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We must not conceal from ourselves the fact that the causal investigation of the
organism is one of the most difficult, if not the most difficult problem which the
human intellect has attempted to solve, and that this investigation, like every causal
science, can never reach completeness, since every new cause ascertained only gives
rise to fresh questions concerning the cause of this cause.

—Wilhelm Roux (1894)

has been heard from many generations of stu-

dents: “The more we learn the less we seem to
know!” To be sure, many scientists would take issue with
the tone of this quotation. Although it is often true that
answering one question results in our posing two or three
new ones, it is also true that each question that science
is able to answer enriches our understanding of nature.
A scientist works with the inner belief that all knowledge
is worth having and therefore that the newer, deeper
questions that our studies raise will be that much more
profound and satisfying to answer.

Anatomy and physiology—fields devoted to the
structure and function of the systems of living organ-
isms—are excellent examples of the sources of Roux’s
complaint. Thousands of years ago, students of biology
recognized that it was appropriate to consider a living
organism as a number of systems that could be studied
separately. As time passed, the classic Roman and Greek
texts were updated by workers in the Middle Ages who
compared the writings of the ancients with what they
were able to discover on their own. With few exceptions,
however, it was impossible to discover a link between any
of these systems and the chemicals of which living things
are made.

m oux’s famous statement echoes a complaint that

Even so, there were hints of the processes at work
within the organism. The electrical activity of nerve and
muscle tissue, as well as the acids found in the digestive
system, suggested that basic principles of physics and
chemistry were at work within living organisms. Engi-
neers pointed out that hydraulics could be used to explain
the flow of fluid in the circulatory system, and, little by
little, the field of physiology evolved in an effort to link
each action of a particular system with a series of cellular
and molecular events.

Today, the science of physiology has fully developed
the connections with chemistry and physics that were only
suspected a century ago. Each of the chapters in this
volume explores one or more of the systems of the body.
Where appropriate, we will examine how similar systems
in other animals function and how each system has been
shaped by evolution. You may find that Wilhelm Roux’s
complaint is still quite valid today—that we have learned
a great deal only to confront new questions. But we believe
that you will also find that such questions have now
advanced to the point where our very ability to pose them
has made the last few years of the twentieth century a
very exciting time to be alive and a very exciting time to
study science.

< The dual role of the compound epinephrine, captured here in crystalline form,
symbolizes the complexity found in regulatory systems of humans and other
vertebrates. Epinephrine facilitates communication throughout the body, serving

as both a neurotransmitter and a hormone.



CHAPTER 1

MAINTAINING THE BALANCE

If you could somehow have watched these events from
the perspective of individual cells, you would have seen
dozens of remarkable acts of communication, coordina-
tion, and control among cells belonging to different tis-
sues. Those acts are neither more nor less remarkable
than similar phenomena that occur within your own body
or, for that matter, within the body of an ant.

The cells of every organism are at once independent
entities and interdependent parts of a larger whole. Each
and every cell, whether a nerve cell, a muscle cell, or a
skin cell, must respond to changes in its immediate envi-
ronment within the body. Each must successfully balance
the inputs and outputs on which its metabolic activity
depends. Yet despite cells’ individual requirements, they
must also function together as members of the greater
cellular community that is the entire organism.

One of the remarkable accomplishments of multicel-
lular organisms is the creation of an internal environ-
ment that is carefully controlled. Cells in the wildebeest’s
brain, for example, must be kept at constant tempera-
ture, supplied with energy in the form of glucose, bathed
in fluid with a constant concentration of water, and
cleansed of their waste products. Those conditions must
not change, regardless of droughts, floods, famines, heat
waves, or cold snaps. Failure at any of these tasks, even
for a few minutes, would lead to permanent injury or
death of the entire organism.

Maintaining constant internal conditions in the face
of rapidly changing external environments is no small
accomplishment. The major systems of the body must
rely on a foolproof system of checks and balances that
monitors and guides the activities of every cell.

Starting in this chapter, we will examine how the major
body systems of animals succeed at this daunting task.



We will begin here by providing a brief overview of the
tissues and major body systems of multicellular animals.
In volume 2 of this text (Chapters 2—5), we examine
some of the basic differences in structure and physiology
in the many diverse groups of the animal kingdom.
Although we will include a number of different species
in our treatment of animal physiology here, we will most
often focus on that species of particular interest to us,
Homo sapiens (Figure 1.1).

THE RANGE OF CELLS AND TISSUES

The Diversity of Cells

Humans begin life as a single cell, a zygote formed by
the fusion of sperm and egg. Over the course of a few
weeks, that single cell divides into thousands and ulti-
mately millions of cells in the developing embryo. The
embryo develops three cell layers (called germ layers),
the ectoderm, mesoderm, and endoderm, and from these
the rest of the body is produced. Gradually, the cells in
these three layers undergo a process called differentiation
(“becoming different”) in which they are transformed
into the astonishing variety of cells found in the adult.

Ectoderm develops into the cells of skin and the ner-
vous system.

Mesoderm develops into the cells of the organs found
in between ectoderm and endoderm, including mus-
cles, blood vessels, the reproductive tract, and the kid-
neys. The mesoderm also provides the outer layers of
the organs of the digestive and respiratory systems.

Endoderm produces the cells that form the lining of
the digestive and respiratory systems and the glands
(liver and pancreas) that are outgrowths of these
systems.

As different cell types are produced, they do not take up
random locations within the embryo. Rather, they become
organized into groups that perform specialized func-
tions. These groups of similar cells, which are called tis-
sues, are found throughout the body, and they represent
a basic level of organization just above the cell itself.

Traditionally, anatomists (biologists who study the
organization of the body) have divided tissues into four
types: epithelial, connective, nervous, and muscle. These
categories are based on the characteristics of the tissue
itself, not on the germ layer from which it was formed.
Within each of these four categories there is a great range
of diversity. Cells as diverse as blood cells and bone cells,
for example, are considered different types of connective
tissue.

Figure 1.1 A remarkable rendering of the human muscular sys-
tem, by Vesalius.

Epithelial Tissue

Epithelial tissues form surfaces around and within the
body and often act as barriers that divide the body into
distinct compartments. The most obvious epithelial tis-
sue is skin, which covers the body and serves as its first
line of defense against the outside world. Epithelial tis-
sues that are derived from endoderm form the linings
of the digestive and respiratory systems, while mesoderm
produces the epithelial tissues that cover body organs
and line body cavities and blood vessels. Secretory glands,

CHAPTER 1 Multicellular Organization and Homeostasis 3



simple

squamous
(lining of lung)

stratified squamous
(esophagus)

cuboidal
(kidney)

Figure 1.2 Epithelial tissues are found throughout the body.
They are placed into categories based on the structural organi-
zation of the cells of which they are made. Photomicrographs of
six major types of epithelial tissue. Clockwise (from the upper
left), simple squamous epithelium (from the lung), pseudostrati-
fied columnar epithelium (trachea), simple columnar epithelium
(stomach), stratified columnar epithelium (urethra), simple
cuboidal epithelium (from kidney), and stratified squamous epi-
thelium (esophagus).
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pseudostratified
ciliated columnar

(trachea)

columnar
(stomach, intestine)

stratified columnar
(urethra)

found in tissues derived from ectoderm, endoderm, and
mesoderm, are usually formed by invaginations (infold-
ings) of epithelial tissue.

Epithelial tissues are classified according to the shapes
of the cells that form them. Figure 1.2 shows examples
of squamous, cuboidal, and columnar epithelia. A simple
epithelium consists of a single layer of cells; a stratified
epithelium consists of two or more layers of cells. Pseu-
dostratified epithelium appears to have layers of cells,
yet all the cells actually touch a basement membrane.

Cell junctions In order for tissues to form, the cells that
compose them must be held together by some means.
The cells of many tissues gnust also have some means of
communication with the cells adjacent to them. Cell




tight junction

junctions, specific attachments between adjacent cells,
perform these tasks. Junctions are found in many non-
epithelial tissues as well, and they can be grouped into
three general types (Figure 1.3).

Tight junctions seal off the external space between
two cells, preventing material from leaking between them.
Tight junctions are particularly important in epithelia
that line fluid-filled cavities, because they prevent the
movement of fluid between cells. Tight junctions between
cells of the intestine keep its contents from leaking across
the intestinal wall into body cavities.

Gap junctions provide a means of intercellular com-
munication. Gap junctions are small, pore-like protein
channels that connect the cytoplasm of one cell to that
of its neighbor. Compounds such as salts, sugars, and ions
have been shown to pass from one cell to the next through
gap junctions. They also allow electrical signals and
metabolites to pass between cells, enabling groups of cells
to function as a coordinated unit such as heart muscle.

gap junction

desmosome

Figure 1.3 Diagrammatic representations of three major types
of cell junctions in a simple epithelium. Tight junctions block the
passage of materials in the extracellular space between cells, gap
junctions form tiny, regulated channels through which small
molecules may pass from cell to cell, and desmosomes provide
for strong mechanical attachment between adjacent cells. The
three major types of cell junctions are shown in the electron
micrographs. Tight junctions (left) consist of a web-like series of
sealing elements between the membranes of two adjacent cells.
Several hundred gap junctions (center) are seen as a cluster of
small particles in the center of this micrograph. Each particle is
an individual connecting unit which allows material to pass from
one cell to the next. A single desmosome (right) consists of
extracellular attachments and thickened cell membrane regions
anchored to filaments in the cytoskeleton.

CHAPTER 1 Multicellular Organization and Homeostasis 5



bundle

Figure 1.4 Loose connective tissue (left) consists of fibroblasts in a matrix of elastic
fibers and tough bundles of collagen. Fibroblasts help to produce this matrix, and are
embedded in it. Photomicrograph of fibroblasts (right) in the collagen-rich connective

tissue just beneath the human scalp.

Recent studies have shown that gap junctions are quite
sophisticated: they may open or close in response to cer-
tain cellular signals, including calcium ion and hydrogen
ion (pH) concentration. Gap junctions between the con-
tractile cells of the heart are the principal reason why the
heart muscle is capable of contracting as a single unit.

Adhering junctions, which are also known as des-
mosomes, are strong mechanical attachments between
adjacent cells. These junctions do not block the move-
ment of material between cells. Desmosomes are attached
to the cytoskeleton of each cell involved in the junction,
and this enables the junction to act almost as a “spot
weld”—a point at which two cells are cemented together.
Desmosomes are particularly common in tissues that are
subject to mechanical stress, such as skin, where they
prevent the tissues from breaking apart.

Connective Tissue

Connective tissue gets its name from the fact that it makes
up the basic support structures of the body; it connects
the body’s other tissues in a manageable framework. If
you place your hand around your upper arm as you flex
your elbow, you will feel many of the basic types of con-
nective tissues: bones, ligaments, and tendons.

One of the distinguishing characteristics of this tissue
is the fact that cells of connective tissues generally pro-
duce an extracellular matrix, a layer of material that
surrounds the cells. The extracellular matrix may be lig-
uid or solid, loose or dense, flexible or rigid. The unique
characteristics of the different types of extracellular ma-
trices are often responsible for the different properties
that we associate with various types of connective tissues.

6 VOLUME 4 Animal Systems

Supporting tissue One fundamental role of connective
tissue is providing mechanical support. Loose connec-
tive tissue surrounds major organs, blood vessels, and
epithelial tissues. The support provided by its loose matrix
of fibrous proteins is indispensable in forming the struc-
ture of an organism. In loose connective tissue the most
common cell type is the fibroblast (Figure 1.4). The
fibroblast produces fiber-like proteins that are woven into
a complex extracellular bundle. The most important of
these proteins, collagen, forms large, tough fibers that
are found throughout the body. It is the single most
abundant protein in the vertebrate body. In some tissues,
the layers of collagen are denser and form the basis for
connections between muscles and bones and other points
subjected to mechanical stress.

Adipose tissue, or fat, is another type of connective
tissue widely distributed throughout the body. Each fat
cell contains a single large droplet of fat stored for pos-
sible future use (Figure 1.5).

Figure 1.5 Adipose tissue is a form of connective tissue.




(ground substance)

chondrocytes
in lacunae

Figure 1.6 Cartilage is produced by chondrocytes, which
secrete a tough, flexible extracellular matrix around spaces called
lacunae (“'holes") in which the chondrocytes remain. The pho-
tomicrograph of cartilage shows clusters of chondrocytes con-
fined to isolated lacunae within the tissue matrix.

Cartilage is a form of connective tissue in which an
extremely dense matrix containing collagen fibers is laid
down in precise orientation (Figure 1.6). Later in devel-
opment, elastic fibers are laid down with the collagen,
and the result is a tough, resilient, springy tissue that can
support great weight and still remain flexible. In some
vertebrates, notably sharks and rays, the entire skeleton
is made of cartilage. In adult humans, cartilage is found
at the endpoints of many bones, in the knee, and in flex-
ible structures such as the ear and the tip of the nose.

Bones are strong and rigid, and they provide support
and protection for the vertebrate body and its organs.
Bone is produced by cells that first lay down a matrix of
cartilage and then gradually mineralize that matrix by fill-
ing it with crystals of calctum phosphate and calcium
carbonate. Bone is not a solid matrix, however; it is pen-
etrated by thousands of tiny microscopic canals through
which blood vessels flow. The cells that produce the matrix
remain alive and active within it, constantly dissolving
old matrix and laying down new matrix. This activity
enables broken bones to heal rapidly (Figure 1.7).

The inner portion of most large bones, the bone mar-
row, is the principal blood-forming tissue of the body.
Most of the cellular components of the circulatory system
are produced in bone marrow.

L osteocyte
in lacuna

- lacuna

I — outer membrane

— blood vessel
spongy
bone
(outer layer
of marrow)
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(contains blood

L , | vessels)
compact bone

Figure 1.7 Bone is produced by bone cells called osteocytes,
which surround their lacunae with a dense, calcium-rich matrix.
In spongy bone, the organization of the matrix is loose and
open. In compact bone, the tight matrix is penetrated by a series
of microscopic canals through which blood vessels and nerves
are able to reach the osteocytes. The photomicrograph of
human compact bone clearly shows the system of microscopic
canals which bring nutrients to osteocytes. It is important to
remember that bone is a living tissue, filled with cells that carry
on an active metabolism.
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