves of plants track the passage of the sun dur-
ing the day; when a houseplant is placed near a window, its stems
bend to face the sun. The movement of an animal, whether self-
directed or in response to a stimulus, constitutes a large part of its
behavior. Some behaviors help us acquire food and reproduce.
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Figure 1.4 Growth and development define life.
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(a) A small acorn becomes a tree, and (b) following fertilization an embryo becomes a fetus by the process of growth and

development.

(seedling): © Herman Eisenbeiss/Science Source; (tree): © Photographer’s Choice/Getty RF; (egg): © David M.Phillips/Science Source;

(fetus): © Brand X Pictures/Punchstock RF

Living Organisms Reproduce and Develop

Reproduction is a fundamental characteristic of life. Cells come into
being only from preexisting cells, and all living organisms have par-
ents. When organisms reproduce, they pass on their genetic infor-
mation to the next generation. Following the fertilization of an egg by
a sperm cell, the resulting zygote undergoes a rapid period of growth
and development. This is common in most forms of life. Figure 1.4a
illustrates that an acorn progresses to a seedling before it becomes an
adult oak tree. In humans, growth occurs as the fertilized egg devel-
ops into a fetus (Fig. 1.4b). Growth, recognized by an increase in size
and often in the number of cells, is a part of development. In multi-
cellular organisms, such as humans, the term development is used to
indicate all the changes that occur from the time the egg is fertilized
until death. Therefore, it includes all the changes that occur during
childhood, adolescence, and adulthood. Development also includes
the repair that takes place following an injury.

The genetic information of all life is DNA (deoxyribonu-
cleic acid). DNA contains the hereditary information that di-
rects not only the structure of each cell but also its function. The
information in DNA is contained within genes, short sequences
of hereditary material that specify the instructions for a specific
trait. Before reproduction occurs, DNA is replicated, so that an
exact copy of each gene may be passed on to the offspring.
When humans reproduce, a sperm carries genes contributed by
a male into the egg, which contains genes contributed by a fe-
male. The genes direct both growth and development, so that the

organism will eventually resemble the parents. Sometimes
mutations, minor variations in these genes, can cause an organ-
ism to be better suited for its environment. These mutations are
the basis of evolutionary change.

Organisms Have an Evolutionary History

Evolution is the process by which a population changes over time.
The mechanism by which evolution occurs is natural selection
(see Section 23.2). When a new variation arises that allows certain
members of a population to capture more resources, these members
tend to survive and have more offspring than the other, unchanged
members. Therefore, each successive generation will include more
members with the new variation, which represents an adaptation
to the environment. Consider, for example, populations of humans
who live at high altitudes, such as the cultures living at elevations of
over 4,000 meters (m) (14,000 ft) in the Tibetan Plateau. This envi-
ronment is very low in oxygen. As the Science feature “Adapting to
Life at High Elevations” investigates, these populations have
evolved an adaptation that reduces the amount of hemoglobin, the
oxygen-carrying pigment in the blood. As the feature explains, this
adaptation makes life at these altitudes possible.

Evolution, which has been going on since the origin of life and
will continue as long as life exists, explains both the unity and the
diversity of life. All organisms share the same characteristics of life
because their ancestry can be traced to the first cell or cells. Organ-
isms are diverse because they are adapted to different ways of life.
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BIOLOGY TODAY

Adapting to Life at High Elevations

Humans, like all other organisms, have an evolutionary history. This
means not only that we share common ancestors with other animals
but also that over time we demonstrate adaptations to changing en-
vironmental conditions. One study of populations living in the high-
elevation mountains of Tibet (Fig. 1 A) demonstrates how the processes
of evolution and adaptation influence humans.

Figure 1A

Individuals living at high elevations, such as these
Tibetans, have become adapted to their environment.
© Michael Freeman/Corbis RF

Normally when a person moves to a higher altitude, his or her
body responds by making more hemoglobin, the component of
blood that carries oxygen, which thickens the blood. For minor ele-
vation changes, this does not present much of a problem. But for
people who live at extreme elevations (some people in the Himalayas
can live at elevations of over 13,000 ft, or close to 4,000 m), excess
hemoglobin can present a number of health problems, including
chronic mountain sickness, a disease that affects people who live at
high altitudes for extended periods of time. The problem is that, as
the amount of hemoglobin increases, the blood thickens and be-
comes more viscous. This can cause elevated blood pressure, or
hypertension, and an increase in the formation of blood clots, both
of which have negative physiological effects.

CHECK YOUR PROGRESS 1.

1. List the basic characteristics of life.
2. Summarize the levels of biological organization.

3. Explain the relationship between adaptations and
evolutionary change.

Because high hemoglobin levels would be a detriment to peo-
ple at high elevations, it makes sense that natural selection would
favor individuals who produce less hemoglobin at high elevations.
Such is the case with the Tibetans in this study. Researchers have
identified an allele of a gene that reduces hemoglobin production at
high elevations. Comparisons between Tibetans at both high and
low elevations strongly suggest that selection has played a role in
the prevalence of the high-elevation allele.

The gene is EPSAI, located on chromosome 2 of humans.
EPSAI produces a transcription factor, which basically regulates
which genes are turned on and off in the body, a process called gene
expression. The transcription factor produced by EPSA/ has a num-
ber of functions in the body. For example, in addition to controlling
the amount of hemoglobin in the blood, this transcription factor also
regulates other genes that direct how the body uses oxygen.

When the researchers examined the variations in EPSA/ in the
Tibetan population, they discovered that the Tibetan version greatly
reduces the production of hemoglobin. Therefore, the Tibetan pop-
ulation has lower hemoglobin levels than people living at lower
altitudes, allowing these individuals to escape the consequences of
thick blood.

How long did it take for the original population to adapt to
living at higher elevations? Initially the comparison of variations in
these genes between high-elevation and low-elevation Tibetan pop-
ulations suggested that the event may have occurred over a 3,000-
year period. But researchers were skeptical of that data because it
suggested a relatively rapid rate of evolutionary change. Additional
studies of genetic databases yielded an interesting finding—the
EPSAI gene in Tibetans was identical to a similar gene found in an
ancient group of humans called the Denisovans (see Section 23.5).
Scientists now believe that the EPSAI gene entered the Tibetan
population around 40,000 years ago, either through interbreeding
between early Tibetans and Denisovans, or from one of the imme-
diate ancestors of this now-lost group of early humans.

Questions to Consider
1. What other environments do you think could be studied to
look for examples of human adaptation?
2. In addition to hemoglobin levels, do you think that people at
high elevations may exhibit other adaptations?

CONNECTING THE CONCEPTS

Both homeostasis and evolution are central themes in the study
of biology. For more examples of homeostasis and evolution,
refer to the following discussions:

Section 4.8 explains how body temperature is regulated.

Section 11.4 explores the role of the kidneys in fluid and salt
homeostasis.

Section 23.3 examines the evolutionary history of humans.



1.2 Humans Are Related
to Other Animals

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Summarize the place of humans in the overall
classification of living organisms.

2. Understand that humans have a cultural heritage.

3. Describe the relationship between humans and the
biosphere.

Biologists classify all life as belonging to one of three domains.
The evolutionary relationships of these domains are presented in
Figure 1.5. Two of these, domain Bacteria and domain Archaea,
contain prokaryotes, single-celled organisms that lack a nucleus.
Organisms in the third domain, Eukarya, all contain cells that
possess a nucleus. Some of these organisms are single-celled;
others are multicellular. Humans are multicelled Eukarya.
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Domain Eukarya is divided into one of four kingdoms
(Fig. 1.6)—vplants (Plantae), fungi (Fungi), animals (Animalia),
and protists (Protista). Most organisms in kingdom Animalia are
invertebrates, such as earthworms, insects, and mollusks. Verte-
brates are animals that have a nerve cord protected by a vertebral
column, which gives them their name. Fish, reptiles, amphibians,
and birds are all vertebrates. Vertebrates with hair or fur and mam-
mary glands are classified as mammals. Humans, raccoons, seals,
and meerkats are examples of mammals.

Humans are most closely related to apes. We are distin-
guished from apes by our (1) highly developed brains, (2) com-
pletely upright stance, (3) creative language, and (4) ability to
use a wide variety of tools. Humans did not evolve from apes;
apes and humans share a common, apelike ancestor. Today’s
apes are our evolutionary cousins. Our relationship to apes is
analogous to you and your first cousin being descended from
your grandparents. We could not have evolved directly from our
cousins, because we are contemporaries—Iliving on Earth at the
same time.

# BACTERIA s J

O
A
common
ancestor # ARCHAEA
(first cells)
# Protists
O
# Plants
EUKARYA O
# Fungi
O
[ domains
[Jkingdoms #
Animals
(O common ancestor
| | | | | | | | |
40 35 3.0 2.5 2.0 1.5 1.0 0.5 0

Billions of Years Ago (BYA)

Figure 1.5 The evolutionary relationships of the three domains of life.
Living organisms are classified into three domains: Bacteria, Archaea, and Eukarya. The Eukarya are further divided into kingdoms (see Fig. 1.6).
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Domain Archaea

¢ Prokaryotic cells
of various shapes
¢ Adaptations to
extreme environments
e Absorb or
chemosynthesize food
¢ Unique chemical
characteristics

Exploring Life and Science

33,200x

Sulfolobus, an archaean

Domain Bacteria

¢ Prokaryotic cells

of various shapes
¢ Adaptations to

all environments
e Absorb, photosynthesize,
: or chemosynthesize food
7 i_*, » Unique chemical

i x’ §-§00x’" characteristics

E.coli, a bacterium

Domain Eukarya; Kingdom Protista

¢ Algae, protozoans,
slime molds, and
water molds

e Complex single cell
(sometimes filaments,
colonies, or even
multicellular)

e Absorb, photosynthesize,
or ingest food

Paramecium, a single-celled protozoan

¢ Certain algae, mosses, ferns,
conifers, and flowering plants

e Multicellular, usually with
specialized tissues,
containing complex cells

¢ Photosynthesize food

Phalaenopsis, orchid, a flowering plant

Domain Eukarya; Kingdom Fungi

1« Molds, mushrooms, yeasts,
and ringworms

¢ Mostly multicellular filaments with
specialized, complex cells

* Absorb food

Cantharellula, a club fungi

Domain Eukarya; Kingdom Animalia

e Sponges, worms, insects,
fishes, frogs, turtles,
birds, and mammals

e Multicellular with
specialized tissues
containing complex cells

e Ingest food

Vulpes, a red fox

Figure 1.6 The classification of life.

This figure provides some of the characteristics of the organisms of each of the major domains and kingdoms of life. Humans belong to the domain

Eukarya and kingdom Animalia.

(archaea): © Eye of Science/Science Source; (bacteria): © A. B. Dowsett/SPL/Science Source; (paramecium): © M. |. Walker/Science Source; (orchid): © Pixtal/Age Fotostock RF;

(mushrooms): © Ingram Publishing RF; (fox): © Corbis RF

Humans Have a Cultural Heritage

Humans have a cultural heritage in addition to a biological heritage.
Culture encompasses human activities and products passed on from
one generation to the next outside of direct biological inheritance.
Among animals, only humans have a language that allows us to
communicate information and experiences symbolically. We are
born without knowledge of an accepted way to behave, but we grad-
ually acquire this knowledge by adult instruction and the imitation
of role models. Members of the previous generation pass on their
beliefs, values, and skills to the next generation. Many of the skills
involve tool use, which can vary from how to hunt in the wild to
how to use a computer. Human skills have also produced a rich
heritage in the arts and sciences. However, a society highly

dependent on science and technology has its drawbacks as well.
Unfortunately, this cultural development may mislead us into be-
lieving that humans are somehow not part of the natural world sur-
rounding us.

Humans Are Members of the Biosphere

All life on Earth is part of the biosphere, the living network that
spans the surface of the Earth into the atmosphere and down into
the soil and seas. Although humans can raise animals and crops for
food, we depend on the environment for many services. Without
microorganisms that decompose, the waste we create would soon
cover the Earth’s surface. Some species of bacteria can clean up
pollutants like heavy metals and pesticides.



Freshwater ecosystems, such as rivers and lakes, provide fish
to eat, drinking water, and water to irrigate crops. Many of our
crops and prescription drugs were originally derived from plants
that grew naturally in an ecosystem. Some human populations
around the globe still depend on wild animals as a food source. The
water-holding capacity of forests prevents flooding, and the ability
of forests and other ecosystems to retain soil prevents soil erosion.
For many people, these forests provide a place for recreational
activities like hiking and camping.

How many humans are there?

As of 2016, it was estimated that there were over 7.4 billion
humans on the planet. Each of those humans needs food, shel-
ter, clean water and air, and materials to maintain a healthy life-
style. We add an additional 80 million people per year—that is
like adding ten New York Cities per year! This makes human
population growth one of the greatest threats to the biosphere.

CHECK YOUR PROGRESS 1.

1. Define the term biosphere.
2. Define culture.

3. Explain why humans belong to the domain Eukarya and
kingdom Animalia.

CONNECTING THE CONCEPTS

To learn more about the preceding material, refer to the following
discussions:

Chapter 23 examines recent developments in the study of
human evolution.

Chapter 24 provides a more detailed look at ecosystems.
Chapter 25 explores how humans interact with the biosphere.

1.3 Science as a Process

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Describe the general process of the scientific method.

2. Distinguish between a control group and an experimental
group in a scientific test.

3. Recognize the importance of scientific journals in the
reporting of scientific information.

4. Interpret information that is presented in a scientific graph.

5. Recognize the importance of statistical analysis to the
study of science.

Science is a way of knowing about the natural world. When
scientists study the natural world, they aim to be objective, rather
than subjective. Objective observations are supported by factual
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information, whereas subjective observations involve personal
judgment. For example, the fat content of a particular food would
be an objective observation of a nutritional study. Reporting about
the good or bad taste of the food would be a subjective observa-
tion. It is difficult to make objective observations and conclusions,
because we are often influenced by our prejudices. Scientists must
keep in mind that scientific conclusions can change because of
new findings. New findings are often made because of recent ad-
vances in techniques or equipment.

Religion, aesthetics, ethics, and science are all ways in which
humans seek order in the natural world. The nature of scientific
inquiry differs from these other ways of knowing and learning,
because the scientific process uses the scientific method, a stan-
dard series of steps used in gaining new knowledge that is widely
accepted among scientists. The scientific method (Fig. 1.7) acts as
a guideline for scientific studies.

The approach of individual scientists to their work is as var-
ied as the scientists. However, much of the scientific process is
descriptive. For example, an observation of a new disease may
lead a scientist to describe all the aspects of the disease, such as
the environment, the age of onset, and the characteristics of the
disease. Some areas of biology, such as the study of biodiversity
in the ecological sciences (see Section 1.4), lend themselves more
to this descriptive approach. Regardless of their area of study,
most scientists spend a considerable amount of time performing a
descriptive analysis of their observation before proceeding into
the steps of the scientific method. Scientists often modify or adapt
the process to suit their particular field of study, but for the sake
of discussion it is useful to think of the scientific method as
consisting of certain steps.

Start with an Observation

Scientists believe that nature is orderly and measurable—that
natural laws, such as the law of gravity, do not change with
time—and that a natural event, or phenomenon, can be under-
stood more fully through observation—a formal way of watch-
ing the natural world.

Observations may be made with the senses, such as sight and
smell, or with instruments; for example, a microscope enables us to
see objects that could never be seen by the naked eye. Scientists may
expand their understanding even further by taking advantage of the
knowledge and experiences of other scientists. For instance, they
may look up past studies on the Internet or at the library, or they may
write or speak to others who are researching similar topics.

Develop a Hypothesis

After making observations and gathering knowledge about a
phenomenon, a scientist uses inductive reasoning. Inductive
reasoning occurs whenever a person uses creative thinking to
combine isolated facts into a cohesive whole. Chance alone can
help a scientist arrive at an idea. The most famous case pertains to
the antibiotic penicillin, which was discovered in 1928. While ex-
amining a petri dish of bacteria that had accidentally become con-
taminated with the mold Penicillium, Alexander Fleming observed
an area around the mold that was free of bacteria. Fleming had
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long been interested in finding cures for human diseases caused by
bacteria, and he was very knowledgeable about antibacterial sub-
stances. So when Fleming saw the dramatic effect of Penicillium
mold on bacteria, he reasoned that the mold might be producing an
antibacterial substance.

We call such a possible explanation for a natural event a
hypothesis. A hypothesis is based on existing knowledge, so it is
much more informed than a mere guess. Fleming’s hypothesis was
supported by further study, but sometimes a hypothesis is not sup-
ported and must be either modified and subjected to additional
study or rejected.

All of a scientist’s past experiences, no matter what they might
be, may influence the formation of a hypothesis. But a scientist
considers only hypotheses that can be tested by experiments or
further observations. Moral and religious beliefs, although very
important to our lives, differ among cultures and through time and
are not always testable.

Make a Prediction and Perform Experiments

Scientists often perform an experiment, which is a series of pro-
cedures, to test a hypothesis. To determine how to test a hypothe-
sis, a scientist uses deductive reasoning. Deductive reasoning
involves “if, then” logic. In designing the experiment, the scientist
may make a prediction, or an expected outcome, based on knowl-
edge of the factors in the experiment.

The manner in which a scientist intends to conduct an experi-
ment is called the experimental design. A good experimental
design ensures that scientists are examining the contribution of a
specific variable, called the experimental variable, to the

Experiment 4

Conclusion

Figure 1.7 The scientific method.

On the basis of new and/or previous observations,
a scientist formulates a hypothesis. The hypothesis
is tested by further observations and/or experiments,
and new data either support or do not support the
hypothesis. The return arrow from experiment 4
indicates that a scientist often chooses to retest
the same hypothesis or to test a related hypothesis.
Conclusions from many different but related
experiments may lead to the development of a
scientific theory. For example, studies pertaining to
development, anatomy, and fossil remains all
support the theory of evolution.

observation. The result is termed the responding variable, or de-
pendent variable, because it is due to the experimental variable.

To ensure that the results will be meaningful, an experiment
contains both test groups and a control group. A test group is ex-
posed to the experimental variable, but the control group is not. If
the control group and test groups show the same results, the ex-
perimenter knows that the hypothesis predicting a difference be-
tween them is not supported.

Scientists often use model organisms and model systems to test
a hypothesis. Some common model organisms are shown in
Figure 1.8. Model organisms are chosen because they allow the
researcher to control aspects of the experiment, such as age and
genetic background. Cell biologists may use mice for modeling the
effects of a new drug. Like model organisms, model systems allow
the scientist to control specific variables and environmental condi-
tions in a way that may not be possible in the natural environment.
For example, ecologists may use computer programs to model how
human activities will affect the climate of a specific ecosystem.
While models provide useful information, they do not always answer
the original question completely. For example, medicine that is effec-
tive in mice should ideally be tested in humans, and ecological experi-
ments that are conducted using computer simulations need to be
verified by actual field experiments. Biologists, and all other scien-
tists, continuously design and revise their experiments to better under-
stand how different factors may influence their original observation.

Collecting and Analyzing the Data

The data, or results, from scientific experiments may be presented
in a variety of formats, including tables and graphs. A graph shows



Caenorhabditis elegans

Mus musculus

Arabidopsis thaliana

Figure 1.8 Model organisms used in scientific studies.
Drosophila melanogaster is used as a model organism in the study of
genetics. Mus musculus is used in the study of medicine.
Caenorhabditis elegans is used by developmental biologists, and
Arabidopsis thaliana is used by botanists to understand plant genetics.

(D. melanogaster) © Graphic Science/Alamy; (C. elegans) © Sinclair Stammers/
Science Source; (A. thaliana) © Wildlife GmbH/Alamy; (M. musculus) © Steve
Gorton/Getty Images

the relationship between two quantities. In many graphs, the ex-
perimental variable is plotted on the x-axis (horizontal), and the
result is plotted along the y-axis (vertical). Graphs are useful tools
to summarize data in a clear and simplified manner. For example,
the line graph in Figure 1.9 shows the variation in the concentra-
tion of blood cholesterol over a 4-week study. The bar above and
below each data point represents the variation, or standard error, in
the results. The title and labels can assist you in reading a graph;
therefore, when looking at a graph, first check the two
axes to determine what the graph pertains to. By looking
at this graph, we know that the blood cholesterol levels
were highest during week 2, and we can see to what de-
gree the values varied over the course of the study.

Statistical Data

Most scientists who publish research articles use statistics to help
them evaluate their experimental data. In statistics, the standard
error, or standard deviation, tells us how uncertain a particular
value is. Suppose you predict how many hurricanes Florida will
have next year by calculating the average number during the past
10 years. If the number of hurricanes per year varies widely, your
standard error will be larger than if the number per year is usually
about the same. In other words, the standard error tells you how far
off the average could be. If the average number of hurricanes is
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four and the standard error is + 2, then your prediction of four
hurricanes is between two and six hurricanes. In Figure 1.9, the
standard error is represented by the bars above and below each
data point. This provides a visual indication of the statistical
analysis of the data.

Statistical Significance

When scientists conduct an experiment, there is always the
possibility that the results are due to chance or to some factor
other than the experimental variable. Investigators take into
account several factors when they calculate the probability
value (p) that their results were due to chance alone. If the
probability value is low, researchers describe the
results as statistically significant. A probabil-
ity value of less than 5% (usually written as
p < 0.05) is acceptable; even so, keep in mind
that the lower the p value, the less likely it is
that the results are due to chance. Therefore, the
lower the p value, the greater the confidence the investigators and
you can have in the results. Depending on the type of study, most
scientists like to have a p value of < 0.05, but p values of < 0.001
are common in many studies.

Scientific Publications

Scientific studies are customarily published in scientific jour-
nals, such as Science or Nature, so that all aspects of a study are
available to the scientific community. Before information is
published in scientific journals, it is typically reviewed by ex-
perts, who ensure that the research is credible, accurate, unbi-
ased, and well executed. Another scientist should be able to read

Variation in Blood Cholesterol Levels
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Figure 1.9 The presentation of scientific data.

This line graph shows the variation in the concentration of blood
cholesterol over a 4-week study. The bars above and below the data
points represent the variation, or standard error, in the results.
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about an experiment in a scientific journal, repeat the experi-
ment in a different location, and get the same (or very similar)
results. Some articles are rejected for publication by reviewers
when they believe there is something questionable about the
design of an experiment or the manner in which it was con-
ducted. This process of rejection is important in science because
it causes researchers to critically review their hypotheses, pre-
dictions, and experimental designs, so that their next attempt
will more adequately address their hypothesis. Often it takes
several rounds of revision before research is accepted for publi-
cation in a scientific journal.

People should be especially careful about scientific informa-
tion available on the Internet, which is not well regulated. Reliable,
credible scientific information can often be found at websites with
URLSs containing .edu (for educational institution), .gov (for gov-
ernment sites such as the National Institutes of Health or the Centers
for Disease Control and Prevention), and .org (for nonprofit
organizations, such as the American Lung Association or the
National Multiple Sclerosis Society). Unfortunately, quite a bit of
scientific information on the Internet is intended to entice people
into purchasing some sort of product for weight loss, prevention of
hair loss, or similar maladies. These websites usually have URLs
ending with .com or .net. It pays to question and verify the infor-
mation from these websites with another source (a primary source,
if possible).

Develop a Conclusion

Scientists must analyze the data in order to reach a conclusion
about whether a hypothesis is supported or not. Because science
progresses, the conclusion of one experiment can lead to the hy-
pothesis for another experiment (see Fig. 1.9). In other words, re-
sults that do not support one hypothesis can often help a scientist
formulate another hypothesis to be tested. Scientists report their
findings in scientific journals, so that their methodology and data
are available to other scientists. Experiments and observations
must be repeatable—that is, the reporting scientist and any scien-
tist who repeats the experiment must get the same results, or else
the data are suspect.

Scientific Theory

The ultimate goal of science is to understand the natural world in
terms of scientific theories, which are accepted explanations for
how the world works. Some of the basic theories of biology are the
cell theory, which says that all organisms are composed of cells;
the gene theory, which says that inherited information in a gene
contributes to the form, function, and behavior of organisms; and
the theory of evolution, which says that all organisms have a com-
mon ancestor and that each organism is adapted to a particular way
of life.

The theory of evolution is considered the unifying concept
of biology, because it pertains to many different aspects of organ-
isms. For example, the theory of evolution enables scientists to
understand the history of life, the variety of organisms, and the
anatomy, physiology, and development of organisms. The theory
of evolution has been a very fruitful scientific theory, meaning

that it has helped scientists generate new testable hypotheses.
Because this theory has been supported by so many observations
and experiments for over 100 years, some biologists refer to the
theory of evolution as the principle of evolution, a term some-
times used for theories that are generally accepted by an over-
whelming number of scientists. Others prefer the term law
instead of principle.

An Example of a Controlled Study

We now know that most stomach and intestinal ulcers (open sores)
are caused by the bacterium Helicobacter pylori (see the Science
feature “Discovering the Cause of Ulcers”).

Experimental Design

Let’s say investigators want to determine which of two antibiotics
is best for the treatment of an ulcer. When clinicians do an experi-
ment, they try to vary just the experimental variables—in this case,
the medications being tested. Each antibiotic is administered to an
independent test group. The control group is not given an antibi-
otic. If by chance the control group shows the same results as one
of the test groups, the investigators may conclude that the antibi-
otic in that test group is ineffective, because it does not show a re-
sult that is significantly different from that of the control group.
The study depicted in Figure 1.10 shows how investigators may
study this hypothesis:

Hypothesis: Newly discovered antibiotic B is a better treatment
for ulcers than antibiotic A, which is in current use.

In any experiment, it is important to reduce the number of
possible variables (differences). In this experiment, those variables
may include factors such differences in the subjects’ sex, weight,
and previous illnesses. Therefore, the investigators randomly di-
vide a large group of volunteers equally into experimental groups.
The hope is that any differences will be distributed evenly among
the three groups. The larger the number of volunteers (the sample
size), the greater the chance of reducing the influence of external
variables. This is why many medical studies involve thousands of
individuals.

In this experiment, the researchers divide the individuals into
three groups:

Control group: Subjects with ulcers are not treated with either
antibiotic.

Test group 1: Subjects with ulcers are treated with antibiotic A.

Test group 2: Subjects with ulcers are treated with antibiotic B.

After the investigators have determined that all volunteers do
have ulcers, they will want the subjects to think they are all receiv-
ing the same treatment. This is an additional way to protect the
results from any influence other than the medication. To achieve
this end, the subjects in the control group can receive a placebo, a
treatment that appears to be the same as that administered to the
other two groups but that actually contains no medication. In this
study, the use of a placebo would help ensure that all subjects are
equally dedicated to the study.
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The Results and Conclusion

After 2 weeks of administering the same amount of medication
(or placebo) in the same way, researchers examine the stomach
and intestinal linings of each subject to determine if ulcers are
still present. Endoscopy is one way to examine a patient for the
presence of ulcers. This procedure, which is performed under
sedation, involves inserting an endoscope—a small, flexible tube
with a tiny camera on the end—down the throat and into the
stomach and the upper part of the intestine. Then, the doctor can
see the lining of these organs and can check for ulcers. Tests per-
formed during an endoscopy can also determine if Helicobacter
pylori is present.

Because endoscopy is somewhat subjective, it is probably best
if the examiner is not aware of which group the subject is in; oth-
erwise examiner prejudice may influence the examination. When
neither the patient nor the technician is aware of the specific treat-
ment, it is called a double-blind study.

In this study, the investigators may decide to determine the
effectiveness of the medication by the percentage of people who
no longer have ulcers. So, if 20 people out of 100 still have ulcers,
the medication is 80% effective. The difference in effectiveness is
easily read in the graph portion of Figure 1.10.

Conclusion: On the basis of their data, the investigators conclude
that their hypothesis has been supported.

CHECK YOUR PROGRESS 1.3

1. Describe each step of the scientific method.

2. Explain why a controlled study is an important part of the
experimental design.

3. List a few pros and cons of using a scientific journal
versus other sources of information.

4. Summarize how the use of graphs and statistics aids in
data analysis.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussions:

Section 8.4 discusses how resistance to antibiotics occurs.
Section 9.3 provides more information on ulcers.

Figure 14.3 shows the relationship between an action
potential and voltage across a plasma membrane.

Figure 110 A controlled laboratory experiment to test the
effectiveness of a medication in humans.

In this study, a large number of people were divided into three groups. The
control group received a placebo and no medication. One of the test groups

received antibiotic A, and the other test group received antibiotic B. The
results are depicted in a graph, and it shows that antibiotic B was more
effective than antibiotic A for the treatment of ulcers.

(Students, Both): © image100 Ltd RF; (Operation): © Phanie/Science Source
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BIOLOGY TODAY

Discovering the Cause of Ulcers

In 1974, Barry James Marshall (Fig. 1B) was a young resi-
dent physician at Queen Elizabeth II Medical Center in
Perth, Australia. There he saw many patients who had
bleeding stomach ulcers. A pathologist at the hospital,
Dr. J. Robin Warren, told him about finding a particular
bacterium, now called Helicobacter pylori, near the site of
peptic ulcers. Marshall compiled data showing a possible
correlation between the presence of H. pylori and the
occurrence of both gastritis (inflammation of the stom-
ach) and stomach ulcers. On the basis of these data,
Marshall formulated a hypothesis: H. pylori is the cause of
gastritis and ulcers.

Marshall decided to make use of Koch’s postulates,
the standard criteria that must be fulfilled to show that a
pathogen (bacterium or virus) causes a disease:

* The suspected pathogen (virus or bacterium) must be
present in every case of the disease.

* The pathogen must be isolated from the host and
grown in a lab dish.

* The disease must be reproduced when a pure culture
of the pathogen is inoculated into a healthy suscepti-
ble host.

* The same pathogen must be recovered again from the
experimentally infected host.

By 1983 Marshall had fulfilled the first and second of Koch’s
criteria. He was able to isolate H. pylori from ulcer patients and
grow it in the laboratory. Despite Marshall’s presentation of these
findings to the scientific community, most physicians continued to
believe that stomach acidity and stress were the causes of stomach
ulcers. In those days, patients were usually advised to make drastic
changes in their lifestyle to cure their ulcers. Many scientists be-
lieved that no bacterium would be able to survive the normal acid-
ity of the stomach.

Marshall had a problem in fulfilling the third and fourth of
Koch’s criteria. He had been unable to infect guinea pigs and rats
with the bacteria, because the bacteria did not flourish in the intes-
tinal tracts of those animals. Marshall was not able to use human
subjects because of ethical reasons. Marshall was so determined to
support his hypothesis that in 1985 he decided to perform the ex-
periment on himself! To the disbelief of those in the lab that day,
he and another volunteer swallowed a foul-smelling, foul-tasting
solution of H. pylori. Within the week, they felt lousy and were
vomiting up their stomach contents. Examination by endoscopy
showed that their stomachs were now inflamed, and biopsies of the
stomach lining contained the suspected bacterium (Fig. 1B). Their

Figure 1B Dr. Marshall and the cause of stomach ulcers.

Dr. Barry Marshall, pictured here, fulfilled Koch’s postulates to show that
Helicobacter pylori is the cause of peptic ulcers. The inset shows the
presence of the bacterium in the stomach.

(Dr. Marshall): © Tony McDonough/epa/Corbis; (bacteria): © Eye of Science/Science Source

symptoms abated without need for medication, and they never de-
veloped an ulcer. Marshall challenged the scientific community to
refute his hypothesis. Many tried, but ultimately the investigators
supported his findings.

In science, many experiments, often involving a considerable
number of subjects, are required before a conclusion can be
reached. By the early 1990s at least three independent studies in-
volving hundreds of patients had been published showing that anti-
biotic therapy can eliminate H. pylori from the intestinal tract and
cure patients of ulcers wherever they occurred in the tract.

Dr. Marshall and Dr. Warren received a Nobel Prize in Physi-
ology or Medicine in 2005. The Nobel committee reportedly
thanked Marshall and Warren for their “pioneering discovery,”
stating that peptic ulcer disease now could be cured with antibiot-
ics and acid-secretion inhibitors rather than becoming a “chronic,
frequently disabling condition.”

Questions to Consider

1. Explain how Marshall’s approach was similar to, and different
from, the scientific method shown in Figure 1.7.

2. How could Marshall have done this experiment if he had had
an animal model to work with?



1.4 Challenges Facing Science

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Distinguish between science and technology.
2. Summarize some of the major challenges facing science.

As we have learned in this chapter, science is a systematic way of
acquiring knowledge about the natural world. Science is a slightly
different endeavor than technology. Technology is the application
of scientific knowledge to the interests of humans. Scientific inves-
tigations are the basis for the majority of our technological ad-
vances. As is often the case, a new technology, such as your cell
phone or a new drug, is based on years of scientific investigations.
In this section, we are going to explore some of the challenges fac-
ing science, technology, and society.

Biodiversity and Habitat Loss

Biodiversity is the total number and relative abundance of spe-
cies, the variability of their genes, and the different ecosystems
in which they live. The biodiversity of our planet has been esti-
mated to be around 8.7 million species (not counting bacteria),
and so far, around 2.3 million have been identified and named.
Extinction is the death of a species or larger classification cate-
gory. It is estimated that presently we are losing hundreds of
species every year due to human activities and that as much as
38% of all species, including most primates, birds, and amphib-
ians, may be in danger of extinction before the end of the cen-
tury. Many biologists are alarmed about the present rate of
extinction and hypothesize it may eventually rival the rates of
the five mass extinctions that occurred during our planet’s his-
tory. The last mass extinction, about 65 million years ago, caused
many plant and animal species, including the dinosaurs, to be-
come extinct.

The two most biologically diverse ecosystems—tropical
rain forests and coral reefs—are home to many organisms. These
ecosystems are also threatened by human activities. The canopy
of the tropical rain forest alone supports a variety of organisms,
including orchids, insects, and monkeys. Coral reefs, which are
found just offshore of the continents and of islands near the
equator, are built up from calcium carbonate skeletons of sea
animals called corals. Reefs provide a habitat for many animals,
including jellyfish, sponges, snails, crabs, lobsters, sea turtles,
moray eels, and some of the world’s most colorful fishes. Like
tropical rain forests, coral reefs are severely threatened as the
human population increases in size. Some reefs are 50 million
years old, yet in just a few decades human activities have de-
stroyed an estimated 25% of all coral reefs and seriously de-
graded another 30%. At this rate, nearly three-quarters could be
destroyed within 40 years. Similar statistics are available for
tropical rain forests.

The destruction of healthy ecosystems has many unintended
effects. For example, we depend on healthy ecosystems for food,

Chapter 1 Exploring Life and Science 15

Figure 111 Preserving biodiversity.

Snails of the genus Conus are known to produce powerful
painkillers. Unfortunately, their habitat on coral reefs is
threatened by human activity.

© Franco Banfi/Waterframe/Age fotostock

medicines (Fig 1.11), and various raw materials. Draining of the
natural wetlands of the Mississippi and Ohio Rivers and the con-
struction of levees have worsened flooding problems, reducing the
amount of fertile farmland that is available for agriculture. The
destruction of South American rain forests has killed many species
that might have yielded the next miracle drug and has decreased
the availability of many types of lumber. We are only now begin-
ning to realize that we depend on ecosystems even more for the
services they provide. Just as chemical cycling occurs within a
single ecosystem, so all ecosystems keep chemicals cycling
throughout the biosphere. The workings of ecosystems ensure that
the environmental conditions of the biosphere are suitable for the
continued existence of humans. And several studies show that eco-
systems cannot function properly unless they remain biologically
diverse. We will explore the concept of biodiversity in greater de-
tail in Chapters 23 and 24.

Emerging and Reemerging Diseases

Over the past decade, avian influenza (HSN1 and H7N9), swine
flu (HIN1), severe acute respiratory syndrome (SARS), and
Middle East respiratory syndrome (MERS) have been in the
news. These are called emerging diseases, meaning that they are
relatively new to humans. Where do emerging diseases come
from? Some of them may result from new or increased exposure
to animals or insect populations that act as vectors for disease.
Changes in human behavior and use of technology can also result
in new diseases. SARS is thought to have arisen in Guandong,
China, due to the consumption of civets, a type of exotic cat con-
sidered a delicacy. The civets were possibly infected by exposure
to horseshoe bats sold in open markets. Legionnaires’ disease
emerged in 1976 due to bacterial contamination of a large
air-conditioning system in a hotel. The bacteria thrived in the
cooling tower used as the water source for the air-conditioning
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system. In addition, with increasing globalization, diseases that
were previously restricted to isolated communities are now
transported all over the world. The first SARS cases were re-
ported in southern China in November 2002. By the end of
February 2003, SARS had reached nine countries/prov-
inces, mostly through airline travel.

Some pathogens mutate and change hosts—jumping from
birds to humans, for example. Before 1997, avian flu was thought
to affect only birds. A mutated strain jumped to humans in the
1997 outbreak. To control that epidemic, officials killed 1.5 mil-
lion chickens to remove the source of the virus. New forms of
avian influenza (bird flu) are being discovered every few years.

Reemerging diseases are also a concern. Unlike an emerg-
ing disease, a reemerging disease has been known to cause dis-
ease in humans for some time, but generally has not been
considered a health risk due to a relatively low level of incidence
in human populations. However, reemerging diseases can cause
problems. An excellent example is the Ebola outbreak in West
Africa of 2014-2015. Ebola outbreaks have been known since
1976, but generally have affected only small groups of humans.
The 2014-2015 outbreak was a regional event, but it affected the
lives of millions of people before it was finally brought under
control.

Both emerging and reemerging diseases have the potential to
cause health problems for humans across the globe. Scientists in-
vestigate not only the causes of these diseases (for example, the
viruses) but also their effects on our bodies and the mechanisms by
which they are transmitted. We will take a closer look at viruses
and emerging diseases in Section 8.3.

Climate Change

The term climate change refers to changes in the normal cycles of
the Earth’s climate that may be attributed to human activity. Cli-
mate change is primarily due to an imbalance in the chemical cy-
cling of the element carbon. Normally carbon is cycled within an
ecosystem. However, due to human activities, more carbon dioxide
is being released into the atmosphere than is being removed. In

CASE STUDY: CONCLUSION

In this chapter you have explored some of the basic charac-
teristics of life as we know it. One question we might ask is,
How can we apply our knowledge of life on Earth to detect life
on other planets? Most likely, the life on moons such as Europa
and Titan is not highly organized. Most scientists believe that
simple multicellular organisms may be the only life-forms that
can survive at such a great distance from the sun. Thus, future

1850 atmospheric CO, was at about 280 parts per million (ppm);
today, it is over 400 ppm. This increase is largely due to the burn-
ing of fossil fuels and the destruction of forests to make way for
farmland and pasture. Today, the amount of carbon dioxide re-
leased into the atmosphere is about twice the amount that remains
in the atmosphere. It’s believed that most of this dissolves in the
ocean. The increased amount of carbon dioxide (and other gases)
in the atmosphere is causing a rise in temperature called global
warming. These gases allow the sun’s rays to pass through, but
they absorb and radiate heat back to Earth, a phenomenon called
the greenhouse effect.

There is a consensus among scientists around the globe that
climate change and global warming are causing significant changes
in many of the Earth’s ecosystems and are one of the greatest chal-
lenges of our time. We will take a closer look at climate change
and the concept of sustainability in Chapters 24 and 25.

CHECK YOUR PROGRESS 1.4

1. Explain how a new technology differs from a scientific
discovery.

2. Explain why the conservation of biodiversity is important
to human society.

3. Summarize how emerging diseases and climate change
have the potential to influence the entire human
population.

CONNECTING THE CONCEPTS

Section 8.3 provides additional information on emerging and
reemerging diseases.

Section 24.3 examines the impact of climate change and
global warming on ecosystems.

Section 25.3 explores the importance of preserving
biodiversity.

missions to planets and moons in our solar system will likely
look for evidence of life. When you eat food, you produce car-
bon dioxide and other waste products. Living organisms on
other planets should do the same. By studying the extreme
environments of the moons of Saturn and Jupiter, and our own
planet, we may be better able to define the basic properties of
life and what it really means for something to “be alive.”
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SUMMARIZE

1.1 The Characteristics of Life

Biology is the study of life. All living organisms share common
characteristics:

* They have levels of organization—atoms, molecules, cells, tissues,
organs, organ systems, organisms, species, populations,
community, ecosystem, and biosphere.

* They acquire materials and energy from the environment.
Metabolism is the sum of the reactions involved in these processes.
Photosynthesis, which occurs in organisms such as plants, is
responsible for producing the organic molecules that serve as food
for most organisms.

* They reproduce and experience growth, and in many cases
development. The instructions for these processes are contained
within the deoxyribonucleic acid (DNA) and organized as genes.
Mutations cause variation of those instructions.

* They maintain homeostasis to maintain the conditions of an
internal environment.

e They respond to stimuli.

* As species, they are influenced by natural selection as the
process that results in evolution and adaptation to their
environment over time.

1.2 Humans Are Related to Other Animals

The classification of living organisms mirrors their evolutionary relation-
ships. Humans are mammals, a type of vertebrate in the animal kingdom
of the domain Eukarya.

In addition to their evolutionary history, humans have a cultural heritage
in which language, tool use, values, and information are passed on from
one generation to the next.

Like all life, humans are members of the biosphere. Humans depend
on the biosphere for its many services, such as absorption of pollutants,
sources of water and food, prevention of soil erosion, and natural
beauty.

1.3 Science as a Process

When studying the natural world, scientists use a process called the sci-
entific method.

* Observations, along with previous data, are used to formulate a
hypothesis. Inductive reasoning allows a scientist to combine facts
into a hypothesis.

* New observations and/or experiments are carried out in order to test
the hypothesis. Through deductive reasoning scientists can develop
a prediction of what may occur as a result of the experiment. A
good experimental design includes an experimental variable and
a control group. Scientists may use models and model organisms
in their experimental design.

* The data from the experimental and observational results are
analyzed, often using statistical methods. The results are often
presented in tables or graphs for ease of interpretation.

* A conclusion is made as to whether the results support the
hypothesis or do not support the hypothesis.

* The results may be submitted to a scientific publication for review
by the scientific community.

e Over time multiple conclusions in a particular area may allow
scientists to arrive at a theory (or principle or law), such as the cell
theory or the theory of evolution. The theory of evolution is a
unifying concept of biology.
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1.4 Challenges Facing Science

While science investigates the principles of the natural world, technology
applies this knowledge to the needs of society. Some challenges that
scientists are investigating include:

* The loss of biodiversity and habitats such as coral reefs and rain
forests. This often results in the extinction of species.

* Emerging diseases, such as avian influenza and SARS, and
reemerging diseases, such as Ebola.

e The impact of climate change and global warming.

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

1.1 The Characteristics of Life

In questions 1-4, match each description with the correct characteristic
of life from the key.
Key:

a. Life is organized.

b. Living organisms reproduce and grow.

c¢. Living organisms respond to stimuli.

d. Living organisms have an evolutionary history.

e. Living organisms acquire materials and energy.

. The human heart rate increases when the person is scared.
. Humans produce only humans.
. Humans need to eat to get building blocks and energy.

. Similar cells form tissues in the human body.

N A W N =

Which of the following represents the process by which organisms
become adapted to changes in their environment over time?

a. homeostasis

b. development

c. evolution

d. technology



18

1.2

Chapter 1 Exploring Life and Science

Humans Are Related to Other Animals

6. Humans belong to all of the following groups, except

a.
b.

C.

d.

the animal kingdom.
domain Eukarya.
invertebrates.
mammals.

7. Which of the following is not a domain of life?

a.
b.

C.

1.3

8. In an experiment, the

Bacteria
Archaea
Protists

Eukarya

Science as a Process

is exposed to the experimental

variable.

a.
b.

C.

d.

test group

control group

Both a and b are correct.
Neither a nor b is correct.

9. A prediction follows what step of the scientific process?

a.
b.

C.

d.

formation of a hypothesis
development of a conclusion
analysis of the data

design of an experiment

10. Which comes first in the scientific process?

a.
b.

C.

d.
11. Information collected from a scientific experiment is known as
a.
. data.

b
c.
d

a hypothesis

a theory

design of an experiment
an observation

a scientific theory.

a hypothesis.

. aconclusion.

1.4 Challenges Facing Science

12. is the application of scientific investigations for the benefit
of humans.
a. Bioethics
b. Adaptation
c¢. Evolution
d. Technology
13. Human influence can be associated with which of the following
challenges facing science?
a. loss of biodiversity
b. emerging diseases
c. climate change
d. All of these are correct.

ENGAGE
BioNOW

Want to know how this science is relevant to your life? Check out the
BioNow video below:

¢ Characteristics of Life

At the end of the day, you head over to the gym for a game of basketball
with your friends. Afterward, you go out to eat at a local restaurant.
Explain how the characteristics of life apply to you during these activities.

THINKING CRITICALLY

1. Explain how climate change and loss of biodiversity may produce
health threats for humans. Give an example of how scientists have
already documented instances where this is occurring.

2. You are a scientist working at a pharmaceutical company and have
developed a new cancer medication that has the potential for use in
humans. Outline a series of experiments, including the use of a
model, to test whether the cancer medication works.

3. In the cases of Europa and Titan, if life is found to exist there, will
that change our definition of the basic characteristics of life? Will it
change our definition of a biosphere?
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CASE STUDY: GOOD OR BAD
CHOLESTEROL?

David, a 26-year-old male, knew that he was slightly overweight and defi-
nitely not as physically fit as he had been 5 years earlier. Still, he consid-
ered himself to be healthy; therefore, he only reluctantly agreed to a blood
test at his annual physical exam. A few weeks later, David’s doctor called and
asked him to come in for a review of the results.

In the office, David’s doctor explained that he had some concerns about
the blood test results. The doctor explained that David had a total cholesterol
value of 218 and a blood triglyceride value of 150 milligrams per deciliter
(mg/dl). Furthermore, his good cholesterol (HDL) was low (40 mg/dl) and his
bad cholesterol (LDL) was high (130 mg/dl). If these values remained uncor-
rected, David would be at increased risk of heart disease and atherosclerosis
and, potentially, diseases such as diabetes and cancer in the future. David’s
doctor recommended that he reduce his dietary fat intake, increase his exer-
cise, and come back in 3 months for a follow-up visit. If his blood lipids did not
come into acceptable ranges, David’s doctor was going to put him on atorv-
astatin (Lipitor), a cholesterol-reducing medication.

David realized that he understood very little about the chemistry that made
his body work, and he was curious about some of the terms the doctor used
during the visit. For example, what is the difference between good and bad
cholesterol? And what is a triglyceride? In doing some online research, he dis-
covered that there is no such thing as “good” and “bad” cholesterol. LDLs and
HDLs actually are types of protein involved in lipid transport in the body. David
was confused, because his doctor had referred to these as being cholesterol.
David realized that he not only knew very little about his body’s chemistry but
also was in the dark as to the function of many nutrients in his body.

As you read through the chapter, think about the following questions:

1. What is it about cholesterol that would make it increase the risk for the
diseases the doctor mentioned?

2. Is all cholesterol bad for the body?

3. What are the roles of proteins in the body, and how do they relate to
David’s cholesterol values?
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From Atoms to Molecules
All matter is composed of atoms, which combine by
chemical bonds to form molecules and compounds.

Water and Life

The hydrogen bonds between water molecules
are important in establishing the properties of
water, and life as we know it.

Molecules of Life

Carbohydrates, lipids, proteins, and nucleic acids
are macromolecules with specific functions in cells.

Carbohydrates

In humans, carbohydrates are used as energy
molecules. In plants, some carbohydrates, such as
the cellulose in plant material, are used as structural
molecules.

Lipids

Fats and oils are long-term energy storage
molecules. They may be saturated or unsaturated.
Other lipids, such as the sterols and phospholipids,
have other functions in the body.

Proteins
Proteins have numerous and varied functions in

cells. The structure of a protein determines its
function.

Nucleic Acids
DNA is the genetic material of life. RNA serves as

a helper to DNA. ATP is an energy molecule used
by the cell to do metabolic work.

BEFORE YOU BEGIN

Before beginning this chapter, take a few moments to
review the following discussions:

Section 1.1 What are the basic characteristics of all
living organisms?

Figure 1.2 What is the difference between an atom
and a molecule?

19
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2.1 From Atoms to Molecules

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Distinguish between atoms and elements.

2. Describe the structure of an atom.

3. Define an isotope and summarize its application in both
medicine and biology.

4. Distinguish between ionic and covalent bonds.

Matter is anything that takes up space and has mass. It is helpful
to remember that matter can exist as a solid, gas, liquid, or plasma.
Not only are humans composed of matter, but so is the food we eat,
the water we drink, and the air we breathe.

Elements

An element is one of the basic building blocks of matter; an element
cannot be broken down by chemical means. Considering the variety
of living and nonliving things in the world, it’s remarkable that there
are only 92 naturally occurring elements. It is even more surprising
that over 90% of the human body is composed of just four elements:
carbon, nitrogen, oxygen, and hydrogen. Even so, other elements,
such as iron, are important to our health. Iron-deficiency anemia
results when the diet doesn’t contain enough iron for the making of
hemoglobin. Hemoglobin serves an important function in the body,
because it transports oxygen, another element, to our cells.

Each element has a name and a symbol. For example, carbon
has been assigned the atomic symbol C, and iron has been assigned
the symbol Fe. Some of the symbols we use for elements are
derived from Latin. For example, the symbol for sodium is Na
because natrium, in Latin, means “sodium.” Likewise, the symbol
for iron is Fe because ferrum means “iron.” Chemists arrange the
elements in a periodic table, so named because all the elements in
a column show periodicity, meaning that all the elements in each
column behave similarly during chemical reactions. For example,

Where do elements come from?

We are all familiar with elements. Iron, sodium, oxygen, and carbon
are all common terms in our lives, but where do elements
originate from?

Normal chemical reactions do not produce elements. The
majority of the heavier elements, such as iron, are produced
only by the intense chemical reactions within stars. When these
stars reach the end of their lives, they explode, producing su-
pernovas. Supernovas scatter the heavier elements into space,
where they are eventually involved in the formation of planets.
The iron within your blood was formed by the explosions of
stars. The astronomer Neil deGrasse Tyson once stated, “After
all, what nobler thought can one cherish than that the universe
lives within us all?”

I VIII
1 —— atomic number 2
1>» H —— atomic symbol atomic mass He
1008H | il v A% VI v (4003
3 4 5 6 7 8 9 10
2» L Be B C N (0] F Ne
§ 6.941 = 9.012 @ 10.81 12.01 = 1401 @ 16.00 19.00 @ 2018
E " 12 13 14 15 16 17 18
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Figure 2.1 A portion of the periodic table of elements.
The number on the top of each square is the atomic number, which
increases from left to right. The letter symbols represent the elements;
some are abbreviations of Greek or Latin names. Below the symbol is
the value for atomic mass. A complete periodic table can be found in
Appendix A.

all the elements in column VII (7) undergo the same types of
chemical reactions, for reasons we will soon explore. Figure 2.1
shows only some of the first 36 elements in the periodic table; a
complete table is available in Appendix A.

Atoms

An atom is the smallest unit of an element that still retains the
chemical and physical properties of the element. The same name is
given to the element and the atoms of the element. Though it is pos-
sible to split an atom, it is the smallest unit to enter into chemical
reactions. Physicists have identified a number of subatomic parti-
cles that make up atoms. The three best known subatomic particles
are positively charged protons, uncharged neutrons, and nega-
tively charged electrons. Protons and neutrons are located within
the nucleus of an atom, and electrons move about the nucleus.
Figure 2.2 shows the arrangement of the subatomic particles of
some common elements. In Figure 2.2, the circle around the nucleus
of the atom represents an electron shell, which represents the aver-
age location of electrons. Notice that most of an atom is empty
space. If we could draw an atom the size of a football stadium, the
nucleus would be like a gumball in the center of the field, and the
electrons would be tiny specks whirling about in the upper stands.

The Periodic Table

Atoms have not only an atomic symbol but also an atomic number
and mass number. All atoms of an element have the same number of
protons housed in the nucleus. This is called the atomic number,
which accounts for the unique properties of this type of atom.

Each atom also has its own mass number, dependent on the
number of subatomic particles in that atom. Protons and neutrons



Subatomic Particles
Particle Charge Atomic Mass Unit
(AMU)
Proton +1 1
hydrogen Neutron 0 1
H
Electron -1 0
8p
8n
carbon nitrogen oxygen
C N (0)

Figure 2.2 The atomic structure of select elements.
Notice that the protons (p) and neutrons (n) are located in the nucleus
and the electrons (blue dots) are found in shells around the nucleus.

are assigned one atomic mass unit (AMU) each. Electrons are so
small that their AMU is considered zero in most calculations
(Fig. 2.2). Therefore, the mass number of an atom is the sum of
the protons and neutrons in the nucleus.

By convention, when an atom stands alone (and not in the
periodic table, discussed next), the atomic number is written as a
subscript to the lower left of the atomic symbol. The mass number
is written as a superscript to the upper left of the atomic symbol.
Regardless of position, the smaller number is always the atomic
number, as shown here for carbon:

12
cC

The atoms shown in the periodic table (see Fig. 2.1) are as-
sumed to be electrically neutral. Therefore, the atomic number not
only tells you the number of protons; it also tells you the number
of electrons. The atomic mass (the number below the atomic sym-
bol on the periodic table) is the average of the AMU for all the
isotopes (discussed next) of that atom. To determine the number of
neutrons, subtract the number of protons from the atomic mass,
and take the closest whole number.

mass number

atomic symbol
atomic number

6 ———— atomic number
C ——— atomic symbol
12.01 —— atomic mass

Isotopes

Isotopes of the same type of atom have the same number of pro-
tons but different numbers of neutrons. Therefore, they have the
same atomic number but their mass numbers are different. For
example, the element carbon 12 ('2C) has six neutrons, carbon
13 (*C) has seven neutrons, and carbon 14 (**C) has eight
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neutrons, but all three have six protons. You can determine the
number of neutrons for an isotope by subtracting the atomic
number (see Fig. 2.1) from the mass number.

Unlike the other two isotopes of carbon, carbon 14 is unstable
and breaks down over time. As carbon 14 decays, it releases vari-
ous types of energy in the form of rays and subatomic particles;
therefore, it is a radioisotope. The radiation given off by radioiso-
topes can be detected in various ways. You may be familiar with
the use of a Geiger counter to detect radiation.

Low Levels of Radiation

The importance of chemistry to biology and medicine is nowhere
more evident than in the many uses of radioisotopes. A radioisotope
behaves the same chemically as the stable isotopes of an element.
This means that you can put a small amount of radioisotope in a
sample and it becomes a tracer by which to detect molecular changes.

Specific tracers are used in imaging the body’s organs and tis-
sues and can be used to diagnose the presence of tumors. For ex-
ample, after a solution containing a minute amount of iodine 131 is
swallowed by a patient, it becomes concentrated in the thyroid,
which uses iodine to make the hormone thyroxine. After the thyroid
has had some time to accumulate the iodine 131, an image may in-
dicate whether it is healthy in structure and function (Fig. 2.3a).
Another example is in the use of positron-emission tomography

missing
portion
of organ

N

) P
. SR || N,
Figure 2.3 Maedical uses for low-level radiation.
a. The missing area (indicated by the circle) in this thyroid scan
indicates the presence of a tumor that does not take up radioactive
iodine. b. A PET (positron-emission tomography) scan reveals which

portions of the brain are most active (red surrounded by light green).

(a): © Southern lllinois University/Science Source; (b): (patient) Source: National
Institutes of Health; (scan) © Mazzlota et al./Science Source
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(PET) to determine the comparative activity of tissues. Radioac-
tively labeled glucose, which emits a subatomic particle known as
a positron, can be injected into the body. The radiation given off is
detected by sensors and analyzed by a computer. The result is a
color image that shows which tissues took up glucose and are met-
abolically active (red areas in Fig. 2.3b). A PET scan of the brain
can help diagnose a brain tumor, Alzheimer disease, and epilepsy
and can determine whether a stroke has occurred.

High Levels of Radiation

Radioactive substances in the environment can harm cells, damage
DNA, and cause cancer. The release of radioactive particles fol-
lowing a nuclear power plant accident, such as occurred at the
Japanese Fukushima nuclear plant in 2011, can have far-reaching
and long-lasting effects on human health. However, the effects of
radiation can also be put to good use. Radiation from radioisotopes
has been used for many years to kill bacteria and viruses and to
sterilize medical and dental products. Increasingly, the technology
is being used to increase the safety of our food supply. By using
specific types of radiation, food can be sterilized without irradiat-
ing or damaging the food (Fig. 2.4a).

Radiation can be used to ensure public safety against bacterial
infection. It is used to sterilize the U.S. mail and other packages to
free them of possible pathogens, such as anthrax spores.

a. Irradiated (left) and nonirradiated (right) fruit

b. Radiation therapy

Figure 2.4 Uses of high-level radiation.

a. Radiation can be used to sterilize food by killing bacteria and fungi,
this increases the shelf life of the food. b. Physicians can use radiation
therapy to kill cancer cells.

(a): © Kim Scott/Ricochet Creative Productions LLC; (b): © Mark Kostich/Getty RF

The ability of radiation to kill cells is often applied to cancer
cells. Radioisotopes can be introduced into the body in a way that
allows radiation to destroy only cancer cells, with little risk to the
rest of the body (Fig. 2.4b). Another form of high-energy radiation,
X-rays, can be used for medical diagnosis and cancer therapy.

Molecules and Compounds

Atoms often bond with one another to form a chemical unit called
a molecule. A molecule can contain atoms of the same type, as
when an oxygen atom joins with another oxygen atom to form oxy-
gen gas. Or the atoms can be different, as when an oxygen atom
joins with two hydrogen atoms to form water. When the atoms are
different, a compound is formed. Two types of bonds join atoms:
ionic bonds and covalent bonds.

lonic Bonding

Atoms with more than one shell are most stable when the outer
shell, also called the valence shell, contains eight electrons. Dur-
ing an ionic reaction, atoms give up or take on an electron or elec-
trons to achieve a stable valence shell.

Figure 2.5 depicts a reaction between a sodium (Na) atom and
a chlorine (Cl) atom. Sodium, with one electron in the valence
shell, reacts with a single chlorine atom. Why? Once the reaction
is finished and sodium loses one electron to chlorine, sodium’s
valence shell will have eight electrons. Similarly, a chlorine atom,
which has seven electrons already, needs to acquire only one more
electron to have a stable valence shell.

Ions are particles that carry either a positive (+) or a negative
(—) charge. When the reaction between sodium and chlorine is fin-
ished, the sodium ion carries a positive charge, because it now has
one less electron than protons, and the chloride ion carries a nega-
tive charge, because it now has one more electron than protons:

Sodium lon (Na*) Chloride lon (CI7)

11 protons (+) 17 protons (+)

10 electrons (—) 18 electrons (—)

One (+) charge One (-) charge

The attraction between oppositely charged sodium ions and
chloride ions forms an ionic bond. The resulting compound, sodium
chloride, is table salt, which we use to enliven the taste of foods.

In contrast to sodium, why would calcium, with two electrons
in the outer shell, react with two chlorine atoms? Whereas calcium
needs to lose two electrons, each chlorine, with seven electrons
already, requires only one more electron to have a stable valence
shell. The resulting salt (CaCl,) is called calcium chloride. If you
live in a northern climate, you are familiar with the use of calcium
chloride as a de-icer.

The balance of various ions in the body is important to our
health. Too much sodium in the blood can contribute to high blood
pressure. Calcium deficiency leads to rickets (a bowing of the legs)
in children. Too much or too little potassium results in heartbeat
irregularities and can be fatal. Bicarbonate, hydrogen, and hydrox-
ide ions are all involved in maintaining the acid-base balance of the
body (see Section 2.2).
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@@

sodium atom (Na) chlorine atom (Cl)

sodium ion (Nat) chloride ion (CI")
J
[
sodium chloride (NaCl)
a. b.

Figure 2.5 Formation of an ionic bond.

a. During the formation of sodium chloride, an electron is transferred from the sodium atom to the chlorine atom. At the completion of the reaction,
each atom has eight electrons in its valence shell, but each also carries a charge as shown. b. In a sodium chloride crystal, ionic bonding between
Na" and CI” causes the ions to form a three-dimensional lattice configuration, in which each sodium ion is surrounded by six chloride ions and each
chloride ion is surrounded by six sodium ions.

(b): (salt crystals) © Evelyn Jo Johnson; (french fries): © PM Images/Getty RF

Figure 2.6 Covalent bonds.
Covalent bonds allow atoms to fill their
valence shells by sharing electrons.
Because the electrons are being
shared, it is necessary to count the
oxygen 2 hydrogen water electrons in the outer shell as

o 2H H,0 belonging to both bonded atoms.
a. When an oxygen and two hydrogen atoms covalently bond, water results. Hydrogen is most stable with two
electrons in the valence shell; oxygen is
most stable with eight electrons in the
valence shell. Therefore, the molecular
formula for water is (a) H,O, and for
oxygen gas it is (b) O,.

oxygen oxygen oxygen gas
(0] (0] 0,
b. When two oxygen atoms covalently bond, oxygen gas results.

Covalent Bonding part of their time in the valence shell of each atom; therefore, they

. . are counted as belonging to both bonded atoms.
Atoms share electrons in covalent bonds. The overlapping, outer- gine

most shells in Figure 2.6 indicate that the atoms are sharing elec- Double and Triple Bonds Besides a single bond, in which at-
trons. Just as two hands participate in a handshake, each atom oms share only a pair of electrons, a double or a triple bond can
contributes one electron to the shared pair. These electrons spend form. In a double bond, atoms share two pairs of electrons; in a
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triple bond, atoms share three pairs of electrons. For example, in
Figure 2.6b, each oxygen atom (O) requires two more electrons to
achieve a total of eight electrons in the valence shell. Four elec-
trons are placed in the outer, overlapping shells in the diagram.

Structural and Molecular Formulas Covalent bonds can be
represented in a number of ways. In contrast to the diagrams in
Figure 2.6, structural formulas use straight lines to show the covalent
bonds between the atoms. Each line represents a pair of shared elec-
trons. Molecular formulas indicate only the number of each type of
atom making up a molecule. Here are some examples of each:

Structural formula: H—O—H, O=0

Molecular formula: H,0O, O,

What are the structural and molecular formulas for carbon
dioxide? Carbon, with four electrons in the valence shell, requires
four more electrons to complete its outer shell. Each oxygen, with
six electrons in the valence shell, needs only two electrons to com-
plete its outer shell. Therefore, carbon shares two pairs of electrons
with each oxygen atom, and the formulas are as follows:

Structural formula: O—=C=—=0

Molecular formula: CO,

CHECK YOUR PROGRESS 211

1. List the number of electrons, neutrons, and protons in an
atom of magnesium (Mg; see Figure 2.1).

2. Determine the number of neutrons found in the isotopes
of oxygen '°0 and '80 (see Figure 2.1).

3. Explain the beneficial uses of radioisotopes.

4. Summarize the differences between ionic and covalent
bonds, and give an example of each.

CONNECTING THE CONCEPTS

The study of biology has a firm foundation in chemistry. To
see this relationship in more detail, refer to the following
discussions:

Section 3.3 describes how cells move ions across plasma
membranes.

Section 11.3 explains how our urinary system uses ions to
maintain homeostasis.

Figure 2.7 Hydrogen bonds and water molecules.

a. Two models for the structure of water. The diagram on the /eft shows
the sharing of electrons between the oxygen and hydrogen atoms. The
diagram on the right illustrates that water is a polar molecule because
electrons are not equally shared. Electrons move closer to oxygen,
creating a partial negative charge &7, whereas hydrogen has a partial
positive charge &". b. The partial charges allow hydrogen bonds
(dotted lines) to form temporarily between water molecules.

2.2 Water and Life
LEARNING OUTCOMES B |

Upon completion of this section, you should be able to
1. Describe the properties of water.
2. Explain the role of hydrogen bonds in the properties of
water.
3. Summarize the structure of the pH scale and the
importance of buffers to biological systems.

Water is the most abundant molecule in living organisms, usu-
ally making up about 60-70% of the total body weight. Further-
more, the physical and chemical properties of water make life as
we know it possible.

In water, the electrons spend more time circling the oxygen
(O) atom than the hydrogens, because oxygen has a greater ability
to attract electrons than do the hydrogen (H) atoms. The negatively
charged electrons are closer to the oxygen atom, so the oxygen
atom becomes slightly negative. In turn, the hydrogens are slightly
positive. Therefore, water is a polar molecule; the oxygen end of
the molecule has a slight negative charge (67), and the hydrogen
end has a slight positive charge (57).

In Figure 2.7a, the diagram on the left shows a structural model
of water, and the one on the right is called a space-filling model.

Electron Model Space-filling Model
Oxygen attracts the shared
/" electrons and is partially negative.
‘ :
'?l H H
- i
H ot
Hydrogens are partially positive.
a. Water (H,0)

b. Hydrogen bonding between water molecules



Hydrogen Bonds

A hydrogen bond is the attraction of a slightly positive, cova-
lently bonded hydrogen to a slightly negative atom in the vicin-
ity. These usually occur between a hydrogen and either an
oxygen or a nitrogen atom. A hydrogen bond is represented by a
dotted line because it is relatively weak and can be broken rather
easily.

In Figure 2.7b you can see that each hydrogen atom, being
slightly positive, bonds to the slightly negative oxygen atom of
another water molecule.

Properties of Water

The first cell(s) evolved in water, and all living organisms are
70-90% water. Because of hydrogen bonding, water molecules
cling together, and this association gives water its unique chemi-
cal properties. Without hydrogen bonding between molecules,
water would freeze at —100°C and boil at —=91°C, making most of
the water on Earth steam and life unlikely. Hydrogen bonding is
responsible for water being a liquid at temperatures typically
found on the Earth’s surface. It freezes at 0°C and boils at 100°C
(see Appendix A). These and other unique properties of water
make it essential to the existence of life as we know it. When
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scientists examine other planets with the hope of finding life, they
first look for signs of water.

Water Has a High Heat Capacity A calorie is the amount of
heat energy needed to raise the temperature of 1 gram (g) of water
1°C. In comparison, other covalently bonded liquids require input
of only about half this amount of energy to rise 1°C in temperature.
The many hydrogen bonds that link water molecules together help
water absorb heat without a great change in temperature. Convert-
ing 1 g of the coldest liquid water to ice requires the loss of 80 calo-
ries of heat energy (Fig. 2.8a). Water holds on to its heat, and its
temperature falls more slowly than that of other liquids. Because
the temperature of water rises and falls slowly, we are better able to
maintain our normal internal temperature and are protected from
rapid temperature changes.

Water Has a High Heat of Evaporation When water boils, it
evaporates—that is, it vaporizes into the environment. Converting
1 g of the hottest water to a gas requires an input of 540 calories of
energy. Water has a high heat of evaporation, because hydrogen
bonds must be broken before water boils. Water’s high heat of va-
porization gives our bodies an efficient way to release excess body
heat in a hot environment. When we sweat, or get splashed with
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a. Calories lost when 1 g of liquid water freezes and calories required when

1g of liquid water evaporates.

Figure 2.8 Temperature and water.

b. Water’s high heat of evaporation is useful for
cooling the body.

a. The high heat capacity of water resists a change from a liquid to a gaseous state. If water were a gas at a lower temperature, life could not exist.
b. Body heat vaporizes sweat. In this way, bodies cool when the temperature rises.

(b): © Clerkenwell/Getty RF
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water, body heat is used to vaporize the water, thus cooling us
down (Fig. 2.8b). Because of water’s high heat of vaporization and
its ability to hold on to its heat, temperatures along the coasts are
moderate. During the summer, the ocean absorbs and stores solar
heat, and during the winter, the ocean releases it slowly. In con-
trast, the interior regions of continents experience abrupt changes
in temperatures.

Water Is a Solvent Due to its polarity, water facilitates chemi-
cal reactions, both outside and within living systems. As a solvent,
it dissolves a great number of substances, especially those that, like
water, are polar. A solution contains dissolved substances, which
are then called solutes. When ionic compounds—for example, so-
dium chloride (NaCl)—are put into water, the negative ends of the
water molecules are attracted to the sodium ions, and the positive
ends of the water molecules are attracted to the chloride ions. This
attraction causes the sodium ions and the chloride ions to separate,
or dissociate, in water.
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The salt NaCl
dissolves in water.

Molecules that can attract water are said to be hydrophilic.
When ions and molecules disperse in water, they move about and
collide, allowing reactions to occur. Molecules that cannot attract
water, also known as nonpolar molecules, are said to be hydro-
phobic. Hydrophilic molecules tend to attract other polar mole-
cules; similarly, hydrophobic substances usually associate with
other nonpolar molecules. Many oils, such as vegetable oils, are
nonpolar, and therefore hydrophobic. This is why oil does not mix
well with water.

Water Molecules Are Cohesive and Adhesive Cohesion re-
fers to the ability of water molecules to cling to each other. This is
due to the hydrogen bonds between water molecules. At any mo-
ment in time, a water molecule can form hydrogen bonds with at
most four other water molecules. Because of cohesion, water exists
as a liquid under the conditions of temperature and pressure pres-
ent at the Earth’s surface. The strong cohesion of water molecules
is apparent, because water flows freely, yet water molecules do not
separate from each other.

Adhesion refers to the ability of water molecules to cling to
a surface. Because water is polar, it is attracted to other polar
surfaces. Many animals, including humans, contain internal ves-
sels in which water assists in the transport of nutrients and wastes,
because the cohesion and adhesion of water allows blood to fill
the tubular vessels of the cardiovascular system. For example, the
liquid portion of our blood, which transports dissolved and sus-
pended substances about the body, is 92% water. The water in our
blood assists in the transport of nutrients and oxygen to our cells
and in the removal of waste material from the cells.

How do lungs stay open and keep from collapsing?

Our lives depend on water’s cohesive property. A thin film of
water coats the surface of the lungs and the inner chest wall.
This film allows the lungs to stick to the chest wall, keeping the
lungs open, so that we can breathe.

Frozen Water Is Less Dense Than Liquid Water As liquid
water cools, the molecules come closer together. Water is most
dense at 4°C, but the water molecules are still moving about
(Fig. 2.9). At temperatures below 4°C, only vibrational move-
ment occurs, and hydrogen bonding becomes more rigid but also
more open. This means that water expands as it reaches 0°C and
freezes, which is why cans of soda burst when placed in a freezer
and why frost heaves make northern roads bumpy in the winter.
It also means that ice is less dense than liquid water, and there-
fore ice floats on liquid water.

This property of water plays an important role in many aquatic
ecosystems. If ice did not float on water, it would sink to the bot-
tom, and ponds, lakes, and perhaps even the ocean would freeze
solid, making life impossible in the water as well as on land. In-
stead, bodies of water always freeze from the top down. When a
body of water freezes on the surface, the ice acts as an insulator to
prevent the water below it from freezing. This allows aquatic or-
ganisms to survive the winter. As ice melts in the spring, it draws
heat from the environment, helping prevent a sudden change in
temperature that might be harmful to life.

ice lattice

liquid water 3

Density (g/cm3)
-

0.9

T T 7 / T
0 4 100
Temperature (°C)

Figure 2.9 Ice is less dense than water.
Ice is less dense than water, because the hydrogen bonds in ice are
farther apart than the hydrogen bonds of liquid water.



Acids and Bases

When water molecules dissociate (break up), they release an equal
number of hydrogen ions (H") and hydroxide ions (OH"):

H—O—H <——>= H+ aF OH~-
water hydrogen hydroxide
ion ion

Only a few water molecules at a time dissociate, and the actual
number of H" or OH™ is 107" moles/liter. A mole is a unit of sci-
entific measurement for atoms, ions, and molecules.

Acidic Solutions (High H® Concentrations)

Lemon juice, vinegar, tomatoes, and coffee are all acidic solutions.
What do they have in common? Acids are substances that dissoci-
ate in water, releasing hydrogen ions (H"). The acidity of a sub-
stance depends on how fully it dissociates in water. For example,
an important inorganic acid is hydrochloric acid (HCI), which dis-
sociates in this manner:

HCl — H + CI~

If hydrochloric acid is added to a beaker of water, the number of
hydrogen ions (H") increases greatly. In our bodies, hydrochloric
acid is produced by the stomach and aids in food digestion.

Basic Solutions (Low H* Concentrations)

Milk of magnesia and ammonia are commonly known basic sub-
stances. Bases are substances that either take up hydrogen ions
(H") or release hydroxide ions (OH™). For example, an important
base is sodium hydroxide (NaOH), which dissociates almost com-
pletely in this manner:

NaOH — Na* + OH™

If sodium hydroxide is added to a beaker of water, the number of
hydroxide ions increases. Sodium hydroxide (also called lye) is
contained in many drain-cleaning products.

Some acids and bases are strong, meaning that they donate a
large number of H* or OH™ ions. You should not taste strong acids
or bases, because they are destructive to cells. Many household
cleansers, such as ammonia or bleach, have poison symbols and
carry an important warning not to ingest the product.

pH Scale

The pH scale is used to indicate the acidity or basicity (alkalinity) of
a solution. The pH scale (Fig. 2.10) ranges from O to 14. A pH of 7
represents a neutral state in which the hydrogen ion and hydroxide
ion concentrations are equal. A pH below 7 is an acidic solution, be-
cause the hydrogen ion concentration is greater than the hydroxide
concentration. A pH above 7 is basic, because the [OH ] is greater
than the [H]. Further, as we move down the pH scale from pH 14 to
pH 0, each unit is 10 times more acidic than the previous unit." As we

'pH is defined as the negative log of the hydrogen ion concentration [H'].
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H* lon
Concentration pH Value Examples
100 hydrochloric acid
10-!
0 02 — —— stomach acid, lemon juice
% 41073 3 vinegar, cola, beer
© 104 4 tomatoes
103 5 black coffee
106 —— 6 ———— urine
107 7 pure water
[10-8 8 seawater
10-° 9 baking soda
1010 —— 10 Great Salt Lake
'z 4101 — 1" household ammonia
<1012 ——F 12
10-13 household bleach
1014 :-: sodium hydroxide

Figure 210 The pH scale.

The pH scale ranges from 0 to 14, with O being the most acidic and 14
being the most basic. A solution at pH 7 (neutral pH) has equal
amounts of hydrogen ions (H") and hydroxide ions (OH"). An acidic pH
has more H" than OH™ and a basic pH has more OH™ than H". The pH
of familiar solutions can be seen on the scale.

move up the scale from 0 to 14, each unit is 10 times more basic than
the previous unit. Therefore, pH 5 is 100 times more acidic than pH
7 and 100 times more basic than pH 3.

The pH scale was devised to eliminate the use of cumber-
some numbers. For example, the possible hydrogen ion concen-
trations of a solution are on the left of this listing and the pH is
on the right:

[HY] pH

(moles per liter)
0.000001 = 1 x 10°® 6
0.0000001 = 1 x 1077 7
0.00000001 = 1 x 108 8

Buffers

From organisms to ecosystems, pH needs to be maintained within
a narrow range to prevent negative consequences. Normally pH
stability is possible because the body and the environment have
buffers to prevent pH changes. At the ecosystem level, a problem
arises when precipitation in the form of rain or snow becomes so
acidic that the environment runs out of natural buffers in the soil
and water. Rain normally has a pH of about 5.7. However, in some
regions, such as the Appalachian Mountains, rain with a pH of 2.6
has been recorded. Why is the pH of the rain so low? Rain be-
comes acidic because the burning of fossil fuels emits sulfur diox-
ides (SO,) and nitrogen oxides (NO,) into the atmosphere. They
combine with water to produce sulfuric acid (H,SO,4) and nitric
acid (HNO;). Acid deposition destroys statues and kills forests
(see Section 24.3). It also leads to fish kills in lakes and streams.
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Buffers help keep the pH within normal limits, because they
are chemicals or combinations of chemicals that take up excess
hydrogen ions (H") or hydroxide ions (OH"). For example, car-
bonic acid (H,CO;) is a weak acid that minimally dissociates and
then re-forms in the following manner:

H,CO4 dissociates H* + HCO3~
q —_—> q
carbonic -~ hydrogen bicarbonate
acid re-forms jon ion

The pH of our blood when we are healthy is always about 7.4—
just slightly basic (alkaline). Blood always contains a combination
of some carbonic acid and some bicarbonate ions. When hydrogen
ions (H*) are added to blood, the following reaction occurs:

H+ aF HCO3_—) H2C03

When hydroxide ions (OH") are added to blood, this reaction
occurs:

OH™ + H,CO; —> HCO;™ + H,0

These reactions prevent any significant change in blood pH.

CHECK YOUR PROGRESS 2.

1. List the characteristics of water and explain how hydrogen
bonds contribute to these properties.

2. Explain the difference between a solution with a pH of 5
and a solution with a pH of 3.

3. Contrast the hydrogen ion concentrations of acids and
bases.

CONNECTING THE CONCEPTS

The properties of water play an important role in human physiol-
ogy and the maintenance of homeostasis. For a few examples,
refer to the following discussions:

Section 5.6 provides a description of how the body moves
nutrients using the circulatory system.

Section 10.6 explores how the respiratory system helps
regulate the pH of the blood.

Section 11.4 examines how the kidneys maintain water and
pH homeostasis in the body.

2.3 Molecules of Life

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. List the four classes of organic molecules that are found in
cells.

2. Describe the processes by which the organic molecules
are assembled and disassembled.

e o ()

dehydration
reaction

‘ H subunit H subunit H ]
‘ ]—[ subunit H subunit H ’

/\%!

hydrolysis
reaction

‘ H subunit H subunit H ]

b.

H,0

Figure 2.11 The breakdown and synthesis of
macromolecules.

a. Subunits bond in a dehydration reaction. Water is given off and a
macromolecule forms. b. In the reverse reaction, macromolecules are
divided into subunits by hydrolysis.

Four categories of organic molecules—carbohydrates, lipids,
proteins, and nucleic acids—are unique to cells. In biology, “or-
ganic” doesn’t refer to how food is grown; it refers to a molecule
that contains carbon (C) and hydrogen (H) and is usually associ-
ated with living organisms.

Each type of organic molecule in cells is composed of sub-
units. When a cell constructs a macromolecule, a molecule that
contains many subunits, it uses a dehydration reaction, a type of
synthesis reaction. During a dehydration reaction, a —OH (hy-
droxyl group) and a —H (hydrogen atom), the equivalent of a wa-
ter molecule, are removed as the molecule forms (Fig. 2.11a). The
reaction is reminiscent of a train whose length is determined by
how many boxcars it has hitched together. To break down macro-
molecules, the cell uses a hydrolysis reaction in which the com-
ponents of water are added during the breaking of the bond between
the molecules (Fig. 2.11b).

CHECK YOUR PROGRESS 2:

1. Explain the difference between an organic and an
inorganic molecule.

2. List the four classes of organic molecules and provide a
brief function of each.

3. Distinguish between a dehydration reaction and a
hydrolysis reaction.



CONNECTING THE CONCEPTS

The organic nutrients not only play an important role in the
building of cells but also serve as sources of energy. For more
information, refer to the following discussions:

Section 3.6 explains how the body uses organic nutrients as
energy sources.

Sections 9.1-9.4 explore how the digestive system processes
organic nutrients and prepares them for transport.

2.4 Carbohydrates

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Summarize the basic chemical properties of a
carbohydrate.

2. State the roles of carbohydrates in human physiology.

3. Compare the structures of simple and complex
carbohydrates.

4. Explain the importance of fiber in the diet.

Carbohydrates are almost universally used as an energy
source for living organisms, including humans. In some organ-
isms, such as plants and bacteria, carbohydrates have a structural
function. Carbohydrate molecules all have carbon, hydrogen, and
oxygen atoms grouped H—C—OH, which is why they are often
abbreviated as CHO. The ratio of hydrogen atoms (H) to oxygen
atoms (O) is approximately 2:1. This ratio is the same as the ratio
in water (hydros in Greek means “water,” so the name “hydrates of
carbon” seems appropriate).

Simple Carbohydrates: Monosaccharides

Monosaccharides (mono, one; saccharide, sugar) consist of only
a single sugar molecule and are commonly called simple sugars. A
monosaccharide can have a carbon backbone of three to seven
carbons. For example, pentoses are monosaccharides with five car-
bons, and hexoses are monosaccharides with six carbons. The most
common monosaccharide, and the one that our bodies use as an

CH,0H CH,OH
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immediate source of energy, is the hexose glucose. There are several
different ways a glucose molecule may be presented in a diagram:

5 CH,0H CH,OH
HS $_O\H H H ©
N

4 1

4 SE— / [

HO ¢ OH  HO OH

H OH H OH
CsH1206

Other common hexoses are fructose, found in fruits, and ga-
lactose, which is found in milk. Monosaccharides are the mono-
mers that are used to build longer carbohydrate chains.

Disaccharides

A disaccharide (di, “two”; saccharide, “sugar”) is made by joining
only two monosaccharides together by a dehydration reaction.
Maltose is a disaccharide formed by a dehydration reaction between
two glucose molecules (Fig. 2.12). When our hydrolytic digestive
juices break down maltose, the result is two glucose molecules.

When glucose and fructose join, the disaccharide sucrose
forms. Sucrose, ordinarily derived from sugarcane and sugar beets,
is commonly known as table sugar. You may also have heard of
lactose, a disaccharide found in milk. Lactose is glucose combined
with galactose. Some people are lactose intolerant because they
cannot break down lactose. This leads to unpleasant gastrointesti-
nal symptoms when they consume dairy products.

Complex Carbohydrates: Polysaccharides

Long polymers such as starch, glycogen, and cellulose are poly-
saccharides (poly, many) that contain long chains of glucose sub-
units. Due to their length, they are sometimes referred to as
complex carbohydrates.

The polysaccharides starch and glycogen are long polymers of
glucose that are found in plants and animals, respectively. These
chains may vary in length, but may contain several thousand glu-
cose molecules. Both starch and glycogen are used to store glucose
to meet the energy needs of the cell.

CH,OH CH,0H

(0] (0]

dehydration reaction

0 + H0

OH HO

glucose C¢H{,0¢ glucose C¢H;,04

hydrolysis reaction

maltose C,H,,0; water

monosaccharide ar monosaccharide

disaccharide +  water

Figure 212 The synthesis and breakdown of a dissacharide.

Maltose, a dissacharide, is formed by a dehydration reaction between two glucose molecules. The breakdown of maltose occurs following a

hydrolysis reaction and the addition of water.
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starch
granule

cell wall

potato cells

Figure 213 Starch is a plant complex carbohydrate.
Starch has straight chains of glucose molecules. Some chains are also
branched, as indicated. The electron micrograph shows starch
granules in potato cells.

© Jeremy Burgess/SPL/Science Source

Starch and glycogen have slightly different structures. Starch
(Fig. 2.13) has fewer side branches, or chains, than does glycogen
(Fig. 2.14).

Because starches are the storage form of carbohydrates in
plants, we typically find them in roots (such as potatoes) and in
seeds, such as wheat.

After we eat these starchy foods, the digestive system
breaks down the starch into glucose, which then enters the
bloodstream. The release of the hormone insulin from the pan-
creas promotes the storage of glucose as glycogen in the liver
(and to a lesser extent, in muscle tissue). In between eating, the
hormone glycogen instructs the liver to release glucose; this
maintains the normal blood glucose concentration at about
0.1%. We will explore glucose homeostasis when we discuss
the pancreas in Section 16.5.

The polysaccharide cellulose, commonly called fiber, is found
in plant cell walls. In cellulose, the glucose units are joined by a
slightly different type of linkage than that in starch or glycogen
(Fig. 2.15). Though this might seem to be a technicality, it is im-
portant, because we are unable to digest foods containing this type
of linkage; therefore, cellulose largely passes through our digestive
tract as fiber, or roughage. The Health feature “Fiber in the Diet”
examines the health benefits of fiber.

H AT 2 H
H ) 0
07\ H o}
H H
. (]
H " OH

glycogen
granule

liver cells

Figure 2.14 Glycogen is an animal complex carbohydrate.
Glycogen is more branched than starch. The electron micrograph
shows glycogen granules in liver cells.

© Don W. Fawcett/Science Source
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Figure 2.15 Fiber is a plant complex carbohydrate.

Unlike starch, fiber does not supply us with energy. This is because of
the arrangements of the chemical bonds in the fiber chains. However,
fiber is an important component of our diet and helps keep our
digestive system healthy.

photo: © Scimat/Science Source
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Fiber in the Diet

Fiber, also called roughage, is mainly composed of the undigested
carbohydrates that pass through the digestive system. Most fiber is
derived from the structural carbohydrates of plants. This includes
such material as cellulose, pectins, and lignin. Fiber is not truly a
nutrient, because we do not use it directly for energy or cell build-
ing, but it is an extremely important component of our diet. Fiber
adds bulk to material in the intestine, keeping the colon function-
ing normally, and it binds many types of harmful chemicals in the
diet, including cholesterol, and prevents them from being
absorbed.

There are two basic types of fiber—insoluble and soluble.
Soluble fiber dissolves in water and acts in the binding of choles-
terol. Soluble fiber is found in many fruits, as well as oat grains.

CHECK YOUR PROGRESS 2.4

1. Explain the differences between a monosaccharide, a
disaccharide, and a polysaccharide, and give an example
of each.

2. Describe the difference in structure between a simple
carbohydrate and the complex carbohydrates.

3. Explain why some complex carbohydrates can be used
for energy but others cannot.

CONNECTING THE CONCEPTS

In humans, carbohydrates primarily serve as energy molecules,
although fiber does act to ensure the health of the digestive
system. For more information on the interaction of the human
body with carbohydrates, refer to the following discussions:
Section 3.6 explores the use of carbohydrates for energy at
the cellular level.

Section 9.3 examines how the digestive system processes
carbohydrates.

Section 9.6 explains how fiber promotes the health of the
digestive system.

2.5 Lipids
LEARNING OUTCOMES B

Upon completion of this section, you should be able to

1. Compare the structures of fats, phospholipids, and steroids.
2. State the function of each class of lipids.

Lipids are diverse in structure and function, but they have a common
characteristic: They do not dissolve in water. Their low solubility in
water is due to an absence of hydrophilic polar groups. They contain
little oxygen and consist mostly of carbon and hydrogen atoms.
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F5) Health

Insoluble fiber provides bulk to the fecal material and is found in
bran, nuts, seeds, and whole-wheat foods.

An adult male should consume around 38 g per day of fiber;
an average adult female, approximately 25 g per day. One serving
of whole-grain bread (one slice) provides about 3 g of fiber, and a
single serving of beans (1/2 cup) contains 4-5 g of fiber. A diet
high in fiber has been shown to reduce the risk of cardiovascular
disease, diabetes, colon cancer, and diverticulosis.

Questions to Consider

1. How might a diet that is high in fiber also prevent a person
from overeating?
2. Why would you want to vary the types of fiber in your diet?

Lipids contain more energy per gram than other biological
molecules; therefore, fats in animals and oils in plants function
well as energy storage molecules. Others (phospholipids) form a
membrane so that the cell is separated from its environment and
has inner compartments as well. Steroids are a large class of lipids
that includes, among other molecules, the sex hormones.

Triglycerides: Fats and Oils

The most familiar lipids are called the triglycerides. You may com-
monly know these as fats and oils. Fats, usually of animal origin
(e.g., lard and butter), are solid at room temperature. Qils, usually
of plant origin (e.g., corn oil and soybean oil), are liquid at room
temperature. The term triglyceride refers to the three-part structure
of the molecule. Triglycerides are formed when one glycerol mol-
ecule reacts with three fatty acid molecules (Fig. 2.16) using a de-
hydration synthesis reaction.

Triglycerides have several functions in the body. They are
used for long-term energy storage, insulate against heat loss, and
form a protective cushion around major organs.

Because triglycerides are hydrophobic, they do not readily
interact with the water environment of our cells and bodies. Emul-
sifiers can cause triglycerides to mix with water. They contain
molecules with a nonpolar end and a polar end. The molecules
position themselves about an oil droplet, so that their polar ends
project outward. The droplet disperses in water, which means that
emulsification has occurred. In our bodies, emulsification occurs
during the digestion of fatty foods. To assist in the breakdown of
triglycerides, the liver manufactures bile. Bile is stored by the gall-
bladder and released into the small intestine following a meal. Bile
emulsifies the triglycerides in the food, allowing greater access by
the digestive enzymes.

Waxes are molecules made up of one fatty acid combined with
another single organic molecule, usually an alcohol (chemists refer
to “alcohols” as an entire group of molecules that includes drink-
ing alcohol and rubbing alcohol). Waxes prevent loss of moisture
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Figure 2.16 Structure of a triglyceride.

Triglycerides are formed when three fatty acids combine with glycerol by dehydration synthesis reactions. The reverse reaction starts the digestion

of fat; hydrolysis introduces water, and fatty acid—glycerol bonds are broken.

from body surfaces. Cerumen, or ear wax, is a very thick wax
produced by glands lining the outer ear canal (see Section 15.5). It
protects the ear canal from irritation and infection by trapping parti-
cles, bacteria, and viruses. When ear wax is completely washed away
by swimming or diving, the result is a painful “swimmer’s ear.”

Saturated, Unsaturated, and Trans Fatty Acids

A fatty acid is a carbon-hydrogen chain that ends with the acidic
group —COOH (Fig. 2.16, fop). Most of the fatty acids in cells
contain 16 or 18 carbon atoms per molecule, although smaller ones
with fewer carbons are also known. Fatty acids are either saturated
or unsaturated. Saturated fatty acids have no double bonds be-
tween the carbon atoms. The chain is saturated, so to speak, with
all the hydrogens it can hold. Unsaturated fatty acids have double
bonds in the carbon chain wherever the number of hydrogens is
less than two per carbon (Fig. 2.17).

In general, oils, present in cooking oils and bottle marga-
rines, are liquids at room temperature, because the presence of a
double bond creates a bend in the fatty acid chain. Such kinks
prevent close packing between the hydrocarbon chains and ac-
count for the fluidity of oils. On the other hand, butter, which
contains saturated fatty acids and no double bonds, is a solid at
room temperature.

H H IiI III H
= —c—c- —e=c-
Hon "
Unsaturated cis fats Saturated Unsaturated trans fats
(oils) (butter) (hydrogenated oils)

Figure 217 Comparison of saturated, unsaturated, and
trans fats.

Saturated fats have no double bonds between carbons in the fatty
acid. Unsaturated fats have one or more double bonds in the fatty acid.
For a fat to be a trans fat, the hydrogens need to be on opposite sides
of the carbon-carbon double bond.

Saturated fats, in particular, contribute to the disease atheroscle-
rosis. Atherosclerosis is caused by the formation of lesions, or athero-
sclerotic plaques, on the inside of blood vessels. The plaques narrow
blood vessel diameter, choking off the blood and oxygen supply to
tissues. Atherosclerosis is the primary cause of cardiovascular disease
(heart attack and stroke) in the United States. Even more harmful than
naturally occurring saturated fats are the trans fats (frans in Latin
means “across”) (Fig. 2.17) that are created artificially from vegetable
oils. Trans fats may be partially hydrogenated to make them semisolid.
Complete hydrogenation of oils causes all double bonds to become
saturated. Partial hydrogenation does not saturate all bonds. It recon-
figures some double bonds, but some of the hydrogen atoms end up on
different sides of the chain. This configuration makes these bonds dif-
ficult to break, allowing these trans fats to accumulate in the circula-
tory system. Trans fats are found in shortenings, solid margarines, and
many processed foods (snack foods, baked goods, and fried foods).

Current dietary guidelines from the American Heart Associa-
tion (AHA) advise replacing trans fats with unsaturated oils. In
particular, monounsaturated oils (such as olive oil, with one dou-
ble bond in the carbon chain) are recommended. Polyunsaturated
oils (many double bonds in the carbon chain), such as corn oil,
canola oil, and safflower oil, also fit in the AHA guidelines.

Dietary Fat

For good health, the diet should include some fat; however, for the
reasons stated, the first thing to do when looking at a nutrition la-
bel is to check the total amount of fat per serving. Historically, the
total recommended amount of fat in a 2,000-calorie diet was set at
65 grams. That information resulted in the % Daily Value (DV)
given in the sample nutrition label for macaroni and cheese in
Figure 2.18. However, in 2015 these upper limits on fats in the diet
were dropped as research indicated that what was important was
not the total amount of fat in the diet but instead the types of fat in
the diet (see the Health feature “The Omega-3 Fatty Acids”). Be-
cause of this, consumers will start to see changes in their food la-
bels and recommended dietary intakes over the next few years.



Nutrition Facts
Serving Size 1 cup (2289)
Servings Per Container 2
Start here. Amount Per Serving
Calories 250 Calories from Fat 110
% Daily Value
Total Fat 12g 18%
Saturated Fat 3g 15%
Limit these Trans Fat 1.5g
nutrients. Cholesterol 30mg 10%
Sodium 470mg 20%
Total Carbohydrate 31g 10%
Dietary Fiber Og 0%
Sugars 59
Get enough ProteinSg—
of these Vitamin A 4%
nutrients. Vitamin C 2%
Calcium 20%
Iron 4%

Figure 218 Understanding a food label.

Food labels provide some important information about the product.
Each of the items listed on the label is referenced to the % Daily Value,
which is based on a 2,000-calorie diet. In general, total fat, cholesterol,
and sodium should be limited in the diet.

Phospholipids

Phospholipids have a phosphate group (Fig. 2.19). They are con-
structed like fats, except that in place of the third fatty acid, there is a
phosphate group or a grouping that contains both phosphate and nitro-
gen. These molecules are not electrically neutral, as are fats, because
the phosphate and nitrogen-containing groups are ionized. They form
the polar (hydrophilic) head of the molecule, and the rest of the mole-
cule becomes the nonpolar (hydrophobic) tails. (Remember that iydro-
philic means “water-loving” and hydrophobic is “‘water-fearing.”)

BIOLOGY TODAY

The Omega-3 Fatty Acids

Not all triglycerides are bad. In fact, some contain fatty acid chains that
are essential to our health. A special class of unsaturated fatty acids, the
omega-3 fatty acids, is considered both an essential and a developmen-
tally important nutrient. The name omega-3 (also called n-3 fatty acids)
is derived from the location of the double bond in the carbon chain.
The three important omega-3 fatty acids are linolenic acid
(ALA), docosahexaenoic acid (DHA), and eicosapentaenoic acid
(EPA). Omega-3 fatty acids are a major component of the fatty
acids in the brain, and adequate amounts of them appear to be im-
portant in children and young adults. A diet that is rich in these
fatty acids also offers protection against cardiovascular disease,
and research is ongoing with regard to other health benefits. DHA
may reduce the risk of Alzheimer disease. DHA and EPA may be

hydrophilic
polar head

hydrophobic —
nonpolar tail
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outside cell

a. Phospholipid structure b. Membrane structure

Figure 2.19 Structure of a phospholipid.

a. Phospholipids are structured like fats with one fatty acid replaced by
a polar phosphate group. Therefore, the head is hydrophilic polar,
whereas the tails are hydrophobic nonpolar. b. This causes the
molecules to arrange themselves in a “sandwich” arrangement when
exposed to water—polar phosphate groups on the outside of the layer,
nonpolar lipid tails on the inside of the layer.

Phospholipids are the primary components of the plasma
membranes in cells. In a water environment, they spontaneously
form a bilayer (a sort of molecular “sandwich”) in which the hy-
drophilic heads (the sandwich “bread”) face outward toward wa-
tery solutions, and the tails (the sandwich “filling”) form the
hydrophobic interior (Fig. 2.19b).

) _

manufactured from APA in small amounts within our bodies. Some
of the best sources of omega-3 fatty acids are cold-water fish, such
as salmon and sardines. Flax oil, also called linseed oil, is an excel-
lent plant-based source of omega-3 fatty acids.

Although the fatty acids are an important component of the
diet, nutritionists warn not to overdo it with excessive supplements,
as the omega-3s may cause health issues when taken in large doses.

Questions to Consider

1. Why might a diet high in omega-3 fatty acids also be low in
cholesterol?

2. Why would omega-3 fatty acids reduce the risk of cardiovas-
cular disease?
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A

Good and Bad Cholesterol

Blood tests to analyze your lipid profile are part of many annual
medical exams. Suppose that after your annual exam, your doctor
tells you that your total cholesterol is 210, your HDL value is low
(34), and your LDL value is high (110). You know that you need to
get your total cholesterol below 200, the threshold of a healthy diet;
but like most people, you have no idea what the other two numbers
mean. Then you remember that LDL is commonly referred to as
“bad” cholesterol, and HDL is called the “good” cholesterol. In
actuality, these molecules are not forms of cholesterol; they are
types of proteins. The lipoproteins in the body serve as a form of fat
and cholesterol carrier, moving these nutrients around as needed.
An LDL is a lipoprotein that is full of triglycerides and cholesterol,
whereas an HDL is basically empty. Thus, a high LDL value indi-
cates that your carriers are usually full, meaning that your diet must

Steroids

Steroids are lipids that have an entirely different structure from those
of fats. Steroid molecules have a backbone of four fused carbon rings.
Each one differs primarily in the functional groups attached to the
rings. One example of a steroid is cholesterol. Cholesterol is a com-
ponent of an animal cell’s plasma membrane and is the precursor of
several other steroids, such as the sex hormones estrogen and testos-
terone. The liver usually makes all the cholesterol the body needs.
While there are no “good” and “bad” forms of cholesterol (see the
Health feature “Good and Bad Cholesterol”), dietary sources should
be restricted, because elevated levels of cholesterol, saturated fats,
and trans fats are linked to atherosclerosis.

The male sex hormone testosterone is formed primarily in the
testes; the female sex hormone estrogen is formed primarily in the
ovaries. Testosterone and estrogen differ only by the functional groups
attached to the same carbon backbone. However, they have a profound
effect on the body and the sexuality of humans and other animals
(Fig. 2.20). The taking of anabolic steroids, usually to build muscle
strength, is illegal because the side effects are harmful to the body.

CHECK YOUR PROGRESS 2.5

1. State the function of triglycerides in the human body.
2. List the uses of phospholipids and steroids in the body.
3. Summarize why not all lipids should be avoided in the diet.

CONNECTING THE CONCEPTS

Fats and lipids have a variety of uses in the human body. To see
how they interact with the systems of the body, refer to the fol-
lowing discussions:

Section 5.7 provides more information on atherosclerosis.
Section 9.3 explores the digestion and absorption of fats.

Section 16.1 examines how some lipids act as hormones in
the body.

be providing too many of these nutrients. After additional research,
you find out that other factors, such as the amount of dietary fiber,
daily exercise, and even genetics, can play a role in regulating
“good” and “bad” levels of these lipoproteins. Furthermore, the
numbers that the doctor gave you were actually concentrations of
these molecules in your blood (in milligrams per deciliter, or
mg/dl). In today’s world, it is important that we all understand the
terminology associated with our own medical history.

Questions to Consider

1. Why might physicians resort to calling HDLs and LDLs
“good” and “bad”?
2. Why would a high HDL level result in a low LDL level?

HO

a. Cholesterol

O HO

b. Testosterone c. Estrogen

Figure 2.20 Examples of steroids.

a. All steroids are made from cholesterol and have four carbon rings.
Compare the structures of (b) testosterone and (c) estrogen, and notice
the slight changes in their attached groups (shown in blue).

(photos b, ¢): © Purestock/Superstock RF



2.6 Proteins

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Describe the structure of an amino acid.
2. Explain how amino acids are combined to form proteins.
3. Summarize the four levels of protein structure.

Proteins are of primary importance in the structure and function of
cells. Some of their many functions in humans include:

Support: Some proteins are structural proteins. Keratin, for ex-
ample, makes up hair and nails. Collagen lends support to
ligaments, tendons, and skin.

Enzymes: Enzymes bring reactants together and thereby speed
chemical reactions in cells. They are specific for one par-
ticular type of reaction and only function at body
temperature.

Transport: Channel and carrier proteins in the plasma mem-
brane allow substances to enter and exit cells. Some other
proteins transport molecules in the blood of animals; hemo-
globin in red blood cells is a complex protein that transports
oxygen.

Defense: Antibodies are proteins. They combine with foreign sub-
stances, called antigens. In this way, they prevent antigens
from destroying cells and upsetting homeostasis.

Hormones: Hormones are regulatory proteins. They serve as in-
tercellular messengers that influence the metabolism of cells.
The hormone insulin regulates the content of glucose in the
blood and in cells. The presence of growth hormone deter-
mines the height of an individual.

Motion: The contractile proteins actin and myosin allow parts
of cells to move and cause muscles to contract. Muscle
contraction facilitates the movement of animals from place
to place.

The structures and functions of vertebrate cells and tissues
differ according to the type of proteins they contain. For example,
muscle cells contain actin and myosin, red blood cells contain he-
moglobin, and support tissues contain collagen.

Amino Acids: Subunits of Proteins

Proteins are macromolecules with amino acid subunits
(Fig. 2.21a). The central carbon atom in an amino acid bonds to a
hydrogen atom and to three other groups of atoms. The name
amino acid is appropriate because one of these groups is an —NH,
(amino group) and another is a —COOH (carboxyl group, an
acid). The third group is the R group for an amino acid.

Amino acids differ according to their particular R group. The
R groups range in complexity from a single hydrogen atom to a
complicated ring compound. Some R groups are polar and some
are not. Also, the amino acid cysteine ends with an —SH group,
which often connects one chain of amino acids to another by a di-
sulfide bond, —S—S—. Several amino acids commonly found in
cells are shown in Figure 2.21b.
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b. Examples of amino acids

Figure 2.21 The structure of amino acids.

a. Amino acids all have an amine group (H3N"), an acid group (COO"),
and an R group, all attached to the central carbon atom. b. The R
groups (screened in blue) are all different. Some R groups are nonpolar
and hydrophobic; others are polar and hydrophilic. Still others are polar
and charged (ionized).

Peptides

Figure 2.22 shows how two amino acids join by a dehydration re-
action between the carboxyl group of one and the amino group of
another. The covalent bond between two amino acids is called a
peptide bond. When three or more amino acids are linked by pep-
tide bonds, the chain that results is called a polypeptide.

The atoms associated with the peptide bond share the electrons
unevenly, because oxygen attracts electrons more than nitrogen.
Therefore, the hydrogen attached to the nitrogen has a slightly positive
charge (8"), whereas the oxygen has a slightly negative charge (57):

5 :
(0 peptide
[ l bond
& = slightly negative I!Is+
8" = slightly positive
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amino group acidic group peptide bond

H H R (0]
| | //O | | /OH dehydration reaction | | || | /OH

H—N—C—C + N—C—C H—N—C—C—N—C—C + H,0

[N SN | N
OH H H 0 hydrolysis reaction R H H (0]
. . . . water

amino acid amino acid dipeptide

Figure 2.22 Synthesis and breakdown of a protein.

Amino acids join by peptide bonds using a dehydration reaction, and a water molecule is given off. In the reverse reaction, peptide bonds are broken

by hydrolysis, and a water molecule is produced.

Shape of Proteins

Proteins cannot function unless they have a specific shape. When
proteins are exposed to extremes in heat and pH, they undergo an
irreversible change in shape called denaturation. For example,
you may be aware that the addition of vinegar (an acid) to milk
causes curdling. This is due to a change in pH. Similarly, heating
causes coagulation of egg whites, which contain a protein called
albumin. Denaturation occurs because the normal bonding be-
tween the R groups has been disturbed. Once a protein loses its
normal shape, it is no longer able to perform its usual function.
Researchers recognize that a change in protein shape is responsible
for diseases such as Alzheimer disease and Creutzfeldt—Jakob dis-
ease (the human form of mad cow disease).

Levels of Protein Organization

The structure of a protein has at least three levels of organization
but can have four levels (Fig. 2.23). The first level, called the pri-
mary structure, is the linear sequence of the amino acids joined by
peptide bonds. Each particular polypeptide has its own sequence of
amino acids.

The secondary structure of a protein comes about when the
polypeptide takes on a certain orientation in space. Hydrogen
bonding is possible between the C=O0 of one amino acid and the
N—H of another amino acid in a polypeptide. Coiling of the chain
results in an o (alpha) helix, or a right-handed spiral, and a folding
of the chain results in a f (beta) pleated sheet. Hydrogen bonding
between peptide bonds holds the shape in place.

The tertiary structure of a protein is its final, three-dimensional
shape. In enzymes, the polypeptide bends and twists in different
ways. In most enzymes, the hydrophobic portions are packed on
the inside and the hydrophilic portions are on the outside, where
they can make contact with water. The tertiary structure of the
enzymes determines the types of molecules with which they will
interact. The tertiary shape of a polypeptide is maintained by vari-
ous types of bonding between the R groups; covalent, ionic, and
hydrogen bonding all occur.

Some proteins have only one polypeptide; others have more
than one polypeptide, each with its own primary, secondary, and
tertiary structures. These separate polypeptides are arranged to
give these proteins a fourth level of structure, termed the quater-
nary structure. Hemoglobin is a complex protein having a quater-
nary structure; many enzymes also have a quaternary structure.
Each of four polypeptides in hemoglobin is tightly associated with

Primary Structure:
sequence of amino acids

HiN*~@

Secondary Structure:
alpha helix or a pleated sheet

hydrogen bond

f (beta) sheet =
pleated sheet

Tertiary Structure:
final shape of polypeptide

Quaternary Structure:
two or more associated
polypeptides

Figure 2.23 Levels of protein structure.

The structures of proteins can differ significantly. Primary structure, the
sequence of amino acids, determines secondary and tertiary structure.
Quaternary structure is created by assembling smaller proteins into a
large structure.



a nonprotein heme group. A heme group contains an iron (Fe)
atom that binds to oxygen; in that way, hemoglobin transports O,
to the tissues.

CHECK YOUR PROGRESS 2:

1. Describe the major functions of proteins.
2. Explain the structure of an amino acid.

3. List the four levels of protein structure and briefly explain
the factors that contribute to each level.

CONNECTING THE CONCEPTS

Almost every function of the body is somehow connected to the
activity of a protein. For more information on these processes,
refer to the following discussions:

Section 8.1 gives more information on how misfolded proteins
may cause disease.

Section 9.3 explains how the digestive system processes
proteins.

Section 14.1 explores how some proteins are used as
neurotransmitters in the nervous system.

Section 22.2 examines the process of protein synthesis in a cell.

2.7 Nucleic Acids

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Explain the differences between RNA and DNA.
2. Summarize the role of ATP in cellular reactions.

Each cell has a storehouse of information that specifies how a cell
should function, respond to the environment, and divide to make
new cells. Nucleic acids, which are polymers of nucleotides,
store information, include instructions for life, and conduct chem-
ical reactions. The general structure of a nucleotide is shown
in Figure. 2.24.

Two types of nucleic acids are important in the storage and
processing of the genetic information. DNA (deoxyribonucleic
acid) is the type of nucleic acid that not only stores information
about how to copy, or replicate, itself but also specifies the order in

nitrogen-
containing

phosphate ' p
i base

5

Nucleotide

sugar

Figure 2.24 Structure of a nucleotide.

Nucleotides contain a nitrogenous base, a 5-carbon sugar, and a
phosphate group. The numbers indicate the locations of the carbon
atoms in the sugar group.
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which amino acids are to be joined to make a protein. RNA (ribo-
nucleic acid) is a diverse type of nucleic acid that has multiple
uses. Messenger RNA (mRNA) is a temporary copy of a gene in
the DNA that specifies what the amino acid sequence will be dur-
ing the process of protein synthesis. Transfer RNA (tRNA) is also
necessary in synthesizing proteins and helps translate the sequence
of nucleic acids in a gene into the correct sequence of amino acid
during protein synthesis. Ribosomal RNA (rRNA) works as an
enzyme to form the peptide bonds between amino acids in a poly-
peptide. A wide range of other RNA molecules also perform im-
portant functions within the cell (see Chapter 22).

Not all nucleotides are made into DNA or RNA polymers.
Some nucleotides are directly involved in metabolic functions in
cells. For example, some are components of coenzymes, nonpro-
tein organic molecules that help regulate enzymatic reactions.
ATP (adenosine triphosphate) is a nucleotide that stores large
amounts of energy needed for synthetic reactions and for various
other energy-requiring processes in cells.

How the Structures of DNA and RNA Differ

Though both DNA and RNA are polymers of nucleotides, there are
some small differences in the types of subunits each contains and
in their final structure. These differences give DNA and RNA their
unique functions in the body.

Nucleotide Structure

Each nucleotide is a molecular complex of three types of subunit
molecules—phosphate (phosphoric acid), a pentose (5-carbon)
sugar, and a nitrogen-containing base.

The nucleotides in DNA contain the sugar deoxyribose, and
the nucleotides in RNA contain the sugar ribose; this difference
accounts for their respective names. There are four different types
of bases in DNA: adenine (A), thymine (T), guanine (G), and
cytosine (C) (Table 2.1). The base can have two rings (adenine or
guanine) or one ring (thymine or cytosine). In RNA, the base
uracil (U) replaces the base thymine. These structures are called
bases because their presence raises the pH of a solution.

DNA and RNA Structure

The nucleotides link to make a polynucleotide called a strand, which
has a backbone made up of phosphate—sugar—phosphate—sugar. The
bases project to one side of the backbone. The nucleotides of a gene
occur in a definite order, and so do the bases. After many years of

Table 2.1 DNA Structure Compared to
RNA Structure
DNA RNA
Sugar Deoxyribose Ribose
Bases Adenine, guanine, Adenine, guanine,
thymine, cytosine uracil, cytosine
Strands Double-stranded with Single-stranded
base pairing
Helix Yes No



38 Unit 1 Human Organization
H\ Hydrogen bond
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a. DNA structure with base pairs: A with T and G with C

Figure 2.25 The structures of DNA and RNA.

b. RNA structure with bases G, U, A, C

a. In DNA, adenine and thymine are a complementary base pair. Note the hydrogen bonds that join them (like the steps in a spiral staircase).
Likewise, guanine and cytosine can pair. b. RNA has uracil instead of thymine, so complementary base pairing isn’t possible.

work, researchers now know the sequence of the bases in human
DNA—the human genome. This breakthrough has already led to
improvements in genetic counseling, gene therapy, and medicines to
treat the causes of many human illnesses.

DNA is double-stranded, with the two strands twisted about
each other in the form of a double helix (see Fig. 2.25a). In DNA
the two strands are held together by hydrogen bonds between the
bases. When coiled, DNA resembles a spiral staircase. When un-
wound, it resembles a stepladder. The uprights (sides) of the ladder
are made entirely of phosphate and sugar molecules, and the rungs
of the ladder exhibit complementary base pairing. Thymine (T)
always pairs with adenine (A), and guanine (G) always pairs with
cytosine (C). Complementary bases have shapes that fit together.

Complementary base pairing allows DNA to replicate in a way
that ensures that the sequence of bases will remain the same. This
is important because it is the sequence of bases that determines the
sequence of amino acids in a protein. RNA is single-stranded.

When RNA forms, complementary base pairing with one DNA
strand passes the correct sequence of bases to RNA (Fig. 2.25b).
RNA is the nucleic acid directly involved in protein synthesis.

ATP: An Energy Carrier

In addition to being the subunits of nucleic acids, nucleotides have
metabolic functions. When adenosine (adenine plus ribose) is
modified by the addition of three phosphate groups instead of one,
it becomes ATP (adenosine triphosphate), which is an energy car-
rier in cells.

Structure of ATP Suits Its Function

ATP is a high-energy molecule, because the last two phosphate
bonds are unstable and easily broken. Usually in cells, the last
phosphate bond is hydrolyzed, leaving the molecule ADP
(adenosine diphosphate) and a molecule of inorganic phosphate
(P (Fig. 2.26). The energy released by ATP breakdown is used by

H,0

PP

adenosine

triphosphate

o)
|
~
+
~

*+ energy

adenosine

diphosphate phosphate

ATP

Figure 2.26 ATP is the universal energy currency of cells.

ADP

ATP is composed of the base adenosine and three phosphate groups (called a triphosphate). When cells need energy, ATP is hydrolyzed (water is
added), forming ADP and ®. Energy is released. To recycle ATP, energy from food is required, and the reverse reaction occurs: ADP and ® join to

form ATP, and water is given off.



the cell to synthesize macromolecules, such as carbohydrates and
proteins. In muscle cells, the energy is used for muscle contrac-
tion; in nerve cells, it is used for the conduction of nerve im-
pulses. After ATP breaks down, it can be recycled by adding ®
to ADP. Notice in Figure 2.26 that an input of energy is required
to re-form ATP.

CHECK YOUR PROGRESS 2.

1. Describe the structure of a nucleotide.

2. Compare the structures of DNA and RNA. What impact do
these differences have on their function?

3. Explain how ATP is used as an energy carrier.

CASE STUDY: CONCLUSION

fter 3 months of work, David felt more prepared for his visit

with his physician. Not only had he made some important
adjustments to his diet by limiting the amount of dietary fat and
watching the cholesterol content of food, but he had also in-
creased his weekly exercise regime. More importantly, he now
had a better understanding of how the chemistry of certain
molecules related to his health. David now recognized that
cholesterol was an important molecule in his body; however,
because it was also hydrophobic, it could cause problems with
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CONNECTING THE CONCEPTS

As the information-carrying and energy molecules of the body,
the nucleic acids play an important role in how our cells, tissues,
and organs function. For more information on this class of mol-
ecules, refer to the following discussions:

Section 3.6 examines the metabolic pathways that generate
ATP in a cell.

Section 22.1 provides a more detailed look at the structure of
DNA and RNA.

Section 22.2 explores how DNA contains the information to
make proteins.

Section 22.3 examines how advances in biotechnology are
giving scientists the ability to manipulate DNA in the laboratory.

his circulatory system. Furthermore, he also understood what
his doctor meant by the terms good and bad cholesterol. Da-
vid’s doctor was actually referring to lipoproteins, a form of
protein that transports lipids and cholesterol in the blood. A
high level of LDL—the “bad cholesterol”—meant that his body
had an excess of fat to be transported, and HDL represented
empty transport proteins. Ideally, low LDL and high HDL values
signify a healthy cardiovascular system and a reduced risk for
a number of diet-related diseases.
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SUMMARIZE

21 From Atoms to Molecules

* Matter is composed of elements; each element is made up of just
one type of atom. Elements are identified by an atomic symbol and
an atomic number, which indicates the number of protons in an
atom of an element. The mass number of an atom is based on the
number of protons and neutrons in the nucleus.

* Electrons orbit the nucleus of an atom in electron shells. An
atom’s chemical properties depend on the number of electrons in its
valence shell.

* Isotopes of an element vary in the number of neutrons. The atomic
mass on the periodic table reflects the average mass of these
isotopes. Radioisotopes are unstable isotopes that are useful in
scientific studies and medicine.

* Atoms may bind with one another to form molecules and
compounds. Ionic bonds are formed between atoms that have
gained or lost electrons to form ions. Covalent bonds are formed
by a sharing of electrons.

2.2 Water and Life

* The properties of water occur because water is a polar compound,
resulting in the formation of hydrogen bonds between water
molecules.

* Water is a liquid, instead of a gas, at room temperature. The energy
needed to change the state of water is called a calorie.

» Water heats and freezes slowly, moderating temperatures and
allowing bodies to cool by vaporizing water.

* Frozen water is less dense than liquid water, so ice floats on water.

¢ Cohesion is the ability of water molecules to attract one another.
Adhesion is the attraction between water molecules and a surface.

e Water is the universal solvent because of its polarity. Polar
hydrophilic molecules interact easily with water. Nonpolar
hydrophobic molecules do not interact well with water.

 pH is determined by the hydrogen ion concentration (H*). Acids
increase H' but decrease the pH of water, and bases decrease H*
but increase the pH of water. The pH scale reflects whether a
solution is acid or basic (alkaline). Buffers help cells and organisms
maintain a constant pH.
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2.3 Molecules of Life

» Carbohydrates, lipids, proteins, and nucleic acids are organic

molecules with specific functions in cells.

* Dehydration reactions form macromolecules from their building

blocks. Hydrolysis reactions break down macromolecules.

g:ﬂ::xies Examples Monomers Functions
CH,OH
0 Immediate
) H / H energy
Monosaccharides, and stored
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group group
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phosphate base
P Storage of
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2.4 Carbohydrates

Carbohydrates are short-term energy storage molecules.

Simple carbohydrates are monosaccharides or disaccharides.
Glucose is a monosaccharide used by cells for quick energy.
Complex carbohydrates are polysaccharides. Starch, glycogen,
and cellulose (fiber) are polysaccharides containing many
glucose units.

Plants store glucose as starch, whereas animals store glucose as
glycogen. Cellulose forms plant cell walls. Cellulose is dietary fiber.
Fiber plays an important role in digestive system health.

2.5 Lipids

Lipids are nonpolar molecules that do not dissolve in water. Fats,
also called triglycerides, and oils are lipids that act as long-term
energy storage molecules.

Fatty acids can be saturated or unsaturated. Trans fats are
unsaturated fatty acids that have adverse effects on your health.
Plasma membranes contain phospholipids.

Steroids are complex lipids composed of four interlocking rings.
Testosterone and estrogen are steroids. Cholesterol is a steroid that
is transported by proteins called lipoproteins (LDLs and HDLs).

2.6 Proteins

* Proteins may be structural proteins (keratin, collagen),
hormones, or enzymes that speed chemical reactions. Proteins
account for cell movement (actin, myosin), enable muscle
contraction (actin, myosin), or transport molecules in blood
(hemoglobin).

* Proteins are macromolecules with amino acid subunits. A peptide
is composed of two amino acids linked by a peptide bond, and a
polypeptide contains many amino acids.

e A protein has levels of structure: A primary structure is determined
by the sequence of amino acids that forms a polypeptide. A
secondary structure is an o (alpha) helix. A tertiary structure occurs
when the secondary structure forms a three-dimensional, globular
shape. A quaternary structure occurs when two or more
polypeptides join to form a single protein. Denaturation represents
an irreversible change in the shape of a protein.

2.7 Nucleic Acids

¢ Nucleic acids are macromolecules composed of nucleotides.
Nucleotides are composed of a sugar, a base, and a phosphate.
DNA and RNA are polymers of nucleotides.

* DNA (deoxyribonucleic acid) contains the sugar deoxyribose;
contains the bases adenine (A), guanine (G), thymine (T), and
cytosine (C); is double-stranded; and forms a helix. The helix
exhibits complementary base pairing between the strands of
DNA.

¢ RNA (ribonucleic acid) contains the sugar ribose; contains the
bases adenine, guanine, uracil (U), and cytosine; and does not form
a helix.

* ATP (adenosine triphosphate) is a high-energy molecule, because
its bonds are unstable.

* ATP undergoes hydrolysis to ADP (adenosine diphosphate) + (P),
which releases energy used by cells to do metabolic work.

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

2.1 From Atoms to Molecules

1. The atomic number gives the
a. number of neutrons in the nucleus.
b. number of protons in the nucleus.
c. weight of the atom.
d. number of protons in the valence shell.

2. Isotopes differ in their
a. number of protons.
b. atomic number.
¢. number of neutrons.
d. number of electrons.
3. Which type of bond results from the complete transfer of electrons
from one atom to another?
a. covalent
b. ionic
c¢. hydrogen
d. neutral



. A covalent bond in which electrons are not shared equally

is called

a. polar.

b. normal.
¢. nonpolar.
d. neutral.

2.2 Water and Life

. Compounds having an affinity for water are said to be

a. cohesive.
b. hydrophilic.
¢. hydrophobic.
d. adhesive.

. Water flows freely but does not separate into individual molecules

because water is
a. cohesive.
b. hydrophilic.
¢. hydrophobic.
d. adhesive.
contribute hydrogen ions (H) to a solution.
. Bases

. Acids

a
b. Isotopes
c
d. Compounds

2.3 Molecules of Life

. Which of the following is an organic molecule?

a. CO,

b. O,

c. H,O

d. C¢H,O¢

. The combination of two monomers to produce a polymer is an

example of which of the following types of reactions?
a. denaturation

b. hydrolysis

c. dehydration synthesis

d. complementary base pairing

2.4 Carbohydrates

10.

11.

12.

Which of the following is a monosaccharide?

a. glucose

b. lactose

c. cellulose

d. sucrose

An example of a polysaccharide used for energy storage in
humans is

a. cellulose.

b. cholesterol.

c. glycogen.

d. starch.

Which of the following is the plant polysaccharide that is not
digestible by humans?

a. fructose

b. lactose
¢. starch

d. cellulose
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2.5 Lipids

13.

14.

15.

Saturated and unsaturated fatty acids differ in the

a.

b.

C.

d.

number of carbon-to-carbon double bonds.
consistency at room temperature.

number of hydrogen atoms present.

All of these are correct.

A triglyceride contains

a.

b.

c.
d.

glycerol and three fatty acids.
glycerol and two fatty acids.
protein and three fatty acids.
a fatty acid and three sugars.

Which of the following lipids is used to manufacture the sex
hormones testosterone and estrogen?

a.

b
c.
d

2.6

16.

17.

18.

phospholipids

. trans fats

triglycerides

. cholesterol

Proteins

Variations in three-dimensional shapes among proteins are due to
bonding between the

a.
c.
b.
d.

amino groups.
R groups.

ion groups.

H atoms.

At what level of protein structure do multiple polypeptide chains
interact?

a.
b.
c.
d.

primary
secondary
tertiary
quaternary

Under extreme environmental conditions, such as temperature
or pH, proteins may lose their three-dimensional shape. This
is called

a.

b.
c.
d.

27

19. An RNA nucleotide differs from a DNA molecule in that
RNA has

20.

a.
b.
c.
d.

dehydration synthesis.
hydrolysis.

digestion.
denaturation.

Nucleic Acids

a ribose sugar.

a uracil base.

a phosphate molecule.
Both a and b are correct.

This nucleic acid is typically involved in energy reactions in
a cell.

a.
b
c.
d

RNA

. DNA

ATP
All of these are correct.
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ENGAGE
BioNOW

Want to know how this science is relevant to your life? Check out the
BioNow video below:

* Properties of Water

What characteristic of water do you think is most important to a living
organism, such as yourself?

THINKING CRITICALLY

The case study in this chapter included information about healthy
cholesterol levels in the blood. There are several biological molecules
essential to life, and the body needs them in certain amounts in order to
function properly. Cholesterol is one of these molecules. Sometimes the
body can make these molecules for us; at other times we need to get

them through our diet. Either way, the balancing of “just enough” versus
“too much” is the role of homeostasis.

1. If a doctor were to prescribe cholesterol-lowering medicine for
David, why would David also have to change his diet and exercise
program? Why would the medication alone not be enough?

2. Cholesterol is a needed substance for the human body; we use it as a
base for certain hormones and as a support structure in our plasma
membranes. If it is needed in the body, how can it also be harmful?

3. Name another substance that is needed in the body but can be
detrimental to homeostasis in large quantities.

4. The presence and absence of certain molecules in the blood can
alter the pH of the blood. Why would it be important to maintain a
steady blood pH?

5. Substances that the body makes or we ingest through the diet, such
as carbohydrates and lipids, can be stored in different areas for
future use. Why is storage an important part of homeostasis?
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CASE STUDY: WHEN CELLS MALFUNCTION

M ary and Kevin first noticed that something was wrong with their newborn
about 4 months after birth. Whereas most newborns rapidly strengthen
and are developing the ability to hold their head up and are demonstrating
hand-eye coordination, their baby seemed to be weakening. In addition, Mary
began to sense that something was wrong when their baby started having
trouble swallowing his formula. After consulting with their pediatrician, Mary
and Kevin decided to take their child to a local pediatric research hospital to
talk with physicians trained in newborn developmental disorders.

After a series of tests that included blood work and a complete physical
examination, the specialists at the research center informed Kevin and Mary
that the symptoms their newborn was exhibiting are characteristic of a condi-
tion called Tay-Sachs disease. This condition is a rare metabolic disorder that
causes one of the internal components of the cell, the lysosome, to malfunc-
tion. Because of this malfunction, fatty acids were accumulating in the cells of
their child. These accumulations were causing the neurons to degrade, pro-
ducing the symptoms noted by the parents.

What puzzled the research team was the fact that neither Kevin nor Mary
were of Eastern European descent. Populations from this area are known to
have a higher rate of the mutation that causes Tay-Sachs disease. However,
genetic testing of both Kevin and Mary indicated that they were carriers for
the trait, meaning that although they each had one normal copy of the gene
associated with Tay-Sachs disease, each carried a defective copy as well.
Only one good copy of the gene is needed for the lysosome to function cor-
rectly. Unfortunately, each had passed on a copy of the defective gene to
their child.

Despite the poor prognosis for their child, both Kevin and Mary were
determined to learn more about how this defect caused the lysosome to mal-
function and about what treatments were being developed to prolong the life
span of a child with Tay-Sachs disease.

As you read through the chapter, think about the following questions:

1. What organelle produces the lysosomes?

2. What is the role of the lysosome in a normally functioning cell?

3. Why would a malfunction in the lysosome cause an accumulation of fatty
acids in the cell?
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What Is a Cell?

Cells are the basic units of life. Cell size is limited
by the surface-area-to-volume ratio.

How Cells Are Organized
Human cells are eukaryotic cells, with a plasma
membrane, cytoplasm, and a nucleus.

The Plasma Membrane and How
Substances Cross It

The structure of the plasma membrane influences
its permeability. Substances cross the membrane
using passive and active transport mechanisms,
protein carriers, and vesicles.

The Nucleus and Endomembrane System
The nucleus and ribosomes are involved in

the processing of information within the cell.

The endomembrane system is a series of
interchangeable organelles.

The Cytoskeleton, Cell Movement, and
Cell Junctions

The cytoskeleton is composed of fibers that
maintain the shape of the cell and assist in the
movement of organelles.

Metabolism and the Energy Reactions
Mitochondria are the sites of cellular respiration,
an aerobic process that produces the majority of
ATP for a cell. Fermentation, an aerobic process,
produces smaller amounts of ATP.

BEFORE YOU BEGIN

Before beginning this chapter, take a few moments to
review the following discussions:

Section 2.2 What properties of water make it a crucial
molecule for life as we know it?

Sections 2.3 to 2.7 What are the basic roles of
carbohydrates, fats, proteins, and nucleic acids in the cell?

Section 2.7 What is the role of ATP in a cell?

43
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3.1 Whatls a Cell?
LEARNING OUTCOMES B |

Upon completion of this section, you should be able to

1. State the basic principles of the cell theory.

2. Explain how the surface-area-to-volume ratio limits
cell size.

3. Summarize the role of microscopy in the study of cells.

All organisms, including humans, are composed of cells. From
the single-celled bacteria to plants and complex animals such as
ourselves, the cell is the fundamental unit of life. Despite their
importance, most cells are small and can be seen only under a
microscope. The small size of cells means that they are measured
using the smaller units of the metric system, such as the micro-
meter (pm). A micrometer is 1/1,000 millimeter (mm). The
micrometer is the common unit of measurement for people who
use microscopes professionally (see Appendix A for a complete
list of metric units).

Most human cells are about 100 pm in diameter, about the
width of a human hair. The internal contents of a cell are even
smaller and, in most cases, may only be viewed using powerful
microscopes. Because of this small size, the cell theory, one of the
fundamental principles of modern biology, was not formulated
until after the invention of the microscope in the seventeenth
century.

The Cell Theory

A cell is the basic unit of life. According to the cell theory, nothing
smaller than a cell is considered to be alive. A single-celled organ-
ism exhibits the basic characteristics of life that were presented in
Section 1.1. There is no smaller unit of life that is able to reproduce
and grow, respond to stimuli, remain homeostatic, take in and use
materials from the environment, and become adapted to the envi-
ronment. In short, life has a cellular nature.

All living organisms are made up of cells. While many organ-
isms, such as the bacteria, are single-celled, other organisms, in-
cluding humans and plants, are multicellular. In multicellular
organisms, cells are often organized as tissues, such as nervous
tissue and connective tissue. Even bone consists of cells (called
osteocytes) surrounded by the material that they have deposited.
Cells may differ in their appearance, as shown in the comparison
of several cell types in Figure 3.1. However, despite these differ-
ences, they all have certain structures in common. In general, it is
important to recognize that the structure of a cell is directly related
to its function.

New cells arise only from preexisting cells. Until the nine-
teenth century, most people believed in spontaneous generation,
that nonliving objects could give rise to living organisms. For ex-
ample, maggots were thought to arise from meat hung in the
butcher shop. Maggots often appeared in meat to which flies had
access. However, people did not realize that the living maggots did
not spontaneously generate from the nonliving meat. A series of

Figure 31 Cellsvaryin
structure and function.

A cell’'s structure is related to its
function. Despite differences in
appearance, all cells exchange
substances with their environment.

(blood cells) © Prof. P. Motta, Dept. of
Anatomy, Univ. LaSapienza Rome/SPL/
Science Source; (nerve cells) © SPL/
Science Source; (bone) © McGraw-Hill
Education

red blood cell

nerve cell

osteocyte

experiments by Francesco Redi in the seventeenth century demon-
strated that meat that was placed within sealed containers did not
generate maggots. In other words, life did not generate spontane-
ously. In 1864 the French scientist Louis Pasteur conducted a now-
classic set of experiments using bacterial cells. His experiments
proved conclusively that spontaneous generation of life from non-
life is not possible.

When mice or humans reproduce, a sperm cell joins with an
egg cell to form a zygote. By reproducing, parents pass a copy of
their genetic information to their offspring. The zygote is the first
cell of a new multicellular organism. Through the process of cell
division, every cell in the new organism will contain a copy of the
parents’ genes.

Cell Size

A few cells, such as the egg of a chicken or frog, are large
enough to be seen by the naked eye. In comparison, a human
egg cell is around 100 pm in size, placing it right at the limit of
what can be viewed by our eyes. However, most cells are much
smaller. The small size of cells is explained by considering the
surface-area-to-volume ratio of cells. Nutrients enter a cell—
and waste exits a cell—at its surface. Therefore, the greater the
amount of surface, the greater the ability to get material into
and out of the cell. A large cell requires more nutrients and
produces more waste than a small cell. However, as cells be-
come smaller in volume, the proportionate amount of surface
area actually increases. You can see this by comparing the
cubes in Figure 3.2.

We would expect, then, that there would be a limit to how
large an actively metabolizing cell can become. An example is a
chicken’s egg. Once a chicken’s egg is fertilized and starts metabo-
lizing, it divides repeatedly without increasing in size. This in-
creases the amount of surface area needed for adequate exchange
of materials in these rapidly dividing cells.



One Eight Sixty-four
4-cm cube 2-cm cubes 1-cm cubes
Total surface area 96 cm? 192 cm? 384 cm?
(height X width X number of sides X number of cubes)
Total volume 64 cm?3 64 cm?3 64 cm?3
(height x width x length X number of cubes)
Surface area: 1.5:1 31 6:1

Volume per cube (surface area+volume)

Figure 3.2 Surface-area-to-volume ratio limits cell size.
As cell size decreases, the ratio of the surface area to volume
increases.

Microscopy

Microscopes provide scientists with a deeper look into how cells
function. There are many types of microscopes, from compound
light microscopes to powerful electron microscopes. The magnifi-
cation, or the ratio between the observed size of an image and its
actual size, varies with the type of microscope. In addition, the
resolution of the image varies between microscopes (Table 3.1).
Resolution is the ability to distinguish between two adjacent points,
and it represents the minimum distance between two objects that
allows them to be seen as two different objects. Usually, the more
powerful the microscope, the greater the resolution. Figure 3.3
illustrates images of a red blood cell taken by three different types
of microscopes.

Figure 3.3 Micrographs of
human red blood cells.

a. Light micrograph (LM) of many
cells in a large vessel (stained).

b. Transmission electron
micrograph (TEM) of just three cells
in a small vessel (colored).

c. Scanning electron micrograph
(SEM) gives a three-dimensional
view of cells and vessels (colored).

(a): © Ed Reschke/Getty Images;
(b): © Alfred Pasieka/Science Source;
(c): © Science Photo Library RF/Getty RF
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Table 3.1 Resolving Power of the Eye and Common

Microscopes

Magnification Resolving Power

Eye N/A 0.1 mm (100 pm)

Light microscope 1,000x 0.0001 mm (0.1 pm)
Transmission electron 100,000x (or 0.000001 mm (0.01 pm)
microscope greater)

A compound light microscope (Fig. 3.3a) uses a set of glass
lenses and light rays passing through the object to magnify objects.
The image can be viewed directly by the human eye.

The transmission electron microscope makes use of a stream
of electrons to produce magnified images (Fig. 3.35). The human
eye cannot see the image. Therefore, it is projected onto a fluores-
cent screen or photographic film to produce an image (called a mi-
crograph) that can be viewed. The magnification and resolution
produced by a transmission electron microscope is much higher
than that of a light microscope. Therefore, this microscope has the
ability to produce enlarged images with greater detail.

A scanning electron microscope provides a three-dimensional
view of the surface of an object (Fig. 3.3c¢). A narrow beam of
electrons is scanned over the surface of the specimen, which is
coated with a thin layer of metal. The metal gives off secondary
electrons, which are collected to produce a television-type picture
of the specimen’s surface on a screen.

In the laboratory, the light microscope is often used to view
live specimens. However, this is not the case for the electron mi-
croscopes. Because electrons cannot travel very far in air, a strong
vacuum must be maintained along the entire path of the electron
beam. Often cells are treated before being viewed under a micro-
scope. Because most cells are transparent, they are often stained
with colored dyes before being viewed under a light microscope.
Certain cellular components take up the dye more than other

blood vessel wall

10,000x

b. Transmission electron
micrograph
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Coloring Organisms Green: Green Fluorescent Proteins and Cells

Most cells lack any significant pigmentation. Thus, cell biologists
frequently rely on dyes to produce enough contrast to resolve or-
ganelles and other cellular structures. The first of these dyes were
developed in the nineteenth century from chemicals used to stain
clothes in the textile industry. Since then, significant advances have
occurred in the development of cellular stains.

In 2008 three scientists—Martin Chalfie, Roger Y. Tsien, and
Osamu Shimomura—earned the Nobel Prize in Chemistry or Med-
icine for their work with a protein called green fluorescent protein,
or GFP. GFP is a bioluminescent protein found in the jellyfish
Aequorea victoria, commonly called the crystal jelly (Fig. 3Aa).
The crystal jelly is a native of the West Coast of the United States.
Normally this jellyfish is transparent. When it is disturbed, though,
special cells in the jellyfish release a fluorescent protein called ae-
quorin. Aequorin fluoresces with a green color. The research teams
of Chalfie, Tsien, and Shimomura were able to isolate the fluores-
cent protein from the jellyfish and develop it as a molecular tag.
These tags can be generated for almost any protein within the cell,
revealing not only its cellular location but also how its distribution
within the cell may change as a result of a response to its environ-
ment. Figure 3Ab shows how a GFP-labeled antibody can be used
to identify the cellular location of the actin proteins in a human
cell. Actin is one of the prime components of the cell’s microfila-
ments, which in turn are part of the cytoskeleton of the cell. This
image shows the distribution of actin in a human cell.

Questions to Consider

1. Discuss how a researcher might use a GFP-labeled protein in
a study of a disease, such as cancer.

2. How do studies such as these support the idea that preserving
the diversity of life on the planet is important?

components, which enhances contrast. A similar approach is used
in electron microscopy, except the sample is treated with electron-
dense metals (such as gold) to provide contrast. The metals do not
provide color, so electron micrographs may be colored after the
micrograph is obtained. The expression “falsely colored” means
that the original micrograph was colored after it was produced. In
addition, during electron microscopy, cells are treated so that they
do not decompose in the vacuum. Frequently they are also embed-
ded into a matrix, which allows a researcher to slice the cell into
very thin pieces, providing cross sections of the cell’s interior.

These are just a few of the types of microscopes and tech-
niques available to scientists and researchers who study cells (see
the Science feature “Coloring Organisms Green: Green Fluores-
cent Proteins and Cells”). Although microscope technology is
evolving rapidly, it still is dependent on the principles of resolution
and magnification.

4 -
b

il

a. Jellyfish

b. Actin filaments

Figure 3A GFP shows details of the interior of cells.

a. The jellyfish Aequorea victoria and (b) the GFP stain of a human
cell. This illustration shows a human cell tagged with a GFP-labeled
antibody to the actin protein.

(a): © Alexander Semenov/Getty RF; (b): © Dr. Gopal Murti/Science Source

CHECK YOUR PROGRESS 3

1. Summarize the cell theory, and state its importance to the
study of biology.

2. Explain how a cell’s size relates to its function.

3. Compare and contrast the information that may be
obtained from a light microscope and an electron
microscope.

CONNECTING THE CONCEPTS

For more on the cells mentioned in this section, refer to the
following discussions:

Section 6.2 discusses how red blood cells transport gases
within the circulatory system.

Section 6.6 provides an overview of how red blood cells help
maintain homeostasis in the body.

Section 18.1 examines the complex structure of a human egg cell.
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3 2 How Cells Are O rgan ized Biologists classify cells into two broad categories—the prokaryotes
and eukaryotes. The primary difference between a prokaryotic cell
LEARNING OUTCOMES _ and a eukaryotic cell is the presence or absence of a nucleus, a

membrane-bound structure that houses the DNA. Prokaryotic
cells lack a nucleus, whereas eukaryotic cells (Fig. 3.4) possess a

1. Distinguish between the structure of a prokaryotic cell and nucleus. The prokaryotic group includes two groups of bacteria,
that of a eukaryotic cell.

2. |dentify the role of the plasma membrane and organelles
in a human cell.

3. Summarize how eukaryotic cells evolved from prokaryotic
cells.

Upon completion of this section, you should be able to

Figure 3.4 The structure of a typical

eukaryotic cell. nuclear
a. A transmission electron micrograph of the interior envelope
structures of a cell. b. The structure and function of endoplasmic
the components of a eukaryotic cell. reticulum

(a): © Alfred Pasieka/Science Source nucleolus

chromatin

Plasma membrane:
outer surface that
regulates entrance and
exit of molecules
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CYTOSKELETON: maintains
cell shape and assists movement
of cell parts:

NUCLEUS:

Nuclear envelope: double
membrane with nuclear pores
that encloses nucleus

Chromatin: diffuse threads

Microtubules: cylinders of containing DNA and protein

protein molecules present
in cytoplasm, centrioles,
cilia, and flagella

Nucleolus: region that produces
subunits of ribosomes

Intermediate filaments:
protein fibers that
provide support

and strength

ENDOPLASMIC RETICULUM:

Rough ER: studded with
ribosomes, processes proteins
Smooth ER: lacks

ribosomes, synthesizes
lipid molecules

Actin filaments: protein
fibers that play a role in
movement of cell

and organelles .
9 Ribosomes:

particles that carry
out protein synthesis

Centrioles: short,
cylinders of microtubules

Centrosome: microtubule
organizing center that
contains a pair of centrioles Mitochondrion: organelle
that carries out cellular
respiration, producing
ATP molecules

Lysosome: vesicle that digests
macromolecules and even cell parts

Polyribosome: string of
ribosomes simultaneously
synthesizing same protein

Vesicle: membrane-bounded
sac that stores and transports
substances

Cytoplasm: semifluid
matrix outside nucleus
b. that contains organelles

Golgi apparatus: processes, packages,
and secretes modified cell products
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the eubacteria and the archaebacteria. We will take a look at their
structure in more detail in Section 8.1. Within the eukaryotic group
are the animals, plants, and fungi, as well as some single-celled
organisms called protists.

Despite their differences, both types of cells have a plasma
membrane, an outer membrane that regulates what enters and
exits a cell. The plasma membrane is a phospholipid bilayer—a
“sandwich” made of two layers of phospholipids. Their polar
phosphate molecules form the top and bottom surfaces of the bi-
layer, and the nonpolar lipid lies in between. The phospholipid
bilayer is selectively permeable, which means it allows certain
molecules—but not others—to enter the cell. Proteins scattered
throughout the plasma membrane play important roles in allow-
ing substances to enter the cell. All types of cells also contain
cytoplasm, which is a semifluid medium that contains water and
various types of molecules suspended or dissolved in the me-
dium. The presence of proteins accounts for the semifluid nature
of the cytoplasm.

The cytoplasm of a eukaryotic cell contains organelles, inter-
nal compartments that have specialized functions. Originally the
term organelle referred to only membranous structures, but we
will use it to include any well-defined subcellular structure. Eu-
karyotic cells have many types of organelles (Fig. 3.4). Organelles
allow for the compartmentalization of the cell. This keeps the vari-
ous cellular activities separated from one another.

Evolutionary History of the Eukaryotic Cell

The first cells on Earth were prokaryotic cells. Today these cells
are represented by the bacteria and archaea, which differ mainly by
their chemistry.

Early prokaryotic organisms, such as the archaeans, were well
adapted to life on the early Earth. The environment that they
evolved in contained conditions that would be instantly lethal to
life today: The atmosphere contained no oxygen; instead it was
filled with carbon monoxide and other poisonous gases; the tem-
perature of the planet was above 200°F, and there was no ozone
layer to protect organisms from damaging radiation from the sun.

Despite these conditions, prokaryotic life survived and in do-
ing so gradually adapted to Earth’s environment. In the process,
most of the archaebacteria went extinct. However, we now know
that some are still around and can be found in some of the most
inhospitable places on the planet, such as thermal vents and salty
seas. The study of these ancient bacteria is still shedding light on
the early origins of life.

Evidence widely supports the hypothesis that eukaryotic cells
evolved from the archaea. The internal structure of eukaryotic cells is
believed to have evolved as the series of events shown in Figure 3.5.
The nucleus could have formed by invagination of the plasma mem-
brane, a process whereby a pocket is formed in the plasma mem-
brane. The pocket would have enclosed the DNA of the cell, thus
forming its nucleus. Surprisingly, some of the organelles in eukary-
otic cells may have arisen by engulfing prokaryotic cells. The en-
gulfed prokaryotic cells were not digested; rather, they then evolved
into different organelles. One of these events would have given the
eukaryotic cell a mitochondrion. Mitochondria are organelles that

Original
prokaryotic cell

1. Cell gains a nucleus by the
plasma membrane invaginating
and surrounding the DNA

\“ WY 4 with a double membrane.

— Nucleus allows specific functions
to be assigned, freeing up cellular
resources for other work.

-
17—
[ a/’;ﬁ%\ . | 2.Cell gains an endomembrane

Fds %) system by proliferation
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&
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\ greater function and success.

mitochondrion L T

4. Cell gains chloroplasts.

Ability to produce
sugars from sunlight

= enables greater
function and success.

chloroplast

photosynthetic
bacterium

Animal cell
has mitochondria,
but not chloroplasts.

Plant cell
has both mitochondria
and chloroplasts.

Figure 3.5 The evolution of eukaryotic cells.

Invagination of the plasma membrane of a prokaryotic cell could have
created the nucleus. Later the cell gained organelles, some of which
may have been independent prokaryotes.

carry on cellular respiration. Another such event may have produced
the chloroplast. Chloroplasts are found in cells that carry out photo-
synthesis. This process is often called endosymbiosis.

CHECK YOUR PROGRESS 3.

1. Summarize the role of the plasma membrane in a cell.

2. Describe the main differences between a eukaryotic and
a prokaryotic cell.

3. Describe the possible evolution of the nucleus,
mitochondria, and chloroplast.



CONNECTING THE CONCEPTS

The material in this section summarizes some previous con-
cepts of eukaryotic and prokaryotic cells and the role of phos-
pholipids in the plasma membrane. For more information, refer
to the following discussions:

Section 1.2 examines the difference in the classification of
eukaryotic and prokaryotic organisms.

Section 8.1 provides more information on the structure of
bacterial cells.

3.3 The Plasma Membrane and
How Substances Cross It

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Describe the structure of the plasma membrane and list
the type of molecules found in the membrane.

2. Distinguish among diffusion, osmosis, and facilitated
transport, and state the role of each in the cell.

3. Explain how tonicity relates to the direction of water
movement across a membrane.

4. Compare passive-transport and active-transport
mechanisms.

5. Summarize how eukaryotic cells move large molecules
across membranes.

Like all cells, a human cell is surrounded by an outer plasma
membrane (Fig. 3.6). The plasma membrane marks the bound-
ary between the outside and the inside of the cell. The integrity
and function of the plasma membrane are necessary to the life of
the cell.

The plasma membrane is a phospholipid bilayer with at-
tached or embedded proteins. A phospholipid molecule has a po-
lar head and nonpolar tails (see Fig. 2.19). When phospholipids
are placed in water, they naturally form a spherical bilayer. The
polar heads, being charged, are hydrophilic (attracted to water).
They position themselves to face toward the watery environment
outside and inside the cell. The nonpolar tails are hydrophobic
(not attracted to water). They turn inward toward one another,
where there is no water.

At body temperature, the phospholipid bilayer is a liquid. It
has the consistency of olive oil. The proteins are able to change
their position by moving laterally. The fluid-mosaic model is a
working description of membrane structure. It states that the
protein molecules form a shifting pattern within the fluid phospho-
lipid bilayer. Cholesterol lends support to the membrane.

Short chains of sugars are attached to the outer surface of
some protein and lipid molecules. These are called glycoproteins
and glycolipids, respectively. These carbohydrate chains, specific
to each cell, help mark the cell as belonging to a particular indi-
vidual. They account for why people have different blood types,
for example. Other glycoproteins have a special configuration that
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allows them to act as a receptor for a chemical messenger, such as
a hormone. Some plasma membrane proteins form channels
through which certain substances can enter cells. Others are either
enzymes that catalyze reactions or carriers involved in the passage
of molecules through the membrane.

Plasma Membrane Functions

The plasma membrane isolates the interior of the cell from the
external environment. In doing so, it allows only certain molecules
and ions to enter and exit the cytoplasm freely. Therefore, the
plasma membrane is said to be selectively permeable (Fig. 3.7).
Small, lipid-soluble molecules, such as oxygen and carbon diox-
ide, can pass through the membrane easily. The small size of water
molecules allows them to freely cross the membrane by using pro-
tein channels called aquaporins. Ions and large molecules cannot
cross the membrane without more direct assistance, which will be
discussed later.

Diffusion

Diffusion is the random movement of molecules from an area of
higher concentration to an area of lower concentration, until
they are equally distributed. Diffusion is a passive way for mol-
ecules to enter or exit a cell. No cellular energy is needed to
bring it about.

Certain molecules can freely cross the plasma membrane by
diffusion. When molecules can cross a plasma membrane, which
way will they go? The molecules will move in both directions. But
the net movement will be from the region of higher concentration
to the region of lower concentration, until equilibrium is achieved.
At equilibrium, as many molecules of the substance will be enter-
ing as leaving the cell (Fig. 3.8). Oxygen diffuses across the plasma
membrane, and the net movement is toward the inside of the cell.
This is because a cell uses oxygen when it produces ATP mole-
cules for energy purposes.

Osmosis

Osmosis is the net movement of water across a selectively perme-
able membrane. The direction by which water will diffuse is deter-
mined by the tonicity of the solutions inside and outside the cell.
Tonicity is based on dissolved particles, called solutes, within a
solution. The higher the concentration of solutes in a solution, the
lower the concentration of water, and vice versa. Typically water
will diffuse from the area that has less solute (low tonicity, and
therefore more water) to the area with more solute (high tonicity,
and therefore less water).

Normally body fluids are isotonic to cells (Fig. 3.9a). There is
the same concentration of nondiffusible solutes and water on both
sides of the plasma membrane. Therefore, cells maintain their nor-
mal size and shape. Intravenous solutions given in medical situa-
tions are usually isotonic.

Solutions that cause cells to swell or even to burst due to an
intake of water are said to be hypotonic. A hypotonic solution has
a lower concentration of solute and a higher concentration of water
than the cells. If red blood cells are placed in a hypotonic solution,
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water enters the cells. They swell to bursting (Fig. 3.9b). Lysis is
used to refer to the process of bursting cells. Bursting of red blood
cells is termed hemolysis.

Solutions that cause cells to shrink or shrivel due to loss of
water are said to be hypertonic. A hypertonic solution has a
higher concentration of solute and a lower concentration of water
than do the cells. If red blood cells are placed in a hypertonic solu-
tion, water leaves the cells; they shrink (Fig. 3.9¢). The term cre-
nation refers to red blood cells in this condition. These changes
have occurred due to osmotic pressure. Osmotic pressure
controls water movement in our bodies. For example, in the small

Figure 3.7 Selective permeability of the plasma membrane.
Small, uncharged molecules are able to cross the membrane, whereas
large or charged molecules cannot. Water travels freely across
membranes through aquaporins.
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Figure 3.6 Organization of the plasma membrane.

A plasma membrane is composed of a phospholipid bilayer in which
proteins are embedded. The hydrophilic heads of phospholipids are a
part of the outside surface and the inside surface of the membrane.
The hydrophobic tails make up the interior of the membrane. Note the
plasma membrane’s asymmetry—carbohydrate chains are attached to
the outside surface, and cytoskeleton filaments are attached to the
inside surface. Cholesterol lends support to the membrane.
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Figure 3.8 Diffusion across the plasma membrane.

a. When a substance can diffuse across the plasma membrane, it will
move back and forth across the membrane, but the net movement will
be toward the region of lower concentration. b. At equilibrium, equal
numbers of particles and water have crossed in both directions, and
there is no net movement.
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c. Hypertonic solution
(higher solute concen-
tration than in cell)
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a. Isotonic solution
(same solute concen-
tration as in cell)
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b. Hypotonic solution
(lower solute concen-
tration than in cell)

Figure 3.9 Effects of changes in tonicity on red blood cells.
a. In an isotonic solution, cells remain the same. b. In a hypotonic
solution, cells gain water and may burst (lysis). c. In a hypertonic
solution, cells lose water and shrink (crenation).

(all) © Dennis Kunkel/Phototake

and large intestines, osmotic pressure allows us to absorb the
water in food and drink. In the kidneys, osmotic pressure controls
water absorption as well.

Facilitated Transport

Many solutes do not simply diffuse across a plasma membrane.
They are transported by means of protein carriers within the
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SCIENCE IN YOUR LIFE

Can you drink seawater?

Seawater is hypertonic to our cells. Seawater contains approxi-
mately 3.5% salt, whereas our cells contain 0.9%. Once salt has
entered the blood, your cells would shrivel up and die as they
lost water trying to dilute the excess salt. Your kidneys can only
produce urine that is slightly less salty than seawater, so you
would dehydrate providing the amount of water necessary to
rid your body of the salt. In addition, salt water contains high
levels of magnesium ions, which cause diarrhea and further
dehydration.

membrane. During facilitated transport, a molecule is trans-
ported across the plasma membrane from the side of higher con-
centration to the side of lower concentration (Fig. 3.10). This is a
passive means of transport, because the cell does not need to ex-
pend energy to move a substance down its concentration gradient.
Each protein carrier, sometimes called a transporter, binds only to
a particular molecule, such as glucose. Type 2 diabetes results
when cells lack a sufficient number of glucose transporters.

SCIENCE IN YOUR LIFE

What causes cystic fibrosis?

In 1989 scientists determined that defects in a gene on chromo-
some 7 are the cause of cystic fibrosis (CF). This gene, called
CFTR (cystic fibrosis conductance transmembrane regulator),
codes for a protein that is responsible for the movement of chlo-
ride ions across the membranes of cells that produce mucus,
sweat, and saliva. Defects in this gene cause an improper water-
salt balance in the excretions of these cells, which in turn leads
to the symptoms of CF. To date there are over 1,800 known
mutations in the CF gene. This tremendous amount of variation
in this gene accounts for the differences in the severity of the
disease in CF patients.

Figure 310 Facilitated
transport across a plasma
membrane.

This is a passive form of
transport in which substances
move down their
concentration gradient
through a protein carrier. In
this example, glucose (green)
moves into the cell by
facilitated transport. The end
result will be an equal

distribution of glucose on C|i> @

both sides of the membrane.
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Active Transport

During active transport, a molecule is moving from an area
of lower to an area of higher concentration. One example is the
concentration of iodine ions in the cells of the thyroid gland. In the
digestive tract, sugar is completely absorbed from the gut by cells
that line the intestines. In another example, water homeostasis is
maintained by the kidneys by the active transport of sodium ions
(Na™) by cells lining kidney tubules.

Active transport requires a protein carrier and the use of cel-
lular energy obtained from the breakdown of ATP. When ATP is
broken down, energy is released. In this case, the energy is used to
carry out active transport. Proteins involved in active transport
often are called pumps. Just as a water pump uses energy to move
water against the force of gravity, energy is used to move sub-
stances against their concentration gradients. One type of pump
active in all cells moves sodium ions (Na™) to the outside and po-
tassium ions (K*) to the inside of the cell (Fig. 3.11). This type of
pump is associated especially with nerve and muscle cells.

The passage of salt (NaCl) across a plasma membrane is of
primary importance in cells. First sodium ions are pumped across
a membrane. Then chloride ions diffuse through channels that al-
low their passage. In cystic fibrosis, a mutation in these chloride
ion channels causes them to malfunction. This leads to the symp-
toms of this inherited (genetic) disorder.

Bulk Transport

Cells use bulk transport to move large molecules, such as polysac-
charides or polypeptides, across the membrane. These processes
use vesicles rather than channel or transport proteins. During en-
docytosis, a portion of the plasma membrane invaginates, or forms
a pouch, to envelop a substance and fluid. Then the membrane
pinches off to form an endocytic vesicle inside the cell (Fig. 3.12a).
Some white blood cells are able to take up pathogens (disease-
causing agents) by endocytosis. This process is given a special

Figure 311 Active
transport and the sodium-
potassium pump.

This is a form of transport in
which a molecule moves from
low concentration to high
concentration. It requires a
protein carrier and energy.
Na® exits and K* enters the cell
by active transport, so Na* will
be concentrated outside and
K will be concentrated inside
the cell.

Outside

Inside

name: phagocytosis. Usually cells take up small molecules and
fluid, and then the process is called pinocytosis (Fig. 3.12b).
During exocytosis, a vesicle fuses with the plasma membrane
as secretion occurs. Later in this chapter we will see that a steady
stream of vesicles moves between certain organelles, before finally
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Figure 312 Examples of bulk transport.

a. Large substances enter a cell by phagocytosis. b. Small molecules
and fluids enter a cell by pinocytosis. c. In receptor-mediated
endocytosis, molecules first bind to specific receptors and are then
brought into the cell by endocytosis.



fusing with the plasma membrane. This is the way that signaling
molecules, called neurotransmitters, leave one nerve cell to excite
the next nerve cell or a muscle cell.

One form of endocytosis uses a receptor, a form of membrane
protein, on the surface of the cell to concentrate specific molecules
of interest for endocytosis. This process is called receptor-mediated
endocytosis (Fig. 3.12c). An inherited form of cardiovascular dis-
ease occurs when cells fail to take up a combined lipoprotein
and cholesterol molecule from the blood by receptor-mediated
endocytosis.

CHECK YOUR PROGRESS 3.

1. Summarize how the fluid-mosaic model describes the
structure of the plasma membrane.

2. Compare and contrast diffusion, osmosis, facilitated
transport, and active transport.

3. Discuss the various ways cells can move materials in bulk
into and out of the cell.

CONNECTING THE CONCEPTS

The movement of materials across a plasma membrane is cru-
cial to the maintenance of homeostasis for many organ sys-
tems in humans. For some examples, refer to the following
discussions:

Section 9.3 examines how nutrients, including glucose, are
moved into the cells of the digestive system.

Section 11.4 investigates how the movement of salts by the
urinary system maintains blood homeostasis.

Section 21.2 explains the patterns of inheritance associated
with cystic fibrosis.

3.4 The Nucleus and
Endomembrane System

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Describe the structure of the nucleus and explain its role
as the storage place of genetic information.

2. Summarize the function of the organelles of the
endomembrane system.

3. Explain the role and location of the ribosomes.

The nucleus contains the genetic instructions that are necessary
for the manufacture of the proteins that are involved in most
cellular functions. The endomembrane system is a series of
membrane organelles that function in the processing of materials
for the cell.
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The Nucleus

The nucleus, a prominent structure in eukaryotic cells, stores the
genetic information (Fig. 3.13) as DNA organized into linear struc-
tures called chromosomes. Located on the chromosome are col-
lections of genes. Genes are segments of DNA that contain
information for the production of specific proteins. These proteins
have many functions in cells, and they help determine a cell’s spec-
ificity. While every cell in the body contains the same genes, cells
vary in which genes are turned on and off, and this enables them to
perform their function in the tissue or organism.

Chromatin is the combination of DNA molecules and pro-
teins that make up the chromosomes. The chromosomes are re-
sponsible for transmitting genetic information from one
generation to the next. Chromatin can coil tightly to form visible
chromosomes during cell division. Most of the time, however,
the chromatin is uncoiled. While uncoiled, the individual chro-
mosomes cannot be distinguished and the chromatin appears
grainy in electron micrographs of the nucleus. Chromatin is sur-
rounded by a semifluid medium called the nucleoplasm. A differ-
ence in pH suggests that nucleoplasm has a different composition
than cytoplasm.

Micrographs of a nucleus often show a dark region (or some-
times more than one) of chromatin. This is the nucleolus, where
ribosomal RNA (rRNA) is produced. This is also where rRNA
joins with proteins to form the subunits of ribosomes.

The nucleus is separated from the cytoplasm by a double
membrane known as the nuclear envelope. This is continuous
with the endoplasmic reticulum (ER), a membranous system of
saccules and channels, discussed in the next section. The nuclear
envelope has nuclear pores of sufficient size to permit the pas-
sage of ribosomal subunits out of the nucleus and proteins into
the nucleus.

Ribosomes

Ribosomes are organelles composed of proteins and rRNA. Pro-
tein synthesis occurs at the ribosomes. Ribosomes are often at-
tached to the endoplasmic reticulum, but they also may occur free
within the cytoplasm, either singly or in groups called polyribo-
somes. Proteins synthesized at ribosomes attached to the endoplas-
mic reticulum have a different destination from that of proteins
manufactured at ribosomes free in the cytoplasm.

The Endomembrane System

The endomembrane system consists of the nuclear envelope,
the endoplasmic reticulum, the Golgi apparatus, lysosomes, and
vesicles (tiny, membranous sacs) (Fig. 3.14). This system compart-
mentalizes the cell, so that chemical reactions are restricted to
specific regions. The vesicles transport molecules from one part of
the system to another.

The Endoplasmic Reticulum

The endoplasmic reticulum (ER) has two portions. Rough ER
is studded with ribosomes on the side of the membrane that
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Figure 313 The nucleus and
endoplasmic reticulum.

a. The nucleus contains

chromatin. Chromatin has a

region called the nucleolus,

where rRNA is produced and
ribosome subunits are assembled.
b. The nuclear envelope contains
pores that allow substances to enter and

exit the nucleus to and from the cytoplasm. c. The
nuclear envelope is attached to the endoplasmic
reticulum, which often
has attached
ribosomes, where
protein synthesis
occurs.

(b): © Don W. Fawcett/
Science Source; (c): ©
Martin M. Rotker/Science
Source

faces the cytoplasm. The proteins that are synthesized at these
ribosomes enter the interior of the ER for additional processing
and modification. Some of these proteins are incorporated into
the plasma membrane (for example, channel proteins), whereas
others are packed into vesicles and sent to the Golgi apparatus
(see below) for export. The smooth ER is continuous with the
rough ER, but it does not have attached ribosomes. Smooth ER
synthesizes the phospholipids and other lipids that occur in
membranes. It also has various other functions, depending
on the particular cell. For example, in the testes it produces
testosterone, and it helps detoxify compounds (such as drugs) in
the liver.

The ER forms transport vesicles in which large molecules are
transported to other parts of the cell. Often these vesicles are on
their way to the plasma membrane or the Golgi apparatus.

The Golgi Apparatus

The Golgi apparatus is named for Camillo Golgi, who discovered
its presence in cells in 1898. The Golgi apparatus consists of a
stack of slightly curved saccules, whose appearance can be com-
pared to a stack of pancakes. Here proteins and lipids received
from the ER are modified. For example, a chain of sugars may be
added to them. This makes them glycoproteins and glycolipids,
molecules often found in the plasma membrane.

The vesicles that leave the Golgi apparatus move to other parts
of the cell. Some vesicles proceed to the plasma membrane, where
they discharge their contents. In all, the Golgi apparatus is involved
in processing, packaging, and secretion.

nuclear
pores

nuclear
envelope

chromatin

smooth ER

rough ER

c - - ' 52,500x

Lysosomes

Lysosomes, membranous sacs produced by the Golgi apparatus,
contain hydrolytic enzymes. Lysosomes are found in all cells of
the body but are particularly numerous in white blood cells that
engulf disease-causing microbes. When a lysosome fuses with
such an endocytic vesicle, its contents are digested by lysosomal
enzymes into simpler subunits, which then enter the cytoplasm. In
a process called autodigestion, parts of a cell may be broken down
by the lysosomes. Some human diseases are caused by the lack of
a particular lysosome enzyme. Tay-Sachs disease, as discussed in
the chapter opener, occurs when an undigested substance collects
in nerve cells, leading to developmental problems and death in
early childhood.
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The organelles in the endomembrane system work together to produce, modify, and secrete products for the cell. Some of these may be loaded into

vesicles to produce lysosomes to digest incoming materials.

CHECK YOUR PROGRESS 3.4

1. Describe the functions of the following organelles:
endoplasmic reticulum, Golgi apparatus, and lysosomes.

2. Explain how the nucleus, ribosomes, and rough
endoplasmic reticulum contribute to protein synthesis.

3. Describe the organelles of the endomembrane system
involved in the export of a protein from the cell.

CONNECTING THE CONCEPTS

For a more detailed look at how the organelles of the endo-
membrane system function, refer to the following discussions:
Section 18.5 contains information on how aging is related to
the breakdown of cellular organelles.

Section 21.2 explores the patterns of inheritance associated
with Tay-Sachs disease.

Section 22.2 provides a more detailed look at how ribosomes
produce proteins.

3.5 The Cytoskeleton, Cell
Movement, and Cell Junctions

LEARNING OUTCOMES |

Upon completion of this section, you should be able to

1. Explain the role of the cytoskeleton in the cell.

2. Summarize the major protein fibers in the cytoskeleton.

3. Describe the role of flagella and cilia in human cells.

4. Compare the functions of adhesion junctions, gap
junctions, and tight junctions in human cells.

It took a high-powered electron microscope to discover that the
cytoplasm of the cell is crisscrossed by several types of protein fi-
bers, collectively called the cytoskeleton (see Fig. 3.4). The cyto-
skeleton helps maintain a cell’s shape and either anchors the
organelles or assists in their movement, as appropriate.
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In the cytoskeleton, microtubules are much larger than actin
filaments. Each is a cylinder that contains rows of a protein called
tubulin. The regulation of microtubule assembly is under the con-
trol of a microtubule organizing center called the centrosome (see
Fig. 3.4). Microtubules help maintain the shape of the cell and act
as tracks along which organelles move. During cell division, micro-
tubules form spindle fibers, which assist in the movement of chro-
mosomes. Actin filaments, made of a protein called actin, are long,
extremely thin fibers that usually occur in bundles or other group-
ings. Actin filaments are involved in movement. Microvilli, which
project from certain cells and can shorten and extend, contain actin
filaments. Intermediate filaments, as their name implies, are in-
termediate in size between microtubules and actin filaments. Their
structures and functions differ according to the type of cell.

Cilia and Flagella

Cilia (sing., cilium) and flagella (sing., flagellum) are involved in
movement. The ciliated cells that line our respiratory tract sweep
back up the throat the debris trapped within mucus. This helps keep

The shaft of the
flagellum has a ring
of nine microtubule
doublets anchored
to a central pair of
microtubules.

Sperm Flagellum

How fast does a human sperm swim?

Individual sperm speeds vary considerably and are greatly influ-
enced by environmental conditions. However, in recent studies,
researchers found that some human sperm could travel at top
speeds of approximately 20 cm/hour. This means that these
sperm could reach the female ovum in less than an hour. Scien-
tists are interested in sperm speed so that they can design new
contraceptive methods.

the lungs clean. Similarly, ciliated cells move an egg along the uter-
ine tube, where it may be fertilized by a flagellated sperm cell
(Fig. 3.15). Motor molecules, powered by ATP, allow the microtu-
bules in cilia and flagella to interact and bend and, thereby, move.

The importance of normal cilia and flagella is illustrated by the
occurrence of a genetic disorder called ciliary dyskinesia. This is a
recessive disorder (see Section 21.3) in which one of the genes associ-
ated with the production of a protein found in the microtubules of cilia
and flagella is not formed correctly. The result are cilia and flagella
that will not bend. Not surprisingly, these individuals suffer from
recurrent and severe respiratory infections. The ciliated cells lining
respiratory passages fail to keep their lungs clean. They are also unable
to reproduce naturally due to the lack of ciliary action to move the egg
in a female or the lack of flagella action by sperm in a male.

Extracellular Matrix

A protective extracellular matrix (ECM) is a meshwork of pro-
teins and polysaccharides in close association with the cell that
produced them (Fig. 3.16). Collagen and elastin fibers are two
well-known structural proteins in the ECM; collagen resists
stretching, and elastin gives the ECM resilience.
Fibronectin is an adhesive protein (colored green in
Fig. 3.16) that binds to a protein in the plasma membrane
called integrin. Integrins are integral membrane proteins that
connect to fibronectin externally and to the actin cytoskeleton
internally. Through its connections with both the ECM and
the cytoskeleton, integrin plays a role in cell signaling,
permitting the ECM to influence the activities of the
cytoskeleton and, therefore, the shape and activi-
ties of the cell. Amino sugars in the ECM

shaft

Figure 315 Structure and
function of the flagella and cilia.

The shaft of a flagellum (or cilium) contains
microtubule doublets, whose side arms
are motor molecules that cause the
projection to move. Sperm have flagella.
Without the ability of sperm to move to the
egg, human reproduction would not be
possible. Cilia cover the surface of the
cells of the respiratory system, where they
beat upward to remove foreign matter.

(sperm): © David M. Phillips/Science Source;
(cilia): © Dr. G. Moscoso/Science Source, Inc.
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collagen

form multiple polysaccharides, which attach to a protein and are there-
fore called proteoglycans. Proteoglycans, in turn, attach to a very long,
centrally placed polysaccharide. The entire structure resists compres-
sion of the extracellular matrix. Proteoglycans also influence the pro-
cess of cell signaling by regulating the passage of molecules through
the ECM to the plasma membrane, where receptors are located.

In Section 4.2, during the discussion of connective tissue, we
will explore how the extracellular matrix varies in quantity and
consistency: being quite flexible, as in loose connective tissue;
semiflexible, as in cartilage; and rock solid, as in bone. The

plasma

membranes plasma

filaments of
cytoskeleton

intercellular
filaments

intercellular space
space

a. Adhesion junction

Figure 3.17 Junctions between cells.

Outside (extracellular matrix)

membranes

tight junction
proteins

intercellular

Figure 316 Extracellular
matrix.

In the extracellular matrix (ECM),
collagen and elastin have a
support function, whereas
fibronectins bind to integrin, thus
assisting communication between
the ECM and the cytoskeleton.

7

proteoglycan

extracellular matrix of bone is hard because, in addition to the
components mentioned, mineral salts, notably calcium salts, are
deposited outside the cell.

Junctions Between Cells

As we will see in Chapter 4, human tissues are known to have junc-
tions between their cells that allow them to function in a coordi-
nated manner. Figure 3.17 illustrates the three main types of cell
junctions in human cells.

plasma
membranes

membrane
channels

intercellular
space

b. Tight junction c. Gap junction

a. Adhesion junctions mechanically connect cells. b. Tight junctions form barriers with the external environment. ¢. Gap junctions allow for

communication between cells.

57
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Adhesion junctions mechanically attach adjacent cells. In these
junctions, the cytoskeletons of two adjacent cells are interconnected.
They are a common type of junction between skin cells. In tight
Junctions, connections between the plasma membrane proteins of
neighboring cells produce a zipperlike barrier. These types of junc-
tions are common in the digestive system and the kidney, where it is
necessary to contain fluids (digestive juices and urine) within a spe-
cific area. Gap junctions serve as communication portals between
cells. In these junctions, channel proteins of the plasma membrane
fuse, allowing easy movement between adjacent cells.

CHECK YOUR PROGRESS 3:£

1. List the three types of fibers in the cytoskeleton.

2. Describe the structure of cilia and flagella, and state the
function of each.

3. List the types of junctions found in animal cells, and state
a function for each.

CONNECTING THE CONCEPTS

The cytoskeleton of the cell plays an important role in many as-
pects of our physiology. To explore this further, refer to the fol-
lowing discussions:

Section 10.1 investigates how the ciliated cells of the
respiratory system function.

Section 17.2 explains the role of the flagellated sperm cell in
reproduction.

Section 19.3 explores how the cytoskeleton is involved in cell
division.

3.6 Metabolism and the
Energy Reactions

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Understand the relationship of products and reactants in a
metabolic reaction.

2. |dentify the role of an enzyme in a metabolic reaction.

3. Summarize the roles of the anaerobic and aerobic
pathways in energy generation.

4. lllustrate the stages of the ATP cycle.

Metabolic Pathways

Cellular respiration is an important component of metabolism,
which includes all the chemical reactions that occur in a cell. Often
metabolism requires metabolic pathways and is carried out by en-
zymes sequentially arranged in cells:

1 2 3 4 5 6

A—B—>C—D—FE—F—G

The letters, except A and G, are products of the previous reaction
and the reactants for the next reaction. A represents the beginning
reactant, and G represents the final product. The numbers in the
pathway refer to different enzymes. Each reaction in a metabolic
pathway requires a specific enzyme. The mechanism of action of
enzymes has been studied extensively, because enzymes are so
necessary in cells.

Metabolic pathways are highly regulated by the cell. One
type of regulation is feedback inhibition. In feedback inhibition,
one of the end products of the metabolic pathway interacts with an
enzyme early in the pathway. In most cases this feedback slows
down the pathway, so that the cell does not produce more product
than it needs.

Enzymes

Enzymes are metabolic assistants that speed up the rate of a chem-
ical reaction. The reactant(s) that participate(s) in the reaction is/
are called the enzyme’s substrate(s). Enzymes are often named for
their substrates. For example, lipids are broken down by lipase,
maltose by maltase, and lactose by lactase.

Enzymes have a specific region, called an active site, where
the substrates are brought together so they can react. An en-
zyme’s specificity is caused by the shape of the active site. Here
the enzyme and its substrate(s) fit together in a specific way,
much as the pieces of a jigsaw puzzle fit together (Fig. 3.18).
After one reaction is complete, the product or products are
released. The enzyme is ready to be used again. Therefore, a cell
requires only a small amount of a particular enzyme to carry out
a reaction. A chemical reaction can be summarized in the
following manner:

E+S — ES — E+P

where E = enzyme, S = substrate, ES = enzyme-substrate complex,
and P = product. An enzyme can be used over and over again.

Molecules frequently do not react with one another unless
they are activated in some way. In the lab, for example, in the
absence of an enzyme, activation is very often achieved by heat-
ing a reaction flask to increase the number of effective collisions
between molecules. The energy that must be added to cause
molecules to react with one another is called the energy of acti-
vation (E,) (Fig. 3.19). Even though the reaction will proceed,
the energy of activation must be overcome. The burning of fire-
wood releases a tremendous amount of energy, but firewood in a
pile does not spontaneously combust. The input of some energy,
perhaps a lit match, is required to overcome the energy of
activation.

Figure 3.19 shows E, when an enzyme is not present com-
pared to when an enzyme is present, illustrating that enzymes
lower the amount of energy required for activation to occur. Nev-
ertheless, the addition of the enzyme does not change the end re-
sult of the reaction. Notice that the energy of the products is less
than the energy of the reactants. This indicates that the reaction
will occur, but not until the energy of activation is overcome.
Without the enzyme, the reaction rate will be very slow. By
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An enzyme has an active site, where the substrates and enzyme fit together in such a way that the substrates are oriented to react. Following the
reaction, the products are released and the enzyme is free to act again. a. Some enzymes carry out degradation, in which the substrate is broken
down to smaller products. b. Other enzymes carry out synthesis, in which the substrates are combined to produce a larger product.
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Figure 3.19 Energy of activation.
Enzymes accelerate the rate of a metabolic reaction by lowering the
amount of energy of activation needed to start the reaction.

lowering the energy of activation, the enzyme increases the rate of
the reaction.

Coenzymes are nonprotein molecules that assist the activity
of an enzyme and may even accept or contribute atoms to the reac-
tion. It is interesting that vitamins are often components of coen-
zymes. The vitamin niacin is a part of the coenzyme NAD*
(nicotinamide adenine dinucleotide), which carries hydrogen
(H) and electrons.

Mitochondria and Cellular Respiration

Mitochondria (sing., mitochondrion) are often called the power-
houses of the cell. Just as a powerhouse burns fuel to produce
electricity, the mitochondria convert the chemical energy of glu-
cose products into the chemical energy of ATP molecules. In the
process, mitochondria use up oxygen and give off carbon dioxide.
Therefore, the process of producing ATP is called cellular respi-
ration. The structure of mitochondria is appropriate to the task.
The inner membrane is folded to form little shelves called cristae.
These project into the matrix, an inner space filled with a gel-like
fluid (Fig. 3.20). The matrix of a mitochondrion contains en-
zymes for breaking down glucose products. ATP production then
occurs at the cristae. Protein complexes that aid in the conversion
of energy are located in an assembly-line fashion on these mem-
branous shelves.

The structure of a mitochondrion supports the hypothesis
that mitochondria were originally prokaryotes that became en-
gulfed by a cell. Mitochondria are bound by a double mem-
brane, as a prokaryote would be if it were taken into a cell by
endocytosis. Even more interesting is the observation that
mitochondria have their own genes—and they reproduce
themselves!

ATP-ADP Cycle ATP is the energy currency of the cell, it is
involved in a variety of cellular processes. The ATP (Fig. 3.21)
resembles that of a rechargeable battery. The breakdown of glucose
during cellular respiration is used to produce ATP from ADP and
inorganic phosphate (P). This ATP is then used for the metabolic
work of the cell. Muscle cells use ATP for contraction, and nerve
cells use it for conduction of nerve impulses. ATP breakdown
releases heat, ADP, and phosphate (P).
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membrane

intermembrane inner
space membrane

Figure 3.20 The structure of a mitochondrion.

A mitochondrion is bound by a double membrane, and the inner
membrane folds into projections called cristae. The cristae project into
a semifluid matrix that contains many enzymes.

photo: © Keith R. Porter/Science Source

Cellular Respiration

After blood transports glucose and oxygen to cells, cellular respi-
ration begins. Cellular respiration breaks down glucose to carbon
dioxide and water. Three pathways are involved in the breakdown
of glucose—glycolysis, the citric acid cycle, and the electron

Energy from
cellular respiration
is used to
produce ATP.

ADP + P

transport chain (Fig. 3.22). These metabolic pathways allow the
energy in a glucose molecule to be slowly released, so that ATP
can be gradually produced. Cells would lose a tremendous amount
of energy, in the form of heat, if glucose breakdown occurred all at
once. When humans burn wood or coal, the energy escapes all at
once as heat. But a cell “burns” glucose gradually, and energy is
captured as ATP.

Glycolysis  Glycolysis means “sugar splitting.” During glycol-
ysis, glucose, a 6-carbon (Cg) molecule, is split so that the result
is two 3-carbon (C;) molecules of pyruvate. Glycolysis, which
occurs in the cytoplasm, is found in most every type of cell.
Therefore, this pathway is believed to have evolved early in the
history of life.

Glycolysis is an anaerobic pathway, because it does not re-
quire oxygen. This pathway can occur in microbes that live in bogs
or swamps or our intestinal tract, where there is no oxygen. During
glycolysis, hydrogens and electrons are removed from glucose, and
NADH results. The breaking of bonds releases enough energy for
a net yield of two ATP molecules.

Preparatory Reaction Pyruvate is a pivotal molecule in cellu-
lar respiration. When oxygen is available, the molecule enters the
preparatory (prep) reaction, so named because it prepares the out-
puts of glycolysis (pyruvate molecules) for use in the citric acid
cycle mitochondria so that they may be completely broken
down. A small amount of NADH is produced per glucose. As we
will discuss later in this section, fermentation occurs when oxygen
is not available.

Citric Acid Cycle Each of the pyruvate molecules, after a brief
modification, enters the citric acid cycle as acetyl CoA. The citric
acid cycle, also called the Krebs cycle, is a cyclical series of enzy-
matic reactions that occurs in the matrix of mitochondria.

The purpose of this pathway is to complete the breakdown of
glucose by breaking the remaining C—C bonds. As the reactions
progress, carbon dioxide is released, a small amount of ATP (two
per glucose) is produced, and the remaining hydrogen and electrons
are carried away by NADH and a similar molecule called FADH,.

The cellular respiration pathways have the ability to use or-
ganic molecules other than carbohydrates as an energy source.
Both fats and proteins may be converted to compounds that enter
the citric acid cycle. More information on these processes is

Figure 3.21 The ATP cycle.

The breakdown of organic nutrients,
such as glucose, by cellular respiration
transfers energy to form ATP. ATP is
used for energy-requiring reactions,
such as muscle contraction. ATP
breakdown also gives off heat.
Additional food energy rejoins ADP and
® to form ATP again.

Energy from
ATP breakdown
is used for
metabolic work.
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Figure 3.22 Production of ATP.
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Glucose enters a cell from the bloodstream by facilitated transport. The three main pathways of cellular respiration (glycolysis, citric acid cycle, and
electron transport chain) all produce ATP, but most is produced by the electron transport chain. NADH carries electrons to the electron transport
chain from glycolysis and the citric acid cycle. ATP exits a mitochondrion by facilitated transport.

provided in the Health feature “The Metabolic Fate of Pizza,” lo-
cated later in this section.

Electron Transport Chain NADH molecules from glycolysis
and the citric acid cycle deliver electrons to the electron transport
chain. The members of the electron transport chain are carrier
proteins grouped into complexes. These complexes are embedded
in the cristae of a mitochondrion. Each carrier of the electron
transport chain accepts two electrons and passes them on to the
next carrier. The hydrogens carried by NADH molecules will be
used later.

High-energy electrons enter the chain, and as they are passed
from carrier to carrier, the electrons lose energy. Low-energy elec-
trons emerge from the chain. Oxygen serves as the final acceptor
of the electrons at the end of the chain. After oxygen receives the
electrons, it combines with hydrogens and becomes water.

The presence of oxygen makes the electron transport chain
aerobic. Oxygen does not combine with any substrates during cel-
lular respiration. Breathing is necessary to our existence, and the
sole purpose of oxygen is to receive electrons at the end of the
electron transport chain.

The energy, released as electrons pass from carrier to carrier,
is used for ATP production. It took many years for investigators to
determine exactly how this occurs, and the details are beyond the
scope of this text. Suffice it to say that the inner mitochondrial

membrane contains an ATP-synthase complex that combines
ADP + (P) to produce ATP. The ATP-synthase complex produces
about 32 ATP per glucose molecule. Overall, the reactions of cel-
lular respiration produce 36 to 38 ATP molecules.

Fermentation

Fermentation is an anaerobic process, meaning that it does not
require oxygen. When oxygen is not available to cells, the elec-
tron transport chain soon becomes inoperative. This is because
oxygen is not present to accept electrons. In this case most cells
have a safety valve, so that some ATP can still be produced.
Glycolysis operates as long as it is supplied with “free”
NAD™ that is available to pick up hydrogens and electrons. Nor-
mally, NADH takes electrons to the electron transport chain and,
thereby, is recycled to become NAD*. However, if the system is
not working due to a lack of oxygen, NADH passes its hydro-
gens and electrons to pyruvate molecules, as shown in the fol-
lowing reaction:

NADH NAD*

pyruvate —— > lactate
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BIOLOGY TODAY

The Metabolic Fate of Pizza

Obviously our diets do not consist solely of carbohydrates. Be-
cause fats and proteins are also organic nutrients, it makes sense
that our bodies can utilize the energy found in the bonds of these
molecules. In fact, the metabolic pathways we have discussed in
this chapter are more than capable of accessing the energy of fats
and proteins. For example, let’s trace the fate of a pepperoni pizza,
which contains carbohydrates (crust), fats (cheese), and protein
(pepperoni).

We already know that the glucose in the carbohydrate crust is
broken down during cellular respiration. When the cheese in the
pizza (a fat) is used as an energy source, it breaks down to glycerol
and three fatty acids. As Figure 3B indicates, glycerol can be con-
verted to pyruvate and enter glycolysis. The fatty acids are con-
verted to an intermediate that enters the citric acid cycle. An
18-carbon fatty acid results in nine acetyl CoA molecules. Calcula-
tion shows that respiration of these can produce a total of 108 ATP
molecules. This is why fats are an efficient form of stored energy—
the three long fatty acid chains per fat molecule can produce con-
siderable ATP when needed.

Proteins are less frequently used as an energy source but are
available if necessary. The carbon skeleton of amino acids can en-
ter glycolysis, be converted to acetyl groups, or enter the citric acid
cycle at another point. The carbon skeleton is produced in the liver
when an amino acid undergoes deamination, or the removal of the
amino group. The amino group becomes ammonia (NH;), which
enters the urea cycle and becomes part of urea, the primary excre-
tory product of humans.

In Chapter 9, “Digestive System and Nutrition,” we will take
a more detailed look at the nutritional needs of humans, including
discussions on how vitamins and minerals interact with metabolic
pathways and the dietary guidelines for proteins, fats, and
carbohydrates.

Questions to Consider

1. How might a meal of a cheeseburger and fries be processed by
the cellular respiration pathways?

2. Even though Figure 3B does not indicate the need for water, it
is an important component of our diet. Where would water
interact with these pathways?

This means that the citric acid cycle and the electron transport
chain do not function as part of fermentation. When oxygen is
available again, lactate can be converted back to pyruvate and me-
tabolism can proceed as usual.

Fermentation can give us a burst of energy for a short time,
but it produces only two ATP per glucose molecule. Also, fermen-
tation results in the buildup of lactate. Lactate is toxic to cells and

=

proteins carbohydrates fats
amino glucose glycerol fatty
acids acids
Glycolysis
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pyruvate
acetyl CoA /
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transport =
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Figure 3B The use of fats and proteins for energy.
Carbohydrates, fats, and proteins can be used as energy sources,
and their monomers (carbohydrates and proteins) or subunits (fats)
enter degradative pathways at specific points.

© C Squared Studios/Getty RF

causes muscles to cramp and fatigue. If fermentation continues for
any length of time, death follows.

Fermentation takes its name from yeast fermentation. Yeast
fermentation produces alcohol and carbon dioxide (instead of lac-
tate). When yeast is used to leaven bread, carbon dioxide produc-
tion makes the bread rise. When yeast is used to produce alcoholic
beverages, it is the alcohol that humans make use of.



CHECK YOUR PROGRESS 3.6

1. Summarize the roles of enzymes in chemical reactions.

2. Describe the basic steps of required to break down
glucose by cellular respiration.

3. Explain why the ATP cycle resembles that of a
rechargeable battery.

4. Explain the differences between cellular respiration and
fermentation.

CASE STUDY: CONCLUSION

Over the next few months, both Kevin and Mary dedicated
hours to understanding the causes of and treatments for
Tay-Sachs disease. They learned that the disease is caused by
a recessive mutation that limits the production of an enzyme
called beta-hexosaminidase A. This enzyme is loaded into a
newly formed lysosome by the Golgi apparatus. The enzyme’s
function is to break down a specific type of fatty acid chain
called gangliosides. Gangliosides play an important role in the
early formation of the neurons in the brain. Tay-Sachs disease
occurs when the gangliosides over-accumulate in the
neurons.
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CONNECTING THE CONCEPTS

For additional information on the processing of nutrients for en-
ergy, refer to the following discussions:

Sections 2.3 to 2.5 provide a more detailed look at
carbohydrates and other energy nutrients.

Section 9.3 explores how the small intestine processes
nutrients for absorption.

Section 9.6 describes the importance of carbohydrates, fats,
and proteins in the diet.

Though the prognosis for their child was initially poor—very
few children with Tay-Sachs live beyond the age of 4—the parents
were encouraged to explore how recent advances in a form of
medicine called gene therapy might be able to prolong the life of
their child. In gene therapy, a correct version of the gene is intro-
duced into specific cells in an attempt to regain lost function.
Some initial studies using mice as a model had demonstrated an
ability to reduce ganglioside concentrations by providing a work-
ing version of the gene that produced beta-hexosaminidase A to
the neurons of the brain. Though research was still ongoing, it was
a promising piece of information for both Kevin and Mary.

STUDY TOOLS http://connect.mheducation.com

SUMMARIZE

3.1 Whatls a Cell?

The cell theory states that cells are the basic units of life and that all life
comes from preexisting cells. Microscopes are used to view cells, which
must remain small to have a favorable surface-area-to-volume ratio.

3.2 How Cells Are Organized

The human cell is a eukaryotic cell with a nucleus that contains the
genetic material. Prokaryotic cells, such as the bacteria, are smaller than
eukaryotic cells and lack a nucleus.

The cell is surrounded by a plasma membrane, a selectively permeable
barrier that limits the movement of materials into and out of the cell.
Between the plasma membrane and the nucleus is the cytoplasm. In
eukaryotic cells, the cytoplasm contains various organelles, each with
specific functions.

3.3 The Plasma Membrane and How Substances
Cross It
The fluid-mosaic model describes the structure of the plasma mem-
brane. The plasma membrane contains
* A phospholipid bilayer that selectively regulates the passage of
molecules and ions into and out of the cell.
* Embedded proteins, which allow certain substances to cross the
plasma membrane.

S M /—\ RT B D D K® Maximize your study time with McGraw-Hill SmartBook®, the first adaptive textbook.
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Passage of molecules into or out of cells can be passive or active.

 Passive mechanisms do not require energy. Examples are diffusion,
osmosis, and facilitated transport. Tonicity and osmotic pressure
control the process of osmosis.

¢ Active mechanisms require an input of energy. Examples are active
transport (sodium-potassium pump), endocytosis (phagocytosis
and pinocytosis), receptor-mediated endocytosis, and exocytosis.
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3.4 The Nucleus and the Endomembrane System

* The nucleus houses DNA, which contains genes that specify the
order of amino acids in proteins. Chromatin is a combination of
DNA molecules and proteins that make up chromosomes.

* The nucleus is surrounded by a nuclear envelope that contains
nuclear pores for communication and the movement of materials.

* The nucleolus produces ribosomal RNA (rRNA).

* Protein synthesis occurs in ribosomes, small organelles composed
of proteins and rRNA.

The Endomembrane System
The endomembrane system consists of the nuclear envelope, endoplas-
mic reticulum (ER), Golgi apparatus, lysosomes, and vesicles.
* The rough ER has ribosomes, where protein synthesis occurs.
* Smooth ER has no ribosomes and has various functions, including
lipid synthesis.
¢ The Golgi apparatus processes and packages proteins and
lipids into vesicles for secretion or movement into other parts
of the cell.
» Lysosomes are specialized vesicles produced by the Golgi
apparatus. They fuse with incoming vesicles to digest enclosed
material, and they autodigest old cell parts.

3.5 The Cytoskeleton, Cell Movement, and Cell
Junctions

* The cytoskeleton consists of microtubules, actin filaments, and
intermediate filaments that give cells their shape; and it allows
organelles to move about the cell. Microtubules are organized by
centrosomes. Cilia and flagella, which contain microtubules, allow
a cell to move.

glucose

Glycolysis

glucose > pyruvate

Outside cell

* Cell junctions connect cells to form tissues and to facilitate
communication between cells.

* The extracellular matrix (ECM) is located outside the plasma
membrane. It may provide structure and regulate the movement of
materials into the cell.

3.6 Metabolism and the Energy Reactions
Metabolic Pathways
* Metabolism represents all the chemical reactions that occur in a
cell. A metabolic pathway is a series of reactions, each of which has
its own enzyme. The materials entering these reactions are called
reactants, and the materials leaving the pathway are called
products.

Enzymes
* Enzymes bind their substrates in the active site.
* Enzymes accelerate chemical reactions by lowering the energy of
activation (E,) needed to start the reaction.
« Coenzymes, such as NAD" (nicotinamide adenine dinucleotide),
are nonprotein molecules that assist enzymes.

Mitochondria and Cellular Respiration
* Mitochondria are involved in cellular respiration, which uses
oxygen and releases carbon dioxide.
* During cellular respiration, mitochondria convert the energy of
glucose into the energy of ATP molecules.

Cellular Respiration and Metabolism

* Cellular respiration includes three pathways: glycolysis, the citric
acid cycle, and the electron transport chain.
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Glycolysis occurs in the cytoplasm and is anaerobic. It produces
two pyruvate molecules and small amounts of ATP and NADH.
The pyruvate molecules are modified by the preparatory reactions
in the mitochondria before entering the citric acid cycle.

The citric acid cycle occurs in the matrix of the mitochondria. Its
role is to break C—C bonds and generate ATP, NADH, and FADH,.
The electron transport chain is located along the cristae of the
mitochondria. It is an aerobic pathway that uses the electrons in the
NADH and FADH, molecules to generate the majority of the ATP
in the cell.

If oxygen is not available in cells, the electron transport chain is
inoperative, and fermentation (which does not require oxygen)
occurs. Fermentation recycles NAD™ molecules so that the cell can
produce a small amount of ATP by glycolysis.

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

3.1 Whatls a Cell?

1.

3.2

. Prokaryotic cells contain all of the following, except

3.3

As the size of a cell decreases, the ratio of its surface area to volume
a. increases.

b. decreases.

c. stays the same.

. The cell theory states that

a. all life comes from preexisting cells.
b. all life is composed of cells.

c. the cell is the basic unit of life.

d. All of these are correct.

How Cells Are Organized

a. cytoplasm.

b. plasma membrane.
c. DNA.

d. anucleus.

. The endosymbiotic theory explains which of the following?

a. the origins of the first prokaryotic cell

b. the formation of the plasma membrane

c¢. why DNA is the genetic material in all cells

d. how eukaryotic cells evolved from prokaryotic cells

The Plasma Membrane and How Substances
Cross It

. Which of the following is not part of the fluid-mosaic model?

a. phospholipids
b. proteins

c. cholesterol
d. chromatin

. Facilitated transport differs from diffusion in that facilitated

diffusion

a. involves the passive use of a carrier protein.

b. involves the active use of a carrier protein.

c. moves a molecule from a low to a high concentration.
d. involves the use of ATP molecules.

7.

34

Chapter 3 Cell Structure and Function 65

When a cell is placed in a hypotonic solution,

a. solute exits the cell to equalize the concentration on both sides
of the membrane.

b. water exits the cell toward the area of lower solute concentration.

c. water enters the cell toward the area of higher solute
concentration.

d. solute exits and water enters the cell.

The Nucleus and Endomembrane System

For questions 8—11, match the description to the correct answer in the
following key. Answers may be used more than once.

Key:

8.
9.
10.
11.
12.

35

13.

14.

3.6

15.

16.

17.

Golgi apparatus
. nucleus

o

ribosome

d. lysosome

location of the chromatin and nucleolus

organelle where proteins and lipids from the ER are modified
contains digestive enzymes

the site of protein synthesis

The ribosomes on the rough endoplasmic reticulum assemble ,
while are assembled in the smooth endoplasmic reticulum.
a. proteins; phospholipids

b. cholesterol; proteins

c. DNA; proteins

d. cholesterol; phospholipids

The Cytoskeleton, Cell Movement, and Cell Junctions

The cytoskeleton of a cell consists of all of the following, except
a. microtubules.

b. actin filaments.

c. extracellular matrix.

d. intermediate filaments.

Cilia and flagella are involved in

a. forming junctions between cells.

b. establishing the extracellular matrix.
c. cell-to-cell communication.

d. cell movement.

Metabolism and the Energy Reactions

The active site of an enzyme

a. isidentical to that of any other enzyme.

b. is the part of the enzyme where the substrate can fit.
c¢. is destroyed during a chemical reaction.

d. is where the coenzyme binds.

Enzymes accelerate a chemical reaction by

a. reducing the amount of substrate produced.

b. lowering the energy of activation of the reaction.
c¢. increasing the energy of activation of the reaction.
d. reducing the amount of reactant needed.

Which of the following pathways produces the greatest amount of ATP?
citric acid cycle

. glycolosis

electron transport chain

ae o

. fermentation
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18. Which of the following reactions is aerobic and recycles NAD™
molecules?

a.

b
c.
d

glycolosis

. citric acid cycle

electron transport chain

. fermentation

ENGAGE
BioNOW

Want to know how this science is relevant to your life? Check out the
BioNow videos below:

e Cell Size

 Saltwater Filter

e Energy Part I: EnergyTransfers

* Energy Part III: Cellular Respiration

1. Cell Size: Why would a larger surface-area-to-volume ratio
increase metabolic efficiency?

2. Saltwater Filter: Explain how the potato uses the principles of

diffusion to measure the salt concentration in the branch samples.

3. Energy Transfers: Explain how both laws of thermodynamics
apply to the experiments in this video.

4. Cellular Respiration: What cellular processes are producing the

CO, being measured in this experiment?

THINKING CRITICALLY
In the case study at the beginning of the chapter, the child had
malfunctioning lysosomes, which caused an accumulation of fatty acid in
the system. Each part of a cell plays an important role in the homeostasis
of the entire body.
1. What might occur if the cells of the body contain malfunctioning
mitochondria?
2. What would happen to homeostasis if enzymes were no longer
produced in the body?
3. Knowing what you know about the function of a lysosome, what

might occur if the cells’ lysosomes are overproductive instead of
malfunctioning?
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CASE STUDY:ARTIFICIAL SKIN

hen Kristen awoke in the hospital, she discovered that a fire in her home

had produced third-degree burns over a large portion of her legs. The
doctors informed Kristen that the burns on her legs covered too large an area
for autografting, the traditional grafting technique that would remove skin
from other parts of her body to cover the burn areas. Another available option
was allografting, in which skin is removed from another person, or a cadaver,
and used to cover the burn areas. However, Kristen’s specialists were not
eager to take that route because complications often develop due to rejec-
tion of the foreign tissue or infections.

Instead, the doctors recommended a relatively new technique—artificial
skin. Just a decade ago, the concept of artificial skin may have been found
only in a science-fiction movie, but advances in medical technology have
made the use of artificial skin a reality. The purpose of using artificial skin is
not to permanently replace the damaged tissue; rather, the procedure is de-
signed to protect the damaged tissue and allow time for the patient’s skin to
heal itself.

The first step of the procedure, after the removal of the burned tissue, is
to cover the wound with the artificial skin. This skin contains collagen, a con-
nective tissue, and an adhesive-like carbohydrate that allows the artificial skin
to bind to the underlying tissue. Initially the artificial skin contains a plastic
wrapping that simulates the epidermis and protects the tissue from water loss
and infection. The next step is to remove a small sample of epidermal cells
from an unburned area of skin on the patient’s body. These are taken to a
laboratory and placed in incubators to grow sheets of skin. Once ready, the
plastic covering on the patient is replaced by the sheets of epidermal cells.
Over time, the laboratory-grown artificial skin is integrated into the newly
growing skin.

As you read through the chapter, think about the following questions:

1. What types of tissue are normally found in skin?

2. Why would burn damage to the skin be such a serious challenge to
Kristen’s health?

3. Why would it be more difficult to produce new dermis in the laboratory
than new epidermis?
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CHAPTER CONCEPTS

41 Types of Tissues
The body contains four types of tissues:
connective, muscular, nervous, and epithelial.
4.2 Connective Tissue Connects
and Supports
Connective tissues bind and support body parts.
4.3 Muscular Tissue Moves the Body
Muscular tissue moves the body and its parts.
4.4 Nervous Tissue Communicates
Nervous tissue transmits information throughout
the body.
4.5 Epithelial Tissue Protects
Epithelial tissues line cavities and cover surfaces.
4.6 Integumentary System
The skin is the largest organ and plays an
important role in maintaining homeostasis.
4.7 Organ Systems, Body Cavities, and
Body Membranes
Organ systems contain multiple organs that
interact to carry out a process.
4.8 Homeostasis

Homeostasis maintains the internal environment
and is made possible by feedback mechanisms.

BEFORE YOU BEGIN
Before beginning this chapter, take a few moments to
review the following discussions:

Section 1.1 How do tissues and organs fit into the
levels of biological organization?

Section 3.2 How are eukaryotic cells structured?

Section 3.5 How are cells linked together to form
tissues?
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4.1 Types of Tissues

LEARNING OUTCOME

Upon completion of this section, you should be able to
1. Understand where tissues relate in the biological levels of
organization.

2. Describe the four types of tissues and provide a general
function for each.

Recall from the material on the levels of biological organization
(see Fig. 1.2) that cells are composed of molecules; a tissue is a
group of similar cells; an organ contains several types of tissues;
and several organs are found in an organ system. In this chapter we
will further explore the tissue, organ, and organ system levels of
organization.

A tissue is composed of specialized cells of the same type that
perform a common function in the body. The tissues of the human
body can be categorized into four major types:

Connective tissue binds and supports body parts.

Muscular tissue moves the body and its parts.

Nervous tissue receives sensory information and conducts nerve
impulses.

Epithelial tissue covers body surfaces and lines body cavities.

How are cancers nhamed?

Cancers are classified according to the type of tissue from
which they arise. Sarcomas are cancers arising in muscular or
connective tissue (especially bone or cartilage). Leukemias are
cancers of the blood. Lymphomas are cancers of lymphoid tis-
sue. Carcinomas, the most common type, are cancers of epithe-
lial tissue. The chance of developing cancer in a particular tissue
is related to the rate of cell division. Both epithelial cells and
blood cells reproduce at a high rate. Thus, carcinomas and leu-
kemias are common types of cancer.

CHECK YOUR PROGRESS 4:1

1. Explain how tissues relate to cells and organs in the
biological levels of organization.

2. Distinguish between muscular tissue and nervous tissue.
3. Distinguish between connective tissue and epithelial tissue.

CONNECTING THE CONCEPTS

For more information on the roles of each of these tissues in the
body, refer to the following discussions:

Section 6.1 explores how blood functions as a connective tissue.
Section 9.3 examines how the epithelial tissues of the
digestive system absorb nutrients.

Section 13.2 examines how muscular tissue provides for
movement.

4.2 Connective Tissue Connects
and Supports

LEARNING OUTCOMES B |

Upon completion of this section, you should be able to
1. Describe the primary types of connective tissue and
provide a function for each.
2. Compare the structure and function of bone and cartilage.
3. Differentiate between blood and lymph.

Connective tissue is diverse in structure and function. Despite
these apparent differences, all types of connective tissue have three
similar components: specialized cells, ground substance, and pro-
tein fibers. These components are shown in Figure 4.1, a diagram-
matic representation of loose fibrous connective tissue. The ground
substance is a noncellular material that separates the cells. It varies
in consistency from solid (bone) to semifluid (cartilage) to fluid
(blood).

The fibers are of three possible types. White collagen fibers
contain collagen, a protein that gives them flexibility and strength.
Reticular fibers are very thin collagen fibers, highly branched
proteins that form delicate supporting networks. Yellow elastic
fibers contain elastin, a protein that is not as strong as collagen but
is more elastic. Elastic fibers return to their original shape and may
stretch to over 100 times their relaxed size without damage. Inher-
ited connective tissue disorders arise when people inherit genes
that lead to malformed fibers. For example, in Marfan syndrome,
there are mutations in the fibrillin gene (FBNI). Fibrillin is a com-
ponent of elastic fibers, and these mutations cause a decrease in
the elasticity of the connective tissues that are normally rich in
elastic fibers, such as the aorta. Individuals with this disease often
die from aortic rupture, which occurs when the aorta cannot
expand in response to increased blood pressure.
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Figure 441 Components of connective tissues.

All connective tissues have three components: specialized cells,
ground substance, and protein fibers. Loose fibrous connective tissue
is shown here.



Fibrous Connective Tissue

Fibrous tissue exists in two forms: loose fibrous tissue and dense
fibrous tissue. Both loose fibrous and dense fibrous connective tis-
sues have cells called fibroblasts located some distance from one
another and separated by a jellylike ground substance containing
white collagen fibers and yellow elastic fibers (Fig. 4.2). Matrix
includes ground substance and fibers.

Loose fibrous connective tissue, which includes areolar
and reticular connective tissue, supports epithelium and many
internal organs. Its presence in lungs, arteries, and the urinary
bladder allows these organs to expand. It forms a protective cov-
ering enclosing many internal organs, such as muscles, blood
vessels, and nerves.

Adipose tissue is a special type of loose connective tissue in
which the cells enlarge and store fat. Adipose tissue has little extra-
cellular matrix. Its cells, which are called adipocytes, are crowded,
and each is filled with liquid fat. The body uses this stored fat for
energy, insulation, and organ protection. Adipose tissue also re-
leases a hormone called leptin, which regulates appetite-control
centers in the brain. Adipose tissue is primarily found beneath the
skin, around the kidneys, and on the surface of the heart.

Dense fibrous connective tissue contains many collagen fibers
packed together. This type of tissue has more specific functions than
does loose connective tissue. For example, dense fibrous connective
tissue is found in tendons, which connect muscles to bones, and in
ligaments, which connect bones to other bones at joints.
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Figure 4.2 Connective tissues in the knee.
Most types of connective tissue may be found in the knee.
(all photos): © Ed Reschke
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SCIENCE IN YOUR LIFE

Does dieting get rid of fat cells?

Unfortunately, dieting can shrink the size of fat cells (adipo-
cytes), but their number stays the same. This means that it is
easier to regain the weight if diet and exercise are not main-
tained. Liposuction is the only way to remove fat cells from
the body.

Supportive Connective Tissue

Cartilage and bone are the two main supportive connective tissues.
Each provides structure, shape, protection, and leverage for move-
ment. Generally cartilage is more flexible than bone, because it
lacks mineralization of the matrix. The supportive connective
tissues are covered in more detail in Section 12.1.

Cartilage

In cartilage, the cells lie in small chambers called lacunae (sing.,
lacuna), separated by a solid, yet flexible, matrix. This matrix is
formed by cells called chondroblasts and chondrocytes. Because
this tissue lacks a direct blood supply, it often heals slowly. The
three types of cartilage are distinguished by the type of fiber found
in the matrix.
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Hyaline cartilage (Fig. 4.2), the most common type of carti-
lage, contains only fine collagen fibers. The matrix has a glassy,
translucent appearance. Hyaline cartilage is found in the nose and
at the ends of the long bones and the ribs, and it forms rings in the
walls of respiratory passages. The fetal skeleton also is made of
this type of cartilage. Later, the cartilaginous fetal skeleton is
replaced by bone.

Elastic cartilage has more elastic fibers than hyaline cartilage
does. For this reason, it is more flexible and is found, for example,
in the framework of the outer ear.

Fibrocartilage has a matrix containing strong collagen fibers.
Fibrocartilage is found in structures that withstand tension and
pressure, such as the disks between the vertebrae in the backbone
and the cushions in the knee joint.

Bone

Bone is the most rigid connective tissue. It consists of an extremely
hard matrix of inorganic salts, notably calcium salts. These salts
are deposited around protein fibers, especially collagen fibers. The
inorganic salts give bone rigidity. The protein fibers provide elas-
ticity and strength, much as steel rods do in reinforced concrete.
Cells called osteoblasts and osteoclasts are responsible for forming
the matrix in bone tissue.

Compact bone makes up the shaft of a long bone (Fig. 4.2). It
consists of cylindrical structural units called osteons (see Section
12.1). The central canal of each osteon is surrounded by rings of
hard matrix. Bone cells are located in lacunae between the rings of
matrix. In the central canal, nerve fibers carry nerve impulses, and
blood vessels carry nutrients that allow bone to renew itself. Thin
extensions of bone cells within canaliculi (minute canals) connect
the cells to each other and to the central canal.

The ends of the long bones are composed of spongy bone
covered by compact bone. Spongy bone also surrounds the bone
marrow cavity. This, in turn, is covered by compact bone, forming
a “sandwich” structure. Spongy bone appears as an open, bony
latticework with numerous bony bars and plates, separated by ir-
regular spaces. Although lighter than compact bone, spongy bone
is still designed for strength. Just as braces are used for support in
buildings, the solid portions of spongy bone follow lines of stress.

Fluid Connective Tissue
Blood

Blood is a fluid connective tissue. Blood, which consists of formed
elements (Fig. 4.3) and plasma, is located in blood vessels. Blood
transports nutrients and oxygen to interstitial fluid, also called
extracellular fluid. Interstitial fluid bathes the body’s cells and re-
moves carbon dioxide and other wastes. Blood helps distribute
heat and plays a role in fluid, ion, and pH balance. The systems of
the body help keep blood composition and chemistry within nor-
mal limits. The structure and function of blood are covered in more
detail in Chapter 6.

Each formed element of blood has a specific function. The
red blood cells (erythrocytes) are small, biconcave, disk-shaped
cells without nuclei. The presence of the red pigment hemoglobin
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Figure 4.3 The formed elements of blood.

Red blood cells, which lack a nucleus, transport oxygen. Each type of
white blood cell has a particular way to fight infections. Platelets,
fragments of a particular cell, help seal injured blood vessels.
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makes the cells red, which in turn makes the blood red. Hemoglo-
bin is composed of four units. Each unit is composed of the protein
globin and a complex, iron-containing structure called heme. The
iron forms a loose association with oxygen; therefore, red blood
cells transport oxygen.

White blood cells (leukocytes) may be distinguished from red
blood cells because they have a nucleus. Without staining, leuko-
cytes would be translucent. There are many different types of white
blood cells, but all are involved in protecting the body from infec-
tion. Some white blood cells are generalists, meaning that they will
respond to any foreign invader in the body. These are phagocytic
cells, because they engulf infectious agents, such as bacteria. Oth-
ers are more specific and either produce antibodies (molecules that
combine with foreign substances to inactivate them) or directly
attack specific invading agents or infected cells in the body.

Platelets (thrombocytes) are not complete cells. Rather, they
are fragments of giant cells present only in bone marrow. When a
blood vessel is damaged, platelets form a plug that seals the vessel,
and injured tissues release molecules that help the clotting process.

Lymph

Lymph is also a fluid connective tissue. It is a clear (sometimes
faintly yellow) fluid derived from the fluids surrounding the tis-
sues. It contains white blood cells. Lymphatic vessels absorb excess
interstitial fluid and various dissolved solutes in the tissues. They
transport lymph to particular vessels of the cardiovascular system.
Lymphatic vessels absorb fat molecules from the small intestine.
Lymph nodes, composed of fibrous connective tissue, occur along
the length of lymphatic vessels. Lymph is cleansed as it passes
through lymph nodes, in particular, because white blood cells con-
gregate there. Lymph nodes enlarge when you have an infection.

Figure 4.4 summarizes the classification of each of the major
types of connective tissue.
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Figure 4.4 Types of connective tissue.

Connective tissue is divided into three general categories—fibrous, supportive, and fluid.

CHECK YOUR PROGRESS 4.

1. Describe the three general categories of connective
tissue, and provide some examples of each type.

2. Explain the difference in the composition of the matrix in
each of the three classes of connective tissue.

3. Describe how each of the two fluid connective tissues is
important to homeostasis.

CONNECTING THE CONCEPTS

The tissue types discussed in this section are examined in
greater detail later in the book. For more information, refer to
the following discussions:

Section 6.1 details the types of formed elements found in
blood.

Section 7.2 explains the role of the lymphatic system in
moving lymph through the body.

Section 12.1 provides a more detailed examination of cartilage
and bone.

4.3 Muscular Tissue Moves the Body

LEARNING OUTCOME B

Upon completion of this section, you should be able to

1. Distinguish among the three types of muscles with regard
to location and function in the body.

Muscular tissue is specialized to contract. It is composed of cells
called muscle fibers, which contain actin and myosin filaments.
The interaction of these filaments accounts for movement. These
interactions, and the structure of the muscles of the body, are cov-
ered in greater detail in Chapter 13. The three types of vertebrate
muscular tissue are skeletal, smooth, and cardiac.

Skeletal muscle is also called voluntary muscle (Fig. 4.5a). It
is attached by tendons to the bones of the skeleton. When it

contracts, body parts move. Contraction of skeletal muscle is un-
der voluntary control and occurs faster than in the other muscle
types. Skeletal muscle fibers are cylindrical and long—some run
the length of the muscle. They arise during development when
several cells fuse, resulting in one fiber with multiple nuclei. The
nuclei are located at the periphery of the cell, just inside the
plasma membrane. The fibers have alternating light and dark
bands that give them a striated, or striped, appearance. These
bands are due to the placement of actin filaments and myosin fila-
ments in the cell.

Smooth muscle is so named because the cells lack stria-
tions (Fig. 4.5b). Each spindle-shaped cell has a single nucleus.
These cells form layers in which the thick middle portion of one
cell is opposite the thin ends of adjacent cells. Consequently, the
nuclei form an irregular pattern in the tissue. Smooth muscle is
involuntary, meaning that it is not under conscious control.
Smooth muscle is found in the walls of viscera (intestine, blad-
der, and other internal organs) and blood vessels. For this rea-
son, it is sometimes referred to as visceral muscle. Smooth
muscle contracts more slowly than skeletal muscle but can re-
main contracted for a longer time. When the smooth muscle of
the bladder contracts, urine is sent into a tube called the urethra,
which takes it to the outside. When the smooth muscle of the
blood vessels contracts, the blood vessels constrict, helping
raise blood pressure.

Cardiac muscle (Fig. 4.5¢) is found only in the walls of the
heart. Its contraction pumps blood and accounts for the heart-
beat. Cardiac muscle combines features of both smooth and
skeletal muscle. Like skeletal muscle, it has striations, but the
contraction of the heart is involuntary for the most part. Cardiac
muscle cells also differ from skeletal muscle cells in that they
usually have a single, centrally placed nucleus. The cells are
branched and seemingly fused together. The heart appears to be
composed of one large, interconnecting mass of muscle cells.
Cardiac muscle cells are separate, but they are bound end to end
at intercalated disks. These are areas where folded plasma mem-
branes between two cells contain adhesion junctions and gap
junctions (see Section 3.5).
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Figure 4.5 The three types of muscular tissue.

a. Skeletal muscle is voluntary and striated. b. Smooth muscle is involuntary and nonstriated. c¢. Cardiac muscle is involuntary and striated.
photos: (a): © Ed Reschke; (b): © McGraw-Hill Education/Dennis Strete; (c): © Ed Reschke

4.4 Nervous Tissue Communicates

1. Explain the difference in the structure and function of LEARNING OUTCOMES _
skeletal, smooth, and cardiac muscle.

2. Describe where each type of muscle fiber is found in Upon completion of this section, you should be able to
the body. 1. Distinguish between neurons and neuroglia.

3. Explain why smooth muscle and cardiac muscle are 2. Describe the structure of a neuron.

involuntary, and summarize what advantage this provides

homeostasis. Nervous tissue consists of nerve cells, called neurons, and neuro-

glia, the cells that support and nourish the neurons. Nervous tissue
is the central component of the nervous system (see Section 14.1),
CONNECTING THE CONCEPTS which serves three primary functions in the body: sensory input,
Muscular tissue plays an important role in our physiology. For integration of data, and motor output.
more information on each of the three types of muscles, refer to
the following discussions:

Section 5.3 provides a more detailed look at how the Neurons
heartbeat is generated. . o .

. : . L A neuron is a specialized cell that has three parts: dendrites, a cell
Figure 9.2 illustrates how smooth muscle lines the digestive K o .
tract. body, and an axon (Fig. 4.6). A dendrite is an extension that re-
Section 13.2 examines the structure and function of skeletal ceives 51gn?11$ from sensory rec’:ep tors or other nerons. The cell
muscle body contains most of the cell’s cytoplasm and the nucleus. An

axon is an extension that conducts nerve impulses. Long axons are
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Figure 4.6 A neuron and examples of supporting neuroglia.
Neurons conduct nerve impulses. Neuroglia support and service
neurons. Microglia are a type of neuroglia that become mobile in
response to inflammation and phagocytize debris. Astrocytes lie between
neurons and a capillary. Therefore, substances entering neurons from the
blood must first pass through astrocytes. Oligodendrocytes form the
myelin sheaths around fibers in the brain and spinal cord.

photo: © Ed Reschke
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covered by myelin, a white, fatty substance. The term fiber' is used
several different ways when discussing human anatomy, here it
refers to an axon along with its myelin sheath, if it has one. Outside
the brain and spinal cord, fibers bound by connective tissue form
nerves. Nerves conduct signals from sensory receptors to the spi-
nal cord and the brain, where integration, or processing, occurs.
However, the phenomenon called sensation occurs only in the
brain. Nerves also conduct signals from the spinal cord and brain
to muscles, glands, and other organs. This triggers a characteristic
response from each tissue. For example, muscles contract, and
glands secrete. In this way, a coordinated response to the original
sensory input is achieved.

Neuroglia

In addition to neurons, nervous tissue contains neuroglia. Neuroglia
are cells that outnumber neurons nine to one and take up more
than half the volume of the brain. Although the primary function
of neuroglia is to support and nourish neurons, research is being
conducted to determine how much they directly contribute to
brain function. Neuroglia do not have long extensions (axons or
dendrites). However, researchers are gathering evidence that
neuroglia communicate among themselves and with neurons,
even without these extensions. Examples of neuroglia in the
brain are microglia, astrocytes, and oligodendrocytes (Fig. 4.6).
Microglia, in addition to supporting neurons, engulf bacterial
and cellular debris. Astrocytes provide nutrients to neurons and
produce a hormone known as glial-derived neurotrophic factor
(GDNF). This growth factor is currently undergoing clinical tri-
als as a therapy for Parkinson disease and other diseases caused
by neuron degeneration. Oligodendrocytes form the myelin
sheaths around fibers in the brain and spinal cord. Outside the
brain, Schwann cells are the type of neuroglia that encircle long
nerve fibers and form a myelin sheath. The Science feature
“Nerve Regeneration and Stem Cells” examines how these cells
are being used to generate new nerve cells.

SCIENCE IN YOUR LIFE

What causes MS?

The disease multiple sclerosis, or MS, is a disease that occurs
when the immune system of the body mistakenly targets the
myelin sheath of neurons. This causes the signals traveling
along the neurons to become scrambled, which may lead to a
wide variety of symptoms. Anyone may develop MS, but scien-
tists believe that those highest at risk have a combination of
genetic susceptibility and exposure to yet-unidentified environ-
mental factors.

'In connective tissue, a fiber is a component of the matrix; in muscular tissue, a fiber is
a muscle cell; in nervous tissue, a fiber is an axon.
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BIOLOGY TODAY

Nerve Regeneration and Stem Cells

In humans, axons outside the brain and spinal cord can
regenerate—but axons inside these organs cannot

(Fig. 4A). After injury, axons in the human central

nervous system (CNS) degenerate, resulting in perma-

nent loss of nervous function. Interestingly, about 90% axon
of the cells in the brain and the spinal cord are not
even neurons. They are neuroglia cells. In nerves out-
side the brain and spinal cord, the neuroglia cells are
Schwann cells that help axons regenerate. The neuro-
glia cells in the CNS include microglial cells, oligo-
dendrocytes, and astrocytes, and they inhibit axon
regeneration.

The spinal cord contains its own stem cells. When
the spinal cord is injured in experimental animals,
these stem cells proliferate. But instead of becoming
functional neurons, they become neuroglia cells. Researchers are
trying to understand the process that triggers the stem cells to be-
come neuroglia cells. In the future, this understanding would allow
manipulation of stem cells into neurons.

In early experiments with neural stem cells in the laboratory,
scientists at Johns Hopkins University caused embryonic stem (ES)
cells to differentiate into spinal cord motor neurons, the type of
nerve cell that causes muscles to contract. The motor neurons then
produced axons. When grown in the same dish with muscle cells,
the motor neurons formed neuromuscular junctions and even
caused muscle contractions. The cells were then transplanted into
the spinal cords of rats with spinal cord injuries. Some of the trans-
planted cells survived for longer than a month within the spinal
cord. However, no improvement in symptoms was seen and no
functional neuron connections were made.

injury

CHECK YOUR PROGRESS 4.4

1. Describe the structure and function of a neuron.

2. Discuss the different types of neuroglia and the function
of each.

3. Explain how the neurons and neuroglia work together to
make nervous tissue function.

CONNECTING THE CONCEPTS

Nervous tissue plays an important role in transmitting the sig-
nals needed to maintain homeostasis. For more information on
how neurons work, refer to the following discussions:

Section 14.1 provides a more detailed examination of how
neurons function.

Section 15.1 discusses how neurons are involved in sensation.
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Figure 4A Regeneration of nerve cells.

Outside the CNS, nerves regenerate, because new neuroglia called Schwann cells
form a pathway for axons to reach a muscle. In the CNS, comparable neuroglia
called oligodendrocytes do not have this function.

In later experiments by the same research group, paralyzed rats
were first treated with drugs and nerve growth factors to overcome
inhibition from the central nervous system. These techniques signifi-
cantly increased the success of the transplanted neurons. Amazingly,
axons of transplanted neurons reached the muscles, formed neuro-
muscular junctions, and provided partial relief from the paralysis.
Research is being done on the use of both the body’s own stem cells
and laboratory-grown stem cells to repair damaged CNS neurons.
Though many questions remain, the current results are promising.

Questions to Consider

1. What is the likely reason neurons cannot simply be trans-
planted from other areas of the body?

2. How might this research also help patients who suffer from
neurodegenerative diseases, such as Parkinson disease?

4.5 Epithelial Tissue Protects

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. State the role of epithelial cells in the body.
2. Distinguish between the different forms of epithelial tissue
with regard to location and function.

Epithelial tissue, also called epithelium (pl., epithelia), consists of
tightly packed cells that form a continuous layer. Epithelial tissue
covers surfaces and lines body cavities. Usually it has a protective
function. It can also be modified to carry out secretion, absorption,
excretion, and filtration.

Epithelial cells are named based on their appearance (Fig. 4.7).
All epithelial cells are exposed to the environment on one side. On
the other side, they are bounded by a basement membrane. The
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Figure 4.7 Shapes of epithelial cells.
Epithelial cells have a variety of shapes and configurations in tissues.

basement membrane should not be confused with the plasma
membrane (in the cell) or the body membranes that line the cavi-
ties of the body. Instead, the basement membrane is a thin layer of
various types of carbohydrates and proteins that anchors the epi-
thelium to underlying connective tissue.

Simple Epithelia

Epithelial tissue is either simple or stratified. Simple epithelia have
only a single layer of cells (Fig. 4.8) and are classified according to
cell type. Squamous epithelium, composed of flattened cells, is
found lining the air sacs of lungs and walls of blood vessels. Its
shape and arrangement permit exchanges of substances in these
locations. Oxygen—carbon-dioxide exchange occurs in the lungs,
and nutrient-waste exchange occurs across blood vessels in the
tissues.

Cuboidal epithelium consists of a single layer of cube-shaped
cells. This type of epithelium is frequently found in glands, such as
the salivary glands, the thyroid, and the pancreas. Simple cuboidal
epithelium also covers the ovaries and lines kidney tubules, the
portions of the kidney in which urine is formed. When cuboidal
cells are involved in absorption, they have microvilli (minute cel-
lular extensions of the plasma membrane). These increase the sur-
face area of the cells. When cuboidal cells function in active
transport, they contain many mitochondria.

Columnar epithelium has cells resembling rectangular pil-
lars or columns, with nuclei usually located near the bottom of
each cell. This epithelium lines the digestive tract, where micro-
villi expand the surface area and aid in absorbing the products of

Pseudostratified columnar

Cuboidal

Stratified

—

Columnar

digestion. Ciliated columnar epithelium is found lining the uterine
tubes, where it propels the egg toward the uterus.

Pseudostratified columnar epithelium (Fig. 4.8) is so
named because it appears to be layered (pseudo, “false”; stratified,
“layers”). However, it does not have true layers, because each cell
touches the basement membrane. Its appearance of having several
layers is largely due to the irregular placement of the nuclei. The
lining of the windpipe, or trachea, is pseudostratified ciliated co-
lumnar epithelium. A secreted covering of mucus traps foreign
particles. The upward motion of the cilia carries the mucus to the
back of the throat, where it may either be swallowed or expecto-
rated (spit out). Smoking can cause a change in the secretion of
mucus and can inhibit ciliary action, resulting in a chronic inflam-
matory condition called bronchitis.

In some cases, columnar and pseudostratified columnar epi-
thelium secrete a product. In this case, it is said to be glandular. A
gland can be a single epithelial cell, as in the case of a mucus-
secreting goblet cell, or a gland can contain many cells. Glands with
ducts that secrete their product onto the outer surface (e.g., sweat
glands and mammary glands) or into a cavity (e.g., salivary glands)
are called exocrine glands. Ducts can be simple or compound:

o

{} Compound

Example: Mammary gland

Simple Compound

Example: Sweat gland Example: Pancreas
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Figure 4.8 The basic types of epithelial cells.

Basic epithelial tissues found in humans are shown, along with locations of the tissue and the primary function of the tissue at these locations.
(all photos): © Ed Reschke



Glands that have no ducts are appropriately known as the
ductless glands, or endocrine glands. We will explore the function
of endocrine glands (e.g., pituitary and thyroid), which secrete
hormones directly into the bloodstream, in Section 16.1.

Stratified Epithelia

Stratified epithelia have layers of cells piled one on top of the other
(Fig. 4.8). Only the bottom layer touches the basement membrane.
The nose, mouth, esophagus, anal canal, outer portion of the cervix
(adjacent to the vagina), and vagina are lined with stratified squamous
epithelium. During a Pap smear these cells are examined to detect any
abnormalities, which may indicate the onset of cervical cancer.

As we will see, the outer layer of skin is also stratified squa-
mous epithelium, but the cells are reinforced by keratin, a protein
that provides strength. Stratified cuboidal and stratified columnar
epithelia also are found in the body.

Transitional epithelium was originally so named because it was
thought to be an intermediate form of epithelial cell. Now the term is
used to imply changeability, because the tissue changes in response to
tension. It forms the lining of the urinary bladder, the ureters (the
tubes that carry urine from the kidneys to the bladder), and part of the
urethra (the single tube that carries urine to the outside). All are organs
that may need to stretch. When the bladder is distended, this epithe-
lium stretches and the outer cells take on a squamous appearance.

CHECK YOUR PROGRESS 4.

1. List the functions of epithelial tissue.
2. Describe the structure of each major type of epithelial tissue.

3. Summarize how the structure of some epithelial tissue
relates to its function. Give some specific examples.

CONNECTING THE CONCEPTS
Epithelial tissue is involved in the operation of most organs of the
body. For more information, refer to the following discussions:

Section 9.3 describes how specialized epithelial cells in the
stomach secrete hydrochloric acid.

Section 10.6 examines how gas exchange occurs across the
epithelial cells of the lungs.

Section 16.1 provides more information on the endocrine and
exocrine glands of the body.

4.6 Integumentary System

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Explain the function of human skin.

2. Describe the structure of the epidermis and dermis.

3. Identify the function of the accessory organs associated
with the skin.

In Section 1.1 we saw that an organ is composed of two or more
types of tissues working together to perform particular func-
tions, while an organ system contains many different organs
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that cooperate to carry out a process, such as the digestion of
food. The skin is an organ comprising all four tissue types:
epithelial, connective, muscular, and nervous tissue. Because
the skin has several accessory organs (hair, nails, sweat glands,
and sebaceous glands), it is also sometimes referred to as the
integumentary system.

Because it covers our bodies, and is largely associated with
our physical appearance, the skin is the most conspicuous organ
system in the body. In an adult, the skin has a surface area of about
1.8 square meters (mz) (over 19.5 square feet [ftz]). It accounts for
nearly 15% of the weight of an average human.

The skin has numerous functions. It protects underlying tis-
sues from physical trauma, pathogen invasion, and water loss. It
also helps regulate body temperature. Therefore, skin plays a sig-
nificant role in homeostasis, the relative constancy of the internal
environment. The skin even synthesizes certain chemicals that af-
fect the rest of the body. Skin contains sensory receptors, such as
touch and temperature receptors. Thus, it helps us to be aware of
our surroundings and to communicate with others.

Regions of the Skin

The skin has two regions: epidermis and dermis (Fig. 4.9). A
subcutaneous layer, sometimes called the hypodermis, is found
between the skin and any underlying structures, such as muscle
or bone.

The Epidermis

The epidermis is made up of stratified squamous epithelium.
New epidermal cells for the renewal of skin are derived from
stem (basal) cells. The importance of these stem cells is ob-
served when there is an injury to the skin. If an injury, such as a
burn, is deep enough to destroy stem cells, then the skin can no
longer replace itself. As soon as possible, the damaged tissue is
removed and skin grafting begins. The skin needed for grafting
is usually taken from other parts of the patient’s body. This is
called autografting, as opposed to allografting. In allografting,
the graft is received from another person and is sometimes ob-
tained from cadavers. Autografting is preferred, because rejec-
tion rates are low. If the damaged area is extensive, it may be
difficult to acquire enough skin for autografting. In that case,
small amounts of epidermis are removed and cultured in the
laboratory. This produces thin sheets of skin that can be trans-
planted back to the patient (see the chapter opener).

Newly generated skin cells become flattened and hardened
as they push to the surface (Fig. 4.10). Hardening takes place
because the cells produce keratin, a waterproof protein. These
cells are also called keratinocytes. Outer skin cells are dead and
keratinized, so the skin is waterproof. This prevents water loss
and helps maintain water homeostasis. The skin’s waterproofing
also prevents water from entering the body when the skin is im-
mersed. Dandruff occurs when the rate of keratinization in the
skin of the scalp is two or three times the normal rate. Geneti-
cally unique fingerprints and footprints are formed by a thick
layer of dead, keratinized cells arranged in spiral and concentric
patterns.
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Figure 4.9 Anatomy of human
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Two types of specialized cells are located deep in the epider-
mis. Langerhans cells are macrophages, white blood cells that
phagocytize infectious agents and then travel to lymphatic organs.
There they stimulate the immune system to react to the pathogen.
Melanocytes, lying deep in the epidermis, produce melanin, the
main pigment responsible for skin color. The number of melano-
cytes is about the same in all individuals, so variation in skin color
is due to the amount of melanin produced and its distribution.
When skin is exposed to the sun, melanocytes produce more mel-
anin. This protects the skin from the damaging effects of the ultra-
violet (UV) radiation in sunlight. The melanin is passed to other
epidermal cells, and the result is tanning. In some people, this
results in the formation of patches of melanin called freckles.
Another pigment, called carotene, is present in epidermal cells
and in the dermis. It gives the skin of some Asian populations its
Figure 410 A light micrograph of human skin. yellowish hue. The pinkish color of fair-skinned people is due to
The keratinization of cells is shown in this image. the pigment hemoglobin in the red blood cells in the blood vessels
© Eye of Science/Science Source of the dermis.




Some ultraviolet radiation does serve a purpose, however.
Certain cells in the epidermis convert a steroid related to choles-
terol into vitamin D with the aid of UV radiation (see Section
9.6). However, only a small amount of UV radiation is needed.
Vitamin D leaves the skin and helps regulate both calcium and
phosphorus metabolism in the body. Calcium and phosphorus
have a variety of roles and are important in the proper development
and mineralization of the bones.

Skin Cancer Whereas we tend to associate a tan with good
health, it signifies that the body is trying to protect itself from the
dangerous rays of the sun. Too much ultraviolet radiation is dan-
gerous and can lead to skin cancer. Basal cell carcinoma (Fig.
4.11a), derived from stem cells gone awry, is the most common
type of skin cancer and is the most curable. Melanoma (Fig. 4.11b),
skin cancer derived from melanocytes, is extremely serious.

To prevent skin cancer, you should stay out of the sun between
the hours of 10 A.m. and 3 p.M. When you are in the sun, follow
these guidelines:

* Use a broad-spectrum sunscreen that protects from both UVA
(long-wave) and UVB (short-wave) radiation and has a sun
protection factor (SPF) of at least 15. This means that if you
usually burn, for example, after a 20-minute exposure, it will
take 15 times longer, or 5 hours, before you will burn. For
extended outdoor activity, use a sunscreen with an SPF of 30
or greater.

e Wear protective clothing. Choose fabrics with a tight weave,
and wear a wide-brimmed hat.

e Wear sunglasses that have been treated to absorb UVA and
UVB radiation.

Also, avoid tanning machines; even if they use only high lev-
els of UVA radiation, the deep layers of the skin will become more
vulnerable to UVB radiation.

e

a. Basal cell carcinoma

b. Melanoma

Figure 411 Cancers of the skin.

a. Basal cell carcinoma derived from stem cells and (b) melanoma
derived from melanocytes are types of skin cancer.

(a): © PhotoMix/Alamy; (b): © James Stevenson/SPL/Science Source
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Are tanning beds safe?

Studies have indicated that the levels of UV radiation being
emitted in tanning beds may be up to 15 times higher than natu-
ral levels. Both the FDA and the World Health Organization
(WHO) have warned that the use of tanning beds increases the
risk of melanoma skin cancer by 59% and that the risk increases
with each use.

Although exposure to UV radiation does increase vitamin D
levels slightly, it also results in an increased formation of cata-
racts (clouding of the cornea of the eyes) and a suppressed im-
mune system. This high level of UV radiation can reduce the
amount of collagen in the connective tissues, resulting in pre-
mature aging of the skin. For these reasons, the FDA now clas-
sifies tanning beds as a moderate risk and advises users of
tanning beds to take precautions to reduce risk.

The Dermis

The dermis is a region of dense fibrous connective tissue be-
neath the epidermis. Dermatology is a branch of medicine that
specializes in diagnosing and treating skin disorders. The dermis
contains collagen and elastic fibers. The collagen fibers are flex-
ible but offer great resistance to overstretching. They prevent the
skin from being torn. The elastic fibers maintain normal skin
tension but also stretch to allow movement of underlying muscles
and joints. The number of collagen and elastic fibers decreases
with age and with exposure to the sun, causing the skin to be-
come less supple and more prone to wrinkling. The dermis also
contains blood vessels that nourish the skin. When blood rushes
into these vessels, a person blushes. When blood is minimal in
them, a person turns “blue.” Blood vessels in the dermis play a
role in temperature regulation. If body temperature starts to rise,
the blood vessels in the skin dilate. As a result, more blood is
brought to the surface of the skin for cooling. If the outer tem-
perature cools, the blood vessels constrict, so less blood is
brought to the skin’s surface.

The sensory receptors—primarily in the dermis—are special-
ized for touch, pressure, pain, hot, and cold. These receptors sup-
ply the central nervous system with information about the external
environment. The sensory receptors also account for the use of the
skin as a means of communication between people. For example,
the touch receptors play a major role in sexual arousal.

The Subcutaneous Layer

Technically speaking, the subcutaneous layer beneath the dermis
is not a part of skin. It is a common site for injections, which is
why the instrument is called a hypodermic needle. This layer
is composed of loose connective tissue and adipose tissue, which
stores fat. Fat is a stored source of energy in the body. Adipose
tissue helps thermally insulate the body from either gaining
heat from the outside or losing heat from the inside. A
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Are there side effects of Botox treatments?

Botox is a drug used to reduce the appearance of facial wrinkles
and lines. Botox is the registered trade name for a derivative of
botulinum toxin A, a protein toxin produced by the bacterium
Clostridium botulinum. Botox stops communication between
motor nerves and muscles, causing muscle paralysis. Treat-
ments are direct injections under the skin, where the toxin
causes facial muscle paralysis. The injections reduce the ap-
pearance of wrinkles and lines that appear as a result of normal
facial muscle movement. However, Botox treatment is not with-
out side effects. Excessive drooling and a slight rash around the
injection site are among the milder side effects. Spreading of
Botox from the injection site may also paralyze facial muscles
unintended for treatment. In a few cases, muscle pain and
weakness have resulted. Though rare, more serious side ef-
fects, including allergic reactions, may also occur. When per-
formed in a medical facility by a licensed physician, Botox
treatment is generally considered safe and effective.

well-developed subcutaneous layer gives the body a rounded ap-
pearance and provides protective padding against external
assaults. Excessive development of the subcutaneous layer
accompanies obesity.

Accessory Organs of the Skin

Nails, hair, and glands are structures of epidermal origin, even
though some parts of hair and glands are largely found in the der-
mis. Nails are a protective covering of the distal part of fingers and
toes, collectively called digits (Fig. 4.12). Nails grow from

nail body

P
) &

lunula

. nail bed
cuticle

nail root

Figure 412 Anatomy of a human nail.
Cells produced by the nail root become keratinized, forming the
nail body.

epithelial cells at the base of the nail in the portion called the nail
root. The cuticle is a fold of skin that hides the nail root. The whit-
ish color of the half-moon-shaped base, or lunula, results from the
thick layer of cells in this area. The cells of a nail become keratin-
ized as they grow out over the nail bed.

Hair follicles begin at a bulb in the dermis and continue
through the epidermis, where the hair shaft extends beyond the
skin (see Fig. 4.9). A dark hair color is largely due to the produc-
tion of true melanin by melanocytes present in the bulb. If the
melanin contains iron and sulfur, hair is blond or red. Graying oc-
curs when melanin cannot be produced, but white hair is due to air
trapped in the hair shaft.

Contraction of the arrector pili muscles attached to hair folli-
cles causes the hairs to “stand on end” and goosebumps to develop.
Epidermal cells form the root of a hair, and their division causes a
hair to grow. The cells become keratinized and die as they are
pushed farther from the root.

Each hair follicle has one or more oil glands (see Fig. 4.9),
also called sebaceous glands, which secrete sebum. Sebum is an
oily substance that lubricates the hair in the follicle and the skin.
The oil secretions from sebaceous glands are acidic and retard the
growth of bacteria. If the sebaceous glands fail to discharge (usu-
ally because they are blocked with keratinocytes), the secretions
collect and form “whiteheads.” Over time, the sebum in a white-
head oxidizes to form a “blackhead.” Acne is an inflammation of
the sebaceous glands, which most often occurs during adolescence
due to hormonal changes.

Sweat glands (see Fig. 4.9), also called sudoriferous glands,
are numerous and present in all regions of skin. A sweat gland is a
tubule that begins in the dermis and either opens into a hair follicle
or, more often, opens onto the surface of the skin. Sweat glands
play a role in modifying body temperature. When body tempera-
ture starts to rise, sweat glands become active. Sweat absorbs body
heat as it evaporates. Once the body temperature lowers, sweat
glands are no longer active.

CHECK YOUR PROGRESS 4.6

1. Briefly list the functions of the skin.

2. Compare structures and functions of the epidermis and
dermis.

3. Explain how each accessory organ of the skin aids in
homeostasis.

CONNECTING THE CONCEPTS

For more information on the role of the skin in human physiol-
ogy, refer to the following discussions:

Section 9.6 provides more information on the relationship
between vitamin D and bone calcium homeostasis.

Sections 20.1 and 20.2 explain how cells develop into cancer
cells and present some of the different forms of cancer.
Section 23.5 explores the evolutionary reasons for variations
in skin color.



-,
I

4 1
BIOLOGY TODAY ?}“
z‘i"i;

Face Transplantation

In 2005 a French surgical team led by Professors Bernard Devauchelle
and Jean Michel Dubernard was able to perform the world’s first
partial face transplant. The recipient was a woman, Isabelle Dinoire,
severely disfigured by a dog mauling. Muscles, veins, arteries, nerves,
and skin were transplanted onto the lower half of Isabelle’s face (Fig.
4B, top left). The donor’s lips, chin, and nose were transplanted. The
donor was a brain-dead patient whose family had agreed to donate all
their loved one’s organs and tissues. The donor shared Isabelle’s
blood type and was a good tissue match. Eighteen months after the
surgery (Fig. 4B, top right), Isabelle was able to eat, drink, and smile.

In 2008 a surgical team at Henri-Mondor Hospital in France was
able to perform the first full face transplant. The patient, Pascal Coler,
suffered from a condition called neurofibromatosis, which caused
tumors to grow on his face, producing severe disfiguration.

Patrick Hardison (Fig. 4B, bottom left and right) was a Missis-
sippi fireman whose injuries occurred when a house fire he was fight-
ing collapsed around him. In 2015, doctors were able to successfully
transplant the face of a recently deceased bicycling enthusiast.

Although the ability to do these types of transplant has existed
for some time, doctors remain concerned about the ethical aspects of
the procedure. Organ transplantation has always involved some moral
concerns, because the donor must still be alive when the organs are
harvested. Historically, face transplants have been a “quality-of-life”’
issue and not a “life-or-death” surgery. However, this attitude changed
as injured soldiers returning from wars in Afghanistan and Iraq un-
derwent face transplants to treat injuries sustained in combat. Recipi-
ents of face transplants must undergo extensive counseling to prepare
themselves emotionally for the “new face” and must spend the
remainder of their lives on immunosuppressive drugs.

Questions to Consider

1. What area of the skin would likely be the hardest for a surgeon
to reattach? Why?

4.7 Organ Systems, Body Cavities,
and Body Membranes

LEARNING OUTCOMES B |

Upon completion of this section, you should be able to
1. Summarize the function of each organ system in the
human body.
2. Identify the major cavities of the human body.
3. Name the body membranes and provide a function for each.

Recall from our discussion of the skin in Section 4.6 that a group
of tissues performing a common function is called an organ.
Organs with a similar function, in turn, form organ systems.
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Figure 4B Face transplant recipients.
Isabelle Dinoire (top, left and right) and Patrick Hardison (bottom,
left and right) are examples of successful face transplants.

(Isabelle Dinoire): © AFP/Getty Images; (Patrick Hardison): © Cortesia/Notimex/
Newscom

2. What functions of the skin might be impaired in the recipient
of a face transplant?

Some of these organ systems, such as the respiratory system,
occupy specific cavities of the body, and others, such as the
muscular and circulatory systems, are found throughout the
body. The organs and cavities of the body are lined with mem-
branes, many of which secrete fluid to aid in the physiology of
the organ or organ system.

Organ Systems

Figure 4.13 illustrates the organ systems of the human body. Just as
organs work together in an organ system, so do organ systems
work together in the body. In some cases it is arbitrary to assign a
particular organ to one system when it also assists the functioning
of many other systems. In addition, the organs listed in Figure 4.13
represent the major structures in the body. Often, other structures
and glands contribute to the operation of the organ system.
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Figure 413 Organ systems of the body.

Body Cavities

and the heart. The thoracic cavity is separated from the abdominal

The human body is divided into two main cavities: the ventral cav-
ity and the dorsal cavity (Fig. 4.14a). Called the coelom in early
development, the ventral cavity later becomes the thoracic, ab-
dominal, and pelvic cavities. The thoracic cavity contains the lungs

cavity by a horizontal muscle called the diaphragm. The stomach,
liver, spleen, pancreas, and gallbladder and most of the small and
large intestines are in the abdominal cavity. The pelvic cavity con-
tains the rectum, the urinary bladder, the internal reproductive



Cranial
cavity:
contains brain

—Dorsal

Vertebral cavity

cavity:
contains
spinal cord |

Thoracic
cavity:
contains heart,
lungs, and

esophagus diaphragm

Abdominal
cavity:
Ventral 4 contains stomach,
cavity liver, spleen,
pancreas,
gallbladder,
and intestines

Pelvic
cavity:
contains
reproductive
and other

| organs

organs, and the rest of the small and large intestines. Males have an
external extension of the abdominal wall called the scrotum, which
contains the testes.

The dorsal cavity has two parts: (1) the cranial cavity within
the skull contains the brain; (2) the vertebral canal, formed by the
vertebrae, contains the spinal cord.

Body Membranes

Body membranes line cavities and the internal spaces of organs and
tubes that open to the outside. The body membranes are of four
types: mucous, serous, and synovial membranes and the meninges.

Mucous membranes line the tubes of the digestive, respiratory,
urinary, and reproductive systems. They are composed of an epithe-
lium overlying a loose fibrous connective tissue layer. The epithelium
contains specialized cells that secrete mucus. This mucus ordinarily
protects the body from invasion by bacteria and viruses. Hence, more
mucus is secreted and expelled when a person has a cold and has to
blow his or her nose. In addition, mucus usually protects the walls of
the stomach and small intestine from digestive juices. This protection
breaks down when a person develops an ulcer.

Serous membranes line and support the lungs, the heart, and
the abdominal cavity and its internal organs (Fig. 4.14b). They
secrete a watery fluid that keeps the membranes lubricated. Serous
membranes support the internal organs and compartmentalize the
large thoracic and abdominal cavities.

Serous membranes have specific names according to their lo-
cation. The pleurae (sing., pleura) line the thoracic cavity and
cover the lungs. The pericardium forms the pericardial sac and
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Figure 414 Body cavities of humans.

a. Side view. The posterior, or dorsal (toward the back), cavity contains
the cranial cavity and the vertebral canal. The brain is in the cranial
cavity, and the spinal cord is in the vertebral canal. In the anterior, or
ventral (toward the front), cavity, the diaphragm separates the thoracic
cavity from the abdominal cavity. The heart and lungs are in the
thoracic cavity; the other internal organs are in either the abdominal
cavity or the pelvic cavity. b. Frontal view of the thoracic cavity,
showing serous membranes.

covers the heart. The peritoneum lines the abdominal cavity and
covers its organs. A double layer of peritoneum, called mesentery,
supports the abdominal organs and attaches them to the abdominal
wall. Peritonitis is a life-threatening infection of the peritoneum.

Synovial membranes composed only of loose connective tissue
line the cavities of freely movable joints. They secrete synovial fluid
into the joint cavity. This fluid lubricates the ends of the bones, so
that they can move freely. In rheumatoid arthritis, the synovial mem-
brane becomes inflamed and grows thicker, restricting movement.

The meninges (sing., meninx) are membranes within the dor-
sal cavity. They are composed only of connective tissue and serve
as a protective covering for the brain and spinal cord. Meningitis is
a life-threatening infection of the meninges.

SCIENCE IN YOUR LIFE

What causes meningitis?

Meningitis is caused by an infection of the meninges by either a
virus or a bacterium. Viral meningitis is less severe than bacterial
meningitis, which can result in brain damage and death. Bacterial
meningitis is usually caused by one of three species of bacteria:
Haemophilus influenzae type b (Hib), Streptococcus pneu-
moniae, and Neisseria meningitidis. VVaccines are available for
Hib bacteria and some forms of S. pneumoniae and N. meningiti-
dis. The Centers for Disease Control and Prevention (CDC) rec-
ommends that individuals between the ages of 11 and 18 be
vaccinated against bacterial meningitis.
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CHECK YOUR PROGRESS 4.

1. Briefly summarize the overall function of each of the body
systems.

2. Describe the location of the two major body cavities.

3. List the four types of body membranes, and describe the
structure and function of each.

CONNECTING THE CONCEPTS

Each of the organ systems in this section is covered in greater
detail in later chapters of the text. For more information on
body cavities and body membranes, refer to the following
discussions:

Section 7.3 describes how mucous membranes assist in the
immune response of the body.

Section 10.4 illustrates how the thoracic cavity is involved in
breathing.

Section 12.4 explains how synovial joints (and their associated
membranes) allow movement.

4.8 Homeostasis

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Define homeostasis and provide an example.
2. Distinguish between positive and negative feedback
mechanisms.

Homeostasis is the body’s ability to maintain a relative constancy
of its internal environment by adjusting its physiological processes.
Even though external conditions may change dramatically, we
have physiological mechanisms that respond to disturbances and
limit the amount of internal change. Conditions usually stay within
a narrow range of normalcy. For example, blood glucose, pH lev-
els, and body temperature typically fluctuate during the day, but
not greatly. If internal conditions change to any great degree,
illness results.

The Internal Environment

The internal environment has two parts: blood and interstitial
fluid. Blood delivers oxygen and nutrients to the tissues and car-
ries away carbon dioxide and wastes. Interstitial fluid, not blood,
bathes the body’s cells. Therefore, interstitial fluid is the medium
through which substances are exchanged between cells and blood.
Oxygen and nutrients pass through interstitial fluid on their way to
tissue cells from the blood. Then carbon dioxide and wastes are
carried away from the tissue cells by the interstitial fluid and are
brought back into the blood. The cooperation of body systems is
required to keep these substances within the range of normalcy in
blood and interstitial fluid.

The Body Systems and Homeostasis

The nervous and endocrine systems are particularly important in
coordinating the activities of all the other organ systems as they
function to maintain homeostasis (Fig. 4.15). The nervous system
is able to bring about rapid responses to any changes in the internal
environment. The nervous system issues commands by electro-
chemical signals rapidly transmitted to effector organs, which can
be muscles, such as skeletal muscles, or glands, such as sweat and
salivary glands. The endocrine system brings about slower re-
sponses, but they generally have more lasting effects. Glands of the
endocrine system, such as the pancreas and the thyroid, release
hormones. Hormones, such as insulin from the pancreas, are
chemical messengers that must travel through the blood and inter-
stitial fluid to reach their targets.

The nervous and endocrine systems together direct numerous
activities that maintain homeostasis, but all the organ systems
must do their part to keep us alive and healthy. Picture what would
happen if any component of the cardiovascular, respiratory, diges-
tive, or urinary system failed (Fig. 4.15). If someone is having a
heart attack, the heart is unable to pump the blood to supply cells
with oxygen. Or think of a person who is choking. The trachea
(windpipe) is blocked, so no air can reach the lungs for uptake by
the blood; unless the obstruction is removed quickly, cells will
begin to die as the blood’s supply of oxygen is depleted. When the
lining of the digestive tract is damaged, as in a severe bacterial in-
fection, nutrient absorption is impaired and cells face an energy
crisis. It is important not only to maintain adequate nutrient levels
in the blood but also to eliminate wastes and toxins. The liver
makes urea, a nitrogenous end product of protein metabolism.
Urea and other metabolic wastes are excreted by the kidneys, the
urine-producing organs of the body. The kidneys rid the body of
nitrogenous wastes and help adjust the blood’s water-salt and acid-
base balances.

A closer examination of how the blood glucose level is main-
tained helps us understand homeostatic mechanisms. When a
healthy person consumes a meal and glucose enters the blood, the
pancreas secretes the hormone insulin. Then glucose is removed
from the blood as cells take it up. In the liver, glucose is stored in
the form of glycogen. This storage is beneficial, because later, if
blood glucose levels drop, glycogen can be broken down to ensure
that the blood level remains constant. Homeostatic mechanisms
can fail, however. In diabetes mellitus, the pancreas cannot pro-
duce enough insulin or the body cells cannot respond appropriately
to it. Therefore, glucose does not enter the cells and they must turn
to other molecules, such as fats and proteins, to survive. This,
along with too much glucose in the blood, leads to the numerous
complications of diabetes mellitus.

Another example of homeostasis is the body’s ability to
regulate the acid-base balance. When carbon dioxide enters the
blood, it combines with water to form carbonic acid. However,
the blood is buffered, and pH stays within normal range as long
as the lungs are busy excreting carbon dioxide. These two mech-
anisms are backed up by the kidneys, which can rid the body
of a wide range of acidic and basic substances and, therefore,
adjust the pH.



All systems of the body contribute to
maintain homeostasis. These systems
in particular are especially noteworthy.

Nervous System

Regulates and coordinates the activities of all
the other systems. It responds quickly to
internal and external stimuli.

Cardiovascular System

Transports oxygen and nutrients to tissue
cells and transports wastes away from cells.
Also transports hormones secreted by the
endocrine glands.

Digestive System

Supplies blood with nutrients and water for
tissue cells. Rids the body of nondigestible
remains.

Muscular System

Produces heat that maintains body
temperature. Protects and supports internal
organs.
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Endocrine System

Endocrine glands secrete hormones, which
also regulate and coordinate the activities of
other systems. Works more slowly than the
nervous system.

Respiratory System

Supplies blood with oxygen for tissue cells
and rids blood of carbon dioxide. Helps
regulate the acid—base balance of the blood.

Urinary System

Excretes nitrogenous and other wastes.
Regulates water—salt balance of the blood.
Helps regulate the acid—base balance of the
blood.

Lymphatic System

Helps maintain blood volume by collecting
excess interstitial fluid and returning it via
lymphatic vessels to the cardiovascular veins.
Defends against disease.

Integumentary System

Helps maintain body temperature and protects
internal organs.

Figure 415 Homeostasis by the organ systems of the human bodly.
All the organ systems contribute to homeostasis in many ways. Some of the main contributions of each system are given in this illustration.

Negative Feedback

Negative feedback is the primary homeostatic mechanism that
keeps a variable, such as blood glucose level, close to a particular
value, or set point. A homeostatic mechanism has at least two com-
ponents: a sensor and a control center (Fig. 4.16). The sensor de-
tects a change in the internal environment. The control center then
brings about an effect to bring conditions back to normal. Then the
sensor is no longer activated. In other words, a negative feedback
mechanism is present when the output of the system resolves or
corrects the original stimulus. For example, when blood pressure

rises, sensory receptors signal a control center in the brain. The
center stops sending nerve signals to muscle in the arterial walls.
The arteries can then relax. Once the blood pressure drops, signals
no longer go to the control center.

Mechanical Example

A home heating system is often used to illustrate how a more com-
plicated negative feedback mechanism works (Fig. 4.17). You set
the thermostat at 68°F. This is the set point. The thermostat con-
tains a thermometer, a sensor that detects when the room
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Figure 416 Negative feedback mechanisms.

This diagram shows how the basic elements of a feedback mechanism
work. A sensor detects the stimulus, and a control center brings about
an effect that resolves, or corrects, the stimulus.

temperature is above or below the set point. The thermostat also
contains a control center. It turns the furnace off when the room is
warm and turns it on when the room is cool. When the furnace is
off, the room cools a bit. When the furnace is on, the room warms
a bit. In other words, typical of negative feedback mechanisms,
there is a fluctuation above and below normal.

Human Example: Regulation of Body
Temperature

The sensor and control center for body temperature are located in
a part of the brain called the hypothalamus. A negative feedback
mechanism prevents change in the same direction. Body tempera-
ture does not get warmer and warmer, because warmth brings
about a change toward a lower body temperature. Likewise, body
temperature does not get continuously colder. A body temperature
below normal brings about a change toward a warmer body
temperature.

Above-Normal Temperature When the body temperature is
above normal, the control center directs the blood vessels of the
skin to dilate (Fig. 4.18, fop). This allows more blood to flow near
the surface of the body, where heat can be lost to the environment.
In addition, the nervous system activates the sweat glands, and the
evaporation of sweat helps lower body temperature. Gradually
body temperature decreases to 98.6°F.

Below-Normal Temperature When the body temperature falls
below normal, the control center directs (via nerve impulses) the
blood vessels of the skin to constrict (Fig. 4.18, bottom). This
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Figure 417 Action of a complex negative feedback
mechanism.

This diagram shows how room temperature is returned to normal when
the room becomes too hot (top) or too cold (bottom). The thermostat
contains both the sensor and the control center. Top: The sensor
detects that the room is too hot, and the control center turns the
furnace off. The stimulus is resolved, or corrected, when the
temperature returns to normal. Bottom: The sensor detects that the
room is too cold, and the control center turns the furnace on. Once
again, the stimulus is resolved, or corrected, when the temperature
returns to normal.

conserves heat. If body temperature falls even lower, the control
center sends nerve impulses to the skeletal muscles and shivering
occurs. Shivering generates heat, and gradually body temperature
rises to 98.6°F. When the temperature rises to normal, the control
center is inactivated.
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Figure 418 Body temperature homeostasis.

Top: When body temperature rises above normal, the hypothalamus

senses the change and causes blood vessels to dilate and sweat
glands to secrete, so that temperature returns to normal. Bottom:

When body temperature falls below normal, the hypothalamus senses
the change and causes blood vessels to constrict. In addition, shivering
may occur to bring temperature back to normal. In this way, the original

stimulus is resolved, or corrected.

Positive Feedback

Positive feedback is a mechanism that brings about an increas-
ing change in the same direction. When a woman is giving birth,
the head of the baby begins to press against the cervix (entrance
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to the womb), stimulating sensory receptors there. When nerve
signals reach the brain, the brain causes the pituitary gland to
secrete the hormone oxytocin. Oxytocin travels in the blood and
causes the uterus to contract. As labor continues, the cervix is
increasingly stimulated, and uterine contractions become
stronger until birth occurs.

A positive feedback mechanism can be harmful, as when a
fever causes metabolic changes that push the fever higher. Death
occurs at a body temperature of 113°F, because cellular proteins
denature at this temperature and metabolism stops. However, posi-
tive feedback loops, such as those involved in childbirth, blood
clotting, and the stomach’s digestion of protein, assist the body in
completing a process that has a definite cutoff point.

CHECK YOUR PROGRESS 4.:¢

1. Define homeostasis, and explain why it is important to
body function.

2. Summarize how the body systems contribute to
homeostasis.

CONNECTING THE CONCEPTS

The maintenance of homeostasis is an important function of all
organ systems. For more information on the organ systems, re-
fer to the following discussions:

Section 6.6 describes how the cardiovascular system helps
maintain homeostasis.

Section 11.4 explores the role of the urinary system in
maintaining homeostasis.

Section 14.2 describes the role of the hypothalamus as part of
the central nervous system.

CASE STUDY: CONCLUSION

Skin is a very complex organ, consisting of all four types of
tissues. By developing an understanding of how tissues
interact to form organs, it is now possible to develop syn-
thetic tissues, such as artificial skin. Though scientists are
now expanding these techniques to include the develop-
ment of artificial dermal tissue, the complexity of the interac-
tions of the various tissues (nervous, muscular, connective) in
this layer has presented some obstacles. However, there
have been some important advances. Recently, scientists
have developed newer forms of artificial skin that release
antibiotics directly onto the healing tissue, further protecting
the patient against life-threatening infections. Research on
artificial tissues is not confined to epithelial tissue. Scientists
are exploring the development of artificial cardiac tissue and
artificial replacement organs, such as the kidneys, liver, and
lungs. Like Kristen’s artificial skin, these will not be plastic
substitutes but, rather, organic material that integrates with
the patient’s living cells to replace damaged tissue.
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SUMMARIZE

41 Types of Tissues
Tissues are made of specialized cells of the same type that perform a
common function. Human tissues are categorized into four groups:
connective, muscular, nervous, and epithelial.

4.2 Connective Tissue Connects and Supports
Connective tissues have cells separated by a matrix that contains
ground substance and fibers. Examples of fibers include collagen fibers,
reticular fibers, and elastic fibers. There are three general classes of
connective tissue:

* Fibrous connective tissue contains cells called fibroblasts. An
example of loose connective tissue is adipose tissue, which
contains cells called adipocytes. Dense fibrous connective tissue
is found in tendons and ligaments.

» Supportive connective tissue consists of cartilage and bone. The
matrix for cartilage is solid yet flexible. The cells are found in
chambers called lacunae. Examples are hyaline cartilage, elastic
cartilage, and fibrocartilage. The matrix for bone is solid and
rigid. Examples are compact bone and spongy bone.

* Fluid connective tissue is found in the blood and lymph. The cells
of blood include red blood cells (erythrocytes), white blood cells
(leukocytes), and platelets (thrombocytes) in an interstitial fluid
called plasma.

4.3 Muscular Tissue Moves the Body
Muscular tissue is of three types: skeletal, smooth, and cardiac.
¢ Skeletal muscle and cardiac muscle are striated.
* Cardiac and smooth muscle are involuntary.
e Skeletal muscle is found in muscles attached to bones.
* Smooth muscle is found in internal organs.
* Cardiac muscle makes up the heart.

4.4 Nervous Tissue Communicates

* Nervous tissue is composed of neurons and several types of
neuroglia.

* Each neuron has dendrites, a cell body, and an axon. Axons conduct
nerve impulses.

* Neurons may be organized into nerves, which are surrounded by
connective tissue.

4.5 Epithelial Tissue Protects
Epithelial tissue covers the body and lines its cavities.

* Types of simple epithelia are squamous, cuboidal, columnar, and
pseudostratified columnar.

 Certain epithelial tissues may have cilia or microvilli.

 Stratified epithelia have many layers of cells, with only the bottom
layer touching the basement membrane.

» Epithelia may be structured as a gland, which secretes a product
either into ducts (exocrine glands) or into the blood (endocrine
glands).

4.6 Integumentary System

Organs comprise two or more tissues working together for a common
function. An organ system involves multiple organs cooperating for a

specific function. Skin and its accessory organs constitute the integu-
mentary system. Skin has two regions:

* The epidermis contains stem cells, which produce new epithelial
cells, and Langerhans cells, which provide protection against
infectious agents. Melanocytes produce the coloration of the skin.
Within the epidermis, vitamin D may be synthesized from
cholesterol.

e The dermis contains epidermally derived glands and hair follicles,
nerve endings, blood vessels, and sensory receptors.

* A subcutaneous layer (hypodermis) lies beneath the skin.

e Accessory organs of the skin include the nails, hair follicles, oil
glands, and sweat glands.

4.7 Organ Systems, Body Cavities,
and Body Membranes
Organs make up organ systems, summarized in Table 4.1. Some organs
are found in particular body cavities. Body cavities are lined by mem-
branes, such as the mucous membranes, serous membranes, synovial
membranes, and meninges.

Table 4.1 Organ Systems

Transport Integumentary
Cardiovascular (heart and blood vessels) Skin and accessory organs
Lymphatic and immune (lymphatic

vessels)

Maintenance Motor

Digestive (e.g., stomach, intestines) Skeletal (bones and cartilage)
Respiratory (tubes and lungs) Muscular (muscles)
Urinary (tubes and kidneys)

Control Reproduction

Nervous (brain, spinal cord, and nerves) Reproductive (tubes and
testes in males; tubes and

Endocrine (glands)
ovaries in females)

4.8 Homeostasis
Homeostasis is the relative constancy of the internal environment, inter-
stitial fluid, and blood. All organ systems contribute to homeostasis.

* The cardiovascular, respiratory, digestive, and urinary systems
directly regulate the amount of gases, nutrients, and wastes in the
blood, keeping interstitial fluid constant.

¢ The lymphatic system absorbs excess interstitial fluid and functions
in immunity.

* The nervous system and endocrine system regulate the other
systems.

Negative Feedback

Negative feedback mechanisms keep the environment relatively stable.
When a sensor detects a change above or below a set point, a control
center brings about an effect that reverses the change and returns condi-
tions to normal. Examples include the following:

* Regulation of blood glucose level by insulin

* Regulation of room temperature by a thermostat and furnace

* Regulation of body temperature by the brain and sweat glands.



Positive Feedback

In contrast to negative feedback, a positive feedback mechanism brings
about rapid change in the same direction as the stimulus and does not
achieve relative stability. These mechanisms are useful under certain
conditions, such as during birth.

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

41 Types of Tissues

1. Tissues are formed from
together to form

and are arranged

a. organs; organ systems
b. cells; organs

c. cells; molecules

d. molecules; cells

2. This type of tissue is associated with communication.
a. epithelial tissue
b. connective tissue
¢. nervous tissue
d. muscular tissue

4.2 Connective Tissue Connects and Supports

3. Which of the following is found in a connective tissue?
a. ground substance
b. protein fibers
c. specialized cells
d. All of these are correct.
4. This type of connective tissue contains collagen fibers and is used
in areas of the body that undergo compression or need flexibility.
a. bone
b. blood
c. cartilage
d. adipose tissue

4.3 Muscular Tissue Moves the Body

5. This type of muscle lacks striations.
a. smooth muscle
b. skeletal muscle
c¢. cardiac muscle
d. All of these have striations.

6. This form of muscle tissue is under voluntary control in the body.
a. cardiac muscle
b. skeletal muscle
c. smooth muscle
d. None of these are correct.

4.4 Nervous Tissue Communicates

7. Which of the following form the myelin sheath around nerve fibers
outside the brain and spinal cord?
a. microglia
b. Schwann cells
c. neurons
d. astrocytes
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8. These cells support neurons by providing nutrients and growth factors.
a. oligodendrocytes
b. Schwann cells
c. microglia
d. astrocytes

4.5 Epithelial Tissue Protects

9. Which of these is not a type of epithelial tissue?

a. simple cuboidal and stratified columnar
b. bone and cartilage
c¢. stratified squamous and simple squamous
d. pseudostratified and transitional
e. All of these are epithelial tissues.

10. What type of epithelial tissue is found in the digestive tract to
increase the surface area?
a. cuboidal epithelium
b. transitional epithelium
¢. columnar epithelium
d. squamous epithelium

4.6 Integumentary System

11. Which of the following is a function of skin?
a. temperature regulation
b. manufacture of vitamin D
¢. protection from invading pathogens
d. All of these are correct.
12. Keratinization of epithelial cells occurs in which layer of the skin?
a. subcutaneous layer
b. dermis
c. epidermis
d. All of these are correct.

4.7 Organ Systems, Body Cavities, and Body Membranes

13. Which system helps control pH balance?
a. digestive
b. respiratory
¢. urinary
d. Both b and c are correct.
14. Which type of membrane lines systems that are open to the outside
environment, such as the respiratory system?
a. serous
b. synoval
c. mucous
d. meningeal

4.8 Homeostasis

15. Which of the following allows rapid change in one direction but
does not achieve stability?
a. homeostasis
b. positive feedback
c. negative feedback
d. All of these are correct.

16. Which of the following is an example of negative feedback?
a. Uterine contractions increase as labor progresses.
b. Insulin decreases blood sugar levels after a meal is eaten.
¢. Sweating increases as body temperature drops.
d. Platelets continue to plug an opening in a blood vessel until

blood flow stops.
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ENGAGE

THINKING CRITICALLY

In the hierarchy of biological organization, you have learned that groups
of cells make tissues and two or more tissue types compose an organ. In
this chapter, the four types of tissues (connective, muscular, nervous, and
epithelial) have been discussed in detail. The skin is an organ system
referred to as the integumentary system, containing all four tissue types.
In addition to the epidermis and dermis, the integumentary system also
includes accessory structures, such as nails, sweat glands, sebaceous
glands, and hair follicles. Each of these components of the skin aids in
the various functions of the integumentary system. In the case study,
Kristen has burns severe enough to need artificial skin treatment. This
treatment will help Kristen’s skin repair itself while mimicking some of
the functions the integumentary system does for homeostasis.
1. The doctor diagnosed Kristen’s burns as severe. Which of the
following best describes a severe burn versus a superficial burn?
a. Superficial burns include the epidermis, dermis, and
hypodermis layers.

b. Severe burns include only the layers of the epidermis.
c. Severe burns include the dermis and anything below it.
d. Superficial burns occur on the limbs only.

. What accessory structures and tissues are damaged in a severe

burn? Why?

. What types of functions will the artificial skin perform while

Kristen’s own skin is repairing itself?

. What effects can a severe burn have on overall homeostasis of the

body? Give a few examples.

. Which structures in the dermis will have the slowest repair time

compared to others? Which might never repair themselves fully?
Why?

. Without the integumentary system, what might happen to the

functions of the cardiovascular system? the nervous system?
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CASE STUDY: HYPERTENSION IN
YOUNG ADULTS

s Laura entered her junior year of college, she decided that she finally

had to get back into shape. She had always been active in high school,
but the demands of working and studying, and her social life, had taken their
toll on her over the past few years. She weighed more and exercised less
than ever before. However, before playing on the intramural soccer team, she
went to see her local physician for a checkup.

At the physician’s office, the nurse measured Laura’s weight and blood
pressure. She had put on 15 pounds since her last visit a few years ago, and
her blood pressure was now 132/84 mm Hg. Laura was not concerned until
her doctor informed her that high blood pressure, or hypertension, is defined
as a blood pressure measurement of 140/90 mm Hg or higher. Laura's blood
pressure value qualified her as “prehypertensive,” meaning that she was at
an increased risk of developing hypertension in the future.

Hypertension is a disease of the cardiovascular system. Long-term ele-
vated blood pressure is correlated with an increase in heart disease, stroke,
kidney disease, and vision problems. Most young adults consider hyperten-
sion to be a disease of middle age, but recent studies suggest that almost
one in five young adults may have high blood pressure, making it one of the
major health risks facing young adults.

After her exam, Laura realized that she knew very little about systolic and
diastolic blood pressure and, in fact, had never really considered how her
lifestyle influenced the health of her circulatory system. She was determined
to find some answers to her questions.

As you read through the chapter, think about the following questions:

1. What is the difference between the diastolic and systolic values?
2. How is blood pressure normally regulated in the body?
3. What factors may cause an individual to develop hypertension?

Cardiovascular

System: Heart and

Blood Vessels

CHAPTER CONCEPTS

541

5.2

5.3

5.4

5.5

5.6

5.7

Overview of the Cardiovascular System
The cardiovascular system consists of the heart,
which pumps blood, and blood vessels that
transport blood to and from the tissues. The
cardiovascular system exchanges materials with
tissues at the capillaries.

The Types of Blood Vessels

Arteries, which branch into arterioles, move blood
from the heart to capillaries. Capillaries empty
into venules. Venules join to form veins, which
return blood to the heart.

The Heart Is a Double Pump

The heart’s right side pumps blood to the lungs, and
the left side pumps blood to the rest of the body.

Features of the Cardiovascular System
Blood pressure decreases as blood moves from
the arteries to the capillaries. Skeletal muscle
contraction largely accounts for movement of
blood in the veins.

Two Cardiovascular Pathways

The pulmonary circuit takes blood from the heart
to the lungs and back to the heart. The systemic
circuit carries blood from the heart to all other
organs, then returns blood to the heart.
Exchange at the Capillaries

At tissue capillaries, nutrients and oxygen are
exchanged for carbon dioxide and other wastes,
permitting body cells to remain alive and healthy.
Cardiovascular Disorders

Hypertension and atherosclerosis are disorders
that can lead to stroke, heart attack, and aneurysm.

FORE YOU BEGIN

Before beginning this chapter, take a few moments to
review the following discussions:

Secti

ion 3.3 How do substances cross plasma membranes?

Section 4.1 What are the four types of tissues?

Section 4.7 What are the roles of the cardiovascular
system?

1
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5.1 Overview of the
Cardiovascular System

LEARNING OUTCOMES R |

Upon completion of this section, you should be able to

1. ldentify the two components of the cardiovascular
system.

2. Summarize the functions of the cardiovascular system.

3. Explain the purpose of the lymphatic system in
circulation.

The cardiovascular system consists of (1) the heart, which pumps
blood, and (2) the blood vessels, through which the blood flows.
The beating of the heart sends blood into the blood vessels. In hu-
mans, blood is always contained within blood vessels.

Circulation Performs Exchanges

Even though the circulation of blood depends on the beating of the
heart, the overall purpose of circulation is to service the cells of the
body. Remember that cells are surrounded by interstitial fluid that
is used to exchange substances between the blood and cells. Blood
removes waste products from that fluid. Blood also provides the
interstitial fluid with the oxygen and nutrients cells require to con-
tinue their existence.

At the lungs, blood drops off carbon dioxide and picks up
oxygen, as indicated by the two arrows in and out of the lungs in
Figure 5.1. Gas exchange is not the only function of blood. Nu-
trients enter the bloodstream at the intestines and transport
much-needed substances to the body’s cells. Blood is purified of
its wastes at the kidneys, and water and salts are retained as
needed. The liver is important, because it takes up amino acids
from the blood and returns needed proteins. Liver proteins trans-
port substances such as fats in the blood. The liver also removes
toxins and chemicals that may have entered the blood at the in-
testines, and its colonies of white blood cells destroy bacteria
and other pathogens. Thousands of miles of blood vessels, which
form an intricate circuit reaching almost every cell of the body,
move the blood and its contents through the body to and from all
the body’s organs.

Functions of the Cardiovascular System

The following are the general functions of the cardiovascular
system:

e Transport: The cardiovascular system not only transports
oxygen to the cells of the body but also removes carbon diox-
ide and other waste products of metabolism. It also transports
nutrients from the digestive system and hormones from the
endocrine system to the cells of the body.

* Protection: The cardiovascular system transports the cells of
the immune system. These cells, and their associated antibod-
ies and chemical signals, help protect the body from
infection.

interstitial

kidneys

Digestive System Urinary System

metabolic wastes
(urine)

indigestible
food residues (feces)

Figure 51 The cardiovascular system and homeostasis.
The cardiovascular system transports blood throughout the body—and,
with the help of other systems, it maintains favorable conditions for the
cells of the body.

e Regulation: The cardiovascular system participates in the
homeostasis of a variety of the body’s conditions, including
temperature, pH balance, and water and electrolyte levels.

The lymphatic system (see Section 7.1) assists the cardiovas-
cular system, because lymphatic vessels collect excess interstitial
fluid and return it to the cardiovascular system. As exchanges oc-
cur between blood and the interstitial fluid, some fluid naturally
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collects in the tissues. This excess fluid enters lymphatic vessels, 5.2 The Typ es of Blood Vessels
which start in the tissues and end at cardiovascular veins in the ‘

shoulders. As soon as.fluld ente.rs lymphatlc Vess:els, .1t is calle.d LEARNING OUTCOMES _
lymph. Lymph, you will recall, is a fluid connective tissue, as is
blood (see Section 4.2). Upon completion of this section, you should be able to

1. Describe the structure and function of the three types of

blood vessels.
CHECK YOUR PROGRESS 541 2. Explain how blood flow is regulated in each of the three

1. Describe the two parts of the cardiovascular system. types of blood vessels.
2. Summarize the functions of the cardiovascular system.

3. Explain how the lymphatic system interacts with the

) The cardiovascular system consists of three types of blood vessels—
cardiovascular system.

arteries, veins, and capillaries (Fig. 5.2)—that transport blood to
and from the tissues of the body.
CONNECTING THE CONCEPTS

As the primary transport system in the human body, the cardio- The Arteries: From the Heart

vascular system interacts with all the major organ systems. In .
doing so, it plays an important role in the homeostasis of a vari- An artery is a blood vessel that transports blood away from the

ety of body functions. For more information on these interac- heart. The structure of an artery is well suited for the transport of
tions, refer to the following discussions: blood leaving the heart under pressure. The arterial wall has three
layers (Fig. 5.2), the innermost of which is a thin layer of cells
called endothelium. Endothelium is surrounded by a relatively
thick middle layer of smooth muscle and elastic tissue. The ar-
interacts with the cardiovascular system. tery’s outer layer is connective tissue. The strong walls of an artery

Section 9.3 examines how the cardiovascular system moves give it support when blood enters under pressure; the elastic tissue

the nutrients that are absorbed by the small intestine. allows an artery to expand to absorb the pressure.
Arterioles are small arteries barely visible to the naked eye.

Whereas the middle layer of arterioles has some elastic tissue, it is
composed mostly of smooth muscle. These muscle fibers encircle the

Section 4.8 investigates the role of the cardiovascular system
in homeostasis.

Section 7.2 takes a greater look at how the lymphatic system

Section 11.2 explores the interaction of the cardiovascular
system with the urinary system.

Figure 5.2 Structure of a capillary bed.
A capillary bed is a maze of tiny vessels that lies between an arteriole and a venule. When precapillary
sphincter muscles are relaxed, the capillary bed opens and blood flows through the capillaries. Otherwise,
blood flows through a shunt directly from the arteriole to the venule. As blood passes through a capillary in
the tissues, it gives up its oxygen (O,). Therefore, blood goes from being O,-rich in the arteriole to being
O,-poor in the vein. (Note: Blood vessels are colored red if they carry O,-rich blood
and blue if they carry O,-poor blood. Gas exchange is reversed in the pulmonary artery
circuit, as described in Section 5.5.) ‘/
(artery/vein): © Ed Reschke; (capillary bed): © Biophoto Associates/Science Source .
connective
tissue arteriole

precapillary
sphincter

capillary bed

elastic tissue
arteriovenous
shunt

endothelium

smooth muscle

V. = vein; a. = artery
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arteriole. When the fibers contract, the vessel constricts; when these
muscle fibers relax, the vessel dilates. The constriction or dilation of
arterioles controls blood pressure. When arterioles constrict, blood
pressure rises. Dilation of arterioles causes blood pressure to fall.

The Capillaries: Exchange

Arterioles branch into capillaries, the smallest of the blood vessels.
The structure of a capillary is adapted for the exchange of materials
with the cells of the body. Each capillary is an extremely narrow,
microscopic tube with a wall composed only of endothelium. Cap-
illary endothelium is formed by a single layer of epithelial cells
with a basement membrane. Although capillaries are small, their
total surface area in humans is about 6,300 square meters (mz).
Capillary beds (networks of many capillaries) are present in all re-
gions of the body, so no cell is far from a capillary and thus not far
from gas exchange with blood. In the tissues, only certain capillar-
ies are open at any given time. For example, after eating, the capil-
laries supplying the digestive system are open, whereas most
serving the muscles are closed. Rings of muscle called precapillary
sphincters control the blood flow through a capillary bed (Fig. 5.2).
Constriction of the sphincters closes the capillary bed. When a cap-
illary bed is closed, the blood moves to an area where gas exchange
is needed, going directly from arteriole to venule through a pathway
called an arteriovenous shunt.

The Veins: To the Heart

Veins are blood vessels that return blood to the heart. Venules are
small veins that drain blood from the capillaries and then join to
form a vein. The walls of both veins and venules have the same
three layers as arteries. However, there is less smooth muscle in the
middle layer of a vein and less connective tissue in the outer layer.
Therefore, the wall of a vein is thinner than that of an artery.
Because the blood leaving the capillaries is usually under low
pressure (see Section 5.4), veins often have valves, which allow
blood to flow only toward the heart when open and prevent back-
ward flow of blood when closed. Valves are extensions of the inner-
wall layer and are found in the veins that carry blood against
the force of gravity, especially the veins of the lower extremities.
The walls of veins are thinner, so they can expand to a greater ex-
tent. At any one time, about 70% of the blood is in the veins. In this

Why do my feet swell when | have been standing
all day?

When you stand for long periods, gravity increases the pressure
inside the capillaries. This forces fluid from the capillaries into
the interstitial spaces, causing the tissues to swell. When you lie
down at night, your feet are level with your heart. Excess inter-
stitial fluid that caused swelling now filters back into lymphatic
vessels, which empty into shoulder veins, and fluid returns to
the cardiovascular system. By morning, your feet have lost their
excess water, and those shoes are loose again.

way, the veins act as a blood reservoir. If blood is lost due to
hemorrhaging, nervous stimulation causes the veins to constrict,
providing more blood to the rest of the body.

CHECK YOUR PROGRESS 5:

1. List and describe the different types of blood vessels.

2. Describe how each blood vessel contributes to the flow of
blood in the body.

3. Explain why the structure of the veins is different from that
of the arteries.

CONNECTING THE CONCEPTS

Blood vessels act as conduits for the movement of blood, and in
doing so, blood vessels interact with all of the tissues and cells
of the body. For more information on blood and blood vessels,
refer to the following discussions:

Section 6.1 examines the composition of blood and the
function of its various components.

Figure 10.11 illustrates the major arteries and veins involved in
moving gases within the body.

Figure 11.6 demonstrates how the capillaries in the kidney
assist in the filtration of the blood.

5.3 The Heart Is a Double Pump
-

1. Identify the structures and chambers of the human heart.
2. Describe the flow of blood through the human heart.
3. Explain the internal and external controls of the heartbeat.

LEARNING OUTCOMES

Upon completion of this section, you should be able to

The heart is a cone-shaped, muscular organ located between the
lungs, directly behind the sternum (breastbone). The heart is tilted,
so that the apex (the pointed end) is oriented to the left (Fig. 5.3).
To approximate the size of your heart, make a fist; then clasp the
fist with your opposite hand. The major portion of the heart is the
interior wall of tissue called the myocardium, consisting largely
of cardiac muscle tissue. The muscle fibers of myocardium are
branched. Each fiber is tightly joined to neighboring fibers by
structures called intercalated disks (Fig. 5.4b). The intercalated
disks also include cell junctions like gap junctions and desmo-
somes. Gap junctions aid in the simultaneous contractions of the
cardiac fibers. Desmosomes include arrangements of protein fi-
bers that tightly hold the membranes of adjacent cells together and
prevent overstretching. The heart is surrounded by the pericardium,
a thick, membranous sac that supports and protects the heart. The
inside of the pericardium secretes pericardial fluid (a lubrication
fluid), and the pericardium slides smoothly over the heart’s surface
as it pumps the blood.

Internally, a wall called the septum separates the heart into a
right side and a left side (Fig. 5.4a). The heart has four chambers.
The two upper, thin-walled atria (sing., atrium) are called the right



left subclavian artery

left common carotid artery
brachiocephalic artery

superior vena cava

aorta

left pulmonary artery
pulmonary trunk

left pulmonary veins
p y =

right pulmonary artery

right pulmonary veins Y

left atrium
left cardiac vein
right atrium

right coronary artery

left ventricle

right ventricle

left anterior descending
coronary artery

inferior vena cava

Chapter 5 Cardiovascular System: Heart and Blood Vessels 95

lungs

heart diaphragm

Figure 5.3 The arteries and veins associated
with the heart.

a. The vena cava and the pulmonary trunk are
attached to the right side of the heart. The aorta and
pulmonary veins are attached to the left side of the
heart. Blood vessels are colored red if they carry
O,-rich blood and blue if they carry O,-poor blood.

apex

L

atrium and the left atrium. Each atrium has a wrinkled, earlike flap
on the outer surface called an auricle. The two lower chambers are
the thick-walled ventricles, called the right ventricle and the left
ventricle (Fig. 5.4a).

Heart valves keep blood flowing in the right direction and
prevent its backward movement. The valves that lie between the
atria and the ventricles are called the atrioventricular (AV)
valves. These valves are supported by strong, fibrous strings called
chordae tendineae, which are attached to papillary muscles that
project from the ventricular walls. The chordae anchor the valves,
preventing them from inverting when the heart contracts. The AV
valve on the right side is called the tricuspid valve, because it has
three flaps, or cusps. The AV valve on the left side is called the
bicuspid valve, because it has two flaps. The bicuspid valve is
commonly referred to as the mitral valve, because it has a shape
like a bishop’s hat, or miter. The remaining two valves are the
semilunar valves, with flaps shaped like half-moons. These valves
lie between the ventricles and their attached vessels. The semilunar
valves are named for their attached vessels: The pulmonary semi-
lunar valve lies between the right ventricle and the pulmonary
trunk. The aortic semilunar valve lies between the left ventricle
and the aorta.

b. Photograph of a mammalian heart in its natural
position in the thoracic cavity.
(b): © Professor David F. Cox/McGraw-Hill Education

Coronary Circulation:
The Heart’s Blood Supply

The myocardium—the middle, muscular layer of the three layers
of the walls of the heart—receives oxygen and nutrients from the
coronary arteries. Likewise, wastes are removed by the cardiac
veins. The blood that flows through the heart contributes little to
either nutrient supply or waste removal.

The coronary arteries (see Fig. 5.3) serve the heart muscle
itself. These arteries are the first branches off the aorta. They origi-
nate just above the aortic semilunar valve. They lie on the exterior
surface of the heart, where they divide into diverse arterioles. The
coronary capillary beds join to form venules, which converge to
form the cardiac veins, which empty into the right atrium. Because
they have a very small diameter, they can become easily clogged,
leading to coronary artery disease.

If these vessels become completely clogged, oxygen and nu-
trients such as glucose will not reach the muscles of the heart. This
may result in a myocardial infarction, or heart attack. Coronary
artery disease may be treated with medication, coronary bypass
surgery, angioplasty, or stem-cell therapies (for more information,
see Section 5.7).
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Passage of Blood Through the Heart

Recall that intercalated discs (Fig. 5.4b) join fibers of cardiac mus-
cle cells, allowing them to communicate with each other. By send-
ing electrical signals between cells, both atria and then both
ventricles contract simultaneously. We can trace the path of blood
through the heart and body in the following manner.

e The superior vena cava and the inferior vena cava (Fig. 5.4a)
carry oxygen-poor blood from body veins to the right atrium.

e The right atrium contracts (simultaneously with the left
atrium), sending blood through an atrioventricular valve (the
tricuspid valve) to the right ventricle.

e The right ventricle contracts, pumping blood through the
pulmonary semilunar valve into the pulmonary trunk. The
pulmonary trunk, which carries oxygen-poor blood, divides
into two pulmonary arteries, which go to the lungs.

e Pulmonary capillaries within the lungs allow gas exchange.
Oxygen enters the blood; carbon dioxide waste is excreted
from the blood.

e Four pulmonary veins, which carry oxygen-rich blood, enter
the left atrium.

* The left atrium pumps blood through an atrioventricular valve
(the bicuspid valve) to the left ventricle.

intercalated
disc

mitochondrion

cardiac
muscle cell

gap junction

Figure 5.4 The heartis a double pump.
A cutaway diagram of the human heart. a. The heartis a
double pump with four chambers. The two right and two
left chambers are separated by a septum. The right side
pumps the blood to the lungs, and the left side pumps
blood to the rest of the body. b. Intercalated discs contain gap
junctions that allow muscle cells to simultaneously contract.

Desmosomes at the same location allow the cells to bend and stretch.
(b): © Thomas Deerinck, NCMIR/Science Source

* The left ventricle contracts (at the same time as the right ven-
tricle), sending blood through the aortic semilunar valve into
the aorta.

* Arteries and arterioles supply tissue capillaries. Tissue capil-
laries drain into increasingly larger veins. Veins drain into the
superior and inferior venae cavae, and the cycle starts again.

From this description, you can see that oxygen-poor blood never
mixes with oxygen-rich blood and that blood must go through the
lungs to pass from the right side to the left side of the heart. The heart
is a double pump, because the right ventricle of the heart sends blood
through the lungs and the left ventricle sends blood throughout the
body. Thus, the left ventricle has the harder job of pumping blood.

The atria have thin walls, and each pumps blood into the ven-
tricle right below it. The ventricles are thicker, and they pump
blood into arteries (pulmonary artery and aorta) that travel to other
parts of the body. The thinner myocardium of the right ventricle
pumps blood to the lungs nearby in the thoracic cavity. The left
ventricle has a thicker wall with more cardiac muscle cells than the
right ventricle, and this enables it to pump blood out of the heart
with enough force to send it through the body.

The pumping of the heart sends blood under pressure out into
the arteries. The left side of the heart pumps with greater force, so
blood pressure is greatest in the aorta. Blood pressure then
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decreases as the total cross-sectional area of arteries and then arte-
rioles increases (see Fig. 5.9). A different mechanism, aside from
blood pressure, is used to move blood in the veins.

The Heartbeat Is Controlled

Each heartbeat is called a cardiac cycle (Fig. 5.5). Recall that when
the heart beats, first the two atria contract at the same time. Next, the
two ventricles contract at the same time. Then, all chambers relax.
Systole, the working phase, refers to contraction of the chambers, and
diastole, the resting phase, refers to relaxation of the chambers
(Fig. 5.5). The heart contracts, or beats, about 70 times a minute on
average in a healthy adult, with each heartbeat lasting about 0.85 sec-
ond, with a normal resting rate varying from 60 to 80 beats per minute.
There are two audible heartbeat sounds, referred to as “lub-dub.”
The first sound, “lub,” occurs when increasing pressure of blood
inside a ventricle forces the cusps of the AV valves to slam shut
(Fig. 5.5b). In contrast, the pressure of blood inside a ventricle causes
the semilunar valves (pulmonary and aortic) to open. The “dub” oc-
curs when the ventricles relax, and blood in the arteries flows back-
ward momentarily, causing the semilunar valves to close (Fig. 5.5¢).
A heart murmur, or a slight swishing sound after the “lub,” is often
due to leaky valves, which allow blood to pass back into the atria after
the AV valves have closed. Faulty valves can be surgically corrected.

Internal Control of Heartbeat

The rhythmic contraction of the atria and ventricles is due to the
internal (intrinsic) conduction system of the heart. Nodal tissue is

pulmonary

trunk 1
t semilunar superior
aorta - valves vena cava
left
atrium right
right atrium
atrium
left inferior
ventricle venacava .
right
ventricle pulmonary

trunk
aorta

atrioventricular (AV)
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a unique type of cardiac muscle located in two regions of the heart.
Nodal tissue has both muscular and nervous characteristics. The
SA (sinoatrial) node is located in the upper dorsal wall of the right
atrium. The AV (atrioventricular) node is located in the base of
the right atrium very near the septum (Fig. 5.6a). The SA node
initiates the heartbeat and automatically sends out an excitation
signal every 0.85 second. This causes the atria to contract. When
signal impulses reach the AV node, there is a slight delay that al-
lows the atria to finish their contraction before the ventricles begin
their contraction. The signal for the ventricles to contract travels
from the AV node through the two branches of the atrioventricular
(AV) bundle before reaching the numerous and smaller Purkinje
fibers. The AV bundle, its branches, and the Purkinje fibers work
efficiently because gap junctions (see Section 3.5) allow electrical
current to flow from cell to cell (see Fig. 5.4b). The SA node is
also called the pacemaker because it regulates heartbeat. If the SA
node fails to work properly, the heart still beats due to signals gen-
erated by the AV node. But the beat is slower (40 to 60 beats per
minute). To correct this condition, it is possible to implant an arti-
ficial pacemaker, which automatically gives an electrical stimulus
to the heart every 0.85 second.

External Control of Heartbeat

The body has an external (extrinsic) way to regulate the heartbeat. A
cardiac control center in the medulla oblongata, a portion of the
brain that controls internal organs, can alter the beat of the heart by

semilunar aortic semilunar valve
valves close

(“d u b”)

bicuspid valve

Figure 5.5 The stages of the cardiac cycle.

a. When the atria contract, the ventricles are relaxed and
filling with blood. Atrioventricular valves are open; semilunar
valves are closed. b. When the ventricles contract,
atrioventricular valves are closed; semilunar valves are open.
Blood is pumped into the pulmonary trunk and aorta; this
corresponds to the “lub” sound. ¢. Backward flow of blood

valves close against the semilunar valves causes the “dub” sound. When
ulubn ) . . . ..

( ) the heart is relaxed, both atria and ventricles fill with blood.
represents The atrioventricular valves are open; semilunar valves are

closed. d. Aortic semilunar valve and bicuspid valve.
(d): © Biophoto Associates/Science Source
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SA node ————
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branches of
atrioventricular
bundle

Purkinje fibers

Figure 5.6 An electrical signal pathway through the heart.
The SA node sends out a stimulus (black arrows), which causes the
atria to contract. When this stimulus reaches the AV node, it signals the
ventricles to contract. The electrical signal passes down the two
branches of the atrioventricular bundle to the Purkinje fibers.
Thereafter, the ventricles contract.

way of the parasympathetic and sympathetic portions of the nervous
system. As will be presented in Section 14.4, the parasympathetic
division promotes those functions associated with a resting state.
The sympathetic division brings about those responses associated
with fight or flight. It makes sense that the parasympathetic divi-
sion decreases SA and AV nodal activity when we are inactive. By
contrast, the sympathetic division increases SA and AV nodal ac-
tivity when we are active or excited.

The hormones epinephrine and norepinephrine, released by
the adrenal medulla, also stimulate the heart. During exercise, for
example, the heart pumps faster and stronger due to sympathetic
stimulation and the release of epinephrine and norepinephrine (for
more information, see Section 14.4 and Section 16.4).

An Electrocardiogram Is a Record
of the Heartbeat

An electrocardiogram (ECG) is a recording of the electrical
changes that occur in the myocardium during a cardiac cycle
(Fig. 5.7). Body fluids contain ions that conduct electrical currents.
Therefore, the electrical changes in the myocardium can be
detected on the skin’s surface. When an ECG is administered,
electrodes placed on the skin are connected by wires to an instru-
ment that detects the myocardium’s electrical changes.

CIENCE IN R LIFE

Can the automatic external defibrillators (AEDs)
found in airports and other public places be used by
anyone in an emergency?

When an emergency happens in a public place, anyone can use
an AED. If a person collapses, perhaps suffering from ventricular
fibrillation, the computerized device will make the decisions. It
will explain, step-by-step, how to first check for breathing and
pulse. Next, it will explain how to apply pads to the chest to de-
liver the shock, if necessary.

Once the chest pads are attached, the computer analyzes
heart activity to determine if a shock is needed. Strong electrical
current is applied for a short time to defibrillate the heart. The
rescuer moves back, pushing a button when prompted. Voice
instructions also explain how to do cardiopulmonary resuscita-
tion (CPR) until paramedics arrive.

However, it's a good idea to first be familiar with CPR and
AED use. The Red Cross and many hospitals regularly offer in-
troductory and refresher classes. With training, you might be
able to save a person’s life!

Figure 5.7a depicts the electrical signals during a normal car-
diac cycle. When the SA node triggers an impulse, the atrial fibers
produce an electrical change called the P wave. The P wave indi-
cates the atria are about to contract. After that, the QRS complex
signals that the ventricles are about to contract. The electrical
changes that occur as the ventricular muscle fibers recover produce
the T wave.

Various types of abnormalities can be detected by an ECG.
One of these, called ventricular fibrillation, is caused by uncoordi-
nated, irregular electrical activity in the ventricles. Compare Fig-
ure 5.7a with Figure 5.7b and note the irregular line illustrated in
Figure 5.7b. Ventricular fibrillation is of special interest because it
can be caused by an injury, a heart attack, or a drug overdose. It is
the most common cause of sudden cardiac death in a seemingly
healthy person over age 35. Once the ventricles are fibrillating,
coordinated pumping of the heart ceases and body tissues quickly
become oxygen starved. Normal electrical conduction must be re-
established as quickly as possible or the person will die. A strong
electrical current is applied to the chest for a short time in a process
called defibrillation. In response, all heart cells discharge their
electricity at once. Then, the SA node may be able to reestablish a
coordinated beat.

CHECK YOUR PROGRESS 5.3

1. Describe the flow of blood through the heart.

2. Explain what causes the “lub” and the “dub” sounds of a
heartbeat.

3. Summarize the internal and external controls of the
heartbeat.
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CONNECTING THE CONCEPTS

For more information on the heart as a muscle and to gain a
greater understanding of how the heart develops and ages, re-
fer to the following discussions:

Figure 13.1 compares the structure of cardiac muscle to that
of other muscular tissues.

Figure 18.7 illustrates the fetal circulation pathway.

Section 18.5 explores some of the changes to the
cardiovascular system as we age.

5.4 Features of the
Cardiovascular System

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Understand how the pulse relates to heart rate.

2. Explain how blood pressure differs in veins, arteries, and
capillaries.

3. Distinguish between systolic and diastolic pressure.
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Figure 5.7 An electrocardiogram.

a. A normal ECG indicates that the heart is functioning
properly. The P wave occurs just prior to atrial contraction; the
QRS complex occurs just prior to ventricular contraction; and
the T wave occurs when the ventricles are recovering from
contraction. b. Ventricular fibrillation produces an irregular
ECG due to irregular stimulation of the ventricles. c¢. The
recording of an ECG.

(a, b): © Ed Reschke; (c): © Mediclmage/Alamy Stock Photo

When the left ventricle contracts, blood is sent out into the
aorta under pressure. A progressive decrease in pressure
occurs as blood moves through the arteries, arterioles,
capillaries, venules, and finally the veins. Blood pressure
is highest in the aorta. By contrast, pressure is lowest in
the superior and inferior venae cavae, which enter the right
atrium (see Fig. 5.4a).

Pulse Rate Equals Heart Rate

The surge of blood entering the arteries causes their elastic
walls to stretch, but then they almost immediately recoil.
This rhythmic expansion and recoil of an arterial wall can
be felt as a pulse in any artery that runs close to the body’s
surface. It is customary to feel the pulse by placing several
fingers on either the radial artery (near the outer border of
the palm side of the wrist) or the carotid artery (located on
either side of the trachea in the neck).

Normally the pulse rate indicates the heart rate, be-
cause the arterial walls pulse whenever the left ventricle
contracts. As mentioned in Section 5.3, the pulse rate is
usually 70 beats per minute in a healthy adult but can vary
between 60 and 80 beats per minute.

Blood Flow Is Regulated

The beating of the heart is necessary to homeostasis, because it
creates the pressure that propels blood in the arteries and the arte-
rioles. Arterioles lead to the capillaries where exchange with inter-
stitial fluid takes place, thus supplying cells with nutrients and
removing waste material.

Blood Pressure Moves Blood in Arteries

Blood pressure is the pressure of blood against the wall of a blood
vessel. A sphygmomanometer (blood pressure instrument) can be
used to measure blood pressure, usually in the brachial artery of
the arm (Fig. 5.8). The highest arterial pressure, called the systolic
pressure, is reached during ejection of blood from the heart. The
lowest arterial pressure, called the diastolic pressure, occurs
while the heart ventricles are relaxing. Blood pressure is measured
in millimeters mercury (mm Hg). Normal resting blood pressure
for a young adult should be slightly lower than 120 mm Hg over
80 mm Hg, or 120/80, but these values can vary somewhat and still
be within the range of normal blood pressure (Table 5.1). The
number 120 represents the systolic pressure, and 80 represents the
diastolic pressure. High blood pressure is called hypertension, and
low blood pressure is called hypotension.
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Table 5.1 Normal Values for Adult Blood Pressure*

Bottom Number
(Diastolic)

Top Number
(Systolic)
Less than 95

Hypotension Less than 50

Normal Below 120 Below 80
Prehypertension 120-139 80-89
Stage 1 hypertension 140-159 90-99
Stage 2 hypertension 160 or more 100 or more

Hypertensive crisis Higher than 180 Higher than 110

(emergency care needed)

*Blood pressure values established by the American Heart Association
(www.heart.org).

Both systolic and diastolic blood pressure decrease with
distance from the left ventricle, because the total cross-sectional
area of the blood vessels increases (Fig. 5.9)—there are more
arterioles than arteries. The decrease in blood pressure causes
the blood velocity to gradually decrease as it flows toward the
capillaries.

Blood Flow Is Slow in the Capillaries

There are many more capillaries than arterioles, and blood moves
slowly through the capillaries (Fig. 5.9). This is important because
the slow progress allows time for the exchange of substances be-
tween the blood in the capillaries and the surrounding tissues. Any
needed changes in flow rate are adjusted by the opening and clos-
ing of the precapillary sphincters.

Blood Flow in Veins Returns Blood to Heart

By studying Figure 5.9, it can be seen that the velocity of blood
flow increases from capillaries to veins. As an analogy, imagine a
single narrow street emptying its cars into a fast, multilane high-
way. Likewise, as capillaries empty into veins, blood can travel
faster. However, it’s also apparent from Figure 5.9 that blood pres-
sure is minimal in venules and veins. Blood pressure thus plays

120 <«—systole = sounds heard
% 0 (artery opening)

i ‘2‘8 1] O no sounds
0 | (artery open)

Figure 5.8 Sphygmomanometers measure

Qsoo - blood pressure.

?:. ggg The sphygmomanometer cuff is first inflated until the

1| 240 artery is completely closed by its pressure. Next, the
- - ﬁ no sounds is gradually reduced. The clinician listens with
1200 (artery closed) pressure is gradually reduced. The clinician listens with a
¥ ]gg stethoscope for the first sound, indicating that blood is
| 140 moving past the cuff in an artery. This is systolic blood

pressure. The pressure in the cuff is further reduced until
no sound is heard, indicating that blood is flowing freely
through the artery. This is diastolic pressure. The
procedure can be done manually or by the computerized
sphygmomanometers commonly found in stores.

photo: © Image Source/Alamy RF

only a small role in returning venous blood to the heart. Venous
return is dependent on three additional factors:

1. The skeletal muscle pump, dependent on skeletal muscle
contraction

2. The respiratory pump, dependent on breathing

3. Valves in veins

arterioles capillaries venules veins
| | | |

arteries

blood total

pressure cross-sectional
area of
vessels

velocity

/

Relative magnitude ————

Blood flow (starting from heart) ——

Figure 5.9 Blood velocity and pressure in the

blood vessels.

This diagram shows the velocity (speed) and relative blood pressure as
the blood flows from the heart (on left) to the veins (on right). The
cross-sectional line indicates the total area of the blood vessels. Notice
how, as the area increases in the capillaries, there is a marked
decrease in blood velocity and pressure.
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to heart to heart Figure 510 The skeletal muscle pump.

a. Pressure on the walls of a vein, exerted by skeletal muscles,
increases blood pressure within the vein and forces a valve open.
b. When external pressure is no longer applied to the vein, blood
pressure decreases, and back pressure forces the valve closed.
Closure of the valves prevents the blood from flowing backward.
Therefore, veins return blood to the heart.

The respiratory pump works much like an eyedropper. When
the dropper’s suction bulb is released, the bulb expands. Fluid
travels from higher pressure in the bottom of the glass tube, mov-
ing up the tube toward the lower pressure at the top. When we
inhale, the chest expands, and this reduces pressure in the thoracic
cavity. Blood will flow from higher pressure (in the abdominal
cavity) to lower pressure (in the thoracic cavity). When we exhale,
the pressure reverses, but again the valves in the veins prevent
a. Contracted skeletal b. Closed valve prevents backward flow.

muscle pushes blood backward flow of blood.
CHECK YOUR PROGRESS 5.4

past open valve.

The skeletal muscle pump functions every time a muscle 1. Explain what the pulse rate of a person indicates.
contracts. When skeletal muscles contract, they compress the 2. Compare and contrast the pressure of blood flow in the
weak walls of the veins. This causes the blood to move past a veins, arteries, and capillaries.
valve (Fig. 5.10). Once past the valve, blood cannot flow back- 3. Explain why valves are needed in the veins.

ward. The importance of the skeletal muscle pump in moving
blood in the veins can be demonstrated by forcing a person to

stand rigidly still for an hour or so. Fainting may occur, because CONNECTING THE CONCEPTS

lack of muscle contractiop causes blogd to collect in the limbs. The maintenance of blood pressure is an important aspect of
Poor venous return deprives the brain of needed oxygen. In homeostasis. Blood pressure is influenced by a variety of fac-
this case, fainting is beneficial, because the resulting horizontal tors, including diet and internal controls. For examples, refer to
position aids in getting blood to the head. the following discussions:

Section 9.6 explores how lipids and minerals—namely,
sodium—in the diet influence blood pressure.

Section 11.4 explains how the water-salt balance and an
What causes varicose veins to develop, and why are enzyme called renin influence blood pressure.
they more common in pregnant women?

Veins are thin-walled tubes divided into many separate cham-
bers by vein valves. Excessive stretching occurs if veins are
overfilled with blood. For example, if a person stands in one

5.5 Two Cardiovascular Pathways

place for a long time, leg veins can’t drain properly and blood
pools in them. As the vein expands, vein valves become dis- LEARNING OUTCOMES _
tended and fail to function. These two mechanisms cause the Upon completion of this section, you should be able to
veins to bulge and be visible on the skin’s surface. Hemorrhoids 1. Compare blood flow in the pulmonary and systemic
are varicose veins in the rectum. Obesity, sedentary lifestyle, circuits.
female gender, genetic predisposition, and increasing age are 2. |dentify the major arteries and veins of both the pulmonary
risk factors for varicose veins. and the systemic circuits.

Pregnancy, in particular, can cause leg veins to become dis- 3. Compare the oxygen content of the blood in the arteries
tended, because the fetus in the abdomen compresses the and veins of the pulmonary and systemic circuits.
large abdominal veins. Leg veins can’t drain properly and the 4. Explain the location and purpose of the hepatic portal
valves malfunction. system.

Most varicose veins are only a cosmetic problem. Occasion-

ally they cause pain, muscle cramps, or itching and become a ) o ]
medical problem. There are safe and effective ways to get rid of The blood flows in two circuits: the pulmonary circuit, which

them, so see your doctor. circulates blood through the lungs, and the systemic circuit, which
serves the needs of body tissues (Fig. 5.11). While it is common to
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Figure 511 Overview of the cardiovascular system.

The blue-colored vessels carry blood high in carbon dioxide, and the
red-colored vessels carry blood high in oxygen; the arrows indicate the
flow of blood. Compare this diagram, useful for learning to trace the
path of blood, with Figure 5.12 to realize that arteries and veins go to
all parts of the body. Also, there are capillaries in all parts of the body.

discuss these circuits relative to the movement of oxygen and car-
bon dioxide, it is important to note that these circuits also deliver a
variety of nutrients, hormones, and other factors. For this reason,
both circuits are important in the maintenance of homeostasis in
the body.

The Pulmonary Circuit: Exchange of Gases

Starting at the right atrium, we can trace the path of blood in the
body. The right atrium collects blood from the systemic circuit of
the body. The blood then passes into the right ventricle, which
pumps it into the pulmonary trunk. The pulmonary trunk divides
into the right and left pulmonary arteries, which branch as they
approach the lungs. The arterioles take blood to the pulmonary
capillaries, where carbon dioxide is given off and oxygen is
picked up. Blood then passes through the pulmonary venules,
which lead to the four pulmonary veins that enter the left atrium.
Blood in the pulmonary arteries is oxygen-poor but blood in the
pulmonary veins is oxygen-rich, so it is not correct to say that all
arteries carry blood high in oxygen and all veins carry blood low
in oxygen (as people tend to believe). Just the reverse is true in
the pulmonary circuit.

The Systemic Circuit: Exchanges with
Interstitial Fluid

The systemic circuit includes all the arteries and veins shown in
Figure 5.12. Not all of the blood vessels are shown in this diagram.
In fact, the heart pumps blood through over 60,000 miles of blood
vessels to deliver nutrients and oxygen and remove wastes from all
body cells.

The largest artery in the systemic circuit, the aorta, receives
blood from the heart; the largest veins, the superior and inferior
venae cavae (sing., vena cava), return blood to the heart. The su-
perior vena cava collects blood from the head, the chest, and the
arms, and the inferior vena cava collects blood from the lower
body regions. Both enter the right atrium.

Tracing the Path of Blood

It’s easy to trace the path of blood in the systemic circuit by be-
ginning with the left ventricle, which pumps blood into the
aorta. Branches from the aorta go to the organs and major body
regions. For example, this is the path of blood to and from the
lower legs:

| left ventricle | | right atrium |
Y 4

| aorta | | inferior vena cava |
¥ )

| common iliac artery | | common iliac vein |
¥ 4

| femoral artery | | femoral vein |
Y 4

| lower leg capillaries |—>| lower leg veins |




When tracing blood to a specific organ, it is common to start
with the aorta, then the artery branching from the aorta. Then list
the region of the body where the capillaries are found, followed by
the vein returning blood to the vena cava. In many instances, the
artery and the vein that serve the same region are given the same
name, as is the case for the femoral artery and femoral vein. What
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Figure 512 The major arteries and veins of the systemic
circuit.

This illustration offers a realistic representation of major blood vessels
(arteries and veins) of the systemic circuit.

Chapter 5 Cardiovascular System: Heart and Blood Vessels 103

happens in between the artery and the vein? Arterioles from the
artery branch into capillaries, where exchange takes place, and
then venules join into the vein that enters a vena cava.

Hepatic Portal System:
Specialized for Blood Filtration

The hepatic portal vein (see Fig. 5.11) drains blood from the cap-
illary beds of the digestive tract to a capillary bed in the liver. The
term portal indicates that it lies between two capillary beds. The
blood in the hepatic portal vein is oxygen-poor but is rich in glu-
cose, amino acids, and other nutrients absorbed by the small intes-
tine. The liver stores glucose as glycogen, and it either stores amino
acids or uses them immediately to manufacture blood proteins.
The liver also purifies the blood of toxins and pathogens that have
entered the body by way of the intestinal capillaries. After blood
has filtered slowly through the liver, it is collected by the hepatic
vein and returned to the inferior vena cava.

CHECK YOUR PROGRESS 5.5

1. Describe the flow of blood in the pulmonary circuit.

2. Describe the path of blood from the heart to the digestive
tract and back to the heart by way of the hepatic portal vein.

3. Compare the relative oxygen content of the blood flowing
in the pulmonary artery with that in the pulmonary vein.

CONNECTING THE CONCEPTS

During fetal development, minor changes in the flow of blood
occur due to a bypassing of the lungs. For more on this and ad-
ditional information on the hepatic portal system and pulmonary
circuits, refer to the following discussions:

Figure 9.8 illustrates how the hepatic portal vein takes
nutrients to the liver.

Figure 10.11 diagrams the transport of oxygen and carbon
dioxide in the pulmonary and systemic circuits.

Figure 18.7 shows how the systemic circuit interacts with the
placenta during development.

5.6 Exchange at the Capillaries
LEARNING OUTCOMES B |

Upon completion of this section, you should be able to
1. Describe the processes that move materials across the
walls of a capillary.

2. Explain what happens to the excess fluid that leaves the
capillaries.

Two forces control the movement of fluid through the capillary
wall: blood pressure, which tends to cause fluids in the blood to
move from capillary to tissue spaces, and osmotic pressure,
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Figure 513 The movement of solutes in a capillary bed.
The figure shows the process of capillary exchange and the forces that
aid the process. At the arterial end of a capillary, the blood pressure is
higher than the osmotic pressure. Fluids tend to leave the bloodstream
and enter the interstitial fluid. In the midsection of the diagram, solutes,
including oxygen (O,) and carbon dioxide (CO,), diffuse from high to low
concentration. Carbon dioxide and wastes diffuse into the capillary while
nutrients and oxygen enter the tissues. At the venous end of a capillary,
the osmotic pressure is higher than the blood pressure. Interstitial fluid
tends to reenter the bloodstream. The red blood cells and plasma
proteins are too large to exit a capillary.

which tends to cause water to move in the opposite direction. At
the arterial end of a capillary, blood pressure (30 mm Hg)
is higher than the osmotic pressure of blood (21 mm Hg)
(Fig. 5.13). Osmotic pressure is created by the presence of solutes
dissolved in plasma, the liquid fraction of the blood. Dissolved
plasma proteins are of particular importance in maintaining the
osmotic pressure. Most plasma proteins are manufactured by
the liver. Blood pressure is higher than osmotic pressure at the
arterial end of a capillary, so water exits a capillary at the
arterial end.

Midway along the capillary, where blood pressure is lower,
the two forces essentially cancel each other, and there is no net
movement of fluid. Solutes now diffuse according to their concen-
tration gradient: Oxygen and nutrients (glucose and amino acids)
diffuse out of the capillary; carbon dioxide and wastes diffuse into
the capillary. Red blood cells and almost all plasma proteins re-
main in the capillaries. The substances that leave a capillary con-
tribute to interstitial fluid, the fluid between the body’s cells.
Plasma proteins are too large to readily pass out of the capillary.
Thus, interstitial fluid tends to contain all components of
plasma, except much lower amounts of protein.

At the venule end of a capillary, blood pressure has fallen
even more. Osmotic pressure is greater than blood pressure, and
fluid tends to move back. Almost the same amount of fluid that
left the capillary returns to it, although some excess intersti-
tial fluid is always collected by the lymphatic capillaries
(Fig. 5.14). Interstitial fluid within lymphatic vessels is called
lymph. Lymph is returned to the systemic venous blood when
the major lymphatic vessels enter the subclavian veins in the
shoulder region.
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Figure 514 Interaction of lymphatic and capillary beds.
Lymphatic capillary beds lie alongside blood capillary beds. When
lymphatic capillaries take up excess interstitial fluid, it becomes lymph.
Lymph returns to the cardiovascular system through cardiovascular
veins in the chest. Precapillary sphincters can shut down a capillary
bed, and blood then flows through a shunt.



CHECK YOUR PROGRESS 5.

1. Explain what happens to the excess fluid created during
capillary exchange.

2. Describe the exchange of materials across the walls of a
capillary.

3. Summarize what occurs when blood and osmotic
pressure change at the venous end of a capillary.

CONNECTING THE CONCEPTS

The movement of materials into and out of the capillaries plays
an important role in the function of a number of other body sys-
tems. For examples of the importance of capillaries, refer to the
following discussions:

Section 7.2 provides additional information on the role of the
lymphatic system.

Section 10.6 explains how gas exchange occurs across the
walls of the capillaries in the lungs.

Section 11.3 explores how the urinary system establishes
gradients to move waste materials out of the capillaries for
excretion.

5.7 Cardiovascular Disorders

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Explain the underlying causes of cardiovascular disease in
humans.

2. Summarize how advances in medicine can treat
cardiovascular disorders.

Cardiovascular disease (CVD) is the leading cause of early death
in Western countries. In the United States, CVD is responsible for
more than 33% of all deaths. Modern research efforts have resulted
in improved diagnosis, treatment, and prevention. This section ex-
amines some of the major forms of cardiovascular disease and also
explores the range of advances that have been made in preventing
and correcting CVD. The Health feature “Prevention of Cardiovas-
cular Disease” outlines some of the factors that may increase your
chances for developing CVD.

Disorders of the Blood Vessels

Hypertension and atherosclerosis often lead to stroke or heart at-
tack, due to an artery blocked by a blood clot or clogged by plaque.
Treatment involves removing the blood clot or prying open the
affected artery. Another possible outcome is a burst blood vessel,
or aneurysm. An aneurysm can be prevented by replacing a blood
vessel that is about to rupture with an artificial one.

High Blood Pressure

Hypertension occurs when blood moves through the arteries at a
higher pressure than normal. Also known as high blood pressure,
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hypertension is sometimes called a silent killer. It may not be de-
tected until it has caused a heart attack, stroke, or even kidney failure.
Hypertension is present when the systolic blood pressure is 140 or
greater or the diastolic blood pressure is 90 or greater (see Table 5.1).
Though systolic and diastolic pressures are both important, diastolic
pressure is emphasized when medical treatment is being considered.

The best safeguard against developing hypertension is regular
blood pressure checks and a lifestyle that lowers the risk of CVD. If
hypertension is present, prescription drugs can help lower blood
pressure. Diuretics cause the kidneys to excrete more urine, ridding
the body of excess fluid. In addition, hormones (the body’s chemi-
cal messengers) that raise blood pressure can be inactivated. Drugs
called beta-blockers and ACE (angiotensin-converting enzyme) in-
hibitors help control hypertension caused by hormones.

Hypertension is often seen in individuals who have atheroscle-
rosis. Atherosclerosis is caused by the formation of lesions, or ath-
erosclerotic plaques, on the inside of blood vessels. The plaques
narrow blood vessel diameter, choking off blood and oxygen supply
to the tissues. In most instances, atherosclerosis begins in early adult-
hood and develops progressively through middle age, but symptoms
may not appear until an individual is 50 or older. To prevent the onset
and development of atherosclerosis, the American Heart Association
and other organizations recommend a diet low in saturated fat and
cholesterol but rich in omega-3 polyunsaturated fatty acids.

Atherosclerotic plaques (Fig. 5.15) can cause a clot to form on
the irregular, roughened arterial wall. As long as the clot remains
stationary, it is called a thrombus. If the thrombus dislodges and
moves along with the blood, it is called an embolus. A thrombo-
embolism consists of a clot first carried in the bloodstream that
then becomes completely stationary when it lodges in a small blood
vessel. If a thromboembolism is not treated, the life-threatening
complications can result.

Research has suggested several possible causes for atheroscle-
rosis aside from hypertension. Chief among these are smoking and
a diet rich in lipids and cholesterol. Research also indicates that a
low-level bacterial or viral infection that spreads to the blood may
cause an injury that starts the process of atherosclerosis. Surpris-
ingly, such an infection may originate with gum diseases or be due
to Helicobacter pylori (see Section 1.3). People who have high
levels of C-reactive protein, which occurs in the blood following a
cold or an injury, are more likely to have a heart attack.

Are statins safe?

Statins are a class of drug that reduces blood cholesterol level
by reducing the amount of cholesterol produced by the liver. In
doing so, they reduce the risk of cardiovascular disease associ-
ated with elevated cholesterol levels. While there have been
reports that statins may cause health problems, such as liver
disease, diabetes, and muscle damage, the FDA has not found
any evidence that these drugs elevate these risk factors in most
people. As with any medication, you should always consult with
your physician before starting a new treatment.
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BIOLOGY TODAY

Prevention of Cardiovascular Disease

Many of us are predisposed to cardiovascular disease (CVD) due to
factors beyond our control. Having a family history of heart attacks
under age 55, being male, or being African American increases the
risk. Other risk factors for CVD are related to our behavior.

The Don’ts

Smoking: When a person smokes, the drug nicotine, present in
cigarette smoke, enters the bloodstream. Nicotine causes arterioles
to constrict, including those that supply the heart itself. It also in-
creases blood pressure, and the tendency of blood to clot. These
factors may explain why about 20% of deaths from CVD are di-
rectly related to cigarette smoking.

Drug Abuse: Stimulants, such as cocaine and amphetamines, can
cause an irregular heartbeat and lead to heart attacks even when
using the drugs for the first time.

Obesity: People who are obese have more tissues that need to be
supplied with blood. To meet this demand, the heart pumps blood
out under greater pressure. Being overweight also increases the
risk of type 2 diabetes, in which glucose damages blood vessels
and makes them more prone to the development of plaque.

The Do’s

Reduce Fat in Diet: Diet influences the amount of cholesterol in
the blood. Cholesterol is ferried by two types of plasma proteins,
called LDL (low-density lipoprotein) and HDL (high-density lipo-
protein). LDL (the “bad” lipoprotein) takes cholesterol from the
liver to the tissues, and HDL (the “good” lipoprotein) transports
cholesterol out of the tissues to the liver. When the LDL level in
blood is high or the HDL level is too low, plaque accumulates on
arterial walls (Fig. 5.15).

Eating foods high in saturated fat (red meat, cream, and butter)
or trans fats (most margarines, commercially baked goods, and
deep-fried foods) increases LDL cholesterol. Replacement of these
harmful fats with monounsaturated fats (olive and canola oil) and
polyunsaturated fats (corn, safflower, and soybean oil) is recom-
mended. Most nutritionists also suggest eating at least five serv-
ings of antioxidant-rich fruits and vegetables a day to protect
against cardiovascular disease. Antioxidants protect the body from
free radicals that can damage blood vessels.

The American Heart Association (AHA) recommends eating
at least two servings of cold-water fish (e.g., halibut, sardines, tuna,
and salmon) each week. These fish contain omega-3 polyunsatu-
rated fatty acids that can reduce plaque. However, some studies
suggest that farm-raised fish (such as tilapia) contain low levels of
these beneficial fatty acids and may, in fact, be detrimental to heart
health.

Cholesterol Profile: Starting at age 20, all adults are advised to
have their cholesterol levels tested at least every five years.

F7) Health

Specific guidelines for cholesterol levels are no longer used. In-
stead, physicians now evaluate your cholesterol levels based on
other risk factors for stroke or heart disease. However, as general
guidelines, an LDL level above 160 mg/100 ml and an HDL level
below 40 mg/100 ml are matters of concern.

Resveratrol: The “French paradox” refers to the observation that
levels of CVD are relatively low in France, despite the common
consumption of a high-fat diet. One possible explanation is that
wine is frequently consumed with meals. In addition to its alcohol
content, red wine contains an antioxidant called resveratrol. This
chemical is mainly produced in the skin of grapes, so it is also
found in grape juice, and supplements are available at health food
stores.

Exercise: People who exercise are less apt to have cardiovascu-
lar disease. Exercise not only helps keep weight under control,
but may also help minimize stress and reduce hypertension. And
short bursts of exercise may be superior to longer sessions.
In one study, as few as three 10-minute workout sessions a day
reduced triglyceride levels in blood better than one 30-minute
session.

Anxiety and Stress Mental stress can increase the odds of a
heart attack. Within an hour of a strong earthquake that struck in
1994 near Los Angeles, 16 people died of sudden heart failure
(compared to the average of about 4 per day). Over the next sev-
eral days, the number of heart-related deaths declined, suggesting
that emotional stress had triggered fatal complications in those
who were already predisposed to them. Obviously it is difficult to
avoid earthquakes, but we can learn healthy ways to avoid and
manage stress.

Can Alcohol Benefit the Heart? Alcohol abuse can destroy just
about every organ in the body, the heart included. Based on several
large research studies, however, the AHA notes that people who
consume one or two drinks per day have a 30% to 50% reduced risk
of CVD compared to nondrinkers. Importantly, because of the po-
tential downsides of alcohol consumption, the AHA does not rec-
ommend that nondrinkers start using alcohol.

Questions to Consider

1. Review the risk factors discussed in this reading. Which, if
any, could be affecting you right now?

2. Some scientists suspect that infections with certain types of
bacteria and viruses may contribute to cardiovascular
disease. What are some specific ways that infections might
do this?

3. What are other possible explanations for the “French
paradox”?
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Stroke, Heart Attack, and Aneurysm

Stroke, heart attack, and aneurysm are associated with hyperten-
sion and atherosclerosis. A cerebrovascular accident (CVA), also
called a stroke, often results when a small cranial arteriole bursts
or is blocked by an embolus. Lack of oxygen causes a portion of
the brain to die, and paralysis or death can result. A person is
sometimes forewarned of a stroke by a feeling of numbness in the
hands or the face, difficulty in speaking, or temporary blindness in
one eye.

A myocardial infarction (MI), also called a heart attack, oc-
curs when a portion of the heart muscle dies due to lack of oxygen.
If a coronary artery becomes partially blocked, the individual may
then suffer from angina pectoris. Characteristic symptoms of an-
gina pectoris include a feeling of pressure, squeezing, or pain in
the chest. Pressure and pain can extend to the left arm, neck, jaw,
shoulder, or back. Nausea and vomiting, anxiety, dizziness, and
shortness of breath may accompany the chest discomfort. Nitro-
glycerin or related drugs dilate blood vessels and help relieve the
pain. When a coronary artery is completely blocked, perhaps be-
cause of a thromboembolism, a heart attack occurs.

An aneurysm is a ballooning of a blood vessel, most often the
abdominal artery or the arteries leading to the brain. Atherosclero-
sis and hypertension can weaken the wall of an artery to the point
that an aneurysm develops. If a major vessel, such as the aorta,
bursts, death is likely. It is possible to replace a damaged or dis-
eased portion of a vessel, such as an artery, with a plastic tube.
Cardiovascular function is preserved because exchange with tissue
cells can still take place at the capillaries. Research is under way to
use blood vessels made in the laboratory by injecting a patient’s
cells inside an inert mold or generating them using stem cells.

Dissolving Blood Clots

Medical treatment for a thromboembolism includes the use of tis-
sue plasminogen activator (t-PA), a biotechnology drug that con-
verts plasminogen, a protein in blood, into plasmin, an enzyme that
dissolves blood clots. Tissue plasminogen activator is also being
used for stroke patients, but with less success. Some patients expe-
rience life-threatening bleeding in the brain. A better treatment
might be new biotechnology drugs that act on the plasma mem-
brane to prevent brain cells from releasing and/or receiving toxic
chemicals caused by the stroke.
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Figure 515 Coronary arteries and
plaque.

Atherosclerotic plaque is an irregular
accumulation of cholesterol and fat. When
fat is present in a coronary artery, a heart
attack is more likely to occur because of
restricted blood flow.

photo: © Biophoto Associates/Science Source
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If a person has symptoms of angina or a stroke, aspirin may be
prescribed. Aspirin lowers the probability of clot formation. There
is evidence that aspirin protects against first heart attacks and it
may have other health benefits when taken at low doses.

Treating Clogged Arteries

In the past, cardiovascular disease required open-heart surgery
and, therefore, a long recuperation time and a long, unsightly scar
that could occasionally ache. Now, bypass surgery (Fig. 5.16a) can
be assisted by using robotic technology. A video camera and in-
struments are inserted through small cuts, while the surgeon sits at
a console and manipulates interchangeable grippers, cutters, and
other tools attached to movable arms above the operating table.
Looking through two eyepieces, the surgeon gets a three-dimensional
view of the operating field. Robotic surgery is also used in valve
repairs and other heart procedures.

A coronary bypass operation is one way to treat an artery
clogged with plaque. A surgeon takes a blood vessel—usually a
vein from the leg—and stitches one end to the aorta and the other
end to a coronary artery located past the point of obstruction. Fig-
ure 5.16b shows a triple bypass in which three blood vessel seg-
ments have been used to allow blood to flow freely from the aorta
to cardiac muscle by way of the coronary artery. Since 1997, gene
therapy has been used instead of a coronary bypass to grow new
blood vessels that will carry blood to cardiac muscle. The surgeon
needs only to make a small incision and inject many copies of the
gene that codes for vascular endothelial growth factor (VEGF)
between the ribs directly into the area of the heart that most needs
improved blood flow. The VEGF encourages new blood vessels to
sprout out of an artery. If collateral blood vessels do form, they
transport blood past clogged arteries, making bypass surgery un-
necessary. About 60% of patients who undergo the procedure show
signs of vessel growth within 2 to 4 weeks.

Another alternative to bypass surgery is angioplasty. In the
past, angioplasty involved inserting a plastic tube into an artery of
an arm or a leg and then guiding it through a major blood vessel
toward the heart. When the tube reached the region of plaque in an
artery, a balloon attached to the end of the tube was inflated, forc-
ing the vessel open. The procedure now uses the same procedure to
deliver a stent to the blocked vessel (Fig. 5.16¢). A stent is a small
metal mesh cylinder that holds a coronary artery open after a
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Figure 516 Treatments for atherosclerotic plaque in
coronary arteries.

a. Improvements in surgery techniques can assist in coronary bypass
operations. b. In this procedure, blood vessels (leg veins or arteries
placed in the chest) are stitched to coronary arteries, bypassing the
obstruction. c. In a stent procedure, a balloon-tipped catheter guides
the stent (a cylinder of expandable metal mesh) to the obstructed area.
When the balloon is inflated, the stent expands and opens the artery.
(a): © Sujin Jetkassettakorn/123RF

blockage has been cleared. When the balloon inside the stent is
inflated, the stent expands, locking itself in place. Some patients
go home the same day or, at most, after an overnight stay. The stent
is more successful when it is coated with a drug that seeps into the
artery lining and discourages cell growth. Uncoated stents can
close back up in a few months, but the drug used in the coated ones
successfully discourages closure. Blood clotting might occur
after stent placement, so recipients have to take anticlotting
medications.

Heart Failure

When a person has heart failure, the heart no longer pumps as it
should. Heart failure is a growing problem, because people who
used to die from heart attacks now survive but are left with dam-
aged hearts. Often the heart is oversized, not because the cardiac
wall is stronger but because it is sagging and swollen. One idea is
to wrap the heart in a fabric sheath to prevent it from getting too
big. This might allow better pumping, similar to the way a weight
lifter’s belt restricts and reinforces stomach muscles. But a failing
heart can have other problems, such as an abnormal heart rhythm.
To counter that condition, it’s possible to place an implantable
cardioverter-defibrillator (ICD) just beneath the skin of the chest.
This device can sense both an abnormally slow and an abnormally
fast heartbeat. If the former, the ICD generates the missing beat, as
a pacemaker does. If the latter, it sends the heart a sharp jolt of
electricity to slow it down. If the heart rhythm becomes erratic, the
ICD sends an even stronger shock—as a defibrillator does.

Heart Transplants

Although heart transplants are now generally successful, many
more people are waiting for new hearts than there are organs avail-
able. Today only about 2,300 heart transplants are done annually,
though many thousands of people could use them. Genetically al-
tered pigs may one day be used as a source of hearts because of the
shortage of human hearts. Also, bone marrow stem cells have been
injected into the heart. Once in the heart, these cells have been able
to form new cardiac muscle tissue to replace tissue damaged by a
heart attack.

Today, a left ventricular assist device (LVAD), implanted in
the abdomen, is an alternative to a heart transplant. A tube passes
blood from the left ventricle to the device, which pumps it on to the
aorta. A cable passes from the device through the skin to an exter-
nal battery, which the patient must tote around. Another option is
the Jarvik 2000, which is a pump inserted inside the left ventricle.
The Jarvik is powered by an external battery no larger than a C
battery.

Even fewer patients have received a device called a total arti-
ficial heart (TAH), such as that shown in Figure 5.17. An internal
battery and a controller regulate the pumping speed, and an exter-
nal battery powers the device by passing electricity through the
skin via external and internal coils. A rotating centrifugal pump
moves silicon hydraulic fluid between left and right sacs to force
blood out of the heart into the pulmonary trunk and the aorta. Ini-
tially, recipients were near death, and most survived for only a few
days. However, medical advances have increased the survival time
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Figure 517 An artificial heart.

The SynCardia temporary Total Artificial Heart moves blood in the
same manner as a natural heart. The controller is implanted into the
patient’s abdomen. The heart is powered by an internal rechargeable
battery, with an external battery as a backup system.

photo: © SynCardia Systems, Inc.

to months for many recipients, making the TAH a temporary treat-
ment for people who are experiencing heart failure. To date, over
1,300 TAHs have been implanted into patients.

CASE STUDY: CONCLUSION

Following her exam, Laura spent time researching the causes
and effects of hypertension on her body. She learned what
a blood pressure value of 132/84 mm Hg really meant. The
larger number (132) was the maximum pressure as her heart
was beating, while the smaller number (84) was the resting
pressure. ldeally her blood pressure should have been less
than 120/80 mm Hg, so as her doctor indicated, Laura was
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CHECK YOUR PROGRESS 5.7

1. List the cardiovascular disorders that are common in
humans.

2. Summarize the treatments that are available for
cardiovascular disorders.

3. Discuss why CVD is the leading source of death in
Western countries.

CONNECTING THE CONCEPTS

Many cardiovascular disorders are caused by incorrect diet or
a sedentary lifestyle. Others are the result of genetic abnor-
malities. For more on the relationships between diet and car-
diovascular disease and how scientists identify genes
associated with cardiovascular disease, refer to the following
discussions:

Section 9.6 explores how each class of nutrient relates to a
healthy lifestyle.

Table 9.5 lists methods of lowering saturated fats and
cholesterol in the diet.

Sections 22.3 and 22.4 explain how biotechnology and
genomics are identifying new genes associated with
disease.

prehypertensive. However, the good news was that at her age,
prehypertension was largely due to lifestyle choices, namely
diet and physical activity. Therefore, Laura resolved to watch
her diet more closely, especially the amount of saturated fat
and cholesterol, and increase her cardiovascular workouts per
week. Her doctor also recommended a follow-up visit in a few
months to ensure that Laura was making satisfactory progress.
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SUMMARIZE

5.1 Overview of the Cardiovascular System

The cardiovascular system consists of the heart and blood vessels. The
heart pumps blood, and blood vessels take blood to and from capillaries,
where exchanges of nutrients for wastes occur with tissue cells. Blood is
refreshed at the lungs, where gas exchange occurs; at the digestive tract,
where nutrients enter the blood; and at the kidney, where wastes are re-
moved from blood. The lymphatic system removes excess fluid from
around the tissue and returns it to the cardiovascular system.

5.2 The Types of Blood Vessels
Arteries: Arteries and arterioles move blood away from the heart.
Arteries have the thickest walls, which allows them to withstand blood
pressure.
Capillaries: Exchange of substances occurs in the capillaries. Precapil-
lary sphincters and arteriovenous shunts help control the flow of blood
within the capillaries.
Veins: Veins and venules move blood toward the heart. Veins have
relatively weak walls with valves that keep the blood flowing in one
direction.
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5.3 The Heart Is a Double Pump

The heart is the pump of the circulatory system and consists of a right
and left side separated by a septum. Each side has an atrium and a
ventricle. Valves, such as the atrioventricular (AV) valves and semilunar
valves, keep the blood moving in the correct direction. The tissue of the
heart, the myocardium, is contained within a sac called the pericardium.
At the cellular level, the tissues interact using gap junctions and
desmosomes. The heart supplies itself with blood using the coronary

arteries.
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Passage of Blood Through the Heart

 The right atrium receives O,-poor blood from the vena cava, and
the right ventricle pumps it into the pulmonary circuit via
the pulmonary arteries.

* The left atrium receives O,-rich blood from the lungs (pulmonary
veins), and the left ventricle pumps it into the aorta of the systemic
circuit.

The Heartbeat Is Controlled

During the cardiac cycle, the SA (sinoatrial) node (pacemaker) initi-
ates the heartbeat by causing the atria to contract. The AV (atrioven-
tricular) node conveys the stimulus to the ventricles, causing them to
contract (systole). The heart sounds, “lub-dub,” are due to the closing of
the atrioventricular valves, followed by the closing of the semilunar
valves. The muscles of the heart relax (diastole) between contractions.
An electrocardiogram (ECG) may be used to measure the activity of
the heart.

5.4 Features of the Cardiovascular System

The pulse indicates the heartbeat rate. Blood pressure caused by the
beating of the heart accounts for the flow of blood in the arteries. The
systolic pressure is the maximum pressure in the arteries, while the
diastolic pressure is the minimum. The reduced velocity of blood flow
in capillaries facilitates exchange of nutrients and wastes in the tissues.
Blood flow in veins is caused by skeletal muscle contraction (skeletal
muscle pump), the presence of valves, and respiratory movements
(respiratory pump).

5.5 Two Cardiovascular Pathways
The cardiovascular system is divided into the pulmonary circuit and the
systemic circuit.
The Pulmonary Circuit: Exchange of Gases
In the pulmonary circuit, blood travels to and from the lungs.

The Systemic Circuit: Exchanges with Interstitial Fluid

In the systemic circuit, the aorta divides into blood vessels that serve the
body’s organs and cells. The vena cava returns O,-poor blood to the
heart. The hepatic portal system moves blood between the capillary beds
of the digestive system and liver. This system consists of the hepatic
portal vein and the hepatic vein.

5.6 Exchange at the Capillaries

The following diagram illustrates capillary exchange in the tissues of the
body—not including the gas-exchanging surfaces of the lungs.

Arterial End Interstitial Fluid Venous End
from heart to heart

amino carbon
acids dioxide

water oxygen glucose

salt plasma
protein

[ osmotic pressure
[ blood pressure venule

e At the arterial end of a cardiovascular capillary, blood pressure
is greater than osmotic pressure; therefore, fluid leaves the
capillary.

* In the midsection, oxygen and nutrients diffuse out of the capillary,
and carbon dioxide and other wastes diffuse into the capillary.

* At the venous end, osmotic pressure created by the presence of
proteins exceeds blood pressure, causing most of the fluid to reenter
the capillary. Some fluid remains as interstitial (tissue) fluid.

smooth
arteriole muscle fiber

Excess fluid not picked up at the venous end of the cardiovascular capil-
lary enters the lymphatic capillaries.
* Lymph is interstitial fluid within lymphatic vessels.
e The lymphatic system is a one-way system. Its fluid is returned to
blood by way of a cardiovascular vein.

5.7 Cardiovascular Disorders
Cardiovascular disease is the leading cause of death in Western countries.

* Hypertension and atherosclerosis can lead to stroke, heart
attack, angina pectoris (chest pain), or an aneurysm.
Atherosclerotic plaques increase the risk of these conditions. If
these plaques dislodge in the circulatory system, a
thromboembolism may result.

* Following a heart-healthy diet, getting regular exercise, maintaining
a proper weight, and not smoking reduce cardiovascular disease risk.

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

5.1 Overview of the Cardiovascular System

1. Which of the following is not a function of the cardiovascular
system?
a. transport oxygen to tissues and remove waste materials
b. allow for the detection of stimuli from the external environment
c¢. participate in temperature homeostasis
d. transport cells of the immune system
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5.2

Which body system assists the cardiovascular system by removing
excess interstitial fluid from around the cells?

a. endocrine system

b. lymphatic system

c. respiratory system

d. digestive system

The Types of Blood Vessels

In questions 3—7, match the descriptions to the blood vessels in the key.
Some answers may be used more than once.

Key:

N SN AW

venules
. veins

a.

b

c. capillaries
d. arteries

e

. arterioles

. drain blood from capillaries

. empty into capillaries

. may contain valves

. muscular vessels that move blood away from the heart

. sites for the exchange of substances between blood and interstitial

fluid

5.3 The Heart Is a Double Pump

8.

10.

Which of the following lists the events of the cardiac cycle in the

correct order?

a. both atria contract, then both ventricles

b. both ventricles contract, then both atria

c. left atria and left ventricle contract, then right atria and right
ventricle

d. right atria and right ventricle contract, then left atria and left
ventricle

. An electrocardiogram measures

a. chemical signals in the brain and heart.

b. electrical activity in the brain and heart.

c. chemical signals in the heart.

d. electrical changes in the wall of the heart.

Blood moving from the left atrium to the left ventricle passes
through which of the following valves?

a. bicuspid valve

b. tricuspid valve

c¢. aortic semilunar valve

d. pulmonary semilunar valve

5.4 Features of the Cardiovascular System
11. Blood pressure is highest in the of the cardiovascular
system.
a. veins

12.

b. capillaries
c. arteries

A blood pressure reading of 145/90 indicates
a. normal blood pressure.

b. hypertension.

¢. hypotension.

Chapter 5 Cardiovascular System: Heart and Blood Vessels

13. The skeletal muscle pump assists with blood flow in the
a. arteries.
b. veins.
c. capillaries.
d. heart.

5.5
14. Label the blood vessels in the following diagram:

Two Cardiovascular Pathways

5.6 Exchange at the Capillaries

15. Water enters the venous end of capillaries because of
a. osmotic pressure that is higher than blood pressure.
b. an osmotic pressure gradient.
c¢. higher blood pressure on the venous side.
d. higher blood pressure on the arterial side.
e. higher red blood cell concentration on the venous side.

16. Lymph is formed from
a. damaged tissue.
b. excess interstitial fluid.
c. red blood cells.
d. white blood cells.

5.7
17. In , a blood vessel bursts, sending blood into the
surrounding tissues, such as the brain.
a. angina pectoris
b. a heart attack
c. atherosclerosis

Cardiovascular Disorders

d. astroke
18. Which of the following conditions is characterized by the
accumulation of plaque in a blood vessel?
a. hypertension
b. stroke
c. atherosclerosis
d. heart attack

111
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ENGAGE

THINKING CRITICALLY

1. You have to stand in front of the class to give a report. You are
nervous, and your heart is pounding. What is the specific
mechanism behind this reaction? What would your ECG look like?

2. The cardiovascular system is an elegant example of the concept
that structure supports function. Each type of blood vessel has a
specific job. Each vessel’s physical characteristics enable it to do
that job. The muscle walls of the right and left ventricles vary in
thickness, depending on where they pump the blood. When organ
structure is damaged or changed (as arteries are in atherosclerosis),
the organ’s ability to perform its function may be compromised.
Homeostatic conditions, such as blood pressure, may be affected as

well. Dietary and lifestyle choices can either prevent damage or

harm the cardiovascular system.

a. What do you think the long-term effects of hypertension are on
the heart? What about other organ systems?

b. Why do you think a combination of hypertension and
atherosclerosis is a particularly dangerous combination?

3. Examine the following abnormal ECG patterns. Compared with
the normal tracing in Figure 5.7a, what is your best guess as to
what type of problem each patient may have?

A
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CASE STUDY:
LEUKEMIA

CANCER OF THE BLOOD —

en was a 20-year-old placekicker on the football team at the university.

He had been active all his life, from playing baseball and football as a
teenager to participating in intense intramural activities in college. He consid-
ered himself to be in fine health, and he worked hard to maintain his position
on the team.

At the start of his second season, Ben noticed that he did not have as
much energy as he was accustomed to. Practices seemed to take a lot more
out of him than they normally did. He was frequently tired and often went to
bed right after his practice. During the football drills, he often experienced a
severe shortness of breath. Rather than risk his place on the team, Ben tried
to cover up these symptoms; but over the next few weeks, his health wors-
ened and he noticed swelling in his neck, armpits, and groin. In addition,
bruises he received in practice seemed to be taking a lot longer to heal. Ben
became concerned, and when he approached his trainers, they immediately
sent him to the team physician.

After completing a physical exam, Ben’s physician ordered a complete
blood count, or CBC test. A CBC test determines the total quantity of red and
white blood cells (see image inset), the amount of hemoglobin in the blood,
and the number of platelets. The results of these tests indicated that Ben had
a very high white blood cell count (main image), but that these cells were not
functioning correctly. The team physician immediately referred Ben to a spe-
cialist. A bone marrow biopsy confirmed what the doctors suspected; Ben
had a type of cancer called acute lymphocytic leukemia (ALL).

As you read through the chapter, think about the following questions:

1. What are the roles of white blood cells in the body?

2. Why would the doctors order a bone marrow biopsy if they suspected a
blood disorder?

3. Why is leukemia considered to be a form of cancer?
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CHAPTER CONCEPTS

6.1

6.2

6.3

6.4

6.5

6.6
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Blood: An Overview

Blood, a liquid connective tissue, is a transport
medium with a wide variety of functions in the body.
Red Blood Cells and Transport of
Oxygen

Red blood cells contain hemoglobin and are
involved in the transport of gases in the body.
White Blood Cells and Defense Against
Disease

White blood cells, or leukocytes, help the body
fight infection.

Platelets and Blood Clotting

Platelets are cell fragments that maintain
homeostasis by repairing breaks in blood vessels
and preventing loss of blood.

Human Blood Types

Blood typing is based on specific antigens on the
surface of red blood cells.

Homeostasis

Blood and the cardiovascular system play an

important role in the maintenance of homeostasis
in the body.

FORE YOU BEGIN

re beginning this chapter, take a few moments to

review the following discussions:

Section 4.2 Why is blood considered to be a
connective tissue?

Section 4.8 How does the circulatory system
contribute to homeostasis?

Section 5.6 How does the blood exchange nutrients
and wastes with the tissues of the body?
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6.1 Blood: An Overview

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. List the functions of blood in the human body.
2. Compare the composition of formed elements and plasma
in the blood.

In Chapter 5 we learned that the cardiovascular system consists of
the heart, which pumps the blood, and the blood vessels, which
conduct blood around the body. In this chapter we will learn about
the functions and composition of blood.

Functions of Blood

The human heart is an amazing muscular pump. With each beat, it
pumps approximately 75 ml of blood. On average, the heart beats
70 times per minute. Thus, the heart pumps roughly 5,250 ml per
minute—75 ml/beat X 70 beats/minute—circulating the body’s
entire blood supply once each minute! If needed (when exercising,
for example), the heart can cycle blood throughout the body even
faster.

The functions of blood fall into three general categories:
transport, defense, and regulation.

Transport Blood is the primary transport medium. Blood ac-
quires oxygen in the lungs and distributes it to tissue cells. Simi-
larly, blood picks up nutrients from the digestive tract for delivery
to the tissues. In its return trip to the lungs, blood transports car-
bon dioxide. Every time a person exhales, the carbon dioxide
waste is eliminated. Blood also transports other wastes, such as
excess nitrogen from the breakdown of proteins, to the kidneys for
elimination. Blood exchanges nutrients and wastes with tissues by
capillary exchange (see Fig. 5.13). In doing so, it maintains ho-
meostasis by keeping the composition of interstitial fluid within
normal limits.

In addition to the transport of nutrients and wastes, various
organs and tissues secrete hormones into the blood. Blood trans-
ports these to other organs and tissues, where they serve as sig-
nals that influence cellular metabolism. Blood is well suited for
its role in transporting substances. Proteins in the blood help
transfer hormones to the tissues. Special proteins called lipopro-
teins (also known as HDL and LDL) carry lipids, or fats, through-
out the body. Most important, hemoglobin (found in red blood
cells) is specialized to combine with oxygen and deliver it to
cells. Hemoglobin also assists in transferring waste carbon diox-
ide back to the lungs.

Defense Blood defends the body against pathogen invasion and
blood loss. Certain blood cells are capable of engulfing and destroy-
ing pathogens by a process called phagocytosis (see Section 3.3).

Other white blood cells produce and secrete antibodies into
the blood. An antibody is a protein that combines with and dis-
ables specific pathogens. Disabled pathogens can then be de-
stroyed by the phagocytic white blood cells.

When an injury occurs, blood clots and defends against blood
loss. Blood clotting involves platelets (described in Section 6.4)
and proteins. For example, prothrombin and fibrinogen are two
inactive blood proteins. They circulate constantly, ready to be acti-
vated to form a clot if needed. Without blood clotting, we could
bleed to death even from a small cut.

Regulation Blood plays an important role in regulating the
body’s homeostasis. It helps regulate body temperature by picking
up heat, mostly from active muscles, and transporting it about the
body. If the body becomes too warm, blood is transported to di-
lated blood vessels in the skin. Heat disperses to the environment,
and the body cools to a normal temperature.

The liquid portion of blood, the plasma, contains dissolved
salts and proteins. These solutes create blood’s osmotic pressure,
which keeps the liquid content of the blood high (see Section 3.3 for
a review of osmosis). In this way, blood plays a role in helping
maintain its own water-salt balance.

The chemical buffers, body chemicals that stabilize blood pH,
in blood help regulate the body’s acid-base balance and keep it at
a relatively constant pH of 7.4.

Composition of Blood

Blood is a tissue and, like any tissue, it contains cells and cell frag-
ments. Collectively the cells and cell fragments are called the
formed elements. The cell and cell fragments are suspended in a
liquid called plasma. Therefore, blood is classified as a liquid con-
nective tissue.

The Formed Elements

The formed elements are red blood cells, white blood cells, and
platelets. These are produced in red bone marrow, which can be
found in most bones of children but only in certain bones of
adults. Red bone marrow contains pluripotent stem cells, the par-
ent cells that divide and give rise to all the types of blood cells
(Fig. 6.1). Stem cells are the focus of a tremendous amount of
research in the medical community. Researchers have been able to
induce stem cells into becoming a variety of specialized cell
types. These cells have already demonstrated the potential to treat
a variety of human diseases (see Section 22.4 for a discussion of
stem cell research).

Plasma

Plasma is the liquid medium for carrying various substances in the
blood. It also distributes the heat generated as a by-product of me-
tabolism, particularly muscle contraction. About 91% of plasma is
water (Fig. 6.2). The remaining 9% of plasma consists of various
salts (ions) and organic molecules. These salts are dissolved in the
plasma and, along with plasma proteins, help maintain the osmotic
pressure of blood. Salts also function as buffers that help maintain
blood pH. Small organic molecules such as glucose and amino
acids are nutrients for cells; urea is a nitrogenous waste product on
its way to the kidneys for excretion.
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Figure 6.1 Origin of blood cells.

Stem cells in the red bone marrow produce all the many different
types of blood cells.

photo: © Doug Menuez/Getty RF
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The most abundant organic molecules in blood are called the
plasma proteins. The liver produces the majority of the plasma
proteins. The plasma proteins have many functions that help main-

Figure 6.2 The composition of blood plasma. tain homeostasis. Like salts, they are able to take up and release
Plasma, the liquid portion of blood, is mainly water and proteins. Solutes hydrogen ions. Therefore, they help keep blood pH around 7.4.

such as nutrients, vitamins, and hormones are transported in plasma. Plasma proteins are too large to pass through capillary walls; thus,
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they remain in the blood, establishing an osmotic gradient between
blood and interstitial fluid. This osmotic pressure is a force that
prevents excessive loss of plasma from the capillaries into the in-
terstitial fluid.

Three major types of plasma proteins are the albumins, glob-
ulins, and fibrinogen. Albumins, the most abundant plasma pro-
teins, contribute most to plasma’s osmotic pressure. They also
combine with and help transport other organic molecules. The
globulins are of three types, called alpha, beta, and gamma globu-
lins. Alpha and beta globulins also combine with and help trans-
port substances in the blood, such as hormones, cholesterol, and
iron. Gamma globulins, also known as antibodies, are produced by
white blood cells called lymphocytes, not by the liver. Gamma
globulins are important in fighting disease-causing pathogens (see
Section 6.3). Fibrinogen is an inactive plasma protein. Once acti-
vated, fibrinogen forms a blood clot (see Section 6.4).

CHECK YOUR PROGRESS 6.

1. Explain why blood is a connective tissue.
2. Summarize the functions of blood.

3. List the types of plasma proteins, and explain why each is
important.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussions:

Section 2.5 contains a Biology Today feature, “Good and Bad
Cholesterol,” which explains the differences between HDLs
and LDLs in the blood.

Section 4.2 examines why blood is classified as a connective
tissue.

Section 7.4 explores how white blood cells are involved in the
immune response.

6.2 Red Blood Cells and Transport
of Oxygen

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Explain the role of hemoglobin in gas transport.
2. Compare the transport of oxygen and carbon dioxide by
red blood cells.

3. Summarize the role of erythropoietin in red blood cell
production.

Red blood cells (RBCs), also known as erythrocytes, are small,
usually between 6 and 8 micrometers (pm), biconcave disks (Fig.
6.3a). The presence of hemoglobin in these cells, and their unique
internal structure, makes them a unique cell type in the body. They
are also very abundant; there are 4 to 6 million red blood cells per
microliter (pl) of whole blood.

How Red Blood Cells Carry Oxygen

Red blood cells are highly specialized for oxygen (O,) transport.
RBCs contain hemoglobin (Hb), a pigment with a high affinity
(attraction) for oxygen. It is also responsible for the red coloration
of RBCs and the blood. The globin portion of hemoglobin is a
protein that contains four highly folded polypeptide chains. The
heme part of hemoglobin is an iron-containing group in the center
of each polypeptide chain (Fig. 6.3b). The iron combines reversibly
with oxygen. This means that heme accepts O, in the lungs and then
lets go of it in the tissues. By contrast, carbon monoxide (CO) com-
bines with the iron of heme and then will not easily let go.

Each hemoglobin molecule can transport four molecules of
0O,, and each RBC contains about 280 million hemoglobin mole-
cules. This means that each red blood cell can carry over a billion
molecules of oxygen.

When oxygen binds to heme in the lungs, hemoglobin as-
sumes a slightly different shape and is called oxyhemoglobin. In
the tissues, heme gives up this oxygen, and hemoglobin resumes
its former shape, called deoxyhemoglobin. The released oxygen
diffuses out of the blood into the interstitial fluid and then into
cells.

How Red Blood Cells Help Transport
Carbon Dioxide

After blood picks up carbon dioxide (CO,) in the tissues, about 7%
is dissolved in plasma. If the percentage of plasma CO, were
higher than 7%, plasma would be carbonated and bubble like a
soda. Instead, hemoglobin directly transports about 23% of CO,,
combining it with the globin protein. Hemoglobin-carrying CO, is
termed carbaminohemoglobin.

The remaining CO, (about 70%) is transported as the bicar-
bonate ion (HCOj3") in the plasma. Consider this equation:

CO, + H,0 — H,CO; — H* arF HCO;5
carbon water carbonic  hydrogen bicarbonate
dioxide acid ion ion

What is carbon monoxide?

Carbon monoxide (chemical formula CO) is a colorless, odorless
gas that can also bind to hemoglobin. Each year, hundreds of
people die accidentally from CO poisoning, caused by a mal-
function of a fuel-burning appliance or by improper venting of
CO fumes. When CO is present, it takes the place of oxygen (O,)
in hemoglobin. As a result, cells are starved of oxygen. Tragi-
cally, treatment may be delayed, because the symptoms of poi-
soning—headache, body ache, nausea, dizziness, and
drowsiness—can be mistaken for the “flu.” Government guide-
lines recommend that any equipment producing CO be checked
regularly to ensure proper ventilation. Finally, like smoke detec-
tors, CO detectors should be installed and used properly.
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heme group iron

helical shape of the
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a. Red blood cells 4175x b. Hemoglobin molecule

c. Blood capillary 500x

Figure 6.3 Red blood cells and the structure of hemoglobin.
a. Red blood cells are biconcave disks containing many molecules of hemoglobin. b. Hemoglobin contains two types of polypeptide chains (green,
purple), forming the molecule’s globin portion. An iron-containing heme group is in the center of each chain. Oxygen combines loosely with iron

when hemoglobin is oxygenated. c. Red blood cells move single-file through the capillaries.

(a): © Andrew Syred/Science Source; (c) © Ed Reschke/Getty Images

Carbon dioxide moves into RBCs, combining with cellular water
to form carbonic acid (arrows pointing left to right in the preceding
equation illustrate this part of the reaction). An enzyme inside
RBCs, called carbonic anhydrase, speeds the reaction. Carbonic
acid quickly separates, or dissociates, to form hydrogen ions (H")
and bicarbonate ions (HCO;"). The bicarbonate ions diffuse out of
the RBCs to be carried in the plasma. The H" from this equation
binds to globin, the protein portion of hemoglobin. Thus, hemo-
globin assists plasma proteins and salts in keeping the blood pH
constant. When blood reaches the lungs, the reaction is reversed
(arrows pointing right to left). Hydrogen ions and bicarbonate ions
reunite to re-form carbonic acid. The carbonic anhydrase enzyme
also speeds this reverse reaction. Carbon dioxide diffuses out of
the blood and into the airways of the lungs, to be exhaled from the
body (see Fig. 10.11).

Red Blood Cells Are Produced
in Bone Marrow

The RBC stem cells in the bone marrow divide and produce new
cells, which differentiate into mature RBCs (see Fig. 6.1). The
structure of a RBC is well suited to its function in the body. As red
blood cells mature, they acquire hemoglobin and lose their nu-
cleus and other internal organelles. The lack of internal organelles
means that RBCs are incapable of conducting many of the func-
tions of other eukaryotic cells in the body. For example, because

they lack mitochondria, RBCs are not able to carry out cellular
respiration; instead they rely on the processes of glycolysis and
fermentation. In addition, the cytoskeleton of RBCs contains pro-
teins that provide their unique shape, thus allowing them to move
through narrow capillary beds. Their shape also gives them a
greater surface area for the diffusion of gases into and out of the
cell. Also, due to their lack of a nucleus, RBCs are unable to re-
plenish important proteins and repair cellular damage. Therefore,
red blood cells live only about 120 days. When they age, red blood
cells are phagocytized by white blood cells (macrophages) in the
liver and spleen.

About 2 million RBCs are destroyed per second, and there-
fore an equal number must be produced to keep the red blood cell
count in balance. When red blood cells are broken down, hemo-
globin is released. The globin portion of hemoglobin is broken
down into its component amino acids, which are recycled by the
body. The majority of the iron is recovered and returned to the
bone marrow for reuse, although a small amount is lost and must
be replaced in the diet. The rest of the heme portion of the mole-
cule undergoes chemical degradation and is excreted by the liver
and kidneys. The body has a way to boost the number of RBCs
when insufficient oxygen is being delivered to the cells: The kid-
neys release a hormone called erythropoietin (EPQO), which
stimulates the stem cells in bone marrow to produce more red
blood cells (Fig. 6.4). The liver and other tissues also produce
EPO for the same purpose.
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Figure 6.4 Response of the kidneys to a decrease in
blood oxygen concentration.

The kidneys release increased amounts of erythropoietin whenever
the oxygen capacity of the blood is reduced. Erythropoietin stimulates
the red bone marrow to speed up its production of red blood cells,
which carry oxygen.

What is blood doping, and is it safe?

Blood doping is any method of increasing the normal supply of
RBCs for the purpose of delivering oxygen more efficiently, re-
ducing fatigue, and giving athletes a competitive edge. To ac-
complish blood doping, athletes can inject themselves with EPO
some months before the competition. These injections will in-
crease the number of RBCs in their blood. Several weeks later,
four units of their blood are removed and centrifuged to con-
centrate the RBCs. The concentrated RBCs are reinfused shortly
before the athletic event. Blood doping is a dangerous, illegal
practice. Several cyclists died in the 1990s from heart failure,
probably due to blood that was too thick with cells for the heart
to pump.

Disorders Involving Red Blood Cells

If the liver fails to excrete it, heme accumulates in tissues, causing
a condition called jaundice. In jaundice, the skin and whites of the
eyes turn yellow. Likewise, when skin is bruised, the chemical
breakdown of heme causes the skin to change color from red/pur-
ple to blue to green to yellow. When there is an insufficient number
of red blood cells or the cells do not have enough hemoglobin, the
individual suffers from anemia and has a tired, run-down feeling.
Iron, vitamin B ,, and the B vitamin folic acid are necessary for the

production of red blood cells (see Section 9.6). Iron-deficiency
anemia is the most common form. It results from an inadequate
intake of dietary iron, which causes insufficient hemoglobin syn-
thesis. A lack of vitamin B, causes pernicious anemia, in which
stem cell activity is reduced due to inadequate DNA production.
As a consequence, fewer red blood cells are produced. Folic-acid-
deficiency anemia also leads to a reduced number of RBCs, par-
ticularly during pregnancy. Pregnant women should consult with
their health-care provider about the need to increase their intake of
folic acid, because a deficiency can lead to birth defects in the
newborn.

Hemolysis is the rupturing of red blood cells. In hemolytic
anemia, the rate of red blood cell destruction increases. Sickle-
cell disease is a hereditary condition in which the individual
has sickle-shaped red blood cells, which tend to rupture as they
pass through the narrow capillaries. The RBCs look like those
below. The problem arises because the protein in two of the
four chains making up hemoglobin is abnormal. The life ex-
pectancy of sickle-shaped red blood cells is about 90 days in-
stead of 120 days.

SEM, 7,400x

© Eye of Science/Science Source

CHECK YOUR PROGRESS 6.2

1. Explain how RBCs transport oxygen and carbon dioxide
by outlining the chemical processes involved.

2. Summarize how the the structure of a RBC makes it well
suited for gas transport.

3. Describe the role of EPO in RBC production.

CONNECTING THE CONCEPTS

For additional information on the topics presented in this sec-
tion, refer to the following discussions:

Section 10.6 details the process of gas exchange in the lungs.
Section 11.4 explains how the kidneys help maintain red
blood cell homeostasis.

Section 21.2 describes the patterns of inheritance associated
with sickle-cell disease.



6.3 White Blood Cells and Defense
Against Disease

LEARNING OUTCOMES B |

Upon completion of this section, you should be able to

1. Explain the function of white blood cells in the body.

2. Distinguish between granular and agranular leukocytes.

3. Describe some of the disorders associated with white
blood cells.

White blood cells (leukocytes) differ from red blood cells in that
they are usually larger, have a nucleus, lack hemoglobin, and are
translucent unless stained. White blood cells are not as numerous
as red blood cells; there are only 5,000—11,000 per microliter (pl of
blood). White blood cells are derived from stem cells in the red
bone marrow, where most types mature. There are several types of
white blood cells (Fig. 6.5), and the production of each type is
regulated by a protein called a colony-stimulating factor (CSF). In
a person with normally functioning bone marrow, the numbers of
white blood cells can double within hours, if needed.

White Blood Cells
Granular leukocytes
e Neutrophils

Function

Phagocytize pathogens
and cellular debris.

Use granule contents to
digest large pathogens,
such as worms, and
reduce inflammation.

Promote blood flow to
injured tissues and the
inflammatory response.

Agranular leukocytes

e Lymphocytes Responsible for specific
immunity; B cells produce
antibodies; T cells destroy

@ cancer and virus-infected
cells.

e Monocytes Become macrophages that
phagocytize pathogens

and cellular debris.

Figure 6.5 Some examples of white blood cells.
Neutrophils, eosinophils, and basophils are granular leukocytes.
Lymphocytes and monocytes have few, if any, granules (agranular).
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White blood cells fight infection; thus, they are an important
part of the immune system. The immune system (see Chapter 7),
consists of a variety of cells, tissues, and organs that defend the
body against pathogens, cancer cells, and foreign proteins.

White blood cells have various ways to fight infection. Certain
ones are very good at phagocytosis. During phagocytosis, a pro-
jection from the cell surrounds a pathogen and engulfs it. A vesicle
containing the pathogen is formed inside the cell. Lysosomes at-
tach and empty their digestive enzymes into the vesicle. The en-
zymes break down the pathogen. Other white blood cells produce
antibodies, proteins that combine with antigens. An antigen is a
cell or other substance foreign to the individual that invokes an im-
mune response. The antibody-antigen pair is then marked for de-
struction, again by phagocytosis. We will examine the antigens and
antibodies involved in blood typing and coagulation in Section 6.5.
Many white blood cells live only a few days; often they die while
fighting pathogens. Others live for months or even years.

Types of White Blood Cells

White blood cells are classified as either granular leukocytes
or agranular leukocytes (Fig. 6.5). Granular leukocytes have no-
ticeable cytoplasmic granules, which can be easily seen when the
cells are stained and examined with a microscope. Granules, like
lysosomes, contain various enzymes and proteins. Agranular leu-
kocytes contain only sparse, fine granules, which are not easily
viewed under a microscope.

Granular Leukocytes

The granular leukocytes include neutrophils, eosinophils, and
basophils.

Neutrophils account for 50-70% of all white blood cells.
Therefore, they are the most abundant of the white blood cells.
They have a multilobed nucleus, so they are called polymorpho-
nuclear leukocytes, or “polys.” Compared to other granular leuko-
cytes, the granules of neutrophils are not easily stained with either
acidic red dye or basic purple dye. This accounts for their name,
neutrophil. Neutrophils are usually first responders to bacterial
infection, and their intense phagocytic activity is essential to over-
coming an invasion by a pathogen.

Neutrophils, and other types of white blood cells such as the
macrophages, have the ability to squeeze through pores in the cap-
illary wall; therefore, they are also found in interstitial fluid and
lymph (Fig. 6.6).

Eosinophils have a bilobed nucleus. Their large, abundant
granules take up eosin and become a red color. This accounts for
the name eosinophil. They are involved in the protection of the
body against large parasites (the parasitic worms) and the phago-
cytosis of the allergens and proteins associated with the inflamma-
tory response.

Basophils are the rarest of the white blood cells, but they play
an important role in the immune response. They have a U-shaped
or lobed nucleus. Their granules take up the basic stain and be-
come a dark-blue color. This accounts for the name, basophil. In
the connective tissues, basophils and similar cells called mast cells
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blood capillary

white blood cell

Figure 6.6 Movement of white blood cells into the tissue.
White blood cells can squeeze between the cells of a capillary wall and
enter body tissues.

release histamine associated with allergic reactions. Histamine
dilates blood vessels but constricts the air tubes that lead to the
lungs, which is what happens when someone has difficulty breath-
ing during an asthma attack.

Agranular Leukocytes

The agranular leukocytes include the lymphocytes and the mono-
cytes. Lymphocytes and monocytes do not have granules but do
have nonlobular nuclei. They are sometimes called the mononu-
clear leukocytes.

Lymphocytes account for 25-35% of all white blood cells.
Therefore, they are the second most abundant type of white blood
cell. Lymphocytes are responsible for specific immunity to particular
pathogens and toxins (poisonous substances). The lymphocytes are
of two types: B cells and T cells. Mature B cells called plasma cells
produce antibodies, the proteins that combine with target pathogens
and mark them for destruction. Some T cells (cytotoxic T cells)
directly destroy pathogens. The AIDS virus attacks one of several
types of T cells. In this way, the virus causes immune deficiency, an
inability to defend the body against pathogens. B lymphocytes and
T lymphocytes are discussed more fully in Section 7.3.

Monocytes are the largest of the white blood cells. After tak-
ing up residence in the tissues, they differentiate into even larger
macrophages. In the skin, they become dendritic cells. Like the
neutrophils, macrophages and dendritic cells are active phago-
cytes, destroying pathogens, old cells, and cellular debris. Macro-
phages and dendritic cells also stimulate other white blood cells,
including lymphocytes, to defend the body.

Disorders Involving White Blood Cells

Some immune deficiencies can be inherited. For example, children
have severe combined immunodeficiency (SCID) when the stem
cells of white blood cells lack an enzyme called adenosine deami-
nase. Without this enzyme, B and T lymphocytes do not develop
and the body cannot fight infections. Between 40 and 100 children
are born with the disease each year. Injections of the missing en-
zyme can be given twice weekly, but a bone marrow transplant
from a compatible donor is the best way to cure the disease.

Treatment of SCID has largely turned to gene therapy to supply the
missing enzyme to the cells of the individual (see Section 22.4)

As introduced in the chapter opener, cancer is due to uncon-
trolled cell growth. Leukemia, which means “white blood,” refers to
a group of cancers that involve uncontrolled white blood cell prolif-
eration. Most of these white blood cells are abnormal or immature.
Therefore, they are incapable of performing their normal defense
functions. Each type of leukemia is named for the type of cell divid-
ing out of control. We will take a closer look at cancer in Chapter 20.

An Epstein—Barr virus (EBV) infection of lymphocytes is the
cause of infectious mononucleosis, so named because the lympho-
cytes are mononuclear. EBV, a member of the herpes virus family,
is one of the most common human viruses. Symptoms of infec-
tious mononucleosis are fever, sore throat, and swollen lymph
glands. Although symptoms usually disappear in 1 or 2 months
without medication, EBV remains dormant and hidden in a few
cells in the throat and blood for the rest of a person’s life. Stress can
reactivate the virus, meaning that a person’s saliva can pass on the
infection to someone else, as with intimate kissing. This is why
mononucleosis is called the “kissing disease.”

CHECK YOUR PROGRESS 6.3

1. Explain why there are different types of white blood cells.

2. Describe the structure and function of each major class of
white blood cell.

3. Summarize why leukemia is considered a disorder of
white blood cells.

CONNECTING THE CONCEPTS

White blood cells play an important role in the defense against
disease. For more information on these cells, refer to the follow-
ing discussions:

Section 7.2 describes the role of monocytes in the innate
immune response.

Section 7.4 details how lymphocytes are involved in the
adaptive defenses.

Section 8.2 explores how the HIV virus infects white blood
cells, resulting in the disease called AIDS.

6.4 Platelets and Blood Clotting
LEARNING OUTCOMES |

Upon completion of this section, you should be able to

1. Explain how blood clotting relates to homeostasis.
2. List the steps in the formation of a blood clot.
3. Describe disorders associated with blood clotting.

Platelets (thrombocytes) result from the fragmentation of large
cells, called megakaryocytes, in the red bone marrow. Platelets
are produced at a rate of 200 billion a day, and the blood contains
130,000 to 400,000 per microliter (pl). These formed elements are
involved in the process of blood clotting, or coagulation. Also



involved are the plasma proteins prothrombin and fibrinogen,
manufactured in the liver and deposited in the blood. Vitamin K is
necessary to the production of prothrombin.

Blood Clotting

The blood-clotting process helps the body maintain homeostasis in
the cardiovascular system by ensuring that the plasma and formed
elements remain within the blood vessels. Thirteen different clot-
ting factors, calcium ions (Ca**), and a variety of enzymes partici-
pate in the formation of a blood clot.

When a blood vessel in the body is damaged, platelets clump at
the site of the puncture and partially seal the leak (Fig. 6.7). Platelets
and the injured tissues release a clotting factor called prothrombin
activator, which converts prothrombin in the plasma to thrombin.
This reaction requires calcium ions (Ca2+). Thrombin, in turn, acts as
an enzyme that severs two short amino acid chains from a fibrinogen

1. Blood vessel is punctured. |

2. Platelets congregate and
form a plug.

~ Ser) £ ' a‘#

B

3. Platelets and damaged tissue
cells release prothrombin
activator, which initiates a

prothrombin activator

Ca2+
prothrombin ———-thrombin

cascade of enzymatic reactions.
Ca2+
fibrinogen ———>fibrin threads

4. Fibrin threads form and trap
red blood cells.

a. Blood-clotting process

fibrin threads —3=
red blood cell —

b. Blood clot

4,400x

Figure 6.7 The steps in the formation of a blood clot.

a. Platelets and damaged tissue cells release prothrombin activator,
which acts on prothrombin in the presence of Cca** (calcium ions) to
produce thrombin. Thrombin acts on fibrinogen in the presence of
Ca®* to form fibrin threads. b. A scanning electron micrograph of a
blood clot shows red blood cells caught in the fibrin threads.

(b) © Eye of Science/Science Source
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molecule, one of the proteins in plasma. These activated fragments
then join end to end, forming long threads of fibrin.

Fibrin threads wind around the platelet plug in the damaged
area of the blood vessel and provide the framework for the clot.
Red blood cells trapped within the fibrin threads make the clot ap-
pear red. A fibrin clot is temporary. Once blood vessel repair starts,
an enzyme called plasmin destroys the fibrin network, so that tis-
sue cells can grow.

After the blood clots, a yellowish fluid called serum escapes
from the clot. It contains all the components of plasma except fi-
brinogen and prothrombin.

Disorders Related to Blood Clotting

An insufficient number of platelets is called thrombocytopenia.
Thrombocytopenia is due to either low platelet production in bone
marrow or increased breakdown of platelets outside the marrow. A
number of conditions, including leukemia, can lead to thrombocy-
topenia. It can also be drug-induced. Symptoms include bruising,
rash, and nosebleeds or bleeding in the mouth. Gastrointestinal
bleeding and bleeding in the brain are possible complications.

If the lining of a blood vessel becomes roughened, a clot can
form spontaneously inside an unbroken blood vessel. Most often,
roughening occurs because an atherosclerotic plaque has formed (see
Section 5.7). Rarely, the vessel lining is damaged during the place-
ment of an intravenous tube. The spontaneous clot is called a throm-
bus (pl., thrombi) if it remains stationary inside the blood vessel.
Sitting for long periods, as when traveling, can also cause thrombus
formation. If the clot dislodges and travels in the blood, it is called
an embolus. If the embolus blocks a blood vessel, it may form a
thromboembolism. If left untreated, blood flow to the tissues can
stop completely, resulting in a heart attack or stroke (see Section 5.7).

Hemophilia is an inherited clotting disorder that causes a defi-
ciency in a clotting factor. There are many forms of the disorder.
Hemophilia A, caused by a deficiency of clotting factor VIII, is more
likely to occur in boys than in girls. Hemophilia A is caused by an
abnormal copy of the factor VIII production gene, found on the X
chromosome. In males, this form of hemophilia occurs when a male
has an abnormal allele on his single X chromosome. Females need
only one normal gene between their two X chromosomes to make the
normal amounts of clotting factor VIII (see Section 21.5).

In hemophilia, the slightest bump can cause bleeding into the
joints. Cartilage degeneration in the joints and absorption of

What are some other clotting disorders?

In addition to hemophilia A, there are several other forms of
clotting disorders. Hemophilia B, also called Christmas disease
after the first person to be diagnosed with it (Stephen Christmas
in 1952), is caused by a deficiency in clotting factor IX. von
Willebrand disease is caused by a deficiency in the gluelike
protein that holds the platelets together at the site of a dam-
aged blood vessel. All these disorders can be partially treated
with injections of the missing proteins.
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Aspirin and Heart Disease

Aspirin (Fig. 6A), acetylsalicylic acid, has long been recognized
as treatment for pain. However, low-dose use of aspirin is now
known to reduce the chances of some forms of heart disease,
including strokes and heart attacks. It does this by interfering
with the normal cascade of events in the blood-clotting pathway,
as shown in Figure 6.7a.

When platelets (thrombocytes) are located in the blood, they
exist as individual cell fragments. However, following an injury,
the damaged cells release chemicals that cause the platelets to be-
come “sticky” and clump together into larger groups called
aggregates.

The conversion of platelets to the stickier version is due to a
chemical called thromboxane. Thromboxane is released by a
platelet in response to an injury or a wound in the area. As plate-
lets aggregate, they release more thromboxane. This is an ex-
ample of a positive feedback mechanism (see Section 4.8), and it
allows for a rapid response to an injury, thus reducing the loss of
blood.

A problem occurs when platelets start to stick together in the
absence of a wound. These unintended clots can form blockages in
the heart and brain, causing heart attacks and strokes. Aspirin in-
hibits the activity of thromboxane, effectively making the platelets
less likely to stick together. Several studies have indicated that the
use of aspirin by individuals with heart disease, such as atheroscle-
rosis, reduces the chances of a heart attack or stroke.

It is important to note that the actual dosage of aspirin that
produces this effect has not been conclusively determined by
the medical community, although most agree that doses around
75-80 milligrams (mg) per day are sufficient. There is no evidence

Figure 6A Aspirin
and heart disease.
Low doses of aspirin may
prevent some forms of
heart disease.

© Mark Dierker/McGraw-Hill
Education

that higher doses produce
an increased effect, and *’ .
127-228
higher doses can cause | ~ w _—
side effects such as ulcers SEE NEW WARHINES
and abdominal bleeding. " INFORMATI
Many drugstores sell low- LT LOW STRENG

dose aspirin (81-mg “baby” P ' Rl N

i

aspirin) over the counter, but “Ourep e < usESS

% g 9 \-, Re ASPIRIN REGIME z

it is highly recommended & lieye, (NSAID) i

that you consult with your - ” i

physician before taking a COATED TABLE

daily dose of aspirin.

Questions to Consider W
b

1. If you were a medical researcher, what other
areas of the blood-clotting pathway would you target for inhi-
bition to decrease the risks of stroke?

2. Under what medical conditions do you think that aspirin
should not be used? Why?

underlying bone can follow. The most frequent cause of death is 6.5 Human Blood Typ es
bleeding into the brain, with accompanying neurological damage.

Regular injections of factor VIII can successfully treat the disease. LEARNING OUTCOMES -

CHECK YOUR PROGRESS 6.4 Upon com.pletion of this sjection, you shou!d be able to

1. Explain what determines blood types in humans.

1. List the components of the blood that are involved in the 2. Predict the compatibility of blood types for a transfusion.
formation of a blood clot. 3. Summarize the role of Rh factor in hemolytic disease of
2. Describe the stages of blood clotting. the newborn.

3. Summarize a few of the blood-clotting disorders.

The term blood type refers to variations in the surface proteins that

CONNECTING THE CONCEPTS are found on the surface of red blood cells (RBCs). These proteins
For more information on the disorders discussed in this section, play an important role in blood transfusions, or the transfer of
refer to the following discussions: blood from one individual to another. For transfusions to be done

safely, blood must be typed, so that agglutination (clumping of
red blood cells) does not occur when blood from different people
is mixed. Blood typing usually involves determining the ABO
blood group and whether the individual is Rh-negative (Rh™) or
Rh-positive (Rh™).

Section 5.7 describes how blood clots relate to disorders of
the cardiovascular system.

Section 21.5 explores the inheritance of hemophilia in the
royal families of Europe.



ABO Blood Groups

Only certain types of blood transfusions are safe, because the
plasma membranes of red blood cells carry glycoproteins that can
be antigens to other individuals. An antigen is any substance that is
foreign to a person’s body. ABO blood typing is based on the pres-
ence or absence of two possible antigens, called type A antigen and
type B antigen. Whether these antigens are present or not depends
on the inheritance of the individual.

In Figure 6.8, type A antigen and type B antigen are given
different shapes and colors. Study the figure to see the type(s) of an-
tigens found on the red blood cell plasma membrane. As you might

type A antigen

anti-B antibodies

Type A blood. Red blood cells have type A surface
antigens. Plasma has anti-B antibodies.

type B antigen

ay -

\

\

anti-A antibodies

Type B blood. Red blood cells have type B surface
antigens. Plasma has anti-A antibodies.

type A antigen

type B antigen

Type AB blood. Red blood cells have type A and type B
surface antigens. Plasma has neither anti-A nor anti-B
antibodies.

anti-A antibody

W

N Yy

NV
\ /
3 |

anti-B antibody

Type O blood. Red blood cells have neither type A nor
type B surface antigens. Plasma has both anti-A and
anti-B antibodies.

Figure 6.8 The ABO blood type system.

In the ABO system, blood type depends on the presence or absence
of antigens A and B on the surface of red blood cells. In these drawings,
A and B antigens are represented by different shapes on the red blood
cells. The possible anti-A and anti-B antibodies in the plasma are shown
for each blood type. An anti-B antibody cannot bind to an A antigen,
and vice versa.
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What is the most common ABO blood type? What is
the least common?

It depends on your genetic inheritance. In the United States and
other countries with a large immigrant population, the most
common ABO type is type O. However, type A blood is most
common in several European countries, including Portugal, Ar-
menia, Switzerland, and Norway. Worldwide, type B blood is
common in central Asia, India, and the Far East. Worldwide, the
least common ABO type is type AB.

expect, type A blood has the A antigen (blue spheres) and type B
blood has the B antigen (violet triangles). If you guessed that type
AB blood has both A and B antigens, you’re correct. Finally, notice
that type O blood has neither antigen on its red blood cells.

Types A and B blood have antibodies (yellow, Y-shaped mol-
ecules) that correspond to the opposite blood type. Thus, an indi-
vidual with type A blood has anti-B antibodies in the plasma, and
a person with type B blood has anti-A antibodies in the plasma.
Further, a person with type O blood has both antibodies in the
plasma, and someone with type AB blood lacks both antibodies
(Fig. 6.8). Anti-A and/or anti-B antibodies are not present at birth,
but they appear over the course of several months.

Each antibody has a binding site that will combine with its
corresponding antigen in a tight lock-and-key fit. The anti-B anti-
bodies have a triangular binding site on the top of each Y-shaped
molecule. This binding site fits snugly with the purple, triangular
B antigen. Similarly, the anti-A antibodies have a spherical binding
site shaped to form a perfect fit with the A antigen. The presence
of these antibodies can cause agglutination.

Blood Compatibility

Blood compatibility is very important when transfusions are done.
The antibodies in the plasma must not combine with the antigens on
the surface of the red blood cells or else agglutination occurs. With
agglutination, anti-A antibodies have combined with type A antigens,
and anti-B antibodies have combined with type B antigens. There-
fore, agglutination is expected if the donor has type A blood and the
recipient has type B blood (Fig. 6.9). The same situation occurs if the
donor has type B blood and the recipient has type A blood.

Type O blood is sometimes called the universal donor, be-
cause the red blood cells of type O blood lack A and B antigens.
Type O donor blood should not agglutinate with any other type of
recipient blood. Likewise, type AB blood is sometimes called uni-
versal recipient blood, because the plasma lacks A and B antibod-
ies. Type AB recipient blood should not agglutinate with any other
type of donor blood.

In practice, however, there are other possible blood groups,
aside from ABO blood groups. Before blood can be safely trans-
fused from one person to another, it is necessary to physically com-
bine donor blood with recipient blood on a glass slide, then observe
whether agglutination occurs. This procedure, called blood-type
crossmatching, takes only a few minutes. It is done before every
blood transfusion is performed. Type O blood donation without
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type A blood anti-B antibody of no binding
of donor type A recipient
a. No agglutination
. . binding
type A blood anti-A antibody of
of donor type B recipient

b. Agglutination

Figure 6.9 Blood compatibility and agglutination.

No agglutination occurs in (a), because anti-B antibodies cannot combine
with the A antigen. Agglutination occurs in (b) when anti-A antibodies in
the recipient combine with A antigen on donor red blood cells.

crossmatching is performed only in an emergency, when blood loss
is severe and the patient’s survival is at stake.

SCIENCE IN YOUR LIFE

Is ABO blood typing accurate?

Usually the answer is yes. However, there are some interesting
genetic disorders that may complicate traditional ABO blood typ-
ing. For example, individuals with Bombay syndrome lack the en-
zyme to correctly attach A and B antigens to the surface of the red
blood cells. These individuals may carry the genes to produce the
A and B antigens on the surface of the red blood cells, but because
these are not attached, they may appear to have type O blood.

Rh Blood Groups

The designation of blood type usually also includes whether the
person has or does not have the Rh factor on the red blood cell.
Rh-negative individuals normally do not have antibodies to the Rh
factor, but they make them when exposed to the Rh factor.

If a mother is Rh-negative and the father is Rh-positive, a
child can be Rh-positive. During a pregnancy, Rh-positive anti-
gens can leak across the placenta into the mother’s bloodstream.
The presence of these Rh-positive antigens causes the mother to
produce anti-Rh antibodies (Fig. 6.10).

In subsequent pregnancy with another Rh-positive baby, the
anti-Rh antibodies can cross the placenta and destroy the unborn
child’s red blood cells. This is called hemolytic disease of the new-
born, because hemolysis starts in the womb and continues after the
baby is born. Due to red blood cell destruction, the baby will be se-
verely anemic. Excess hemoglobin breakdown products in the blood
can lead to brain damage and intellectual disability, or even death.

Rh-negative red
blood cell of mother

Rh-positive
red blood cell
of fetus

blood of mother

a. Fetal Rh-positive red blood cells leak across placenta into
mother's bloodstream.

anti-Rh
antibody

blood of mother

b. Mother forms anti-Rh antibodies that cross the placenta and attack
fetal Rh-positive red blood cells.

Figure 6.10 Rh factor disease (hemolytic disease of

the newborn).

a. Due to a pregnancy in which the child is Rh-positive, an Rh-negative
mother can begin to produce antibodies against Rh-positive red blood
cells. b. In pregnancy, these antibodies can cross the placenta and
cause hemolysis of the Rh-positive child’s red blood cells.

The Rh problem is prevented by giving Rh-negative women an Rh
immunoglobulin injection no later than 72 hours after giving birth to
an Rh-positive child. This injection contains anti-Rh antibodies that
attack any of the baby’s red blood cells in the mother’s blood before
these cells can stimulate her immune system to produce her own an-
tibodies. Called RhoGAM, this treatment does not harm the new-
born’s red blood cells; however, the treatment is not beneficial if the
woman has already begun to produce antibodies. Therefore, the tim-
ing of the injection is most important.

The Health feature “What to Know When Giving Blood”
provides additional information for individuals who are consider-
ing donating blood.



Chapter 6 Cardiovascular System: Blood 125

A;‘\ :

What to Know When Giving Blood

According to the American Red Cross, over 15.7 million people
donate blood each year. Despite that number, donated blood is of-
ten in short supply. Every 2 seconds in the United States a person
needs blood, resulting in a need for over 41,000 donations a day.
Here are some facts regarding the procedure.

The Procedure

Before the procedure, you will be asked a series of private and
confidential questions about your health and lifestyle. Your tem-
perature, blood pressure, and pulse will be recorded and a drop of
your blood will be tested to ensure that you’re not anemic.

The supplies used for your donation are sterile and are used
only for you. You can’t be infected with a disease when donating
blood. When the actual donation is started, you may feel a brief
“sting.” The procedure takes about 10 minutes, and you will have
given about a pint of blood (Fig. 6B). Your body replaces the liquid
part (plasma) in hours and the cells in a few weeks.

You will have several opportunities both before and after giv-
ing blood to let Red Cross officials know whether you consider
your blood to be safe. Immediately after you donate, you are given
a number to call if you decide that your blood may not be safe to
give to another person. Donated blood is tested for syphilis bacteria
and AIDS antibodies, as well as hepatitis and other viruses. You
are notified if tests are positive, and your blood won’t be used if it
could make someone ill. However, you should never use the pro-
cess of a blood donation to get tested for any medical condition,
especially AIDS. It is possible to have a negative result for AIDS
antibodies yet still spread the virus, because forming antibodies
takes several weeks after exposure.

The Cautions

Some medications and medical conditions have waiting periods
before you can donate blood. Before giving blood, you should in-
form the medical staff if you meet any of the conditions in the fol-
lowing list:

* You have recently had an infection or a fever.

* You have taken or are taking drugs that slow blood clotting.
You should wait 48 hours after taking aspirin or aspirin-
related drugs.

* You have had malaria, have taken drugs for malaria preven-
tion, or have traveled to malaria-prone countries.

* You have a medical history of hepatitis or tuberculosis.

* You have been treated for syphilis or gonorrhea in the last
12 months.

* You have AIDS, have had a positive HIV test, or are at risk for
getting an HIV infection due to one of the following:

* You have ever injected illegal drugs.
* You have taken clotting factor concentrates for hemophilia.

Figure 6B Donating blood can help save a life.
© Keith Brofsky/Getty RF

* You have been given money or drugs for sex since 1977.
* You had a sexual partner within the last year who did any of
the above things.
For men:
* You had sex even once with another man since 1977 or had
sex with a female prostitute within the last year.
For women:
* You had sex with a male or female prostitute within the last
year or had a male sexual partner who had sex with another
man even once since 1977.

After the Procedure

Most people feel fine while they give blood and afterward, but a
few donors have an upset stomach or feel faint or dizzy after dona-
tion. Resting, drinking fluid, and eating a snack usually help. Oc-
casionally, bruising, redness, and pain occur at your donation site,
so avoid strenuous exercise and lifting for a day or so. Very rarely,
a person may have muscle spasms and/or suffer nerve damage. You
should contact your physician if you have any concerns about po-
tential side effects of donating blood.

For more information about blood donation, including eligibility
requirements, visit the Red Cross website at www.redcrossblood.org.

Questions to Consider

1. Why would individuals be restricted from donating if they
have had a sexually transmitted disease in the past 12 months,
even if they have been treated?

2. Are there other risk factors you think should be considered
that would exclude individuals from donating blood?
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CHECK YOUR PROGRESS 6.5

1. Explain what determines blood type, and list the four
types of blood.

2. If a person has type A blood, to whom may he or she
donate blood?

3. Explain what causes hemolytic disease of the newborn.

CONNECTING THE CONCEPTS

For more information on the chemistry and genetics of blood
types, refer to the following discussions:

Section 3.3 describes the structure and function of
glycoproteins.

Section 21.4 examines patterns of inheritance associated with
human ABO blood types.

All systems of the body work with the
cardiovascular system to maintain
homeostasis. These systems in
particular are especially noteworthy.

Cardiovascular System

Heart pumps the blood. Blood vessels
transport oxygen and nutrients to the cells
of all the organs and transport wastes away
from them. The blood clots to prevent blood
loss. The cardiovascular system also
specifically helps the other systems as
mentioned below.

Digestive System

Blood vessels deliver nutrients from the
digestive tract to the cells. The digestive tract
provides the molecules needed for plasma
protein formation and blood cell formation.
The digestive system absorbs the water
needed to maintain blood pressure and the
Ca’* needed for blood clotting.

Urinary System

Blood vessels transport wastes to be excreted.
Kidneys excrete wastes and help regulate

the water—salt balance necessary to maintain
blood volume and pressure and help regulate
the acid—base balance of the blood.

Muscular System

Muscle contraction keeps blood moving
through the heart and in the blood vessels,
particularly the veins.

6.6 Homeostasis

LEARNING OUTCOMES B |

Upon completion of this section, you should be able to

1. Summarize how the cardiovascular system interacts with
other body systems to maintain homeostasis.

Figure 6.11 summarizes how the organ systems of the body inter-
act with the cardiovascular system to maintain homeostasis. You
previously learned that the body’s internal environment contains
not only blood but also interstitial fluid. Interstitial fluid originates
from blood plasma but contains very little plasma protein. Intersti-
tial fluid is absorbed by lymphatic capillaries, after which it is re-
ferred to as lymph. The lymph courses through lymphatic vessels,

Nervous System

Nerves help regulate the contraction of
the heart and the constriction/dilation
of blood vessels.

Endocrine System

Blood vessels transport hormones from
glands to their target organs. The hormone
epinephrine increases blood pressure;
other hormones help regulate blood
volume and blood cell formation.

Respiratory System

Blood vessels transport gases to and
from lungs. Gas exchange in lungs
supplies oxygen and rids the body of
carbon dioxide, helping to regulate the
acid—base balance of blood. Breathing
aids venous return.

Lymphatic System

Capillaries are the source of interstitial
fluid, which becomes lymph. The
lymphatic system helps maintain blood
volume by collecting excess interstitial
fluid (i.e., lymph), and returning it

via lymphatic vessels to the
cardiovascular veins.

Skeletal System

The rib cage protects the heart, red bone
marrow produces blood cells, and bones
store Ca?* for blood clotting.

Figure 6.11 How body systems cooperate to ensure homeostasis.
Each of these systems makes critical contributions to the functioning of the cardiovascular system and, therefore, to homeostasis. See if you can
suggest contributions by each system before looking at the information given.



eventually returning to the venous system. Thus, the cardiovascu-
lar and lymphatic systems are intimately linked.

Homeostasis is possible only if the cardiovascular system de-
livers oxygen from the lungs, as well as nutrients from the digestive
system, to the interstitial fluid surrounding cells. Simultaneously,
the cardiovascular system also removes metabolic wastes, deliver-
ing waste to excretory organs.

The three components of the muscular system make essential
contributions to blood movement. Cardiac muscle contractions cir-
culate blood throughout the body. Contraction or relaxation of the
smooth muscle in blood vessel walls changes vessel diameter and
helps maintain the correct blood pressure. Further, skeletal muscle
contraction compresses both cardiovascular and lymphatic veins.
Lymph returns to cardiovascular veins, and blood in the cardiovas-
cular veins drains back to the heart. The circulation of interstitial
fluid and blood is then complete.

The skeletal and endocrine systems are vital to cardiovascular
homeostasis. Red bone marrow produces blood cells. Without the
needed blood cells, the person becomes anemic and lacks an im-
mune response. In addition, bones contribute calcium ions (Ca2+) to
the process of blood clotting. Without blood clotting, bleeding from
an injury (even something as simple as skinning a knee) can be
fatal. Both blood cell production and bone calcium release are regu-
lated by hormones. Once again, the endocrine system cooperates
with the cardiovascular system.

CASE STUDY: CONCLUSION

Leukemia is a cancer of the blood. Like any cancer, leukemia
is caused by uncontrolled cell growth. In Ben’s case, his
symptoms could be explained by the fact that the white blood
cells in his bone marrow were multiplying uncontrollably and
blocking out the ability of the red blood cells and platelets to
complete their normal tasks. Therefore, he felt tired and was
unable to heal correctly. The treatment for leukemia almost al-
ways involves chemotherapy—the use of chemicals to kill the
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Finally, we must not forget that the urinary system has func-
tions besides producing and excreting urine. The kidneys help
regulate the acid-base and water-salt balances of the blood and in-
terstitial fluid. Erythropoietin, a hormone produced by the kid-
neys, stimulates red blood cell production. The urinary system
joins the muscular, skeletal, and endocrine systems to maintain the
internal environment.

CHECK YOUR PROGRESS 6.

1. Explain how the functions of the cardiovascular system
contribute to homeostasis.

2. Summarize how each system listed in Figure 6.11
interacts with the cardiovascular system.

CONNECTING THE CONCEPTS

For more information on how the cardiovascular system inter-
acts with other body systems, refer to the following discussions:
Section 7.2 examines the interaction of the cardiovascular
system and lymphatic system.

Section 11.3 explores how the urinary system removes wastes
from the blood.

cells that are growing uncontrollably and to restore the normal
balance of formed elements in the blood. Increasingly, people
with leukemia are using bone marrow stem cell transplants. In
this case, either chemotherapy or radiation treatment (some-
times both) is used to kill all the bone marrow cells. Stem cells
from a compatible donor are then inserted into the bone mar-
row, where, it is hoped, they will establish a new population of
healthy blood cells and platelets.
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SUMMARIZE

6.1 Blood: An Overview

Blood
* Transports hormones, oxygen, and nutrients to cells
* Transports carbon dioxide and other wastes from cells
» Fights infections by transporting antibodies and cells of the
immune system
* Maintains blood pressure and regulates body temperature
» Keeps the pH of body fluids within normal limits.
These functions help maintain homeostasis.
Blood has two main components: plasma and formed elements (red
blood cells, white blood cells, and platelets).

Plasma

Plasma is a fluid connective tissue, 91% of which is water. Plasma
proteins (albumins, globulins, and fibrinogen) are mostly produced by
the liver. These proteins maintain osmotic pressure and help regulate
pH. Albumins transport other molecules, globulins function in immunity,
and prothrombin and fibrinogen enable blood clotting.

6.2 Red Blood Cells and Transport of Oxygen

Red blood cells (erythrocytes) lack a nucleus and other organelles.
They contain hemoglobin (Hb), which combines with oxygen and
transports it to the tissues. Hemoglobin assists in carbon dioxide
transport, as well.

Red blood cell (RBC) production is controlled by the blood oxygen con-
centration. When oxygen concentration decreases, the kidneys increase
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production of the hormone erythropoietin (EPO). In response, more red
blood cells are produced by the bone marrow.

Diseases involving RBCs include anemia (not enough hemoglobin to
transport oxygen), hemolysis (rupturing of RBCs), and sickle-cell
disease (malformed RBCs).

6.3 White Blood Cells and Defense Against Disease

White blood cells (leukocytes) are larger than red blood cells. They
have a nucleus and are translucent unless stained. White blood cells are
either granular leukocytes or agranular leukocytes. White blood cells
are an important part of the immune system, which protects the body
from infection. They often use phagocytosis to ingest foreign compounds
or cells called antigens.

* The granular leukocytes are eosinophils, basophils (and mast cells),
and neutrophils. Neutrophils are abundant, respond first to
infections, and phagocytize pathogens.

* The agranular leukocytes include monocytes and lymphocytes.
Monocytes are the largest white blood cells. They can become
macrophages that phagocytize pathogens and cellular debris.
Lymphocytes (B cells and T cells) are responsible for specific
immunity.

Diseases associated with white blood cells include severe combined im-
munodeficiency (SCID; inability to fight infections), leukemia (white
blood cell cancer), and infectious mononucleosis (produced by infection
with the EBV virus).

6.4 Platelets and Blood Clotting

Platelets (thrombocytes) result from fragmentation of megakaryocytes
in the red bone marrow and function in blood clotting.

Blood Clotting

Platelets and the plasma proteins, prothrombin (and thrombin) and
fibrinogen, function in blood clotting (coagulation), an enzymatic pro-
cess. Fibrin threads that trap red blood cells result from the enzymatic
reaction.

Diseases associated with improper blood clotting include thrombocyto-
penia (insufficient number of platelets), a thromboembolism (move-
ment of the blood clot into the heart, lungs, or brain), and hemophilia
(loss of a specific clotting factor).

6.5 Human Blood Types
Blood typing usually involves determining the ABO blood group and
whether the person is Rh™ or Rh*. Determining blood type is necessary
for transfusions, so that agglutination (clumping) of red blood cells does
not occur.

ABO Blood Groups
ABO blood typing determines the presence or absence of type A antigen
and type B antigen on the surface of red blood cells.
* Type A blood Type A surface antigens; plasma has anti-B antibodies
* Type B blood Type B surface antigens; plasma has anti-A antibodies
* Type AB blood Both type A and type B surface antigens; plasma
has neither anti-A nor anti-B antibodies (universal recipient)
* Type O blood Neither type A nor type B surface antigens; plasma
has both anti-A and anti-B antibodies (universal donor)
* Agglutination Agglutination occurs if the corresponding antigen
and antibody are mixed (i.e., if the donor has type A blood and the
recipient has type B blood)

Rh Blood Groups

The Rh antigen must also be considered when transfusing blood. It is
very important during pregnancy, because an Rh-negative mother may
form antibodies to the Rh antigen while carrying or after the birth of an
Rh-positive child. These antibodies can cross the placenta to destroy the
red blood cells of an Rh-positive child.

6.6 Homeostasis

Homeostasis depends on the cardiovascular system, because it serves the
needs of the cells. Other body systems are also critical to cardiovascular
system function:

* The digestive system supplies nutrients.

* The respiratory system supplies oxygen and removes carbon dioxide
from the blood.

e The nervous and endocrine systems help maintain blood pressure.
Endocrine hormones regulate red blood cell formation and calcium
balance.

* The lymphatic system returns interstitial fluid to the veins.
» Skeletal muscle contraction (skeletal system) and breathing
movements (respiratory system) propel blood in the veins.

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

6.1 Blood: An Overview

1. Which of the following is not a formed element in the blood?
a. red blood cells
b. white blood cells
c. platelets
d. organic molecules and salts
2. Which of the following is not a function of blood?
a. regulation of body temperature
b. defense of the body
c¢. transport of oxygen and carbon dioxide
d. manufacture of hormones

6.2 Red Blood Cells and Transport of Oxygen

3. The pigment that transports oxygen in an erythrocyte is
a. fibrin.
b. hemoglobin.
c¢. deoxyhemoglobin.
d. plasma.

4. When the oxygen capacity of the blood is reduced,
the liver produces more bile.

the kidneys release erythropoietin.

the thymus produces more red blood cells.
sickle-cell disease occurs.

NS

All of these are correct.
5. The majority of the carbon dioxide produced by cellular respiration
is transported by the red blood cell (RBC) by
a. forming carbonic acid in the plasma of the RBC.
b. being bound to hemoglobin.
¢. being bound to prothrombin.
d. phagocytosis in the lysosomes of the RBC.



6.3 White Blood Cells and Defense Against Disease

In questions 6-9, match each description with a white blood cell in the
key. Not all answers will be used.

Key:

N=REN- B B\

10.

6.4

11.

12.

6.5

13.

14.

. lymphocytes
. monocytes

a
b
¢. neutrophils
d. eosinophils
e

. basophils

. contains blue-stained granules and releases histamine
. include B cells and T cells that provide specific immunity
. largest; no granules; become macrophages

. most abundant; multilobed nucleus; first responders to invasion

Which of the following is not true of white blood cells?
a. they are formed in red bone marrow

b. they carry oxygen and carbon dioxide

c. they can leave the bloodstream and enter tissues

d. they can fight disease and infection

Platelets and Blood Clotting

Which of the following are formed from megakaryocytes?
a. basophils

b. erythrocytes

c. platelets

d. fibrinogen

Which of the following is in the correct sequence for blood clotting?
a. prothrombin activator, prothrombin, thrombin

b. fibrin threads, prothrombin activator, thrombin

c¢. thrombin, fibrinogen, fibrin threads

d. prothrombin, clotting factors, fibrinogen

e. Both a and c are correct.

Human Blood Types

Theoretically, a person with type AB blood should be able to
receive

a. type B and type AB blood.
b. type O and type B blood.
c. type A and type O blood.
d. All of these are correct.
Type B blood contains
RBCs and

a. A;anti-A

. B; anti-B

A; anti-B

. B;anti-A

None of these are correct.

surface antigens on the
antibodies in the plasma.

o e

Chapter 6 Cardiovascular System: Blood 129

6.6 Homeostasis

15.

16.

Blood is associated with which of the following forms of
homeostasis?

a. nutrient supply to the body

b. supply of gases such as oxygen and carbon dioxide

c. removal of waste material

d. transport of hormones

e. All of these are correct.

The blood cells exchange oxygen, carbon dioxide, and nutrients
with the surrounding the cells of the body.
a. white blood cells

b. interstitial fluid

c. formed elements

d. plasma

ENGAGE

THINKING CRITICALLY

1.

Carbon monoxide (CO) is a deadly, odorless, colorless gas.
Hemoglobin in red blood cells binds much more closely to CO than
it does to oxygen. Hemoglobin’s ability to transport oxygen is
severely compromised in the presence of CO.

a. A malfunctioning furnace is one potential cause for CO
poisoning. What are some other situations in which you could be
exposed to carbon monoxide? What safeguards should be in
place when around these situations?

b. If cells are deprived of oxygen, what is the effect on the
production of cellular energy? Be specific.

. There are three specific nutrients mentioned in this chapter that are

necessary for the body to form red blood cells.
a. Name the three nutrients.
b. What are good food sources for these nutrients?

. What type of organic molecule is hemoglobin? What nutrient is

required to form hemoglobin?

. The hormone erythropoietin is produced by the kidneys whenever

more red blood cells are necessary. List several reasons the body
needs more red blood cells.

. Athletes who abuse erythropoietin have many more red blood cells

than usual. After examining Figure 6.3 and imagining many more
red blood cells than usual in this capillary, explain why an athlete
might die from having too many red blood cells.

. Researchers are now developing artificial blood for transfusions.

Some forms of artificial blood are being used in clinical trials.
Which characteristics of normal blood must artificial blood have to
be useful, and which would probably be too difficult to reproduce?
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CHAPTER CONCEPTS

71 The Lymphatic System
The lymphatic vessels return excess interstitial
fluid to cardiovascular veins. The lymphatic
organs are important to immunity.

7.2 Innate Immune Defenses
Innate defenses are barriers that prevent
pathogens from entering the body and
mechanisms able to deal with minor invasions.

7.3 Adaptive Immune Defenses
Adaptive defenses specifically counteract an
invasion in two ways: by production of antibodies
and by outright killing of abnormal cells.

7.4 Acquired Immunity
The two main types of acquired immunity are
immunization by vaccines and the administration
of prepared antibodies.

7.5 Hypersensitivity Reactions
The immune system is associated with allergies,
tissue reaction, and autoimmune disorders.

Treatment is available for these, and research
continues into finding new and better cures.

BEFORE YOU BEGIN

Before beginning this chapter, take a few moments to
review the following discussions:

Section 2.6 How is a protein’s structure related to its
function?

Section 3.2 What are some differences between
prokaryotic and eukaryotic cells?

Section 6.3 What is the role of white blood cells in
defense against pathogens?

130

© ISM/Phototake

CASE STUDY: LUPUS

bigail was a healthy and active teenager. She had a pretty unremarkable

patient history that included nothing but the normal childhood diseases—
croup when she was an infant, several ear infections, and a couple of bad
bouts of the flu and bronchitis. She was up to date on all of her vaccinations.
Over the last few months, however, she noticed that she was abnormally
tired, her arms and legs ached, and her knees and elbows were bothering
her. Initially she ignored these symptoms, but just a few weeks ago she devel-
oped a rash on her cheeks and across the bridge of her nose, which resem-
bled a butterfly shape. Abigail thought that she might be sensitive to an
ingredient in a new face soap she had recently switched to, so she quickly
switched back to the old brand. The rash did not subside. Abigail suddenly
began developing ulcers in her mouth, which interfered with eating and
drinking. Within a few more weeks, Abigail also began experiencing some
digestive issues—stomachaches after eating, periodic bouts of diarrhea, and
a noticeable weight loss. Within another few weeks, Abigail began losing
handfuls of hair. She decided that it was time to see the physician on
campus.

The physician did a full exam on Abigail and ran a battery of tests over
the next few days. The tests included a complete blood count (CBC), a uri-
nalysis, various protein assays, and an ANA (antinuclear antibody) test, which
is a test commonly used to aid in the diagnosis of many different autoimmune
disorders. Once the results were in and a diagnosis was finally obtained, the
doctor explained to Abigail that she had lupus, an autoimmune disease.

As you read through the chapter, think about the following questions:

1. What is an autoimmune disease?

2. Are the symptoms Abigail experienced common to autoimmune diseases?
3. How is an autoimmune disease acquired?
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LEARNING OUTCOMES B

Upon completion of this section, you should be able to

1. Describe the structure and function of the lymphatic system.

2. Explain the origins and components of lymph.

3. Explain how the lymphatic system interacts with the
circulatory system.

The lymphatic system consists of lymphatic vessels and the lym-
phatic organs. This system, closely associated with the cardiovascu-
lar system, has four main functions that contribute to homeostasis:
(1) Lymphatic capillaries absorb excess interstitial fluid and return it
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to the bloodstream; (2) in the small intestines, lymphatic capillaries
called lacteals absorb fats in the form of lipoproteins and transport
them to the bloodstream; (3) the lymphatic system is responsible for
the production, maintenance, and distribution of lymphocytes; and
(4) the lymphatic system helps defend the body against pathogens.

Lymphatic Vessels

Lymphatic vessels form a one-way system of capillaries to vessels
and, finally, to ducts. These vessels take lymph to cardiovascular
veins in the shoulders (Fig. 7.1). As mentioned in Section 5.1,
lymphatic capillaries take up excess interstitial fluid. Interstitial
fluid is mostly water, but it also contains solutes (i.e., nutrients,
electrolytes, and oxygen) derived from plasma. This fluid also
contains cellular products (i.e., hormones, enzymes, and wastes)
secreted by cells. The fluid inside lymphatic vessels is called
lymph. Lymph is usually a colorless liquid, but after a meal it
appears creamy because of its lipid content.

The lymphatic capillaries join to form lymphatic vessels that
merge before entering either the thoracic duct or the right lym-
phatic duct. The larger thoracic duct returns lymph collected from

Right lymphatic duct:
empties lymph into the
right subclavian vein

P

Axillary lymph nodes: -
located in the underarm region | /

Thoracic duct: empties
lymph into the left
subclavian vein

located in the groin region;
cleanse lymph and alert
the immune system to
pathogens

Figure 71 Functions of the lymphatic system components.

Tonsil: patches of lymphatic tissue; helps to prevent entrance of
pathogens by way of the nose and mouth

WRed bone marrow: site for the origin of all types of blood cells

Thymus: lymphatic tissue where T lymphocytes mature and
learn to tell “self” from “nonself”

Spleen: cleanses the blood of cellular debris and bacteria, while
resident lymphocytes respond to the presence of antigens

interstitial
fluid

lymphatic
capillary

tissue cell

f 1
| / blood

capillary

Lymphatic vessels drain excess fluid from the tissues and return it to the cardiovascular system. The enlargement shows that lymphatic vessels, like
cardiovascular veins, have valves to prevent backward flow. The lymph nodes, spleen, thymus, and red bone marrow are the main lymphatic organs

that assist immunity.
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the body below the thorax, the left arm, and left side of the head
and neck into the left subclavian vein. The right lymphatic duct
returns lymph from the right arm and right side of the head and
neck into the right subclavian vein.

The construction of the larger lymphatic vessels is similar to
that of cardiovascular veins, including the presence of valves. The
movement of lymph within lymphatic capillaries is largely depen-
dent on skeletal muscle contraction. Lymph forced through lym-
phatic vessels as a result of muscular compression is prevented
from flowing backward by one-way valves.

Lymphatic Organs

The lymphatic organs are divided into two categories. The primary
lymphatic organs include the red bone marrow and the thymus,
whereas the lymph nodes and spleen represent the secondary lym-
phatic organs. Figure 7.2 shows tissue samples taken from the pri-
mary and secondary lymphatic organs.

The Primary Lymphatic Organs

Red bone marrow (Fig 7.2a) produces all types of blood cells. In
a child, most bones have red bone marrow; in an adult, marrow is
found only in the sternum, the vertebrae, the ribs, part of the pelvic
girdle, and the upper ends of the humerus and femur. In addition to
the red blood cells, bone marrow produces the various types of
white blood cells: neutrophils, eosinophils, basophils, lympho-
cytes, and monocytes. Lymphocytes are either B cells (B lympho-
cytes) or T cells (T lymphocytes). B cells mature in the bone
marrow, but T cells mature in the thymus. Any B cell that reacts
with cells of the body is removed in the bone marrow and does not

enter the circulation. This ensures that the B cells do not harm
normal cells of the body.

The soft, bilobed thymus (Fig. 7.2b) is located in the thoracic
cavity between the trachea and the sternum, superior to the heart.
The thymus will begin shrinking in size before puberty and is no-
ticeably smaller in an adult than in a child.

The thymus has two functions: (1) It produces thymic hormones,
such as thymosin, thought to aid in the maturation of T lymphocytes.
(2) Immature T lymphocytes migrate from the bone marrow through
the bloodstream to the thymus, where they mature. Only about 5% of
these cells ever leave the thymus. These T lymphocytes have sur-
vived a critical test: If any show the ability to react with the individu-
al’s cells, they die in the thymus. If they have potential to attack a
pathogen, they can leave the thymus. The thymus is absolutely criti-
cal to immunity because without mature, properly functioning
T cells, the body’s response to specific pathogens is poor or absent.

Secondary Lymphatic Organs

The secondary lymphatic organs are the spleen, the lymph nodes,
and the tonsils. Many other organs, such as the appendix, contain
clusters of lymphatic tissue called lymphatic nodules that help pro-
tect against pathogens. The mucosa of some organ systems, such
as the gastrointestinal tract and respiratory system, also contain
some lymphatic tissue.

The spleen (Fig. 7.2c¢) filters blood. The spleen, the largest lym-
phatic organ, is located in the upper left region of the abdominal cav-
ity posterior to the stomach. Connective tissue divides the spleen into
regions known as white pulp and red pulp. The red pulp, which sur-
rounds venous sinuses (cavities), is involved in filtering the blood.

capsule

lymphocyte monocyte cortex medulla

a. Red bone marrow b. Thymus

c. Spleen

white pulp  red pulp cortex medulla

d. Lymph node

Figure 7.2 Tissue samples from primary and secondary lymphatic organs.
Red bone marrow (a) and the thymus (b) are the primary lymphatic organs. Blood cells, including lymphocytes, are produced in red bone marrow.
B cells mature in the bone marrow, but T cells mature in the thymus. The spleen (c) and the lymph nodes (d) are secondary lymphatic organs. Lymph

is cleansed in lymph nodes, and blood is cleansed in the spleen.

(a): © Ed Reschke/Photolibrary/Getty Images; (b): © Ed Reschke/Getty Images; (c): © Ed Reschke; (d): © McGraw-Hill Education/Al Telser, photographer



What does it mean when my lymph nodes are
swollen?

Lymph nodes swell when they are fighting an infection. When
the body is invaded by a bacterium or virus, individual nodes
can swell from 1/2 to 2 inches in diameter. Cuts, burns, bites,
rashes, and any break in the skin can cause an infection and
thus the swelling of your lymph nodes. Swollen nodes near
the groin mean infection on a leg or the lower abdomen; in
your armpits, they mean infection on the arms or chest; and
on the front of your neck, they mean an infection in the ears,
nose, or throat. Some diseases, such as chickenpox, can
cause all your nodes to swell.

Blood entering the spleen must pass through the sinuses before exit-
ing. Here, macrophages that are like powerful vacuum cleaners en-
gulf pathogens and debris, such as worn-out red blood cells.

The spleen’s outer capsule is relatively thin, and an infection
or a blow can cause the spleen to burst. Although the spleen’s func-
tions are replaced by other organs, a person without a spleen is
often slightly more susceptible to infections and may have to re-
ceive antibiotic therapy indefinitely.

Lymph nodes (Fig. 7.2d), which occur along lymphatic ves-
sels, filter lymph. Connective tissue forms a capsule and divides a
lymph node into compartments. Each compartment contains a si-
nus that increases in size toward the center of the node. As lymph
courses through the sinuses, it is exposed to macrophages, which
engulf pathogens and debris. Lymphocytes, also present in sinuses,
fight infections and attack cancer cells.

Lymph nodes are named for their location. For example, ingui-
nal nodes are in the groin, and axillary nodes are in the armpits.
Physicians often feel for the presence of swollen, tender lymph nodes
in the neck as evidence that the body is fighting an infection. This is
a noninvasive, preliminary way to help make such a diagnosis.

Lymphatic nodules are concentrations of lymphoid tissue not
surrounded by a capsule. The fonsils are patches of lymphoid tis-
sue located in a ring about the pharynx. The tonsils perform the
same functions as lymph nodes; however, because of their loca-
tion, they are the first to encounter pathogens and antigens that
enter the body by way of the nose and mouth.

Peyer patches are located in the intestinal wall and in tissues
within the appendix, a small extension of the large intestine, and en-
counter pathogens that enter the body by way of the intestinal tract.

CHECK YOUR PROGRESS 7.

1. Describe how the lymphatic system contributes to fluid
homeostasis in the body.

2. Detail the differences between a primary and a secondary
lymphatic organ, and give an example of each.

3. Predict what could happen to the body if the lymphatic
ducts did not allow lymph to drain.
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CONNECTING THE CONCEPTS

As noted, the lymphatic system plays a role in the movement of
fats and the return of excess fluid to the circulatory system. For
more information on these functions, refer to the following
discussions:

Section 5.1 examines how the lymphatic system interacts with
the circulatory system.

Section 9.3 explores how the lymphatic system is involved in
the processing of fat in the diet.

Figure 9.6 diagrams the location of the lymphatic vessels in
the small intestine.

7.2 Innate Immune Defenses

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. List examples of the body’s innate defenses.
2. Summarize the events in the inflammatory response.
3. Explain the role of the complement system.

We are constantly exposed to microbes such as viruses, bacteria,
and fungi in our environment. Immunity is the capability of killing
or removing foreign substances, pathogens, and cancer cells from
the body. Mechanisms of innate, or nonspecific, immunity are
fully functional without previous exposure to these invaders,
whereas adaptive immunity (see Section 7.3) is initiated and am-
plified by exposure. As summarized in Figure 7.3, innate immune
defenses include physical and chemical barriers; the inflammatory
response (including the phagocytes and natural killer cells); and
protective proteins, such as complement and interferons.

Innate defenses occur immediately or very shortly after infec-
tion occurs. With innate immunity, there is no recognition that an
intruder has attacked before, and therefore no immunological
“memory” of the attacker is present.

Physical and Chemical Barriers to Entry

The body has built-in barriers, both physical and chemical, that serve
as the first line of defense against an infection by pathogens.

The intact skin is generally an effective physical barrier that
prevents infection. The keratin of the skin prevents microbial
growth, and the surface of the skin is constantly being lost to exfo-
liation (see Section 4.6). The skin also has the benefit of a chemi-
cal barrier in the form of secretions of sebaceous (oil) glands of the
skin. This acidic mixture contains chemicals that weaken or kill
certain bacteria on the skin.

Mucous membranes lining the respiratory, digestive, repro-
ductive, and urinary tracts are also physical barriers to entry by
pathogens. For example, the ciliated cells that line the upper respi-
ratory tract sweep mucus and trapped particles up into the throat,
where they can be coughed or spit out or swallowed.

Perspiration, saliva, and tears contain an antibacterial enzyme
called lysozyme. Saliva also helps wash microbes off the teeth and
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tongue, and tears wash the eyes. Similarly, as urine is voided from
Innate defenses . . .
‘ the body, it flushes bacteria from the urinary tract.

l The acid pH of the stomach inhibits growth or kills many types

of bacteria. At one time it was thought that no bacterium could

survive the acidity of the stomach. But now we know that ulcers are
caused by the bacterium Helicobacter pylori (see Section 1.3).
° 5 Similarly, the acidity of the vagina and its thick walls discourage
° the presence of pathogens.

o © Finally, a significant chemical barrier to infection is created
® o by the normal flora, microbes that usually reside in the mouth, in-
® testine, and other areas. By using available nutrients and releasing

® their own waste, these resident bacteria prevent potential patho-
°J ° gens from taking up residence. For this reason, chronic use of an-
o

Protective
proteins

Barriers Phagocytes and j Inflammatory

natural killer cells response

tibiotics can make a person susceptible to pathogenic infection by

- killing off the normal flora.
antimicrobial

molecules cytokines

Inflammatory Response

neutrophil The inflammatory response exemplifies the second line of defense
against invasion by a pathogen. Inflammation employs mainly neu-
trophils and macrophages to surround and kill (engulf by phagocyto-
sis) pathogens trying to get a foothold inside the body. Protective
proteins are also involved. Inflammation is usually recognized by its
four hallmark symptoms: redness, heat, swelling, and pain (Fig. 7.4).

The four signs of the inflammatory response are due to capil-
lary changes in the damaged area, and all protect the body. Chemi-
cal mediators, such as histamine, released by damaged tissue cells
and mast cells, cause the capillaries to dilate and become more
permeable. Excess blood flow due to enlarged capillaries causes
the skin to redden and become warm. Increased temperature in an
inflamed area tends to inhibit growth of some pathogens. Increased
blood flow brings white blood cells to the area. Increased

natural
killer cells

complement proteins
and interferons
in plasma

Figure 7.3 Overview of innate immune defenses.

Most innate defenses act rapidly to detect and respond to specific
molecules expressed by pathogens.

/ o <3 - . : el o =

2. Macrophages phagocytize pathogens |
and release cytokines, which stimulate
the inflammatory response.

—

e

1. Injured tissue cells and mast cells
release histamine, which causes
capillaries to dilate and increases

blood flow.

blood clot

.

3. Neutrophils and monocytes (become
macrophages) squeeze through the
capillary wall and phagocytize pathogens.

4. Blood clotting walls off
capillary and prevents
blood loss.

Figure 7.4 Steps of the inflammatory response.

1. Due to capillary changes in a damaged area and the release of chemical mediators, such as histamine by mast cells, an inflamed area exhibits redness,
heat, swelling, and pain. 2. Macrophages release cytokines, which stimulate the inflammatory and other immune responses. 3. Monocytes and neutrophils
squeeze through capillary walls from the blood and phagocytize pathogens. 4. A blood clot can form a seal in a break in a blood vessel.



SCIENCE IN YOUR LIFE

How do antihistamines work?

Once histamine is released from mast cells, it binds to receptors
on other body cells. There, the histamine causes the symptoms
associated with infections and allergies: sneezing, itching, runny
nose, and watery eyes. Antihistamines work by blocking the re-
ceptors on the cells, so that histamine can no longer bind. For
allergy relief, antihistamines are most effective when taken be-
fore exposure to the allergen.

permeability of capillaries allows fluids and proteins, including
blood-clotting factors, to escape into the tissues. Clot formation in
the injured area prevents blood loss. The excess fluid in the area
presses on nerve endings, causing the pain associated with swell-
ing. Together, these events summon white blood cells to the area.

As soon as the white blood cells arrive, they move out of the
bloodstream into the surrounding tissue. The neutrophils are first and
actively phagocytize debris, dead cells, and bacteria they encounter.
The many neutrophils attracted to the area can usually localize any
infection and keep it from spreading. If neutrophils die off in great
quantities, they become a yellow-white substance called pus.

When an injury is not serious, the inflammatory response is
short-lived and the healing process will quickly return the affected
area to a normal state. Nearby cells secrete chemical factors to
ensure the growth (and repair) of blood vessels and new cells to fill
in the damaged area.

If, on the other hand, the neutrophils are overwhelmed, they
call for reinforcements by secreting chemical mediators called
cytokines. Cytokines attract more white blood cells, including
monocytes, to the area. Monocytes are longer-lived cells, which
become macrophages, even more powerful phagocytes than neu-
trophils. Macrophages can enlist the help of lymphocytes to carry
out specific defense mechanisms.

Inflammation is the body’s natural response to an irritation or
injury and serves an important role. Once the healing process has
begun, inflammation rapidly subsides. However, in some cases
chronic inflammation lasts for weeks, months, or even years if an
irritation or infection cannot be overcome. Inflammatory chemi-
cals may cause collateral damage to the body, in addition to killing
the invaders. Should an inflammation persist, anti-inflammatory

SCIENCE IN YOUR LIFE

Why is aspirin used to alleviate so many symptoms?

The chemicals in aspirin decrease the body’s ability to make
prostaglandins. Prostaglandins, made by most of the body’s tis-
sues, are substances used as messengers in the perception
and response to pain, fever, and muscle contractions. If the
prostaglandin level is low, then the perception of pain, fever,
and muscle contractions will be low. Aspirin also decreases the
production of certain substances needed in the beginning
stages of blood clotting, which is why it is prescribed to patients
with certain cardiovascular clotting disorders.
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medications, such as aspirin, ibuprofen, or cortisone, can minimize
the effects of various chemical mediators.

Protective Proteins

The complement system, often simply called complement, is
composed of a number of blood plasma proteins designated by the
letter C and a number. These proteins “complement” certain im-
mune responses, which accounts for their name. For example, they
are involved in and amplify the inflammatory response—certain
complement proteins can bind to mast cells and trigger histamine
release. Others can attract phagocytes to the scene. Some comple-
ment proteins bind to the surface of pathogens already coated with
antibodies, which ensures that the pathogens will be phagocytized
by a neutrophil or macrophage.

Certain other complement proteins join to form a membrane
attack complex that produces holes in the surface of bacteria. Fluids
then enter the bacterial cells to the point that they burst (Fig. 7.5).

Interferons are proteins produced by virus-infected cells as a
warning to noninfected cells in the area. Interferons bind to receptors
of noninfected cells, causing them to prepare for possible attack by
producing substances that interfere with viral replication. Interferons
are used to treat certain viral infections, such as hepatitis C.

complement
proteins

membrane
attack complex

fluids

Figure 7.5 Action of the complement system.

When the immune response activates complement proteins in the
blood plasma, they form a membrane attack complex that makes holes
in bacterial cell walls and plasma membranes, allowing fluids to enter
and causing the cell to burst.
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CHECK YOUR PROGRESS 7.

1. List some examples of the body’s innate defenses.

Unit 2 Maintenance of the Human Body

2. Describe the blood cells associated with innate defenses,
and detail how they function.

3. Discuss how the complement proteins got their name.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,

refer to the following discussions:

Section 4.7 examines how the skin forms a physical barrier to

the exterior environment.

Section 6.3 provides additional details on white blood cells.

Section 8.4 discusses the problems with the overuse of

antibiotics.

7.3 Adaptive Immune Defenses

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Explain the role of an antigen in the adaptive defenses.

2. Summarize the process of antibody-mediated immunity
and list the cells involved in the process.

3. Summarize the process of cell-mediated immunity and list
the cells involved in the process.

Figure 7.6 Overview of
adaptive immune defenses.
The adaptive responses involve
two branches. The cell-mediated
immunity branch targets cells
that are presenting a specific
antigen. The antibody-mediated
immunity branch produces
antibodies that are located
outside of the cells, such as the
interstitial fluid.

When innate (nonspecific) defenses have failed to prevent an infec-
tion, adaptive defenses come into play. Adaptive defenses over-
come an infection by doing away with the particular disease-causing
agent that has entered the body. Adaptive defenses also provide
some protection against cancer.

How Adaptive Defenses Work

Adaptive defenses respond to large molecules, normally protein
structures called antigens that the immune system recognizes as
foreign to the body. Fragments of bacteria, viruses, molds, and
parasitic worms can all be antigenic. Further, abnormal plasma
membrane proteins produced by cancer cells may also be antigens.
We do not ordinarily develop an immune response to the cells of
our body, so it is said that the immune system is able to distinguish
self (our cells) from nonself (pathogens).

Adaptive defenses primarily depend on the action of lympho-
cytes, which differentiate as either B cells (B lymphocytes) or
T cells (T lymphocytes). B cells and T cells are capable of recog-
nizing antigens because they have specific antigen receptors. These
antigen receptors are plasma membrane proteins whose shape allows
them to combine with particular antigens. Each lymphocyte has only
one type of receptor. It is often said that the receptor and the antigen
fit together like a lock and key. We encounter millions of different
antigens during our lifetime, so we need a diversity of B cells and
T cells to protect us against them. Remarkably, this diversification
occurs during the maturation process. Millions of specific B cells
and/or T cells are formed, increasing the likelihood that at least one
will recognize any possible antigen. Both B cells and T cells then
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have the ability to differentiate into a special form of lymphocyte that
provides the immune system with a physiological memory.

There are two pathways that occur during adaptive immunity.
In cell-mediated immunity, T cells target for destruction cells that
are presenting a specific antigen. In antibody-mediated immunity
(also called humoral immunity), B cells produce antibodies that
target free antigens in the fluids of the body. The stages and inter-
action of these two pathways are shown in Figure 7.6.

B Cells and Antibody-Mediated Immunity

The receptor on a B cell is called a B-cell receptor (BCR). The
clonal selection model (Fig. 7.7) states that an antigen selects, then
binds to, the BCR of only one type of B cell. Then this B cell pro-
duces multiple copies of itself. The resulting group of identical
cells is called a clone. Similarly, an antigen can bind to a T-cell
receptor (TCR), and this T cell will clone.

Characteristics of B Cells

» Antibody-mediated immunity against pathogens

* Produced and mature in bone marrow

» Directly recognize antigen and then undergo clonal
selection

« Clonal expansion produces antibody-secreting plasma
cells as well as memory B cells.

B Cells Become Plasma Cells and Memory B Cells Note in
Figure 7.7 that each B cell has a specific BCR represented by shape.
Only the B cell with a BCR that has a shape that fits the antigen
(green circle) undergoes clonal expansion. During clonal expansion,
cytokines secreted by helper T (Ty) cells (discussed later in this sec-
tion) stimulate B cells to clone. Most of the cloned B cells become
plasma cells, which circulate in the blood and lymph. Plasma cells
are larger than regular B cells, because they have extensive rough
endoplasmic reticulum. This is for the mass production and secretion
of antibodies to a specific antigen. Antibodies identical to the BCR of
the activated B cell are secreted from the plasma B cell. Some cloned
B cells become memory cells, the means by which long-term immu-
nity is possible. If the same antigen enters the system again, memory
B cells quickly divide and transform into plasma cells. The correct
type of antibody can be produced quickly by these plasma cells.

Once the threat of an infection has passed, the development of
new plasma cells ceases, and those present undergo apoptosis.
Apoptosis is the process of programmed cell death. It involves a
cascade of specific cellular events leading to the death and destruc-
tion of the cell and removal of the cell remnants from the body as
a waste product.

Defense by B cells is called humoral immunity, or antibody-
mediated immunity, because activated B cells become plasma cells
that produce antibodies. Collectively, plasma cells probably pro-
duce as many as 2 million different antibodies. A human doesn’t
have 2 million genes, so there cannot be a separate gene for each
type of antibody. It has been found that scattered DNA segments
can be shuffled and combined in various ways to produce the DNA
sequence coding for the BCR unique to each type of B cell.
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Figure 7.7 B cell clonal selection.

Each B cell has a B-cell receptor (BCR) designated by shape that will
combine with a specific antigen. Activation of a B cell occurs when its
BCR can combine with an antigen (colored green). In the presence of
cytokines, the B cell undergoes clonal expansion, producing many
plasma cells and memory B cells. These plasma cells secrete
antibodies specific to the antigen, and memory B cells immediately
recognize the antigen in the future. After the infection passes, plasma
cells undergo apoptosis, also called programmed cell death.
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Structure of an Antibody The basic unit that composes anti-
body molecules is a Y-shaped protein molecule with two arms.
Each arm has a “heavy” (long) polypeptide chain and a “light”
(short) polypeptide chain (Fig. 7.8). These chains have constant
regions, located at the trunk of the Y, where the sequence of amino
acids is fixed. The class of antibody of each molecule is deter-
mined by the structure of the antibody’s constant region. The vari-
able regions form an antigen-binding site. Their shape is specific
to a particular antigen. The antigen combines with the antibody at
the antigen-binding site in a lock-and-key manner. Antibodies may
consist of single Y-shaped molecules, called monomers, or may be
paired together in a molecule termed a dimer. Some very large
antibodies (such as I[gM) are pentamers—clusters of five Y-shaped
molecules linked together.

Antigens can be part of a pathogen, such as a virus or a toxin
like that produced by tetanus bacteria. Antibodies sometimes react
with viruses and toxins by coating them completely, a process
called neutralization. Often the reaction produces a clump of anti-
gens combined with antibodies, termed an immune complex. The

antigen-binding

antigen sites

! Antigen binds
to binding site.

Shape of antigen fits chain
shape of binding site.

C = constant
V = variable

b.

Figure 7.8 The structure of an antibody.

a. An antibody contains two heavy (long) polypeptide chains and two
light (short) chains arranged so that there are two variable regions
where a particular antigen is capable of binding with an antibody.

b. Computer model of an antibody molecule. The antigen combines
with the two side branches.

(b) © Dr. Arthur J. Olson, Scripps Institute

Table 71

Classes of Antibodies

Class Presence Function
IgG Main antibody type in Binds to pathogens,
circulation; crosses activates complement,
the placenta from and enhances
mother to fetus phagocytosis by white
blood cells
IgM Antibody type found Activates complement
in circulation; largest and clumps cells
antibody; first
antibody formed by a
newborn; first
antibody formed with
any new infection
IgA Main antibody type in Prevents pathogens
secretions such as from attaching to
saliva and breast milk epithelial cells in
digestive and
respiratory tracts
IgD Antibody type found Signifies readiness of
on surface of immature B cell
B cells
IgE Antibody type found Responsible for

as antigen receptors
on mast cells in
tissues

immediate allergic
response and
protection against
certain parasitic worms

antibodies in an immune complex are like a beacon that attracts
white blood cells.

Classes of Antibodies There are five classes of circulating an-
tibodies, listed in Table 7.1. IgG antibodies are the major type in
blood, and smaller amounts are found in lymph and interstitial
fluid. IgG antibodies bind to pathogens and their toxins. IgG anti-
bodies can cross the placenta from a mother to her fetus, so the
newborn has temporary, partial immune protection. [gM antibod-
ies are pentamers; they are the first antibodies produced by a new-
born’s body. IgM antibodies are the first to appear in blood soon
after an infection begins and the first to disappear before the infec-
tion is over. They are good activators of the complement system.
IgA antibodies are monomers or dimers containing two Y-shaped
structures. They are the main type of antibody found in body secre-
tions: saliva, tears, mucus, and breast milk. [gA molecules bind to
pathogens and prevent them from reaching the bloodstream. The
main function of IgD molecules seems to be to serve as antigen
receptors on immature B cells. IgE antibodies are responsible for
prevention of parasitic worm infections, but they can also cause
immediate allergic responses.

Monoclonal Antibodies Every plasma cell derived from the
same B cell secretes antibodies against a specific antigen. These
are monoclonal antibodies, because all of them are the same type
and because they are produced by plasma cells derived from the
same B cell. One method of producing monoclonal antibodies in
vitro (outside the body) is depicted in Figure 7.9. B lymphocytes
are removed from an animal, normally a lab mouse, and are
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Figure 7.9 The production of monoclonal antibodies.
Plasma cells of the same type (derived from immunized mice) are fused
with myeloma (cancerous) cells, producing hybridoma cells that are

“immortal.” Hybridoma cells divide and continue to produce the same
type of antibody, called monoclonal antibodies.

>

exposed to a particular antigen. The resulting plasma cells are
fused with myeloma cells (malignant plasma cells that live and
divide indefinitely; they are immortal cells). The fused cells are
called hybridomas—#hybrid- because they result from the fusion of
two different cells and -oma because one of the cells is a cancer cell.

At present, monoclonal antibodies are being used for quick
and certain diagnosis of various conditions. For example, the hor-
mone human chorionic gonadotropin (HCG) is present in the urine
of a pregnant woman. A monoclonal antibody can be used to de-
tect this hormone. Monoclonal antibodies are also used to identify
infections such as HIN1 flu, HIV, and RSV, a respiratory virus
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infection common in young children. Because they can be used to
distinguish between cancerous and normal tissue cells, they are
also used to carry radioisotopes or toxic drugs to tumors, which
can then be selectively destroyed. Trastuzumab (Herceptin) is a
monoclonal antibody used in the treatment of breast cancer. It
binds to a protein receptor on breast cancer cells and prevents the
cancer cells from dividing as quickly. Antibodies that bind to can-
cer cells also can activate the complement system and can increase
phagocytosis by macrophages and neutrophils.

T Cells and Cell-Mediated Immunity

Cell-mediated immunity is named for the action of T cells that di-
rectly attack diseased cells and cancer cells. Other T cells, how-
ever, release cytokines that stimulate both nonspecific and specific
defenses.

How T Cells Recognize an Antigen When a T cell leaves the
thymus, it has a unique T-cell receptor (TCR), just as B cells
have. Unlike B cells, however, T cells are unable to recognize an
antigen without help. The antigen must be displayed to them by an
antigen-presenting cell (APC), such as a macrophage. After
phagocytizing a pathogen, such as a bacterium, APCs travel to a
lymph node or the spleen, where T cells also congregate. In the
meantime, the APC has broken the pathogen apart in a lysosome.
A piece of the pathogen is then displayed in the groove of a major
histocompatibility complex (MHC) protein on the cell’s surface.
The two classes of MHC proteins are called MHC I and MHC II.

Human MHC II proteins are called human leukocyte antigens
(HLAs). These proteins are found on all of our body cells.
There are three general groups of HLAs (HLA-A, HLA-B, and
HLA-DR), each with a number of protein variations. Each person
has a unique combination of HLAs. One exception is the HLAs of
identical twins. Because identical twins arise from division of a
single zygote, their HLA proteins are identical. MHC antigens are
self proteins, because they mark the cell as belonging to a particu-
lar individual. The importance of self proteins in plasma mem-
branes was first recognized when it was discovered that they
contribute to the specificity of tissues and make it difficult to
transplant tissue from one human to another. Comparison studies
of the three classes of HLAs must always be carried out before a
transplant is attempted. The greater the number of these proteins
that match, the more likely the transplant will be successful.

When an antigen-presenting cell links a foreign antigen to the
self protein on its plasma membrane, it carries out an important
safeguard for the rest of the body. The T cell to be activated can
compare the antigen and self protein side by side. The activated T
cell, and all the daughter cells that it will form, can recognize for-
eign from self. These T cells go on to destroy cells carrying foreign
antigens, while leaving normal body cells unharmed.

Clonal Expansion In Figure 7.10, the T cells have specific
TCRs, represented by their different shapes. A macrophage is pre-
senting an antigen to a T cell that has the specific TCR that will
combine with this particular antigen, represented by a green circle.
The T cell is activated and undergoes clonal expansion. Many cop-
ies of the activated T cell are produced during clonal expansion.
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Figure 710 The clonal selection model for T cells.
Activation of a T cell occurs when its T-cell receptor (TCR) can combine
with an antigen presented by a macrophage. In this example, cytotoxic
T cells are produced. When the immune response is finished, they
undergo apoptosis. A small number of memory T cells remain.

A subgroup of T cells recognizes APCs that display an antigen
within the groove of an MHC I protein. These T cells will activate
and become cytotoxic T cells. A subgroup of T cells recognizes
APCs that display an antigen within the groove of an MHC II pro-
tein. These T cells will activate and become helper T cells. Helper
T cells are necessary for regulating B cells.

As the illness disappears, the immune reaction wanes. Acti-
vated T cells become susceptible to apoptosis. As mentioned

previously, apoptosis contributes to homeostasis by regulating the
number of cells present in an organ, or in this case, in the immune
system. When apoptosis does not occur as it should, the potential
exists for an autoimmune response (see Section 7.5) or for T-cell
cancers (lymphomas and leukemias).

Cytotoxic T cells have storage vacuoles containing perforins
and storage vacuoles containing enzymes called granzymes. After
a cytotoxic T cell binds to a virus-infected cell or tumor cell, it re-
leases perforin molecules, which punch holes in the plasma mem-
brane, forming a pore. Cytotoxic T cells then deliver granzymes
into the pore. These cause the cell to undergo apoptosis. Once cy-
totoxic T cells have released the perforins and granzymes, they
move on to the next target cell. Cytotoxic T cells are responsible
for cell-mediated immunity (Fig. 7.11).

Helper T cells regulate immunity by secreting cytokines, the
chemicals that enhance the response of all types of immune cells. B
cells cannot be activated without T-cell help (see Fig. 7.7). The hu-
man immunodeficiency virus (HIV), which causes AIDS, infects
helper T cells and other cells of the immune system. The virus thus
inactivates the immune response and makes HIV-infected individuals
susceptible to the opportunistic infections that eventually kill them.

Notice in Figure 7.10 that a few of the clonally expanded T cells
are memory T cells. They remain in the body and can jump-start an
immune reaction to an antigen previously present in the body.

Characteristics of T Cells

+ Cell-mediated immunity against virus-infected cells and
cancer cells

* Produced in bone marrow, mature in thymus

« Antigen must be presented in groove of an HLA (MHC)
molecule.

« Cytotoxic T cells destroy nonself antigen-bearing cells

» Helper T cells secrete cytokines that control the immune
response.

CHECK YOUR PROGRESS 7.3

1. Detail how innate defense differs from adaptive defense.

2. Distinguish between the cells involved in targeting an
antigen present within a cell of the body versus an
antigen free in the interstitial fluid.

3. Explain how memory lymphocytes are formed and state
their function.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussions:

Section 6.3 summarizes the formation and specialization of
lymphocytes.

Section 8.2 provides additional information on HIV and the
AIDS epidemic.

Section 20.4 examines how immunotherapy using cytotoxic T
cells can be used to treat cancer.
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Figure 711 How cytotoxic T cells kill infected cells.

a. Cytotoxic T cells bind to the target cell, punch holes in its membrane,
and inject chemicals that cause the cell to die. b. A micrograph of a
cytotoxic T cell in action.

(b) © Steve Gschmeissner/Science Source
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7.4 Acquired Immunity
LEARNING OUTCOMES B |

Upon completion of this section, you should be able to

1. Distinguish between active and passive immunity.
2. Recognize the importance of cytokines in immunity.

Immunity occurs naturally through infection or is brought about
artificially by medical intervention. The two types of acquired im-
munity are active and passive. In the process of active immunity,
the individual alone produces antibodies against an antigen. In
passive immunity, the individual is given prepared antibodies via
an injection.

Active Immunity

Active immunity sometimes develops naturally after a person is
infected with a pathogen. However, active immunity is often
induced when a person is well to prevent future infection. Arti-
ficial exposure to an antigen through immunization can prevent
future disease. The United States is committed to immunizing
all children against the common types of childhood disease. A
full list of recommended childhood vaccinations is available
from the Centers for Disease Control and Prevention (CDC)
website at www.cdc.gov/vaccines. Information on recommended
adult vaccinations is provided in the Health feature “Adult
Vaccinations.”

Immunization involves the use of vaccines, substances that
contain an antigen to which the immune system responds. Tradi-
tionally, vaccines are the pathogens themselves, or their products,
that have been treated to be no longer virulent (no longer able to
cause disease). Today it is possible to genetically engineer bacteria
to mass-produce a protein from pathogens, and this protein can be
used as a vaccine. This method is used to produce the vaccine for
the viral-induced disease hepatitis B, and a vaccine for malaria
made by the same method is currently going through FDA ap-
proval procedures.

After a vaccine is given, it is possible to follow an immune
response by determining the amount of antibody present in a sam-
ple of plasma—this is called the antibody titer. After the first ex-
posure to a vaccine, a primary response occurs. For the first several
days no antibodies are present. Then the titer rises slowly, levels
off, and gradually declines as the antibodies bind to the antigen or
simply break down (Fig. 7.12). After a second exposure to the vac-
cine, a secondary response is expected. The titer rises rapidly to a
level much greater than before. Then it slowly declines. The sec-
ond exposure is called a “booster,” because it boosts the antibody
titer to a high level. The high antibody titer now is expected to help
prevent disease symptoms, even if the individual is exposed to the
disease-causing antigen.

Active immunity depends on the presence of memory B
cells and memory T cells capable of responding to lower doses
of antigen. Active immunity is usually long-lasting, although
for certain vaccines a booster may be required after many
years.
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Figure 712 How immunizations cause active immunity.
During immunization, the primary response, after the first exposure to a
vaccine, is minimal, but the secondary response, which may occur after
the second exposure, shows a dramatic rise in the amount of antibody
present in plasma.

Passive Immunity

Passive immunity occurs when an individual is given prepared
antibodies or immune cells to combat a disease. These antibodies
are not produced by the individual’s plasma cells, so passive im-
munity is temporary. For example, newborn infants are passively
immune to some diseases because IgG antibodies have crossed the
placenta from the mother’s blood (Fig. 7.13a). These antibodies
soon disappear, and within a few months infants become more
susceptible to infections. Breast-feeding prolongs the natural pas-
sive immunity an infant receives from the mother, because IgG and
IgA antibodies are present in the mother’s milk (Fig. 7.13b).

Even though passive immunity does not last, it is sometimes
used to prevent illness in a patient who has been unexpectedly ex-
posed to an infectious disease. Usually the patient receives a
gamma globulin injection of serum that contains antibodies, in
some cases taken from individuals who have recovered from the
illness (Fig. 7.13¢). For example, a health-care worker who suffers
an accidental needlestick may come into contact with the blood
from a patient infected with hepatitis virus. Immediate treatment
with a gamma globulin injection (along with simultaneous vacci-
nation against the virus) typically can prevent the virus from caus-
ing infection.

Cytokines and Immunity

Cytokines are signaling molecules produced by T lymphocytes,
macrophages, and other cells. Cytokines regulate white blood cell
formation and/or function, so they are being investigated as a pos-
sible adjunct therapy (treatments used in conjunction with the pri-
mary treatment) for cancer and AIDS. Both interferon, produced
by virus-infected cells, and interleukins, produced by various
white blood cells, have been used as immunotherapeutic drugs.
These are used particularly to enhance the ability of the individu-
al’s T cells to fight cancer.

Most cancer cells carry an altered protein on their cell surface,
so they should be attacked and destroyed by cytotoxic T cells.
Whenever cancer develops, it is possible that cytotoxic T cells
have not been activated. In that case, cytokines might awaken the
immune system and lead to the destruction of the cancer. In one
technique, researchers withdrew T cells from the patient and pre-
sented cancer cell antigens to the isolated T cells. The cells were
then activated by culturing them in the presence of an interleukin.
The T cells were reinjected into the patient, who was given doses
of interleukin to maintain the killer activity of the T cells.

Scientists actively engaged in interleukin research believe that
interleukins soon will be used as adjuncts for vaccines. They are
currently used as treatment adjuncts for chronic diseases such as
psoriasis, theumatoid arthritis, and irritable bowel syndrome and
are sometimes used to treat chronic infectious diseases and to treat
cancer. Interleukin antagonists also may prove helpful in prevent-
ing skin and organ rejection, autoimmune diseases such as lupus
and Crohn’s disease, and allergies.

b. Antibodies (IgG, IgA) are
secreted into breast milk.

a. Antibodies (IgG) cross the placenta.

Figure 713 Delivery
mechanisms of passive
immunity.

During passive immunity,
antibodies are received (a) by
crossing the placenta, (b) in
breast milk, or (c) by injection.
The body is not producing the
antibodies, so passive immunity
is short-lived.

(a) © John Lund/Drew Kelly/Blend
Images/Corbis RF; (b) © Digital Vision/
Getty RF; (c) © Photodisc Collection/
Getty RF

c. Antibodies can be injected by a
physician.
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Adult Vaccinations

Many people mistakenly believe that you have received your full
complement of vaccinations by the time you leave high school. In
reality, being vaccinated is a lifelong activity. The Centers for Dis-
ease Control and Prevention (CDC) has identified a series of vac-
cinations that are recommended after the age of 18 (Table 7A). In
many cases, vaccinations are recommended when an individual is
determined to be at risk for a specific disease or condition. For
example, while the vaccination for hepatitis B (HepB) may not be
required, it is recommended for individuals who have had more
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As always, if you have questions regarding any of these dis-
eases, or about your personal need for vaccinations, consult with
your health-care provider. For more information on vaccination
schedules from birth through adulthood, visit the CDC’s website at
www.cdc.gov/vaccines or the Immunization Action Coalition
(www.immunize.org).

Questions to Consider

1. Why would some vaccines require multiple doses over an adult’s

than one sexual partner during a 6-month period, have been diag- lifetime?
nosed with a sexually transmitted disease (STD; see Section 17.6), 2. Why would people over the age of 60 or 65 require different
use injection drugs, or may have been exposed to blood or infected vaccinations?
body fluid. In most cases, vaccinations are recommended as a pro-
tective measure even if you are not in an at-risk category.
:150/.0 | Recommended Vaccination Schedule for Adults
Age group
Vaccine 19-21years 22-26 years 27-49 years 50-59 years 60-64 years > 65 years

Influenza

Tetanus, diphtheria, pertussis (Td/Tdap)
Varicella

Human papillomavirus (HPV) female

Human papillomavirus (HPV) male

Shingles

Measles, mumps, rubella (MMR)
Pneumococcal 13-valent conjugate (PCV13)
Pneumococcal polysaccharide (PPSV23)
Meningococcal

Hepatitis A

Hepatitis B

Haemophilus influenzae type b (Hib)

[ For all persons in this category who meet the

[ Recommended if some other [CINo recommendation
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age requirements and who lack documentation
of vaccination or have no evidence of previous
infection; shingles vaccine recommended
regardless of prior episode of shingles

risk factor is present (e.g., on the
basis of medical, occupational,
lifestyle, or other indication)

CHECK YOUR PROGRESS 7.4

1. Define acquired immunity, and give some examples.
2. Describe how passive immunity is developed.

3. Compare the two types of immune therapies that can
assist passive immunity.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussion:

Section 20.4 examines how cytokines may be used to treat
cancer.
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7.5 Hypersensitivity Reactions

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Explain what causes an allergic reaction.
2. |dentify the causes of select autoimmune diseases.

Sometimes the immune system responds in a manner that harms
the body, as when individuals develop allergies, receive an incom-
patible blood type (see Section 6.5), suffer tissue rejection, or have
an autoimmune disease.

Allergies

Allergies are hypersensitivities to substances, such as pollen, food,
or animal hair, that ordinarily would do no harm to the body. The
responses to these antigens, called allergens, usually include some
degree of tissue damage.

An immediate allergic response can occur within seconds of
contact with the antigen. The response is caused by IgE antibodies
(see Table 7.1). IgE antibodies are attached to receptors on the plasma
membrane of mast cells in the tissues and to basophils in the blood.
When an allergen attaches to the IgE antibodies on these cells, the
cells release histamine and other substances that bring about the al-
lergic symptoms. When pollen is an allergen, histamine stimulates
the mucous membranes of the nose and eyes to release fluid. This
causes the runny nose and watery eyes typical of hay fever. In a per-
son who has asthma, the airways leading to the lungs constrict, result-
ing in difficult breathing accompanied by wheezing. When food
contains an allergen, nausea, vomiting, and diarrhea often result.

Anaphylactic shock is an immediate allergic response that oc-
curs because the allergen has entered the bloodstream. Bee stings and
penicillin shots are known to cause this reaction, because both inject
the allergen into the blood. Anaphylactic shock is characterized by a
sudden and life-threatening drop in blood pressure due to increased
permeability of the capillaries by histamine. Taking epinephrine can
counteract this reaction until medical help is available.

People with allergies produce ten times more IgE than those
without allergies. A new treatment using injections of monoclonal
IgG antibodies for IgEs is being tested in individuals with severe
food allergies. More routinely, injections of the allergen are given,
so that the body will build up high quantities of IgG antibodies. The
hope is that IgG antibodies will combine with allergens received
from the environment before they have a chance to reach the IgE
antibodies located in the membranes of mast cells and basophils.

A delayed allergic response is initiated by memory T cells at
the site of allergen contact in the body. The allergic response is
regulated by the cytokines secreted by both T cells and macro-
phages. A classic example of a delayed allergic response is the skin
test for tuberculosis (TB). When the test result is positive, the tissue
where the antigen was injected becomes red and hardened. This
shows that there was prior exposure to the bacterium that causes
TB. Contact dermatitis, which occurs when a person is allergic to
poison ivy, jewelry, cosmetics, and many other substances that
touch the skin, is also an example of a delayed allergic response.

Other Immune Problems

Certain organs, such as the skin, the heart, and the kidneys, could
be transplanted easily from one person to another if the body did
not attempt to reject them. Rejection of transplanted tissue results
because the recipient’s immune system recognizes that the trans-
planted tissue is not “self.” Cytotoxic T cells respond by attacking
the cells of the transplanted tissue.

Organ rejection can be controlled by carefully selecting the
organ to be transplanted and administering immunosuppressive
drugs. It is best if the transplanted organ has the same type of
MHC antigens as those of the recipient, because cytotoxic T cells
recognize foreign MHC antigens. Two well-known immunosup-
pressive drugs, cyclosporine and tacrolimus, act by inhibiting the
production of certain T-cell cytokines.

Xenotransplantation is the use of animal organs instead of
human organs in human transplant patients. Scientists have chosen
to use the pig because animal husbandry has long included the
raising of pigs as a meat source and pigs are prolific. Genetic engi-
neering can make pig organs less antigenic. The ultimate goal is to
make pig organs as widely accepted as type O blood.

An alternative to xenotransplantation exists because tissue en-
gineering is making organs in the laboratory. Scientists have trans-
planted lab-grown urinary bladders into human patients. They
hope that production of organs lacking HLA antigens will one day
do away with the problem of rejection.

Immune system disorders occur when a patient has an im-
mune deficiency or when the immune system attacks the body’s
own cells. When a person has an immune deficiency, the im-
mune system is unable to protect the body against disease. Infre-
quently, a child may be born with an impaired immune system.
For example, in severe combined immunodeficiency disease
(SCID), both antibody- and cell-mediated immunity are lacking
or inadequate. Without treatment, even common infections can
be fatal. Bone marrow transplants and gene therapy have been
successful in SCID patients. Acquired immune deficiencies can
be caused by infections, chemical exposure, or radiation.
Acquired immunodeficiency syndrome (AIDS) is a result of an
infection with the human immunodeficiency virus (HIV). As a
result of a weakened immune system, AIDS patients show a
greater susceptibility to infections and have a higher risk of can-
cer (see Section 8.2).

When cytotoxic T cells or antibodies mistakenly attack the
body’s own cells, the person has an autoimmune disease. The
exact cause of autoimmune diseases is not known, although it ap-
pears to involve both genetic and environmental factors. People
with certain HLA antigens are more susceptible. Women are more
likely than men to develop an autoimmune disease.

Sometimes the autoimmune disease follows an infection. For
example, in rheumatic fever, antibodies induced by a streptococ-
cal (bacterial) infection of the throat also react with heart muscle.
This causes an inflammatory response, with damage to the heart
muscle and valves. Rheumatoid arthritis (Fig. 7.14) is an autoim-
mune disease in which the joints are chronically inflamed. It is
thought that antigen-antibody complexes, complement, neutro-
phils, activated T cells, and macrophages are all involved in the



destruction of cartilage in the joints. A person with systemic lupus
erythematosus (SLE), commonly just called lupus, has various
symptoms, including a facial rash, fever, and joint pain. In these
patients, damage to the central nervous system, heart, and kidneys
can be fatal. SLE patients produce high levels of anti-DNA anti-
bodies. All human cells (except red blood cells) contain DNA, so
the symptoms of lupus interfere with tissues throughout the body.
Myasthenia gravis develops when antibodies attach to and inter-
fere with the function of neuromuscular junctions. The result is
severe muscle weakness, eventually resulting in death from respi-
ratory failure.

In multiple sclerosis (MS), T cells attack the myelin sheath
covering nerve fibers, causing CNS dysfunction, double vision,
and muscular weakness. Some now believe that MS is should be
characterized as an immune-mediated disease, because a specific
antigen has not been identified and the action of of the T cells may
be in response to inflammation or failures of the immune system.
Treatments for all of these diseases usually involve drugs designed
to decrease the immune response.

CHECK YOUR PROGRESS 7

1. Define the types of complications and disorders
associated with the functioning of the immune system.

2. Detail how an antibody works during an allergic reaction.

3. Hypothesize why an autoimmune disorder sometimes
develops after an infection.

CASE STUDY: CONCLUSION

upus is an autoimmune disease. The immune system normally

makes antibodies that attack foreign cells to keep the body
healthy. In an autoimmune disease, the person’s immune system
makes antibodies that attack the healthy cells of the body, instead
of invading pathogen cells. Abigail’'s immune system was attacking
her, in addition to attacking any bacteria and viruses that got into
her system. Lupus is also considered a rheumatic disease, or a dis-
order that affects the muscles, joints, and connective tissue. That
explained the pain in her arms and legs.

The doctor went on to detail that she believed Abigail had a
type of lupus called systemic lupus erythematosus (SLE). SLE is
the most common form of lupus, affecting multiple organ systems.
It is most commonly seen developing in people in their twenties
and thirties, although it is not uncommon for symptoms to develop
in people as young as 10 years old. The exact cause of lupus is
unclear; it has been suggested that there is a genetic
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Figure 714 Rheumatoid arthritis.

Rheumatoid arthritis is due to recurring inflammation in skeletal joints.
A variety of cells in the immune system, including T cells and B cells,
participate in deterioration of the joints, which eventually become
immobile.

© Southern lllinois University/Science Source

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussions:

Section 8.2 examines how tuberculosis has become a
worldwide epidemic.

Section 22.3 explores how gene therapy may be used to treat
diseases such as SCID.

predisposition to lupus that can be activated by infection, stress,
and even increasing levels of estrogen. The doctor explained that
90% of the 1.5 million Americans living with lupus (an estimated
10,000 of them are children under 18) are female.

There is no cure for lupus and current treatments are aimed
at managing the symptoms. The physician recommended that
Abigail have a team of health-care professionals help her manage
her lupus: a rheumatologist to manage her muscle and joint pain;
a dermatologist to help with the periodic rashes; and a nephrolo-
gist, or kidney specialist, because lupus patients tend to develop
kidney problems. Abigail is currently on a daily NSAID (nonsteroi-
dal anti-inflammatory drug) to control muscle and joint pain. Dur-
ing a flare-up, she can also take corticosteroids to control
inflammation. With proper care and caution, Abigail can keep her
lupus in check, decrease the severity of flare-ups, and live a
healthy and productive life.
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71 The Lymphatic System

The lymphatic system consists of lymphatic vessels that return lymph to
cardiovascular veins.

The primary lymphatic organs are:
* The red bone marrow, where all blood cells are made and the
B cells (B lymphocytes) mature.
¢ The thymus, where T cells (T lymphocytes) mature.
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The secondary lymphatic organs are:

e The spleen, lymph nodes, and other organs containing lymphoid
tissue, such as the tonsils, Peyer patches, and the appendix. Blood is
cleansed of pathogens and debris in the spleen. Lymph is cleansed
of pathogens and debris in the nodes.

7.2 Innate Immune Defenses
Immunity involves innate and adaptive defenses. The innate defenses
include the following:

* Chemical barriers, such as lysozyme enzymes.

* Physical barriers to entry.

* The inflammatory response, which involves the action of
phagocytic neutrophils and macrophages. Chemicals such as
histamine and cytokines act as chemical signals.

* The complement system utilizes protective proteins and
interferons.

7.3 Adaptive Immune Defenses

Adaptive defenses require B cells and T cells, also called B lymphocytes
and T lymphocytes. The adaptive defenses respond to antigens, or for-
eign objects, in the body.

B Cells and Antibody-Mediated Immunity

* The clonal selection model explains how activated B cells undergo
clonal selection with production of plasma cells and memory B
cells, after their B-cell receptor (BCR) combines with a specific
antigen.

» Plasma cells secrete antibodies and eventually undergo apoptosis.
Plasma cells are responsible for antibody-mediated immunity.

* Most antibodies are Y-shaped molecules that have two binding sites
for a specific antigen.

* Memory B cells remain in the body and produce antibodies if the
same antigen enters the body at a later date.

* Monoclonal antibodies, produced by the same plasma cell,
have various functions, from detecting infections to treating
cancer.

T Cells and Cell-Mediated Immunity

e T cells possess a unique T-cell receptor (TCR). For a T cell to
recognize an antigen, the antigen must be presented by an antigen-
presenting cell (APC), such as a macrophage. Once digested within
a lysosome, the antigen is presented on the major
histocompatibility complex (MHC) of the cell. These MHC
proteins belong to a class of molecules called human leukocyte
antigens (HLAs).

e Activated T cells undergo clonal expansion until the illness has
been stemmed. Then, most of the activated T cells undergo
apoptosis. A few cells remain, however, as memory T cells.

* The two main types of T cells are cytotoxic T cells and helper T
cells.

» Cytotoxic T cells kill on contact virus-infected cells or cancer cells,
which bear nonself proteins. They are involved in the process of
cell-mediated immunity.

* Helper T cells produce cytokines and stimulate other immune
cells.

* Some activated T cells remain as memory T cells to combat future
infections by the same pathogen.
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7.4 Acquired Immunity

Active immunity can be induced by immunization using vaccines
when a person is well and in no immediate danger of contracting an
infectious disease. Active immunity depends on the presence of
memory cells in the body.

Passive immunity is needed when an individual is in immediate
danger of succumbing to an infectious disease. Passive immunity is
short-lived, because the antibodies are administered to—and not
made by—the individual.

Cytokines, including interleukins, are a form of passive immunity
used to treat AIDS and to promote the body’s ability to recover
from cancer.

7.5 Hypersensitivity Reactions

Allergies occur when the immune system reacts vigorously to
allergens, antigens that are not normally recognized as foreign.

Immediate allergic responses, usually consisting of coldlike
symptoms, are due to the activity of antibodies. One example is
anaphylactic shock.

Delayed allergic responses, such as contact dermatitis, are due to
the activity of T cells.

Tissue rejection occurs when the immune system recognizes a
tissue as foreign. Immunosuppressive drugs may inhibit tissue
rejection. Xenotransplantation is the use of animal tissue in place of
human tissue.

Immune deficiencies can be inherited or can be caused by infection,
chemical exposure, or radiation. One example is severe combined
immunodeficiency disease (SCID), in which adaptive responses
are inoperative.

Autoimmune diseases occur when the immune system reacts to tissues/
organs of the individual as if they were foreign. Examples are rheumatic
fever, rheumatoid arthritis, systemic lupus erythematosus (SLE),
myasthenia gravis, and multiple sclerosis (MS).

ASSESS

TESTING YOURSELF
Choose the best answer for each question.

71 The Lymphatic System

1.

3.

Which of the following is a function of the spleen?
a. produces T cells

b. removes worn-out red blood cells

¢. produces immunoglobulins

d. produces macrophages

e. regulates the immune system

. Which of the following is a function of the thymus?

a. production of red blood cells

b. secretion of antibodies

¢. production and maintenance of stem cells

d. site for the maturation of T lymphocytes

Which of the following is a function of the secondary lymphatic
organs?

a. transport of lymph

b. clonal selection of B cells

c¢. location where lymphocytes encounter antigens

d. All of these are correct.
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7.2 Innate Immune Defenses

. Which of the following is most directly responsible for the increase

in capillary permeability during the inflammatory reaction?
a. pain

b. white blood cells

c¢. histamine

d. tissue damage

. Which of the following is not a goal of the inflammatory reaction?

a. bring more oxygen to damaged tissues

b. decrease blood loss from a wound

c¢. decrease the number of white blood cells in the damaged tissues
d. prevent entry of pathogens into damaged tissues

. Which of the following is not correct concerning interferon?

a. Interferon is a protective protein.

b. Virus-infected cells produce interferon.

c¢. Interferon has no effect on viruses.

d. Interferon can be used to treat certain viral infections.

7.3 Adaptive Immune Defenses

10.

. The adaptive immune defenses respond to which of the following?

. specific antigens
. general pathogens

a
b
c¢. interferon
d. histamine
e

. All of these are correct.

. Which of the following does not pertain to B cells?

a. have passed through the thymus

b. have specific receptors

c¢. are responsible for antibody-mediated immunity
d. synthesize antibodies

. Which of the following characteristics pertains to T cells?

a. have specific receptors

b. are of more than one type

c¢. are responsible for cell-mediated immunity
d. stimulate antibody production by B cells

e. All of these are correct.

Human leukocyte antigens (HLAs) are involved in
a. cell-mediated immunity.

b. antibody-mediated immunity.

c¢. the inflammatory response.

d. complement.

e. All of these are correct.

7.4 Acquired Immunity

11.

12.

Which of the following does not occur during a secondary immune
response?
a. Antibodies are made quickly and in great amounts.
b. Antibody production lasts longer than in a primary response.
c. Clonal selection occurs for B cells.
d. All of these are correct.
Active immunity can be produced by
a. having a disease.
. receiving a vaccine.

b
c¢. receiving gamma globulin injections.
d. Both a and b are correct.

e

. Both b and c are correct.
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7.5 Hypersensitivity Reactions

13. A sudden drop in blood pressure in response to an antigen in the
body is a characteristic of which of the following?

. inflammatory response

. passive immunity

cell-mediated immunity

. anaphylactic shock

PR T

None of these are correct.
14. Which of the following conditions occurs when antibodies attack
the myelin sheath covering nerve fibers?
a. lupus
b. rheumatoid arthritis
¢. multiple sclerosis
d. myasthenia gravis

ENGAGE

THINKING CRITICALLY

An allergic response is an overreaction of the immune system in
response to an antigen. Such responses always require a prior exposure to
the antigen. The reaction can be immediate (within seconds to minutes)
or delayed (within hours). Insect venom reactions often involve the
development of hives and itching. Asthmalike symptoms include
shortness of breath and wheezing. Decreased blood pressure will
eventually cause loss of consciousness. This immediate, severe allergic
effect, called anaphylaxis, can be fatal if untreated. In addition to insect
venom, food allergens such as those in milk, peanut butter, and shellfish
may also elicit life-threatening symptoms. In these cases, IgE antibodies,
histamine, and other inflammatory chemicals are the culprits involved in
making the reaction so severe.

1. How are B cells involved in immediate allergic responses?

2. An allergist is a doctor who treats people with known allergies.
What type of treatments do you think are used? Why?

3. Why do you think certain allergens affect some people more than
others? Why are some people asymptomatic to a particular antigen,
whereas others are affected?

4. Think of an analogy (something you're already familiar with) for
the barrier defenses, such as your skin and mucous membranes.

5. Someone bitten by a poisonous snake should be given some
antivenom (antibodies) to prevent death. If the person is bitten by
the same type of snake 3 years after the initial bite, will he or she
have immunity to the venom, or should the person get another shot
of antivenom? Justify your response with an explanation of the type
of immunity someone gains from a shot of antibodies.
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CASE STUDY: THE WEST AFRICA
EBOLA OUTBREAK

n 2013 an outbreak of Ebola, one of the most feared viruses on the planet,

began in the West African nation of Guinea. It is believed that a one-year-
old boy contracted the disease while playing near a tree that housed a spe-
cies of bat that is known to carry the virus. By early 2014 the disease had
become widespread in the neighboring countries of Sierra Leone and Liberia,
with cases in Nigeria, Mali, and Senegal. According to the CDC, there have
been around 28,000 confirmed cases of Ebola in West Africa, and over
11,000 confirmed deaths. But most agencies believe that this is an underes-
timate and that the complete toll of this outbreak may never be known.

What makes Ebola so feared is that it belongs to a family of viruses that
cause hemorrhagic fever, a disease that targets several different cell types of
the body, including macrophages of the immune system, and the endothelial
cells in the circulatory system and liver. Ebola is frequently described as a
disease that causes widespread bleeding, but most deaths are due to fluid
loss, organ failure (such as liver failure), or an overall failure of the immune
system. Ebola is transmitted through direct contact with the body fluids of an
infected person.

Like many viruses, there are many misconceptions regarding the Ebola
virus. These include that the disease is airborne, that you can get the virus
from contact with cats and dogs, and that antibiotics are an effective treat-
ment. In fact, in many ways Ebola is similar to any virus—it must invade spe-
cific cells of the body in order to hijack the cell’s metabolic machinery to make
more copies of itself.

In this chapter, we will examine not only the interaction of viruses with
living organisms but also other members of the microbial world, such as bac-
teria and prions.

As you read through the chapter, think about the following questions:

1. How do viruses, such as Ebola, infect the cells of the body?
2. Is Ebola considered to be an emerging disease?
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CHAPTER CONCEPTS

841

8.2

8.3

8.4

Bacteria and Viruses
Bacteria and viruses are microbes that are
responsible for a variety of human diseases.

Infectious Diseases and Human Health
Epidemiology is the study of diseases in
populations. The terms epidemic and pandemic
are used to describe disease outbreaks.
HIV/AIDS, tuberculosis, malaria, and influenza
are examples of pandemic diseases.

Emerging Diseases

Emerging diseases include diseases that have
never before been seen, as well as those
previously recognized in a small number of
people in isolated settings. Diseases that have
been present throughout history, but not known
to be caused by a pathogen, are also considered
to be emerging diseases. Reemerging diseases
are previously known diseases undergoing
resurgence, often due to human carelessness.

Antibiotic Resistance

Misuse of antibiotics has resulted in the evolution
of antibiotic-resistant organisms. Some organisms
have developed multidrug resistances, and these
organisms are very difficult to treat.

BEFORE YOU BEGIN

Before beginning this chapter, take a few moments to
review the following discussions:

Section 1.1 What are the basic characteristics of living
organisms?

Section 7.4 What is the role of a T cell in the immune
response?

Section 7.5 How do immunizations protect an
individual against disease?

149
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8.1 Bacteria and Viruses

LEARNING OUTCOMES B |

Upon completion of this section, you should be able to

1. Distinguish between a prokaryotic and eukaryotic cell.
2. |dentify the structures of a prokaryotic cell.
3. Describe the structure of a general virus.

The term microbe applies to microscopic organisms, such as bac-
teria, viruses, and protists, that are widely distributed in the envi-
ronment. They may be found both on inanimate objects and on the
surfaces and interiors of plants and animals. While the term often
is associated with diseases, in fact many of the activities of mi-
crobes are useful to humans. We eat foods produced by bacteria,
and bacteria contribute to the production of yogurt, cheese, bread,
beer, wine, and many pickled foods. Drugs available through bio-
technology are produced by bacteria. Microbes help us in still an-
other way. Without the activity of decomposers, the biosphere
(including ourselves) would cease to exist. When a tree falls to the
forest floor, it eventually rots, because decomposers, including
bacteria and fungi, break down the remains of dead organisms to
inorganic nutrients. Plants need these inorganic nutrients to make
the many molecules that become food for us.

Despite all these benefits, certain bacteria and viruses are
known as pathogens, or disease-causing agents. In this chapter we
will focus on a few of the bacterial and viral pathogens that are
responsible for human disease.

Recall from Chapter 7 that we are not defenseless against
pathogens. Our body has multiple lines of defense against bacteria
and viruses. For example:

1. Barriers to entry, such as the skin and mucous membranes of
body cavities, prevent pathogens from gaining entrance into
the body.

2. First responders, such as the phagocytic white blood cells,
prevent an infection after an invasion has occurred due to a
pathogen getting past a barrier and into the body.

3. Acquired defenses overcome an infection by killing the
disease-causing agent that has entered the body. Acquired
defenses also protect us against cancer.

Bacteria

Bacteria are single-celled prokaryotes that do not have a nucleus.
Figure 8.1 illustrates the main features of bacterial anatomy and
shows the three common shapes: coccus (sphere-shaped), bacillus
(rod-shaped), and spirillum (curved, sometimes spiral-shaped).
All bacterial cells have a plasma membrane, which is a lipid
bilayer, similar to the plasma membrane in plant and animal cells.
Most bacterial cells are further protected by a cell wall that con-
tains the unique molecule peptidoglycan (a dissacharide with an
amino group). The “cillin” antibiotics, such as penicillin, interfere
with the production of the cell wall. The cell wall of some bacteria
is surrounded by a capsule that has a thick, gelatinous consistency.
Capsules often allow bacteria to stick to surfaces, such as teeth.
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Figure 8.1 Typical shapes of bacteria.

a. The structure of a typical bacterial cell. Bacteria occur in several
shapes. b. Staphylococcus aureus is a sphere-shaped bacterium that
causes toxic shock syndrome. c. Pseudomonas aeruginosa is a rod-
shaped bacterium that causes urinary tract infections. d. Campylobacter
jejuni'is a curve-shaped bacterium that causes food poisoning.

(b): © Dr. David M. Phillips/Science Source; (c): © Steve Gschmeissner/Science
Source; (d): © Dr. Gary D. Gaugler/Phototake

They also prevent phagocytic white blood cells from taking them
up and destroying them.

Bacteria can be classified by differences in their cell walls,
which are detected using a staining procedure devised more than
100 years ago by Hans Christian Gram. If you have a bacterial
infection, a common test that is performed by a lab is called a
Gram stain. Cell walls that have a thick layer of peptidoglycan
outside the plasma membrane stain purple with the Gram stain
procedure, and are called Gram-positive bacteria. If the peptido-
glycan layer is either thin or lacking altogether, the cells stain pink
and are considered Gram-negative. In addition to their plasma
membrane, Gram-negative bacteria have an outer membrane that



contains [lipopolysaccharide molecules. When these Gram-
negative cells are killed by your immune system, these molecules
are released, stimulating inflammation and fever. Knowledge of
the type of bacteria allows physicians to prescribe a more effective
antibiotic treatment.

Motile bacteria usually have long, very thin appendages called
flagella (sing., flagellum). The flagella rotate 360° and cause the
bacterium to move backward. Some bacteria have fimbriae, stiff
fibers that allow the bacteria to adhere to surfaces such as host
cells. Fimbriae allow a bacterium to cling to and gain access to the
body. In contrast, a pilus is an elongated, hollow appendage used
to transfer DNA from one cell to another. Genes that allow bacteria
to be resistant to antibiotics can be passed between bacterial cells
through a pilus by a process called conjugation.

Bacteria are independent cells capable of performing many
diverse functions. Their DNA is packaged in a chromosome that
occupies the center of the cell. Many bacteria also have small, cir-
cular pieces of DNA called plasmids. Genes that allow bacteria to
be resistant to antibiotics are often located in a plasmid. Abuse of
antibiotic therapy increases the number of resistant bacterial strains
that are difficult to kill, even with antibiotics. We will explore how
bacteria evolve resistance to antibiotics in Section 8.4.

Bacteria reproduce by a process called binary fission (Fig. 8.2).
The single, circular chromosome attached to the plasma membrane
is copied. Then the chromosomes are separated as the cell en-
larges. The newly formed plasma membrane and cell wall separate
the cell into two cells. Bacteria can reproduce rapidly under favor-
able conditions, with some species doubling their numbers every
20 minutes.

Strep throat, tuberculosis, gangrene, gonorrhea, and syphilis are
well-known bacterial diseases. Not only does growth of bacteria
cause disease, but some bacteria release molecules called toxins
that inhibit cellular metabolism. For example, it is important to
have a tetanus shot, because the bacterium that causes this disease,
Clostridium tetani, produces a toxin that prevents relaxation of
muscles. In time, the body contorts, because all the muscles have
contracted; if no medical treatment is available, suffocation can
occur.

Are antibacterial cleansers really effective?

Studies show that using antibacterial soap when washing your
hands is no more effective in preventing the spread of bacteria
than using pure soap and water. In some cases, the main ingredi-
ent in most antibacterial soaps, triclosan, may actually cause some
bacteria to become resistant to certain drugs, such as amoxicillin,
which is used to kill bacteria. Waterless hand sanitizers (which are
alcohol-based) are recommended for use in conjunction with, not
as a replacement for, regular hand washing. Furthermore, some
states are banning antibacterial soaps because of concerns over
chemicals entering the water supply. Proper hand washing and
sanitizing, when done often and properly, can prevent the spread
of colds, flus, and certain diarrhea disorders.
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nucleoid

Figure 8.2 Binary fission.

Bacteria reproduce by binary fission, resulting in two cells that are
identical to the original cell.

© CNRI/SPL/Science Source

Does refrigeration kill bacteria?

The answer is no. The speed at which bacteria reproduce de-
pends on a number of factors, including moisture in the environ-
ment and temperature. At the temperatures found in most
refrigerators and freezers, bacterial growth is slowed but the
bacteria are not killed. Once the temperature returns to a favor-
able level, the bacteria resume normal cell division. The only
way to kill most food-related bacteria is by using high tempera-
tures, such as those used in boiling or thorough cooking.

Viruses

Viruses bridge the gap between the living and the nonliving. Out-
side a host, viruses are essentially chemicals that can be stored on
a shelf. But when the opportunity arises, viruses replicate inside
cells, and during this period they clearly appear to be alive. While
scientists are still debating whether viruses should be considered
living, the fact is that they are acellular (not composed of cells),
and they lack the metabolic machinery needed to acquire and use
nutrients. Therefore, they lack the general characteristics of life
defined in Section 1.1.

The largest viruses are only about one-quarter the size of a
bacterium, about one-hundredth the size of a eukaryotic cell
(Fig. 8.3). However, most are much smaller and can be viewed
only using the most powerful microscopes.

A virus always has two parts: an outer capsid composed of
protein units and an inner core of nucleic acid (Fig. 8.4). A virus
carries the genetic information needed to reproduce itself. In con-
trast to cellular organisms, the viral genetic material need not be
double-stranded DNA, or even DNA. Some viruses, such as HIV
and influenza, have RNA as their genetic material. A virus may
also contain various enzymes that help it reproduce.



152 Unit 2 Maintenance of the Human Body

& x —— _/ :
Virus // / Prokaryotic — /

cell Eukaryotic cell

Figure 8.3 Comparative sizes of viruses, bacteria, and
eukaryotic cells.

Viruses are tiny, acellular particles, whereas bacteria are small,
independent cells. Eukaryotic cells are more complex and larger,
because they contain a nucleus and many organelles.

In effect, they are cellular parasites. Viruses are microscopic
pirates, commandeering the metabolic machinery of a host cell.
Viruses gain entry into and are specific to a particular host cell,
because portions of the virus are specific for a receptor on the host
cell’s outer surface. Once the virus is attached, the viral genetic mate-
rial (DNA or RNA) enters the cell. Inside the cell, the nucleic acid
codes for the protein units in the capsid. In addition, the virus may
have genes for special enzymes needed for the virus to reproduce and
exit from the host cell. In large measure, however, a virus relies on the
host’s enzymes and ribosomes for its own reproduction.

Viruses cause diseases such as colds, flu, measles, chicken-
pox, polio, rabies, AIDS, genital warts, and genital herpes. We will
take a closer look at some important viral pathogens in the follow-
ing sections of this chapter.

Prions

Prions, infectious particles made strictly of proteins, cause a group
of degenerative diseases of the nervous system, also called wasting
diseases. Originally thought to be viral diseases, Creutzfeldt-
Jakob disease (CJD) in humans, scrapie in sheep, and bovine
spongiform encephalopathy (BSE) in cattle, commonly called mad
cow disease, are all caused by prions. These infections are appar-
ently transmitted by ingestion of brain and nerve tissues from in-
fected animals. Prion proteins are believed to play the role of a
“housekeeper” in the brains of healthy individuals. However, in
some people, a rogue form of the prion protein folds into a new
shape and in the process loses its original function. The rogue pro-
tein is able to refold normal prion proteins into the new shape and
thus cause disease. Nervous tissue is lost, and calcified plaques
show up in the brain due to prion activity. The incidence of prion
diseases in humans is very low.
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Figure 8.4 Typical virus structures.

Despite their diversity, all viruses have an outer capsid, composed of
protein subunits, and a nucleic acid core, composed of either DNA or
RNA, but not both. a. Adenoviruses cause colds, and (b) influenza
viruses cause the flu.

(a): © Biophoto Associates/Science Source; (b): (photo): Source: Cynthia
Goldsmith/CDC



CHECK YOUR PROGRESS 8.

1. Distinguish between the structure of a bacterium, a
eukaryotic cell, and a virus.

2. Detail the structures in bacteria that can be associated
with virulence, the ability to cause disease.

3. Explain why viruses are considered cellular parasites.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussions:

Section 17.6 explains the link between bacteria and some
sexually transmitted diseases.

Section 20.2 examines how some viruses may cause cancer.
Section 23.1 explores the evolution of the first cells.

8.2 Infectious Diseases and
Human Health

LEARNING OUTCOMES

Upon completion of this section, you should be able to

1. Distinguish among an outbreak, an epidemic, and a
pandemic.

2. Describe the HIV life cycle.

3. Describe the causes of tuberculosis and malaria.

A infectious disease is classified as an epidemic if there are more
cases of the disease than expected in a certain area for a certain
period of time. The number of cases that constitute an epidemic
depends on what is expected. For example, a few cases of a very
rare disease may constitute an epidemic, whereas a larger number
of a very common disease may not. If the epidemic is confined to
a local area, it is usually called an outbreak. An example was the
2013-2014 Ebola outbreak in West Africa (Fig. 8.5).

Global epidemics are called pandemics. HIV/AIDS, tubercu-
losis, malaria, and influenza are all examples of current pandem-
ics. Organizations such as the Centers for Disease Control and
Prevention (CDC) and the WHO monitor and respond to the threats
of infectious diseases. These organizations are primarily responsi-
ble for determining whether an outbreak has reached epidemic or
pandemic levels. We will take a closer look at some of these dis-
eases in this section.

HIV/AIDS

Acquired immunodeficiency syndrome (AIDS) is caused by a
virus known as the human immunodeficiency virus (HIV).
There are two main types of HIV: HIV-1 and HIV-2. HIV-1 is the
more widespread, virulent form of HIV. Of the two types of HIV,
HIV-2 corresponds to a type of immunodeficiency virus found in
the green monkey, which lives in western Africa. In addition,
researchers have found a virus identical to HIV-1 in a subgroup of
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Figure 8.5 Ebola outbreak in West Africa.

The 2013-2014 Ebola outbreak was largely limited to the countries
shown here. Additional cases were reported in Nigeria and Senegal,
with very isolated cases occurring in Spain, the United States, the
United Kingdom, Mali, and Italy.

Source: Centers for Disease Control

chimpanzees once common in west-central Africa. Perhaps HIV
viruses were originally found only in nonhuman primates. They
could have mutated to HIV after humans ate nonhuman primates
for meat.

HIV can infect cells with particular surface receptors. Most
importantly, HIV infects and destroys cells of the immune system,
particularly helper T cells and macrophages. As the number of
helper T cells declines, the body’s ability to fight an infection also
declines. As a result, the person becomes ill with various diseases.
AIDS is the advanced stage of HIV infection, in which a person
develops one or more of a number of opportunistic infections. An
opportunistic infection is one that has the opportunity to occur
only because the immune system is severely weakened.

Origin of and Prevalence of HIV

It is generally accepted that HIV originated in Africa and then
spread to the United States and Europe by way of the Caribbean.
However, the exact dates of the first human cases of HIV are still
being investigated. Recent molecular analyses of the HIV virus
suggest that the virus may have first infected humans sometime
between 1884 and 1924. Direct evidence of HIV in humans has
been obtained from tissue and blood samples taken in the 1950s
and 1960s. HIV has been found in a preserved 1959 blood sample
taken from a man who lived in an African country now called the
Democratic Republic of the Congo. British scientists have been
able to show that AIDS came to their country perhaps as early as
1959. They examined the preserved tissues of a Manchester sea-
man who had died that year and concluded that he had most likely
died of AIDS. Similarly, it is thought that HIV entered the United
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States on numerous occasions as early as the 1950s. But the first
documented case is a 15-year-old male who died in Missouri in
1969, with skin lesions now known to be characteristic of an
AIDS-related cancer. Doctors froze some of his tissues because
they could not identify the cause of death. Researchers also want to
test the preserved tissue samples of a 49-year-old Haitian who died
in New York in 1959 of the type of pneumonia now known to be
AIDS-related.

Throughout the 1960s it was customary in the United States to
list leukemia as the cause of death in immunodeficient patients.
Most likely some of these people actually died of AIDS. HIV is not
extremely infectious, so it took several decades for the number of
AIDS cases to increase to the point that AIDS became recogniz-
able as a specific and separate disease. The name AIDS was coined
in 1982, and HIV was found to be the cause of AIDS in 1983-84.

Worldwide, estimates of HIV/AIDS infection rates and deaths
are updated every 2 to 3 years. As of 2014, an estimated 36.9 mil-
lion people were living with HIV infection (Table 8.1). Among the
2.0 million new HIV infections, nearly 11% are in people under the
age of 15. Although the number of deaths due to HIV/AIDS is
declining, in 2014 the disease still claimed 1.2 million lives, bring-
ing the total number of deaths attributed to HIV/AIDS to over
36 million. As of 2014, at least 0.8% of the adults in the world had
an HIV infection.

As we can deduce from studying Figure 8.5 and Table 8.1,
most people infected with HIV live in the developing (poor, low- to
middle-income) countries. The hardest-hit regions are shown in
Figure 8.6.

Adult prevalence (%)

[J Western Pacific: 0.1[0.1-0.1]

[] Eastern Mediterranean: 0.1[0.1-01]
[ South-East Asia: 0.3 [0.3-0.3]

[ Europe: 0.4 [0.4-0.5]

Il Americas: 0.5 [0.4-0.6]

Il Africa: 4.5 [4.3-4.8]

Figure 8.6 A global view of HIV infection.

Table 8.1 HIV Global Statistics, 2014
People Living New AIDS
with HIV Infections Deaths
Sub-Saharan Africa 25.8 million 1.4 million 790,000
Asia and the Pacific 5.0 million 340,000 240,000
Latin America 1.7 million 87,000 41,000
Caribbean 280,000 13,000 8,800
Western and Central
Europe and North
America 2.4 million 85,000 26,000
Eastern Europe and
Central Asia 1.5 million 140,000 62,000
North Africa and the
Middle East 240,000 22,000 12,000
Total 36.9 million 2.0 million 1.2 million

source: www.unaids.org

Phases of an HIV Infection

HIV occurs as several subtypes. HIV-1C is prominent in Affrica,
and HIV-1B causes most infections in the United States. The
following description of the phases of HIV infection pertains to an
HIV-1B infection. The helper T cells and macrophages infected by
HIV are called CD4 cells, because they display a molecule called
CD4 on their surface. With the destruction of CD4 cells, the

This map shows the prevalence of HIV infections in adults based on 2013 data.

Source: World Health Organizartion



immune system is significantly impaired. After all, macrophages
present the antigen to helper T cells. In turn, helper T lymphocytes
coordinate the immune response. B lymphocytes are stimulated to
produce antibodies, and cytotoxic T cells destroy cells infected
with a virus. In the United States, one of the most common causes
of AIDS deaths is Pneumocystis jiroveci pneumonia (PJP); in
Africa, tuberculosis kills more HIV-infected people than any other
AIDS-related illness.

In 1993 the CDC issued clinical guidelines for the classifica-
tion of HIV to help clinicians track the status, progression, and
phases of HIV infection. The classification of HIV infection will
be discussed in three categories (phases); the system is based on
two aspects of a person’s health—the CD4 T-cell count and the
history of AIDS-defining illnesses.

Category A: Acute Phase A person in category A typically
has no apparent symptoms (asymptomatic), is highly infectious,
and has a CD4 T-cell count that has never fallen below 500 cells
per cubic millimeter (cells/mm3) of blood, which is sufficient for
the immune system to function normally (Fig. 8.7). A normal CD4
T-cell count is at least 800 cells/mm’.

It is possible to track not only the blood level of CD4 T cells
but also the viral load. The viral load is the number of HIV parti-
cles in the blood. At the start of an HIV-1B infection, the virus
replicates ferociously, and the killing of CD4 T cells is evident
because the blood level of these cells drops dramatically. During
the first few weeks of infection, some people (1-2%) develop
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flulike symptoms (fever, chills, aches, swollen lymph nodes) that
may last an average of 2 weeks. After this, a person may remain
“symptom free” for years. At the beginning of this acute phase of
infection, an HIV antibody test is usually negative, because it gen-
erally takes an average of 25 days before there are detectable levels
of HIV antibodies in body fluids.

After a time the body responds to the infection with increased
activity of immune cells, and the HIV blood test becomes positive.
During this phase the number of CD4 T cells is greater than the
viral load (Fig. 8.7), but some investigators believe that an unseen
battle is going on. The body is staying ahead of the hordes of vi-
ruses entering the blood by producing as many as 1 to 2 billion
new helper T lymphocytes each day. This is called the “kitchen-
sink model” for CD4 T-cell loss. The sink’s faucet (production of
new CD4 T cells) and the sink’s drain (destruction of CD4 T cells)
are wide open. As long as the body can produce enough new CD4
T cells to keep pace with the destruction of these cells by HIV and
by cytotoxic T cells, the person has a healthy immune system that
can deal with the infection. In other words, a person in category A
has no history of the conditions listed in categories B and C.

Category B: Chronic Phase A person in category B has a CD4
T-cell count between 499 and 200 cells/mm’ and one or more of a
variety of symptoms related to an impaired immune system. The
symptoms include yeast infections of the mouth or vagina, cervical
dysplasia (precancerous abnormal growth), prolonged diarrhea,
thick sores on the tongue (hairy leukoplakia), and shingles (to list
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Figure 8.7 Stages of an HIV infection.

In category A individuals, the number of HIV particles in plasma rises on infection and then falls. The number of CD4 T lymphocytes falls but stays
above 500/mm?. In category B individuals, the number of HIV particles in plasma is slowly rising and the number of T lymphocytes is decreasing. In
category C individuals, the number of HIV particles in plasma rises dramatically as the number of T lymphocytes falls below 200/mm?.
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a few). Swollen lymph nodes, unexplained persistent or recurrent
fevers, fatigue, coughs, and diarrhea are often seen as well. During
this chronic stage of infection, the number of HIV particles is on
the rise (Fig. 8.7). However, the person does not as yet have any of
the conditions listed for category C.

Category C: AIDS A person in category C is diagnosed with
AIDS. When a person has AIDS, the CD4 T-cell count has fallen
below 200 cells/mm? or the person has developed one or more of
the 25 AIDS-defining illnesses (opportunistic infections) de-
scribed by the CDC'’s list of conditions in the 1993 AIDS surveil-
lance case definition. Persons with AIDS die from one or more
opportunistic diseases rather than from the HIV infection. Recall
that an opportunistic illness occurs only when the immune system
is weakened. These diseases include the following:

* Pneumocystis jiroveci pneumonia—a fungal infection of
the lungs

*  Mycobacterium tuberculosis—a bacterial infection usually of
lymph nodes or lungs but may be spread to other organs

» Toxoplasmic encephalitis—a protozoan parasitic infection,
often seen in the brains of AIDS patients

e Kaposi sarcoma—an unusual cancer of the blood vessels,
which gives rise to reddish-purple, coin-sized spots and
lesions on the skin

e Invasive cervical cancer—a cancer of the cervix, which
spreads to nearby tissues

Once one or more of these opportunistic infections have occurred,
the person will remain in category C. Newly developed drugs can
treat opportunistic diseases. Still, most AIDS patients are repeat-
edly hospitalized due to weight loss, constant fatigue, and multiple
infections. If untreated, death usually follows in 2 to 4 years.
Although there is still no cure for AIDS, many people with HIV
infection are living longer, healthier lives due to the expanding use
of antiretroviral therapy.

HIV Structure

HIV consists of two single strands of RNA (its nucleic acid
genome); various proteins; and an envelope, which it acquires
from its host cell (Fig. 8.8). The virus’s genetic material is protected
by a series of three protein coats: the nucleocapsid, capsid, and
matrix. Within the matrix are the following three very important
enzymes: reverse transcriptase, integrase, and protease:

* Reverse transcriptase catalyzes reverse transcription, the
conversion of the viral RNA to viral DNA.

» [ntegrase catalyzes the integration of viral DNA into the DNA
of the host cell.

* Protease catalyzes the breakdown of the newly synthesized
viral polypeptides into functional viral proteins.

Embedded in HIV’s envelope are protein spikes referred to as
gp120s. These spikes must be present for HIV to gain entry into its
target immune cells. The genome for HIV consists of RNA instead
of DNA, which classifies HIV as a retrovirus. A retrovirus must

envelope

protease

capsid

reverse matrix

transcriptase

Figure 8.8 The structure of the human immunodeficiency
virus.

HIV is composed of two strands of RNA, a capsid, and an envelope
containing spike proteins.

use reverse transcription to convert its RNA into viral DNA. Then
it can insert its genome into the host’s genome (DNA).

HIV Life Cycle

The events that occur in the reproductive cycle of an HIV virus
(Fig. 8.9) are as follows:

1. Attachment. During attachment, HIV binds to the plasma
membrane of its target cell. The spike located on the surface
of HIV, gp120, binds to a CD4 receptor on the surface of a
helper T cell or macrophage.

2. Fusion. After attachment occurs, HIV fuses with the plasma
membrane and the virus enters the cell.

3. Entry. During a process called uncoating, the capsid and pro-
tein coats are removed, releasing RNA and viral proteins into
the cytoplasm of the host cell.

4. Reverse transcription. This event in the reproductive cycle
is unique to retroviruses. During this phase, an enzyme
called reverse transcriptase catalyzes the conversion of
HIV’s single-stranded RNA into double-stranded viral
DNA. Usually in cells, DNA is transcribed into RNA. Ret-
roviruses can do the opposite only because they have a
unique enzyme from which they take their name (retro in
Latin means “reverse”).

5. Integration. The newly synthesized viral DNA, along with
the viral enzyme integrase, migrates into the nucleus of the
host cell. Then, with the help of integrase, the host cell’s
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Figure 8.9 HIV replication in a host cell.
HIV is a retrovirus that uses reverse transcription to produce viral DNA. The viral DNA integrates into the cell’s chromosomes, where it directs the
production of viral RNA. The viral RNA is used in the synthesis of new viruses.

DNA is spliced. Double-stranded viral DNA is then inte-
grated into the host cell’s DNA (chromosome). Once viral
DNA has integrated into the host cell’s DNA, HIV is re-
ferred to as a provirus, meaning it is now a part of the cell’s
genetic material. HIV is usually transmitted to another per-
son by means of cells that contain proviruses. Also, provi-
ruses serve as a latent reservoir for HIV during drug
treatment. Even if drug therapy results in an undetectable
viral load, investigators know that there are still proviruses
inside infected lymphocytes.

6. Biosynthesis and cleavage. When the provirus is activated,
perhaps by a new and different infection, the normal cell ma-
chinery directs the production of more viral RNA. Some of
this RNA becomes the genetic material for new viral particles.
The rest of the viral RNA brings about the synthesis of very
long polypeptides. These polypeptides have to be cut up into
smaller pieces. This cutting process, called cleavage, is cata-
lyzed by the HIV protease enzyme.

7. Assembly. Capsid proteins, viral enzymes, and RNA can now
be assembled to form new viral particles.

8. Budding. During budding, the virus gets its envelope and en-
velope marker coded for by the viral genetic material. The
envelope is actually host plasma membrane.
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; 8. Budding

The life cycle of an HIV virus includes transmission to a new
host. Body secretions, such as semen from an infected male, con-
tain proviruses inside CD4 T cells. When this semen is discharged
into the vagina, rectum, or mouth, infected CD4 T cells migrate
through the organ’s lining and enter the body. The receptive part-
ner in anal-rectal intercourse appears to be most at risk, because
the lining of the rectum is very thin, which provides the virus with
more rapid access to immune system cells. CD4 macrophages
present in tissues are believed to be the first infected when provi-
ruses enter the body. When these macrophages move to the lymph
nodes, HIV begins to infect CD4 T cells. HIV can hide out in local
lymph nodes for some time, but eventually the lymph nodes degen-
erate. Large numbers of HIV particles can then enter the blood-
stream. Now the viral load begins to increase; when it exceeds the
CD4 T-cell count, the individual progresses to the final phase of an
HIV infection.

Transmission and Prevention of HIV

HIV is transmitted by sexual contact with an infected person, in-
cluding vaginal or rectal intercourse and oral-genital contact. It
can also be transmitted through needle sharing among intravenous
drug users. A less common mode of transmission (and now rare in
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HIV Testing

Testing for the HIV virus generally involves two stages. First, an
individual or a physician may conduct an initial test to determine
whether an individual has been exposed to the HIV virus. These
tests are often followed by a more accurate, lab-based test to con-
firm the results.

There are generally two different types of HIV tests—those
that look for the immune system’s response to the virus (antibody
tests), and those that detect the presence of the actual virus (anti-
gen and RNA tests).

Initial Tests

The Food and Drug Administration (FDA) regulates the terminol-
ogy associated with at-home testing for diseases such as HIV/
AIDS. In general, the term test indicates that a sample (blood,
urine) is collected and then sent to a registered lab for analysis. A
“rapid test” is performed on-site by a registered health-care worker.
In a “home test,” the person purchasing the kit collects the samples,
performs the tests, and analyzes the results. For a home test, the
data are not necessarily verified by a registered health-care worker.
Although an Internet search and a visit to almost any drug-
store reveal a number of over-the-counter (OTC) home tests for
HIV, only two tests are currently approved by the FDA (Fig. 8A):

e Home Access HIV-1 Test System—samples blood.
¢ OraQuick In-Home HIV Test—samples oral fluid.

These tests may either use blood or oral fluid, but typically a
blood sample is preferred because antibodies may be detected in
the blood quicker than in oral fluid. Currently these tests may de-
tect the presence of the HIV virus between 3 and 12 weeks of
infection.

Follow-up Tests

These tests are generally performed to confirm a positive result in
one of the initial tests. They are always done by a registered lab.
Types of lab tests include:

countries where blood is screened for HIV) is through transfusions
of infected blood or blood-clotting factors. Babies born to HIV-
infected women may become infected before or during birth or
through breast-feeding after birth. From a global perspective, het-
erosexual sex is the main mode of HIV transmission. In some na-
tions, however, men who have sex with men, IV drug abusers, and
sex industry (prostitution) workers are the most common transmit-
ters of HIV. Differences in cultures, sexual practices, and belief
systems around the world influence the type of HIV prevention
strategies needed to fight the spread of the disease.

Blood, semen, vaginal fluid, and breast milk are the body flu-
ids known to have the highest concentrations of HIV. HIV is not
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Figure 8A A FDA-approved HIV home test.
© Kristoffer Tripplaar/Alamy

e Antibody differentiation tests. These distinguish between the
presence of the HIV-1 and HIV-2 viruses.

* Nucleic acid tests. Antigen tests that look for the presence of
the RNA associated with the HIV-1 virus

e Immunoassays. These are more accurate versions of the anti-
body tests.

As is always the case, it is highly recommended that you talk
with your physician regarding the results of any form of medical
test. For a current list of approved HIV tests, visit: http://www.cdc.
gov/hiv/testing/.

Questions to Consider

1. What are the dangers of a false-positive or a false-negative
result?

2. Why is it recommended that all tests have a follow-up diag-
nostic test using a blood sample?

transmitted through casual contact in the workplace, schools, or
social settings. Casual kissing, hugging, or shaking hands doesn’t
spread the virus. Likewise, you can’t be infected by touching toilet
seats, doorknobs, dishes, drinking glasses, food, or pets. The gen-
eral message of HIV prevention across the globe is abstinence, sex
with only one uninfected partner, or consistent use of a condom
during sexual encounters.

HIV Treatment

At one time, an HIV infection almost invariably led to AIDS and
an early death, because there were no drugs for controlling the
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The Challenges of Developing an AIDS Vaccine

An ideal AIDS vaccine would be inexpensive
and able to provide lifelong protection against
all strains of HIV (Fig. 8B). Is such a vaccine
possible? Effective vaccines have been devel-
oped against diseases such as hepatitis B,
smallpox, polio, tetanus, influenza, and the
measles. But what about AIDS? The top ob-
stacles in the development of an AIDS vac-
cine include the following:

1. The ideal AIDS vaccine would prevent
HIV entry into human cells and prevent
the progression and transmission of the
disease. However, no vaccine has ever

virus from entry into cells. Instead, most  3gainst HIV.

Figure 8B A preventive HIV
vaccine is not yet available.
Different strains of HIV and a high viral

‘ . mutation rate are just two of the reasons it > )
proved to be 100% effective at blockinga 45 peen difficult to develop a vaccine 111, the vaccine is tested 3 to 4 years in thou-
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7. HIV inserts its genetic material into hu-
man cells, where it can hide from the
immune system.

Although there are many difficulties in vac-
cine development, AIDS vaccine trials are
under way. The process can take many years.
After a vaccine has been tested in animals, it
must pass through three phases of clinical tri-
als before it is marketed or administered to
the public. In Phases I and II, the vaccine is
tested from 1 to 2 years in a small number of
HIV-uninfected volunteers. The most effec-
tive vaccines move into Phase III. In Phase

sands of HIV-uninfected people. A Phase III

vaccines prevent, modify, or weaken the @ production Perig/Shutterstock RF trial of the RV144 HIV vaccine was con-

disease caused by the infection.

2. Due to HIV’s high rate of mutation, there are several geneti-
cally different types and subtypes of HIV. HIV strains may
differ by 10% within one person and by 35% in people across
the globe. Viruses that are genetically different may have dif-
ferent surface proteins, and HIV surface proteins are the focus
of many AIDS vaccines. The question is, will scientists need a
vaccine for each HIV subtype, or will one vaccine provide
protection for all HIV variants?

3. If a vaccine produces only short-term protection, people
would need to continue to get booster shots similar to shots
given yearly for the flu.

4. There are concerns that an AIDS vaccine would make people
more vulnerable to HIV infection. It is believed that in some
diseases, such as yellow fever and Rift Valley fever, the anti-
bodies produced after receiving the vaccine helped the virus
infect more cells.

5. HIV can be transmitted as a free virus and in infected cells, so
perhaps a vaccine would need to stimulate both cellular and
antibody-mediated responses. This is complicated by the fact
that HIV infects and destroys immune cells, particularly T
cells. In addition, most successful vaccines stimulate only an-
tibody production.

6. Most vaccines in use today against other diseases are prepared
from live-attenuated (weakened) forms of the infectious virus.
There are concerns that an AIDS vaccine made using weak-
ened forms of the live virus will cause HIV disease (AIDS).

progression of HIV disease in infected people. But since late 1995,
scientists have gained a much better understanding of the structure
of HIV and its life cycle. Today, following a positive test for the
presence of HIV in the body (see the Health feature “HIV

ducted from 2003 to 2009 in Thailand and
involved over 16,000 volunteers. The vaccine was reported to re-
duce the rate of HIV infection by 32%. Although this is a much
lower percentage than will be needed for a vaccine to be considered
effective, most scientists have many reasons to be optimistic that an
AIDS vaccine can and will be developed. The RV 144 results, and
other successes with vaccinating monkeys, suggest that the re-
search is beginning to yield results. But the most compelling rea-
son for optimism is the human body’s ability to suppress the
infection. The immune system is able to successfully and effec-
tively decrease the HIV viral load in the body, helping delay the
onset of AIDS an average of 10 years in 60% of people who are
HIV-infected in the United States. Studies have shown that a small
number of people remain HIV-uninfected after repeated exposure
to the virus, and a few HIV-infected individuals maintain a healthy
immune system for over 15 years. These stories of the human
body’s ability to fight HIV infection keep scientists hopeful that
there is a way to help the body fight HIV infection. Most scientists
agree that—despite the obstacles or the setbacks—an AIDS vac-
cine is possible in our future.

Questions to Consider

1. Why might an HIV/AIDS vaccine give some people a false
sense of security?

2. What cultural factors may be inhibiting the development of a
vaccine?

Testing”), individuals usually immediately undergo antiviral

treatment.

There is no cure for AIDS, but a treatment called highly active
antiretroviral therapy (HAART) is usually able to stop HIV
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replication to such an extent that the viral load becomes undetect-
able. HAART uses a combination of drugs that interfere with the
life cycle of HIV. Entry inhibitors stop HIV from entering a cell.
The virus is prevented from binding to a receptor in the plasma
membrane. Reverse transcriptase inhibitors, such as zidovudine
(AZT), interfere with the operation of the reverse transcriptase
enzyme. Integrase inhibitors prevent HIV from inserting its ge-
netic material into that of the host cells. Protease inhibitors prevent
protease from cutting up newly created polypeptides. Assembly
and budding inhibitors are in the experimental stage, and none are
available as yet. Ideally, a drug combination will make the virus
less likely to replicate or successfully mutate. If reproduction can
be suppressed, viral resistance to this therapy will be less likely to
occur and the drugs won’t lose their effectiveness. However, inves-
tigators have found that when HAART is discontinued, the virus
rebounds.

Throughout the world, more than 9.7 million people in low-
and middle-income families are now receiving HIV treatment. In
2012 alone, 1.6 million people received HIV antiretroviral ther-
apy for the first time. This is largely due to programs such as the
President’s Emergency Plan for AIDS Relief, or PEPFAR, which
began as a commitment from the United States to provide $15
billion in antiretroviral drugs to resource-poor countries from
2003 to 2008. Since then the program has been continued and
expanded. Since 2002 there has been a 40-fold increase in the
number of people with access to antiretroviral treatment, yet de-
spite these global efforts only approximately 34% of the people
eligible globally were receiving treatment in 2013. A study pub-
lished in 2009 showed the PEPFAR program had cut AIDS death
rates by more than 10% in targeted countries in Africa, but that it
had no appreciable effect on the prevalence of the disease in
those nations.

An HIV-positive pregnant woman who takes reverse tran-
scriptase inhibitors during her pregnancy reduces the chances of
HIV transmission to her newborn. If possible, drug therapy
should be delayed until the tenth to twelfth week of pregnancy to
minimize any adverse effects of AZT on fetal development. If
treatment begins at this time and delivery is by cesarean section,
the chance of transmission from mother to infant is very slim
(about 1%).

While drug therapy may help control an HIV infection, it also
creates some dangers. Infected people may become lax in their ef-
forts to avoid infection, because they know that drug therapy is
available. Further, drug use leads to drug-resistant viruses. Even
now, some HIV viruses are known to have become drug resistant
when patients failed to adhere to their drug regimens.

HIV Vaccine The consensus is that control of the AIDS pan-
demic will not occur until there is a vaccine that prevents HIV
infection. Unfortunately, this would not be a cure. Instead, the
vaccine would be a preventive measure that helps people who
are not yet infected escape infection (preventive vaccine). Alter-
natively, a therapeutic vaccine could slow the progression of the
disease on future infection. Scientists have studied more than 50
different preventive vaccines and over 30 therapeutic vaccines.
A large-scale clinical trial (called RV144) of a preventive

vaccine concluded in 2009 in Thailand; though there is some
evidence that the vaccine may help reduce HIV infection rates,
researchers are still analyzing the data and working on follow-up
studies.

The success of RV144 has encouraged researchers in believ-
ing that a preventive vaccine may be developed in the near future.
A program called the HIV Vaccine Trials Network (HVTN) has
been created to coordinate and analyze the data from all of the ef-
forts currently under way to develop a vaccine. The Science feature
“The Challenges of Developing an AIDS Vaccine” reviews the
difficulties in developing an effective AIDS vaccine. This will
help you understand why we do not have an AIDS vaccine yet and,
indeed, why we may never have an ideal one.

Tuberculosis

In 1882 Robert Koch was the first to see the causative agent of tu-
berculosis (TB) with a microscope. At that time TB caused around
14% of deaths in Europe. The disease was called consumption, be-
cause it seemed to consume the patients from the inside until they
wasted away. In the 1940s, with the advent of effective antibiotics
to fight TB, it was thought that the disease could be eliminated.
However, control measures were not implemented consistently and
tuberculosis cases began to rise in the 1980s. It is estimated that
one-third of the world’s population has been exposed to TB. In
2014 approximately 9.6 million people were infected with TB, and
1.2 million died. HIV infections are a contributing factor to the
increase in TB cases. Tuberculosis is currently the number one
cause of death in AIDS patients.

Causative Agent and Transmission

Tuberculosis is caused by a species of rod-shaped bacterium called
Mycobacterium tuberculosis (Fig. 8.10). In nature it is a very slow-
growing bacterium. The cells have a thick, waxy coating and can
exist for weeks in a dehydrated state. The organism is spread by
airborne droplets, introduced into the air when an infected person
coughs, sings, or sneezes. The bacteria can float in the air for sev-
eral hours and still be infectious. The likelihood of infection in-
creases with the length and frequency of exposure to an individual
with active TB. This makes TB especially contagious on airplane
flights longer than 8 hours. It also makes the caregivers for those
with TB at risk.

Disease

The incubation period is 4 to 12 weeks, and the disease develops
very slowly. Once the bacteria reach the lungs, they are consumed
by macrophages. Other white blood cells rush to the infected area.
Together they wall off the original infection site, producing small,
hard nodules, or fubercles, in the lungs. It is these tubercles that
give the disease its name. In most patients the bacteria remain alive
within the tubercles but the disease does not progress. These
patients are said to have latent TB. They do not feel sick, and they
are not contagious. A person with latent TB will test positively on
a tuberculosis skin test. Tubercles often calcify and can be seen on
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Figure 8.10 The causative agent of tuberculosis.
Tuberculosis is caused by Mycobacterium tuberculosis, shown here
from a sputum sample.
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a chest X-ray (Fig. 8.11). The combination of skin testing and X-
ray findings confirms the diagnosis of tuberculosis.

If the immune system fails to control Mycobacterium tubercu-
losis in the lungs, active disease may occur. A person with active
disease is contagious. The tubercle liquefies and forms a cavity.
The bacteria can then spread from these cavities throughout the
body, especially to the kidneys, spine, and brain. It may be fatal.
Symptoms of active TB include a bad cough, chest pain, and

Figure 8.11 An X-ray of a TB-infected lung.

TB causes tubercles in the lungs. In the active state, these liquefy and
cavities are seen on an X-ray.
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Does the TB skin test expose you to tuberculosis?

The TB skin test does not expose you to the Mycobacterium
tuberculosis bacterium. Instead, in a lab, a small amount of puri-
fied protein derivative (called PPD) is obtained from strains of
the bacterium. When the PPD is injected under the skin, it acts
as an antigen to the immune system. If you have previously
been exposed to TB, the antibody-mediated response will in-
voke a reaction (swelling, hardness) against the PPD protein. A
medical professional familiar with your medical history then
measures the degree of the reaction to assess your exposure.
Because the PPD protein is derived from the bacterium, it is not
capable of causing the disease.

coughing up blood or sputum. As the disease progresses, symp-
toms include fatigue, loss of appetite, chills, fevers, and night
sweats. The patient begins to lose weight and wastes away.

Treatment and Prevention

Due to the resurgence of antibiotic-resistant strains, multiple anti-
TB drugs are given simultaneously for 12 to 24 months. The most
common drugs are isoniazid (INH), rifampin (RIF), ethambutol,
and pyrazinamide. Though it is unlikely that bacteria will develop
resistance to multiple drugs at the same time, there are several
drug-resistant forms of TB. Examples are multidrug-resistant TB
(MDR TB), which is resistant to both isoniazid and rifampin, and
extensively drug-resistant TB (XDR TB), a rare form of TB that is
resistant to isoniazid and rifampin, plus one additional antibiotic.
It takes at least 6 months to kill all the Mycobacterium tuberculosis
in the body, so the length of drug treatment is long.

Public health officials try to prevent the spread of TB by iden-
tifying and treating all cases of active TB. Active TB patients are
isolated for at least 2 weeks at the beginning of drug treatment
to prevent transmission. Thereafter, they are monitored for drug
compliance and reappearance of symptoms. Anyone exposed to
an active case of TB is treated.

Malaria

Malaria is called the world’s invisible pandemic. Most people in the
West do not even consider malaria a major health threat, yet in 2014
there were 198 million new cases, with over 584,000 deaths, mostly
in sub-Saharan Africa (Fig. 8.12). Key to the geographic distribu-
tion of malaria is transmission of the disease by a mosquito vector
that depends on temperature and rainfall and thus survives well in
tropical areas. A vector is a living organism—usually an insect or
animal—that transfers the pathogen from one host to another.

Causative Agent and Transmission

The parasites that cause malaria belong to the genus Plasmodium.
These are protists (see Fig. 1.6). There are four species that infect hu-
mans: P. malariae, P. falciparum, P. vivax, and P. ovale. P. falciparum
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Figure 812 Worldwide malaria cases.

This map indicates the areas where malaria is most prevalent based on data from 2013: World Health Organization, 2014.

Source: World Health Organization

causes more disease and death than the other species. The parasite
is spread by the female Anopheles gambiae mosquito. Half of the
life cycle occurs in the human, and the remainder happens in the
mosquito. As the female mosquito feeds on human blood, she in-
jects saliva containing an anticoagulant along with the parasite.
The parasites travel to the liver, where they undergo asexual repro-
duction. The parasites are released from the liver to infect more
liver cells and erythrocytes (red blood cells). Inside the erythro-
cyte, the Plasmodium enlarges and divides until it bursts the eryth-
rocyte. This red blood cell stage is cyclic and repeats every 48 to
72 hours. Some parasites within the erythrocytes don’t destroy
their host cells. Instead they develop into the sexual form of the
parasite. When these are ingested by another mosquito during a
blood meal, they develop into male and female gametes within the
gut of the mosquito. The gametes fuse, undergo mitosis, and form
the parasites that migrate to the salivary glands of the mosquito to
continue the cycle.

Disease

People at significant risk for malaria include those who have little
or no immunity to the parasite. Children, pregnant women, and
travelers are most likely to fall victim to the disease. Diagnosis of
malaria depends on the presence of parasites in the blood. The in-
cubation period from time of bite to onset of symptoms varies
from 7 to 30 days. The symptoms of malaria range from very mild
to fatal. Most infected people develop a flulike illness with chills
and fevers interrupted by sweating. These symptoms exhibit a cy-
clical pattern every 48 to 72 hours corresponding to bursting of the

red blood cells in the body. Milder cases of malaria are often con-
fused with influenza or a cold; therefore, treatment is delayed.
More severe cases cause severe anemia (due to destruction of red
blood cells), cerebral malaria, acute kidney failure, cardiovascular
collapse, shock, and death.

Treatment and Prevention

Malaria is a curable disease if it is diagnosed and treated cor-
rectly and quickly. A person exhibiting malaria symptoms should
be treated within 24 hours of onset. Common antimalarial drugs
include quinine and artesunate. Treatment helps reduce symp-
toms and breaks the transmission pattern for the disease. Anti-
malarial drugs can also be used prophylactically, or before
infection. They do not prevent the initial infection following the
mosquito bite. Instead, they prevent the development of the par-
asites in the blood.

Health organizations are working on the prevention of infec-
tion through vector control. Strategies include eliminating the
mosquito by removing its breeding sites and by insecticide fogging
of large areas. Additional efforts are aimed at preventing humans
from being bitten by the mosquito, using simple mosquito nets.
The use of insecticide-treated mosquito nets for children has re-
duced the incidence of malaria.

Drug-resistant Plasmodium and insecticide-resistant
Anopheles are becoming significant problems. P. falciparum
and P. vivax have developed strains that are resistant to the
antimalarial drugs. Efforts to develop a malaria vaccine are
ongoing.



Influenza

The common name for influenza is the flu, and each year it affects
5-20% of Americans and causes an estimated 36,000 fatalities.
Influenza is a viral infection that causes runny nose, cough, chills,
fever, head and body aches, and nausea. You can catch influenza
by inhaling virus-laden droplets that have been coughed or sneezed
into the air by an infected person, or by contact with contaminated
objects, such as door handles or bedding. The viruses then attach
to and infect cells of the respiratory tract.

Influenza Viruses

The influenza virus has an H (hemagglutinin) spike and an
N (neuraminidase) spike (Fig. 8.13a, left). Its H spike allows the
virus to bind to its receptor, and its N spike attacks host plasma
membranes in a way that allows mature viruses to exit the cell.
Both H spikes and N spikes have variations in their shapes: 16
types of H and 9 types of N spikes are known. Furthermore, each
type of spike can occur in different varieties called subtypes. Many
of the influenza viruses are assigned specific codes based on the
type of spike. For example, H5SN1 virus gets its name from its va-
riety of HS spikes and its variety of N1 spikes. Our immune system
can recognize only the particular variety of H spikes and N spikes
it has been exposed to in the past by infection or immunization.
When a new influenza virus arises, one for which there is little
or no immunity in the human population, a flu pandemic (global
outbreak) may occur.

Possible Bird Flu Pandemic of the Future

Currently the H5N1 subtype of influenza virus is of great concern
because of its potential to reach pandemic proportions. An H5N1
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is common in wild birds, such as waterfowl, and can readily infect
domestic poultry, such as chickens, which is why it is referred to as
an avian influenza or a bird flu. An H5N1 virus has infected water-
fowl for some time without causing serious illness. A more patho-
genic version of HSN1 appeared about a decade ago in China and
promptly started to cause widespread and severe illness in domes-
tic chickens. Scientists are still trying to determine what made
H5N1 become so lethal, first to chickens and then to humans.

Why can bird flu H5SN1 infect humans? Because the virus can
attach to both a bird flu receptor and a human flu receptor. Close
contact between domestic poultry and humans is necessary for this
to happen. At this time the virus has rarely been transmitted from
one human to another, and only among people who have close
contact with one another, such as members of the same household.
The concern is that with additional mutations, the HSN1 virus
could become capable of sustained human-to-human transmission,
and then spread around the world.

How could H5N1 become better at spreading within the hu-
man population? Currently bird flu HSN1 infects mostly the lungs.
Most human flu viruses infect the upper respiratory tract, trachea,
and bronchi and can be spread by coughing. If a spontaneous mu-
tation in the H spike of HSN1 enabled it to attack the upper respira-
tory tract, then it could be easily spread from human to human by
coughing and sneezing. Another possibility is that a combining of
spikes could occur in a person who was infected with both the bird
flu and the human flu viruses (Fig. 8.13b). According to the CDC,
over the past decade an increasing number of humans infected with
an H5N1 virus have been reported in Asia, the Pacific, the Near
East, Africa, and Europe. More than half of these people have died.
The good news is that the FDA has approved an H5N1 vaccine for
individuals between the ages of 18 and 64. Although additional

in host cell
b. Combination of viral genes occurs in human host.

Figure 8.13 The bird flu virus.

a. Genetic mutations in bird flu viral spikes could allow the virus to infect the human upper respiratory tract. b. Alternatively, a combination of bird flu
and human spikes could allow the virus to infect the human upper respiratory tract.
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mutations in the virus may reduce its overall effectiveness, the vac-
cine is believed to provide a good foundation of protection against
this form of influenza.

CHECK YOUR PROGRESS 8.2

1. Describe the differences among an outbreak, an
epidemic, and a pandemic, and give an example of each.

2. Summarize the HIV replication cycle, and list the types of
cells this virus infects.
3. Explain the role of the mosquito in the malarial life cycle.

4. Explain how variation may occur in influenza viruses such
as H5N1.

CONNECTING THE CONCEPTS

For more information on the topics presented in this section,
refer to the following discussions:

Section 6.2 examines the role of erythrocytes in the body.
Section 8.1 describes the structure of a typical virus.

Section 10.3 explores the structure of the lungs.

8.3 Emerging Diseases

LEARNING OUTCOMES B |

Upon completion of this section, you should be able to

1. Define the term emerging disease.
2. List some examples of emerging diseases.

An infectious disease may be classified as an emerging disease if it
is occurring for the first time in human populations, is rapidly in-
creasing in its incidence (or frequency) in humans, or is entering
into new geographic regions. Examples of emerging diseases are
avian influenza (H5N1) (see Section 8.2), swine flu (HIN1), and
Middle East respiratory syndrome (MERS). The National Institute
of Allergy and Infectious Diseases (NIAID) maintains a list of
pathogens that are considered to be, or have the potential to be,
emerging diseases. In addition, NIAID maintains a ongoing record
of reemerging diseases, or infectious diseases that have reappeared
after a significant decline in incidence. Streptococcus, the bacte-
rium that causes strep throat and other infections, is considered to
be a reemerging pathogen due to increasing resistance to antibiot-
ics. Finally, there are diseases that have been known throughout
human history but had not been known to be caused by an infec-
tious agent or the pathogen had never been identified. Ulcers
caused by Helicobacter pylori (recognized in 1983) are an example.

Where do emerging diseases come from? Some of these dis-
eases may result from new and/or increased exposure to animals or
insect populations that act as vectors for disease. Changes in hu-
man behavior and use of technology can result in new diseases.
SARS is thought to have arisen in Guandong, China, due to con-
sumption of civets, a type of exotic cat considered a delicacy. The
civets were possibly infected by exposure to horseshoe bats sold in
open markets. Legionnaires disease emerged in 1976 due to

contamination of a large air-conditioning system in a hotel. The
bacteria thrived in the cooling tower used as the water source for
the air-conditioning system. In addition, globalization results in
the worldwide transport of diseases that were previously restricted
to isolated communities. The first SARS cases were reported in
southern China the week of November 16, 2002. By the end of
February 2003, SARS had reached nine countries/provinces,
mostly through airline travel. Some pathogens mutate and change
hosts, jumping from birds to humans, for example. Before 1997,
avian flu was thought to affect only birds. A mutated strain jumped
to humans in the 1997 outbreak. To control that epidemic, officials
killed 1.5 million chickens to remove the source of the virus.

The virus that causes Middle East respiratory syndrome, or
MERS, is another example of an emerging virus that is causing
concern in the medical community. Like SARS, MERS is a coro-
navirus (MERS-CoV). These classes of viruses are known to cause
respiratory problems, including shortness of breath, coughing, and
fever. What makes MERS unique is the fact that it appears to be a
novel class of coronavirus that had not previously been detected in
humans.

The first case of MERS was reported in Saudi Arabia in 2012.
While the virus appeared to be confined to the Middle East for a
few years, it has made its way into some countries of Europe. The
first reported case of MERS in the United States occurred in 2014.
The source of the MERS virus is still being investigated. The virus
is known to also infect camels and some species of bats (Fig. 8.14).
However, the precise animal host is still unknown. Like other vi-
ruses, MERS can be transmitted between individuals by close con-
tact. Infection by the MERS virus may be very dangerous, with
complications such as pneumonia and kidney failure. Presently,
the mortality rate associated with MERS is around 30%.

NIAID, the WHO, and the CDC also monitor reemerging dis-
eases. Reemerging diseases have been known in the past but were
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