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Preface to the First English Edition

The first German edition of this book, which was later lovingly known as
“The Faller,” published in 1966. At this time nobody could ever have
imagined that “The Human Body,” written by Swiss anatomist Adolf Fal-
ler, would remain uniquely successful for almost 40 years. Thirteen Ger-
man editions and several editions in other languages speak for them-
selves. Fifteen years after Faller’s death, the thoroughly and extensively
revised 13th German edition published. The current English edition is
based upon this German edition.

The new version contains almost 200 more pages than the original. In
addition, more than 50 new illustrations have been added to facilitate an
easier approach to sometimes difficult information. Where necessary,
entire chapters have been rewritten to cover the latest developments in
human biology and medicine. All these changes have been made with
the reader in mind. In fact, many of the changes were suggestions from
the readers which we have happily incorporated. These include a brief
summary at the end of each chapter, a fold-out depicting the complete
human skeleton, and a table of contents at the beginning of each chapter.
We therefore thank our readers for their many helpful suggestions and
hope that readers of the English edition will follow suit.

Many thanks go to our translator Oliver French MD, who not only
skilfully translated the text but also adapted it to American medical
practice. Due to his expertise this book is far more than a simple transla-
tion of a German textbook; it has really become an international text-
book in its own right. Many helpful suggestions from Ethan Taub MD, a
New York-trained neurosurgeon, were also incorporated into the text.

Preparing this English edition was a rewarding experience and we
hope that the reader will share our enthusiam when studying the fasci-
nating fabric of the human body. This work has been made particularly
enjoyable by the help of the experienced Thieme staff. We would like to
express our appreciation to Ms G Kuhn, Mr R Zepf, and Dr C Bergman. Mr
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Markus Voll professionally and skillfully prepared all the new illustra-
tions. Many thanks to them all!

Finally a note on the chapter Evolution. We are aware that many
American educational institutions do not teach the theory of evolution
and many Americans believe in creationism. However, the theory of evo-
lution is widely accepted in Europe and its application forms the basis of
many observations on which medical practice is founded. Its inclusion in
this text should therefore not be regarded as “Weltanschauung” but as a
rather neutral statement about current biological theory.

Kiel, Spring 2004 Gabriele and Michael Schiinke
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@ 2 1 Biology of the Cell

® Introduction

The basic building block of the human body as well as of all animals and
plants is the cell. It is the smallest independent living entity and can live
independently as a single-celled (unicellular) organism (e. g., flagellates,
amebas). In multicellular organisms (metazoa) the cells organize in large
units and become functional entities within an overarching framework.
In unicellular organisms, such as bacteria and fungi, all the cells exhibit
an identical basic structure. Multicellular organisms, such as plants, ani-
mals, and humans, also exhibit a fundamentally uniform organization.
Here, however, there are great differences in the variety of tasks, and
each type of cell specializes in the execution of a specific task within the
organism. For instance, red blood cells (erythrocytes) transport oxygen,
while other cells serve as conduits for stimuli (nerve cells) or serve re-
production (germ cells).

The actions of each individual cell in an organism depend on specific
genetic information. In the cell this information is stored in certain sec-
tions of the substance termed deoxyribonucleic acid (DNA) in the genes. It
consists of programs to direct cell reproduction as well as the synthesis
of proteins. Both functions are essential to ensure that a fertilized ovum
can develop into a multicellular organism and that cells differentiated in
various ways, such as brain, lung, muscle, or liver cells, can develop from
common precursor cells.

B Number, Size, Shape, and Properties of Cells

Number, Size, and Shape

The human body is composed of roughly 75 x 1012 cells (= 75000 billion
cells), of which as many as 25 x 1012 (25000 billion) occur as erythro-
cytes in the blood and which therefore constitute the commonest type of
cell. Of the remaining cells, 100 x 109 (= 100 billion) are part of the
nervous system. Since the number of cells is so great, each individual
building block must be microscopically small. The size of each cell varies
in the human body between 5pum (e. g., single connective tissue cells)
and 150 pm (the ovum of the female). When cell processes are included,
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Number, Size, Shape, and Properties of Cells 3 @

however, some cells can reach considerable lengths; for example, nerve
cells that run from the brain to the spinal cord attain lengths of up to 1 m.
The shapes of the various cells also vary considerably. Ova are round,
connective tissue cells form processes, and other cells are spindle-
shaped (muscle cells), flat, cuboid, or highly prismatic (epithelial cells).
Size and shape are often closely linked to a cell’s specific properties.

Properties

All cells have a number of basic properties in common, even if they are
differentiated to carry out specific tasks.

m Metabolism and the Generation of Energy. Every cell possesses a me-
tabolism, by which absorbed substances are changed into compounds
that serve the organization of the cell and are discharged in the form of
end products. Therefore, in order to maintain the normal functions nec-
essary for life, cells require nutrients from which they acquire the energy
for their tasks. The chemical processes that take place during the trans-
formation of nutrients (fats, proteins, and carbohydrates) to generate
energy are basically the same in all cells, as also is the release of end pro-
ducts into the fluids surrounding the cells.

m Reproduction and Life Expectancy. With few exceptions, almost all
cells have the capacity to reproduce themselves by dividing. This prop-
erty is often retained throughout life and is the prerequisite for the re-
placement of dead cells and the regeneration (restoration) of tissues and
organs after injury. The human bone marrow, for instance, creates about
160 million red blood cells per minute, and in the male the testes create
about 85 million sperm cells daily. Another instance of a high rate of cell
division is given by the cells of the mucous membrane of the small in-
testine, which have an average life expectancy of only a few days (30-
100 hours). Yet other cells divide only in certain phases of development
and subsequently survive for life, e. g., nerve and muscle cells.

m Sensitivity to Stimulation and Response to Stimulation. Almost all
cells are connected to their immediate environment by specific struc-
tures on their surfaces (e. g., receptors) and can sense, evaluate, and re-
spond to distinct stimuli.

Faller, The Human Body © 2004 Thieme
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@ 4 1 Biology of the Cell

Besides these basic properties, certain cells possess specific proper-
ties. These may include mobility (e. g., histiocytes in connective tissue;
male sperm in the female genital tract), the assimilation and elimination
of substances (e. g., assimilation of cell debris by defense cells; secretion
by glandular cells), or the development of specific surface differentiations
(e.g., cilia on the mucous membrane cells of the respiratory tract; brush
border of the mucous membrane cells of the small intestine).

m Structure of the Cell and Cell Organelles
Basic Structure

Examination of a cell by light microscopy shows a fluid cell body (cyto-
plasm), a cell nucleus and the surrounding cell membrane
(plasmalemma) (Fig. 1.1). The cytoplasm contains a number of highly
organized small bodies, called cell organelles, that can often only be
seen by electron microscopy. It also contains certain supportive struc-
tures (parts of the cytoskeleton) and numerous cell inclusions (e. g., me-
tabolic substrates and end products).

Cell Membrane

The surrounding cell membrane (plasmalemma) contains the fluid cell
body (protoplasm). An electron-microscopic section demonstrates a
three-layered structure (Fig. 1.2): this includes a double layer of lipids in
which two layers of lipid molecules (phospholipids, cholesterol), are ar-
ranged so that their lipid-soluble parts (fatty acids) oppose each other
(light middle line) while the water-soluble ends form the outer and
inner boundaries of the cell membrane (dark outer and inner lines). The
double lipid layer is infiltrated with proteins in a more or less mosaic-
like fashion. These protein molecules have multiple functions. They may
form pores that serve the transmission of water and salts, or they may
take part in regulatory functions as receptor proteins. The membrane
proteins abutting on the outer side of the cell, and in part the water-
soluble ends of the phospholipids, are covered with a thin film of sugar
molecules (carbohydrates). This film is called the glycocalyx. The chemi-
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Fig. 1.1 Simplified image of a cell representing electron-microscopic findings (see
also Fig. 1.7)

cal structure of the glycocalyx is laid down genetically and it is specific
for each cell. By this structure cells can “recognize” each other as self and
non-self (see Chapter 6: The Immune System, Specific Immunity).

This so-called elementary membrane has a thickness of 7.5 nm (1 um
= 1000 nm) and forms a barrier between the cell interior and the extra-
cellular space. The cell organelles are also surrounded by elementary

membranes.
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@ 6 1 Biology of the Cell

Outer side of the cell membrane Sugar-containing
glycocalyx

%(Jo;g ﬁ/ % Water-soluble

LD %:::zr:;:“
T T S T

Proteln
Inner side of the cell membrane molecules

Fig. 1.2 Schematic cross-section of a cell membrane. The three-layered structure seen
in the electron-microscopic image is produced by the two water-soluble inner and outer
components of the double lipid layer, and the fat soluble components between them.
(After Leonhardt)

Cytoplasm and Cell Organelles

The cytoplasm surrounds the cell nucleus. It is composed of the hyalo-
plasm or cytosol (intracellular fluid), the cell organelles that perform cer-
tain cellular functions, and various cell inclusions, the metaplasm (me-
tabolic products of the cell). The intracellular fluid consists of an aqueous
saline solution and proteins (microtubules, microfilaments, interme-
diate filaments) that determine the shape and mechanical solidity of the
cell (the so-called cytoskeleton). The organelles vary in number accord-
ing to the type and function of the cell containing them. The following
essential cell organelles may be differentiated:

Endoplasmic reticulum
Ribosomes

Golgi apparatus
Lysosomes

Centrioles
Mitochondria

Faller, The Human Body © 2004 Thieme
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Structure of the Cell and Cell Organelles 7 @

Endoplasmic Reticulum (ER)

The endoplasmic reticulum (Fig. 1.1) criss-crosses the cytoplasm in the
form of tubular and vesicular structures surrounded by elementary
membranes. It subdivides the interior of the cell into compartments and
facilitates the intracellular transport of substances along its channels. Its
large surface makes possible the rapid completion of specific metabolic
processes (e.g., the synthesis of proteins and lipids) and serves as a
depot for membranes, i.e., it originates other membranes. In many places
the endoplasmic reticulum is dotted with small granular structures, the
ribosomes (granular ER), that serve especially for the synthesis of pro-
teins (see below). Granular endoplasmic reticulum is especially promi-
nent in cells such as those of the pancreas. The endoplasmic reticulum is
called smooth ER when ribosomes are absent, predominating especially
in hormone-secreting cells. All cells except red blood cells contain endo-
plasmic reticulum.

Ribosomes

Ribosomes (Fig. 1.1) serve protein synthesis (see also The Cell Nucleus,
Protein Synthesis below) and occur either separately in the form of free
ribosomes or in combination with endoplasmic reticulum (granular ER).
They are not surrounded by elementary membrane. In the granular ER
they are responsible for the production of exported proteins (e. g., glan-
dular secretions), whereas free ribosomes produce intracellular proteins
(e. g., enzymes, structural proteins). Ribosomes contain complexes made
up of several enzymes consisting of proteins and RNA molecules (ribo-
somal RNA, rRNA). These create the amino acid chains for protein syn-
thesis. rRNA is also a structural element of ribosomes.

Golgi Apparatus

The Golgi apparatus (Fig. 1.1) is composed of several Golgi bodies and
also represents a system of internal channels taking part in the ingestion
and excretion of substances in the form of membrane-bounded secretory
vesicles. Lysosomes are also formed by this mechanism. The Golgi bodies
have one side for uptake and one for discharge. Precursors of protein
secretions migrate from the granular endoplasmic reticulum to the in-
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@ 8 1 Biology of the Cell

take side of the Golgi body, where they are loaded into transport vesicles
and flushed out of the cell through the discharge side. During this
process, the membrane of the vesicle fuses with the cell membrane.
Hence the renewal of the cell membrane is an important task of the Golgi
apparatus.

Lysosomes

The more or less spherical lysosomes (Fig. 1.1) are the digestive organs of
the cell. They contain large quantities of enzymes, especially acid hy-
drolases and phosphatases, with the aid of which they can degrade in-
gested foreign material or the cell’s own decaying organelles and return
them in the form of metabolites for cellular metabolism (recycling). The
lysosome’s membrane protects intact cells from uncontrolled activity of
the lysosomal enzymes. In damaged cells, the liberated enzymes can
contribute to tissue autolysis (e. g., in purulent abscesses).

Centrioles

Centrioles (Fig.1.1) are hollow, open-ended cylinders. Their walls are
composed of microtubules, which are rigid, filamentous proteins. Centri-
oles play a major role in cell division, when they build threadlike spindle
structures that are connected with the movement of the chromosomes.
Evidently this process determines the polarity of the cell for the direc-
tion of a cell division.

Mitochondria

Mitochondria (Fig. 1.1) are small filiform structures, 2-6 pm long that are
present in varying numbers (a few to more than a thousand) in all cells
with the exception of red blood corpuscles. Their walls consist of an
inner and an outer elementary membrane. The inner has multiple folds,
and so possesses a large surface area. Mitochondria are the “power
plants” of the cell, as they provide the energy necessary for all metabolic
processes in the form of a universal biological fuel, adenosine tri-
phosphate (ATP). The manufacture of ATP from the three basic materials—
proteins, fats, and carbohydrates—takes place almost exclusively in the
mitochondria (Fig. 1.3), where the energy liberated as part of a process of
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Energy Sites of energy Form of energy Work to be
received tranformation transmitted performed
(chemical (chemical energy)
energy
contained in
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Carbo]l:yd- Enzymes in Muscular
rates, fats, cytoplasm movement
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Molecular
Mitochondria ——— ATP —————>| transport
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0 components
21 CO,, Hy0 (biosynthesis)
ADP + (P)

Fig. 1.3 Schematic representation of the energy transformation processes in a cell.
(After Beske)

ATP  adenosine triphosphate CO,  carbon dioxide
ADP  adenosine diphosphate 0, oxygen
P phosphate H,O  water

oxidative combustion (mitochondrial respiratory sequence) is not dissi-
pated as heat but is stored in the form of high-energy compounds (ATP).

ATP consists of three chemical substances linked to each other by
high-energy bonds: a nitrogen-containing adenine, the sugar ribose, and
three phosphate molecules (adenosine triphosphate). When one
phosphate molecule is split off, energy is liberated and ATP becomes ADP
(adenosine diphosphate), which, with added energy, can revert to ade-
nosine triphosphate in the mitochondria.

From the mitochondria, ATP reaches the sites in the cell where
energy is utilized. It is needed among other uses for the transport of
materials through the cell membrane, for the synthesis of proteins and
other cell components, and for muscle movement (contraction).
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@ 10 1 Biology of the Cell

The Cell Nucleus

Every cell with the exception of red blood cells has a nucleus (Fig. 1.1).
However, there are cells with two nuclei (some liver cells) or greater
numbers of nuclei, e.g., osteoclasts in bony tissue (5-20 nuclei) or
skeletal muscle cells (more than 1000 nuclei). Cells without nuclei can
no longer divide. The nuclei are separated from the surrounding cyto-
plasm by two elementary membranes (nuclear membranes, nuclear en-
velope) but are connected to the endoplasmic reticulum by so-called nu-
clear pores. The nucleus usually contains a clearly defined round struc-
ture, the nucleolus. Its task is the production of ribosomal RNA (rRNA)
(see Fig. 1.7). It is therefore inconspicuous in inactive cells, but is well-
defined in metabolically active cells with increased protein synthesis.
Multiple nucleoli may occur in such cells. The size and shape of the nu-
cleus vary from cell to cell: its form may be round, lobulated, or ex-
tended. Its shape and structure also depend at any one time on the cur-
rent phase of the cell’s cycle. For instance, in the phase of cell division, fil-
iform structures—the chromosomes—become apparent, while these are
invisible in the phase between divisions, the so-called interphase.

Chromosomes and Genes

Chromosomes are the carriers of hereditary characteristics called genes
(see also Chapter 2: Genetics). The human cell nucleus contains 46 chro-
mosomes (diploidy) in the form of 23 chromosome pairs (23 male, 23
female chromosomes). The individual chromosomes can be distin-
guished by their total length, the lengths of their arms, and the position
of their segmentations. By these means, individual chromosomal pairs
can be assigned to specific groups (karyotyping)and numbered in
decreasing size from 1 to 22, with the 23rd pair determining sex
(Fig. 1.4a, b). With the exception of the sex chromosomes (heterochromo-
somes = allosomes), male and female chromosomes (homologous chromo-
somes = autosomes) correspond to each other in their hereditary charac-
teristics. Whereas the female human has two sex chromosomes of equal
size, the male human has one large and one small sex chromosome.

In humans the 23 chromosome pairs contain about twice 30000-
40000 hereditary markers or genes. Each of their genes occurs twice in
each cell of the body, namely one male and one female (diploidy). In con-
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Fig. 1.4a, b Chromosome set of a normal human cell. (After Langman)

a

The chromosomes are prepared and
viewed by cultivating the cells in an arti-
ficial medium. This is followed by treat-
ment with a colchicine solution, which
blocks the mitoses in metaphase. The

b The chromosomes shown in a are ar-

ranged in a karyotype by total length
and position of the centrosome. The
two sex chromosomes (XY) determine
the sex (male in this case)

&

cells are then fixed, spread on a slide,
and stained

trast, the germ cells (egg and sperm cells) each have only a single set of
chromosomes (haploidy). With 23 chromosomes and a total comple-
ment of 30000-40000, each chromosome therefore contains about
1300-1700 genes.

m Structure of a Chromosome. Two chromosome arms, connected by a
constriction (centromere) can be distinguished on each chromosome
(Fig. 1.5a, b). During cell division, two spirally coiled chromatids can be
seen in the chromosome arms. These uncoil between cell divisions (in-
terphase) and so cannot be seen. Each chromatid consists of a single
giant molecule, folded and wound in a complicated double strand in the
shape of a double helix of deoxyribonucleic acid (DNA). It consists of two
threads, only about two one-millionths of a millimeter (2 nm) thick, the
length of which is determined by the amount of information stored in it.
If, for instance, one were to place all the chromosomes of one cell end to
end, they would extend 1 millimeter in a bacterium but more than 2 me-
ters in a human. The two threads run in parallel but counter to each other
(in opposite directions) and correspond to each other like a photographic
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Fig. 1.5a, b Schematic representation of a chromosome in metaphase. (After Kool-
man and Réhm)
a The centromere (primary constriction) b Section from a: DNA, together with

is located between the two arms of the basic histone proteins, forms tightly
chromosome, which are uneven in coiled complexes arranged like strings
length and each of which consist of two of pearls—the nucleosomes

chromatids

negative to its print. They wind around an imaginary axis and can be
compared to a twisted rope ladder (a double helix) (Fig. 1.6). The DNA
forms complexes with basic proteins (histones) to form chromatin. Chro-
matin is coiled (condensed) into chromosomes, which are visible in opti-
cal microscopes only during cell division. During the interphase, it
mostly becomes amorphous (euchromatin) apart from a few regions
that do not uncoil (heterochromatin) (Fig.1.7). Euchromatin is the
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genetically active chromatin (see Protein Synthesis), while heterochro-
matin is genetically inactive.

Those histones that are intimately associated with DNA form about
one half of the chromatin. The DNA is curled around the histone parti-
cles, so that a chromatin fiber is structured like a string of pearls
(Fig. 1.5). A histone particle with a DNA segment curled around it (~180
base pairs, see below) is called a nucleosome. Each histone particle con-
sists of eight histone molecules (an octamere).

At the ends of the chromosome arms there are heterochromatin seg-
ments (telomeres, satellites) that determine the lifespan of the cell.
During each cell division a small segment of chromatin separates until
the satellite is used up. At that point the cell dies.

The building blocks of DNA are the nucleotides (Fig. 1.6). They each
consist of a base (adenine, cytosine, guanine, or thymine), a sugar (deoxyri-
bose), and an acid phosphate radical. The phosphate radicals of two suc-
cessive nucleotides form phosphate bridges that connect the nu-
cleotides. Two opposing nucleotides are connected by hydrogen bonds
between their bases. When viewed as a rope ladder, the sugar and
phosphate units form the sides (the ropes) and the base pairs the rungs
of the ladder. The opposing bases are joined in a tongue-and-groove
fashion. Because of chemical affinity, adenine always forms a base pair
with thymine, and guanine forms a base pair with cytosine.

The total human hereditary material is contained in 23 chromosome
pairs in the form of deoxyribonucleic acid. The DNA can be subdivided
into three separate segments, genes or hereditary factors, and has three
important functions:

The storing of genetic information (the genetic code)

The transmission of information for protein biosynthesis

The identical duplication (replication) of genetic information
during cell division

The Genetic Code

The genetic information required for the construction of proteins follows
from the type and arrangement of amino acids in the protein. The encod-
ing of this information in DNA, the genetic code, is determined by the ar-
rangement of the four bases (contituting the four different nucleotides)
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Fig. 1.6  Structure of a DNA molecule.
The double helix consists of the bases
adenine (A), cytosine (C), guanine (G),
and thymine (T), and the sugar deoxyri-
bose (Z), and phosphate bridges formed
by acid phosphate radicals. Each base
combines with a sugar and a phosphate
radical to form a nucleotide. Using the
analogy of a rope ladder, the sugar and
phosphate units form the sides (ropes),
and the bases the rungs of the ladder.
By chemical affinity adenine always
forms a base pair with thymine, and
guanine with cytosine, connected to
each other by bridges of hydrogen
bonds (H). The distances between rungs
and the radius of the double helix are
given in nanometers (1nm=10°"m =
one billionth of a meter). (After Beske)

within the DNA and is the same in all living things. The variable sequence
of the various bases determines the specific informational content of the
genes that forms the blueprint for millions of different protein
molecules, just as the placing of the letters of the alphabet in an intel-
ligent sequence determines the informational content of a book (see
Chapter 2: Genetics).

Three bases at a time in varying combinations define one infor-
mational unit, a “word”—also called a triplet or a codon—that must be
translated into one of the 20 amino acids present in proteins. For in-
stance, the combination of the bases guanine (G), adenine (A), and thy-
mine (T)—GAT in abbreviated form—contains the information for the
amino acid asparagine; and the triplet AAG is the code for lysine. The
amino acids present in the cytoplasm are combined according to the
sequence of the base triplets, to form the corresponding protein
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molecules (see below). Consequently, the four building blocks provide a
total of 43 (4 x 4 x 4 = 64) possible combinations (informational units =
“words”). Of these, 61 are used in the instructions to build proteins. The
remaining triplets indicate the beginning and end of a protein molecule
or a gene. The program for the construction of a protein consisting of, say,
340 amino acids therefore includes 340 such base triplets (or codons).
The complete set of these triplets is called a gene (factor).

Thus, a gene determines how many amino acids constitute a protein,
and in what sequence these must be arranged. One gene contains on
average 300-3000 base triplets. It may take several genes to determine a
single characteristic.

Protein Synthesis

Proteins accomplish tasks necessary for life in all organisms. They are
some of the most important structural and energizing components of a
cell. Some of them, for instance collagen in connective and supporting
tissue, take on important structural tasks and provide the organism’s ar-
chitecture. Others, such as the myosin and actin of muscle cells, enable
the shortening (contraction) of muscles, and hence movement. Yet other
proteins transport oxygen (the hemoglobin of the red blood cells) or
serve as protective and defensive agents in the immune system (antibo-
dies). Of special importance are the proteins that are the catalysts for the
metabolism of the organism (enzymes). Enzyme proteins synthesize
everything the cell needs to survive (proteins, fats, and carbohydrates).

If genetic information is seen as biological data storage, then that in-
formation must be available at any time. When needed, it must be trans-
ported within the cell from the nucleus to the site of protein synthesis
(the ribosomes) by a biochemical mechanism. For this purpose, the
genetic code is copied within the nucleus to ribonucleic acid (RNA),
which has a structure similar to that of DNA but contains only a single
strand (Fig. 1.8). This process is known as transcription. Protein synthesis
takes place during the interphase of cell division. Chromatin must be un-
coiled to allow transcription to take place. Hence only euchromatin is ac-
tive in transcription (Fig. 1.7a). RNA is synthesized from free elements in
the nucleus and is linked together into an RNA chain with the help of the
enzyme RNA polymerase (Fig. 1.7a). RNA brings this message to the ribo-
somes of the endoplasmic reticulum, and is therefore also known as
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Fibrillary l\\luclear pore

center of
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a Nucleus b DNA loop undergoing transcription

Fig.1.7a,b Schematic representation of a nucleus with two chromosomes in inter-
phase. (After Benninghoff)

a Inside the largely uncoiled chromo- not uncoiled DNA segments (hetero-
somes, amorphous DNA segments chromatin)
(euchromatin) undergoing transcrip- b Section from a: DNA loop undergoing
tion alternate with genetically inactive, transcription

messenger RNA or mRNA (Fig. 1.8). Like DNA it is composed of nu-
cleotides, but instead of the base thymine it contains the base uracil, and
contains the sugar ribose instead of the sugar deoxyribose. The mRNA
bonds to the ribosome by base coupling with transfer RNA molecules.
Other relatively short RNA molecules, similarly synthesized from free
elements in the nucleus, bond to the amino acids present in the cyto-
plasm one-on-one and transport them to the ribosomes, where the
mRNA is attached with its copies of the base triplets. These short RNA
molecules are therefore also known as tRNA (transport or transfer RNA).
Each tRNA is specific for one amino acid and the corresponding triplet on
the mRNA (Fig. 1.8). In this way, with the aid of ribosomal enzymes, the
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Fig. 1.8 Simplified representation of protein synthesis in a cell. Transfer of the instruc-
tions for the manufacture of a protein by copying (transcription) of a single strand of DNA by
means of MRNA (in MRNA the base thymine is replaced by the base uracil). This is followed
by the manufacture of the protein molecule (translation) on the surface of the ribosome
with the help of tRNA molecules. These bind in the cytoplasm specifically to the individual
amino acids, e. g. leucine, glycine, or methionine, that correspond to their base triplets and
transport them to the ribosomes. With the aid of enzymes and ATP, the individual amino
acids are combined into a protein molecule (polypeptide chain) (After Nultsch)
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various amino acids are linked into a protein chain, corresponding to the
sequence of triplets on the mRNA. The rRNA produced in the nucleus
provides the information needed to manufacture these enzymes. The
tRNA molecules liberated in this reaction can then be recharged with the
same amino acid in the cytoplasm. This process of protein building, also
known as translation, continues until the complete protein molecule has
been synthesized. The protein chain varies in length according to the
type of protein (from a few up to several hundred amino acids), and by
chemical reactions it can be folded into a three-dimensional functional
protein molecule.

Duplication of Genetic Material (Replication)

Because of the structure of the individual strands of DNA, they can make
identical copies of themselves. During this process the base pairs of the
double helix separate in the middle like a zipper (Fig. 1.9) and for each
single strand an exact complementary strand is synthesized. In this way,
the two single strands of the original molecule are copied. Through the
making of these identical copies of DNA, called replication, hereditary in-
formation is passed to offspring.

m Cell Division (Mitosis)

Duplication (replication) of DNA and the transmission of genetic infor-
mation to the two daughter cells connected with it precede every cell di-
vision and take place during the so-called interphase. The interphase is
the stage between mitoses and is the working phase of the cell. Chromo-
somes with two chromatids are formed by duplication of the genetic
material during interphase. This establishes the precondition for mi-
totic cell division. Chromosomes demonstrate evidence of their duplica-
tion by a longitudinal split visible in the microscopic image. The chromo-
somes become shorter and thicker through increased coiling. After cell
division is complete, the chromosomes uncoil and, during the ensuing
interphase, replicate again.

Mitotic cell divisions permit a fertilized ovum to develop into an or-
ganism. They are the preconditions for physiological renewal of cells and
lead to regeneration of tissues after injury. With the exception of a few
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Fig. 1.9 Double helix of
DNA and its duplication
(replication). The double
strand of DNA splits like a
zipper and forms two new,
completely identical DNA
molecules. The original
strands are shown in blue,
the new ones in pink (the
sugar—acid phosphate chain
is shown as a band;

A = adenine, C = cytosine,
G = guanine, T = thymine;
» free nucleotide groups are
marked by arrows) (After
Hadorn and Wehner)

New

cells (nerve cells, and cardiac and skeletal muscle cells), the ability to
divide is maintained throughout the life cycle, though it varies among
cells. As a rule, mitoses are less common in highly differentiated tissues.

m Course of a Mitosis. A number of mitotic stages can be distinguished in
the course of the cell division that follows interphase (Fig. 1.10a-f):

Prophase (pro = before)
Metaphase (meta = between, next)
Anaphase (ana = upward)
Telophase (telos = end, goal)

At the beginning of prophase the cell becomes round and the chromo-
somes appear in the nucleus as convoluted threadlike structures. Simul-
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b c

Equatorial plane Poles of the spindle

Da

Fig. 1.10a—-f Schematic representation of cell division (mitosis) (After Hadorn and

Wehner)

a Prophase: Chromosomes in the nucleus become visible by coiling and the nuclear
spindle apparatus develops the central spindle;

b Early metaphase: the central spindle stretches and the chromosomes migrate toward
the equatorial plane;

c Late metaphase: The division of each chromosome into two chromatids is clearly vis-
ible and arrangement along the spindle’s equator is complete;

d, e Anaphase: the daughter chromosomes are moving away from each other in the
direction of the spindle’s pole;

f Telophase: the chromosomes have uncoiled, a nuclear membrane has formed and the
cell body is constricted.

taneously, the nuclear membrane disappears and the two centrioles
move apart. They migrate toward the poles of the cell and form the so-
called central spindle. In metaphase, which follows, the chromosomes be-
come shorter and thicker, the two chromatids become visible and can be
distinguished clearly by their size and shape. As the process continues,
the chromosomes arrange themselves in the so-called equatorial plane
between the two poles.
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At the end of metaphase the chromosomes have arranged themselves
in the equatorial plane in such a way that each of their constrictions
(centromere) is oriented toward the central axis. Because the arrange-
ment looks star-shaped when viewed from the two poles, it is called a
“monaster” (Greek for single star). As anaphase begins, the chromatids
(chromosome halves) of each chromosome separate, forming two star-
shaped figures called “diasters” (double star). Since each of the halves of
a chromosome (daughter chromatids) migrates to one or other of the
two opposite poles, all of the genetic material is divided equally between
the two daughter cells.

In the ensuing telophase the chromatids, which now form the chro-
mosomes of the two daughter cells, collect near the centrioles, uncoil,
and again become invisible. As a new nuclear membrane forms, two new
interphase nuclei have been created. There follows a complete division
of the cell body, resulting essentially in two equal, independent daughter
cells.

On average one mitosis takes about 60 minutes to complete.
Anaphase is the shortest phase, lasting about 3 minutes.

B Reduction or Maturation Division (Meiosis)

Reduction or maturation division (meiosis) is a special form of cell divi-
sion. In preparation for later fertilization, the male and female germ
cells must halve their set of chromosomes (to form a haploid set), so
that when ovum and sperm join, a normal double (diploid) set of chro-
mosomes is formed. This process is known as meiosis, a cell division
that comprises two steps: first and second maturation divisions
(Fig. 1.11).

Shortly before the first maturation division, the male and female sex
cells duplicate their DNA as in mitosis, with each chromosome contain-
ing two identical chromatids. In meiosis, the prophase of the first matu-
ration division lasts a good deal longer than the prophase of mitosis. As a
rule it takes 24 days in male germ cells, while in the female it may at
times take decades, because of an interpolated resting phase (dictyotene)
(see Chapter 11: Development of the Ovum (Oogenesis) and Follicle
Maturation). Prophase is divided into five phases: leptotene, zygotene,
pachytene, diplotene, and diakinesis.
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First maturation division. During the leptotene of the prophase, the
chromosomes become visible as fine threads; in the ensuing zygotene,
they arrange themselves side by side in pairs (chromosome pairing).
During this process, the corresponding (homologous) paternal and ma-
ternal chromosomes are always arranged next to each other. Since each
single chromosome contains two chromatids (sister chromatids), the
chromosome pairs contain four chromatids, two maternal and two pa-
ternal, the so-called tetrad, which is especially conspicuous during the
diplotene of prophase. At this point the homologous chromosomes begin
to separate. During this process, homologous paternal and maternal
chromatids lying in parallel next to each other can interchange ho-
mologous fragments by so-called crossing-over (forming a chiasma) and
reattachment of the fragments.

In the metaphase which follows, the chromosomes arrange them-
selves in the equatorial plane, similarly to a mitosis. During anaphase,
the separation of the homologous chromosomes by a spindle is
completed. Telophase completes the first maturation division. The two
daughter cells each now have only half the number of chromosomes of
the initial cell, though each chromosome still consists of two chromatids.

Second maturation division. After a brief phase (interkinesis) during
which the DNA is not duplicated, the second maturation division begins.
This maturation division proceeds entirely like a normal mitosis, that is,
during anaphase the two chromatids of each chromosome divide and are
distributed to two daughter cells. Consequently, the haploid daughter

Fig. 1.11 Schematic representation of maturation division (meiosis). In order to pro-
vide a better overview, the course of the two maturation divisions is exemplified in a germ
cell with three pairs of chromosomes (red chromosomes = paternal, blue chromosomes =
maternal). During the pachytene of the prophase of the first maturation division, the
chromatids become visible. The maternal and paternal chromosomes arrange themselves
next to each other and form a tetrad (two chromosomes each with two chromatids).
During this process the paternal and maternal chromatids partly overlap and when they
separate there is an interchange of fragments (“crossing-over”). During the metaphase of
the first maturation division, the homologous (paternal and maternal) chromosomes sep-
arate, and are randomly distributed to the two daughter cells. This process creates two
haploid daughter cells each with a single set of chromosomes. During the second matura-
tion division, the two daughter chromatids separate by mitotic cell division, so that the
first and second maturation divisions result in the creation of four haploid sex cells. (After
Beske)
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cells that originated when the double set of chromosomes was halved
during the first maturation division, once again halve their DNA content
during the second maturation division.

m The result of the two maturation divisions = mature sex cells. Thus
four daughter cells (mature sex cells) result from the two-step division of
meiosis. In each of these, the number of chromosomes and the DNA con-
tent have been reduced to half the original. In addition, the chromo-
somes have been restructured as a result of the crossing-over, and re-
combined as a result of the random distribution of the two homologous
chromosomes into the daughter cells. The real biological significance of
meiosis lies in this shuffling of genetic material.

m Exchange of Materials between the Cell and Its
Environment

Billions of years ago, life developed in the form of small, single-celled or-
ganisms in a large primal ocean (Fig. 1.12). Their aqueous (watery) en-
vironment was marked by a milieu of constant composition. Nutrients
were plentiful, and waste products were instantly diluted effectively to
infinity. In a similar way, the cells of a multicellular organism live in an
aqueous environment that contains all the salts and nutrients required
for the sustenance of the cell. Compared to the primal ocean, however,
this fluid has a much smaller volume, and there is a much greater danger
of short-term changes in its composition.

Of all the chemical compounds in the organism, water (H,0) forms
the largest percentage part. Thus the body of an adult contains about
60 % water, which is distributed in two distinct compartments: the intra-
cellular space (total volume enclosed in all the cells) and the extracellu-
lar space (total volume present outside the cells). About two-thirds of
the total body fluids are located inside the cells (intracellular fluid) and
the remaining third (about 14 liters in a person weighing 70 kg) bathes
the exterior of the cells. Of the 14 liters of extracellular (interstitial) fluid,
three-quarter are contained in the tiny spaces that separate the cells
from each other, and one-quarter in the vascular systems (arteries, veins,
capillaries, and lymphatic vessels), where it forms the aqueous part of
the plasma and the lymphatic fluid (Fig. 1.12b).
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Fig. 1.12a, b The environment (milieu) in which the cell lives. (After Silbernagel)

a Unicellular organism: Interaction between the first cells and their environment—the
primal ocean, a milieu distinguished by its constant composition

b Human: Cells in a multicellular organism are bathed in extracellular fluid, the volume
of which is distinctly smaller than that of the fluid inside the cell. This “internal milieu”
would change its composition very quickly if the space between the cells (interstitial
space, intercellular space) were not connected to organs such as the lung, the kidney,
or the digestive tract by the vascular bed, which take up fresh nutrients and eliminate
metabolic waste products.

The water content of the body is kept constant with great precision.
This is necessary in order not to endanger the equilibrium of the numer-
ous substances dissolved in the body fluids. For instance, physiological
water losses (e. g., the production of urine, the secretion of sweat, and
loss by humidification of expired air) must be balanced by fluid intake.

Keeping the “internal milieu” constant (homeostasis) is a life-preserv-
ing precondition for the optimal functioning of every cell in the body.
Since the most diverse substances reach the extracellular space as a re-
sult of respiration, the intake of nutrients, and the metabolic activity of
cells, maintaining homeostasis is one of the most important tasks of the
organism. Besides the activity of the lungs, the intestines, and the kid-
neys, certain specific transport processes are of importance; these
processes (e. g., diffusion, osmosis, active transport) serve to exchange
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solids and fluids between the cell and its environment (see Solid and
Fluid Transport below). Transport of substances over greater distances
within the body (e. g., nutrients taken up in the intestines and oxygen
taken up in the lungs) is accomplished in the blood vessels. Similarly,
transport by the lymphatics, passage through the intestines, and the
emptying of the gallbladder accomplish rapid distribution of solids and
fluids (Fig. 1.12b).

Composition of the Extracellular Fluid

The substances dissolved in the extracellular fluid (e. g., salts) are pre-
sent as electrically charged particles (ions) and the solutions are called
electrolytes. Because of their electric charge, ions can migrate in electric
fields. For this reason, positively charged ions are also called cations
(they migrate to the negative pole, the cathode) and negatively charged
ions are called anions (they migrate to the positive pole, the anode). The
salt present in the largest amount is common table salt (NaCl), consisting
of a positively charged sodium ion (Na*) and a negatively charged
chloride ion (CI") dissolved in a concentration of about 9 g/l. Other ca-
tions and anions are also present, though in distinctly smaller quantities:
e.g., potassium (K*), calcium (Ca,*) and magnesium (Mg,*), as well as
bicarbonate (HCO;~) and negatively charged proteins. The three com-
partments of the extracellular space—the interstitial fluid, the blood
plasma, and the lymph—differ mainly in the amount of protein dissolved
in each. For instance, the walls of the blood and lymph capillaries are
permeable only to small ions and smaller organic particles, while large
proteins are retained within the lumina of these vessels.

Composition of the Intracellular Fluid

In contrast to the extracellular fluid, where sodium predominates, the
quantitatively dominant intracellular cation is potassium (K*). The
sodium concentration inside the cell is about 10 times smaller than that
outside it. The major portion of the intracellular anions consists of pro-
teins, while phosphates (HPO,-/H,PO,") are present in lower concentra-
tions.
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® Membrane or Resting Potential of a Cell

Because the ions are distributed unevenly between the intracellular and
extracellular spaces, a potential difference, known as the membrane
potential, is created at the cell membrane. This creates a negative charge
in the interior of the cell relative to the extracellular space, the so-called
resting potential. This potential difference can be measured with sensi-
tive instruments and is about 60-80 mV.

The reason for the negative potential inside the cell with respect to its
surroundings lies in the differential distribution of ions between the in-
tracellular and extracellular spaces. Thus, the intracellular potassium
concentration is about 35 times greater than the extracellular concentra-
tion, while proteins are the preponderant anions inside the cell. Sodium
ions dominate in the extracellular space, balanced on the negative side by
chloride anions (see the table in Fig. 1.13). The accumulation of potassium
ions inside the cell is a specific activity of almost every cell and represents
one of its most important active transport processes. This “ion pump”
transports potassium ions into the cells and, to balance this, transports
sodiumions out. It is therefore also called the sodium-potassium (Na*-K*)
pump. It includes an ATP-splitting enzyme (sodium-potassium ATPase,
Na* K*-ATPase). This reaction liberates the energy required for ion trans-
port (Fig. 1.13). The cell membrane is impermeable to ions, so there are
membrane pores (channels) for Na*, K*, and Cl-, but not for protein anions.
During resting potential, the K* channels are often open, but the Na*and
Cl~ channels are mostly closed. Because of the concentration difference,
the K*ions have a tendency to diffuse outward. However, the diffusion of
positively charged potassium ions out of the cell is limited by the nega-
tively charged protein anions, which cannot cross the membrane because
of their size. The diffusion of even a few potassium ions out of the cell
leaves anions with the opposite (negative) charge (protein anions) on the
inside of the cell membrane, so that the interior of the cell is negatively
charged with respect to its surroundings. The resting potential is therefore
also known as the diffusion potential. The diffusion of ions outward
through the membrane pores is independent of the Na*-K* pump.

The energy-consuming ion pumps can be impeded or blocked by lack
of oxygen (failure of ATP production) or by metabolic poisons (e. g., cy-
anide), leading to severe disturbances in the specific performance of a
cell. The initiation and propagation of nerve or muscle cell excitation de-
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pends on brief membrane potential changes (action potentials) (see
Chapter 3: Nerve Tissue).

m Solid and Fluid Transport

The specific transport processes that take place in the microscopic realm,
e.g., between the cells on the one hand and the blood capillaries and
their surrounding cells on the other, can be divided into essentially pas-
sive (diffusion, osmosis, and filtration) and active (energy-dependent)
transport processes (active transport, endocytosis, exocytosis).
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Diffusion

The simplest interchange process for solids is diffusion. Because of their
thermal kinetic energy, atoms and molecules move freely in aqueous solu-
tions or in gases, and differences in concentration equilibrate by diffusion.
In this process, molecules diffuse toward the lower concentration until
the concentrations even out. The driving force of this process is a concen-
tration or potential gradient, comprehensively called the electrochemical
gradient. For instance, a large part of the transport of solids (salts, respira-
tory gases, nutrients) in the interstitial (intercellular) space and into and
out of the cell depends on diffusion processes. Small molecules, such as
the respiratory gases O, and CO, as well as water pass through the cell
membrane unimpeded (free diffusion). Pores through the membrane
(channel proteins, membrane pores) or mobile transport proteins (car-
riers) facilitate the passage (facilitated diffusion) of nutrients (e. g., glucose
and amino acids in the cells of the intestinal mucosa) and ions (Fig. 1.14).

Osmosis and Osmotic Pressure

When two solutions containing different concentrations of the same so-
lute are separated by a partly permeable membrane, a so-called semi-
permeable membrane, osmosis can take place. In osmosis the semiperme-
able membrane allows the solvent, but not the solute, to pass. Water dif-
fuses through the membrane toward the solution of higher concentra-
tion, until equilibrium is attained. During this process the volume of the
side that initially contained the higher concentration increases
(Fig. 1.15). The pressure that must be applied to this side to reverse the
process of osmosis is called the osmotic pressure. It is expressed in mmHg
or in the SI units of pascals (Pa) or kilopascals (kPa). When such a
measurement is applied, it is found that the osmotic pressure depends
only on the number of dissolved particles in a defined volume, and not
on their size or charge.

The cell membranes are more or less semipermeable membranes,
since the lipid layer is less permeable to charged molecules such as ions
and proteins. The osmotic pressure of the extracellular fluid depends on
its content of protein and salts and corresponds approximately to that of
a 0.9% solution of NaCl. Such a physiological salt solution is isotonic (that
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is, it is in osmotic equilibrium with the cell). Consequently, cells bathed
in hypertonic (more concentrated) solutions lose water and shrink,
while in hypotonic (less concentrated) solutions they take up water and
swell. The organism therefore endeavors by special regulatory mecha
nisms to keep the osmotic pressure of the extracellular fluid as constant
as possible. Because of the good permeability of cell membranes to
water, these mechanisms lead to a more or less constant osmotic pres-
sure in the cell interior.
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Fig. 1.15 Development of osmotic
pressure in a semipermeable mem-
brane

pressure

Semipermeable
membrane

The term colloid osmotic pressure is used when, for instance, proteins
for which the capillary wall is impermeable are dissolved in the blood
plasma and not in the interstitial fluid. They create an osmotic pressure
difference of about 25 mmHg (3.3 kPa) between the interstitial fluid and
the capillary space. This would lead to a movement of fluid into the vessels
if the hydrostatic blood pressure active inside the blood vessels were not
opposed to it. Since the blood pressure at the beginning of the capillaries
(37 mmHg)is greater than the colloid osmotic pressure, fluid is actually fil-
tered into the interstitial space (see Chapter 5: Capillary Circulation).

Filtration

Filtration occurs when water and any dissolved particles are pushed
through cell membranes or pore systems by a hydrostatic pressure
difference. Pores occur, for instance, when there are small spaces be-
tween endothelial cells (intercellular clefts) or holes (fenestrations) in
the cell membranes. Such a process is found in the capillaries of the tis-
sues. The term ultrafiltration is used when, in the course of filtration
processes such as that in the capillaries of the renal corpuscles, larger
blood components are retained or dissolved molecules are separated out
because of their size or charge.
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Combined Solid and Water Transport
See Chapter 10: Renal Tubules and Collecting Ducts.

Active Transport

Active transport is the transport of substances through the cell mem-
brane by means of an energy-consuming transport system (transport
ATPase). Here, again, ATP serves as universal fuel. Such a transport
process can move a substance through the membrane against a con-
centration gradient (Fig. 1.14). Thus cells have the ability to maintain in
their interior stable ion concentrations, for example, that are clearly
different from their concentrations in the extracellular fluid. These ac-
tive transport processes are served by specialized proteins in the cell
membrane that can move several ions simultaneously. In this process,
the coupled transport of substances can occur in the same direction
(cotransport) or in opposite directions (countertransport) (Fig.1.14).
For instance, in the kidney the transport of amino acids is coupled
with an active Na* transport. Additionally, active ion transport through
cell membranes is necessary for the formation of membrane or resting
potentials.

Endocytosis and Exocytosis

Large molecules, such as proteins, enter (endocytosis) or exit (exocytosis)
through the cell membrane by so-called vesicular transport (Fig. 1.16).
During this process, substances are attached in part to the outside of the
cell by membrane-bound receptors, enclosed by a part of the plasma
membrane, and moved into the interior of the cell as a membrane-
wrapped vesicle (receptor-mediated endocytosis). Depending on the size
of the absorbed particle, this process may also be called pinocytosis or
phagocytosis.

In exocytosis, products synthesized in the cell are enclosed in mem-
branous vesicles and, by coalescence of these vesicles with the inside of
the plasma membrane, reach the extracellular space. In this way, the
transmitter substances in the endings of nerve cell processes are liber-
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Fig. 1.16a, b Exocytosis
Extracellular space . and endocytosis

ated at the synapses. The secretory products of most glandular cells
leave the cell interior in similar fashion. Endocytosis and exocytosis are
dependent on the action of ATP.

Biology of the Cell

The smallest living entity of an organism is the cell. In contrast to
single-celled organisms that are independent entities, the cells of
higher organisms form functional units. In accordance with their
function, the cells are differentiated by size, shape, and the degree of
definition of certain characteristics.

For all cells of the body there are a certain basic structure and
numerous basic properties. The basic properties include the ability to
divide and to sense and respond to stimuli.
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M Basic Cell Structure

By and large, the cell consists of the cytoplasm containing the cell or-
ganelles, the nucleus, and the cell membrane surrounding the whole
structure.

B Cell Membrane

The cell membrane, also known as the elementary membrane, con-
sists of a double lipid layer, in which the fat-soluble components face
each other while the water-soluble parts form the inner and outer
boundaries (a three-layered structure). The lipid molecules are infil-
trated with proteins. The outer side of the membrane is covered by a
glycocalyx. An elementary membrane also surrounds the cell or-
ganelles and the nucleus.

B Cytoplasm and Cell Organelles

The cytoplasm consists of the intracellular fluid (cytosol), the cell or-
ganelles, and various cell inclusions (phakeroplasm). The cell or-
ganelles are responsible for the cell’s metabolism.

Endoplasmic Reticulum (ER)

Present in all cells except erythrocytes; serves intracellular material
transport; protein synthesis (granular ER); lipid and hormone synthe-
sis (smooth ER).

Ribosomes

No elementary membrane; multienzyme complexes made up of pro-
teins and rRNA molecules that link amino acid chains for protein syn-
thesis.

Free ribosomes: intracellular proteins (enzymes, etc.). Ribosomes
in the ER (granular ER): exported proteins (glandular secretions, etc.).

Golgi Apparatus

Present in all cells except erythrocytes; uptake and discharge pro-
ducts of synthesis in the form of membrane-bounded transport ves-
icles that are flushed from the cell (secretory vesicles) and serve the
renewal of the cell membrane or take part in intracellular digestion as
primary lysosomes.
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Lysosomes

“Digestive organs” of the cell; with the aid of enzymes they degrade
cell-alien structures and the cell’s own decaying organelles.

Centrioles
Build the spindle fibers during cell division.

Mitochondria

“Power stations” of the cell; here nutrients (proteins, fats, carbohy-
drates) are metabolized essentially to CO, and H,0, generating the
energy necessary for metabolism (e. g., muscle contraction, synthesis
of structural substances), which is then stored in the form of ATP.

B Cell Nucleus

Present in all cells except erythrocytes; the nucleus contains the
nucleolus (production of rRNA = protein biosynthesis) and the chro-
mosomes, carriers of the hereditary factors (genes). Human nuclei
contain 23 chromosome pairs (23 paternal, 23 maternal = diploid
chromosome set); the 23rd pair determines sex.

The appearance of the nucleus and of the chromosomes changes
with the individual phases of cell division.

During the interphase (working phase of the cell) between two
cell divisions (mitoses) the genetic material is duplicated and chro-
mosomes form, each with two chromatids joined by a constriction
(centromere). Each chromatid consists of one molecule of DNA
(deoxyribonucleic acid). The basic units contained in DNA, the nu-
cleotides, are each composed of one base (adenine, cytosine, ,
guanine, or thymine), a sugar (deoxyribose), and an acid phosphate
radical. DNA contains the complete hereditary matter in the form of
genes.

Each unit of information comprises three bases (triplet, codon) in
varying combinations. Each triplet represents the information for one
amino acid. One gene consists of about 300-3000 base triplets and
provides the information for one protein. This genetic code is the
same for all living things and contains the information for the biosyn-
thesis of proteins, the most important structural and energizing sub-
stances in all organisms.
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Protein Biosynthesis

Single-stranded RNA synthesized in the nucleus copies the genetic
code (transcription) and brings the message to the ribosomes, the site
of protein biosynthesis. Each copied triplet represents one amino acid
in the final protein. tRNA molecules, also synthesized in the nucleus,
bind amino acids in accordance with the genetic code (according to
the sequence of triplets) and transport them to ribosomes, where they
are linked into proteins with the aid of enzymes. Each tRNA is specific
for one amino acid.

Cell Division (Mitosis)
Chromosomes containing two chromatids are created by the duplica-
tion of genetic material during interphase. This process is necessary
for the transmission of genetic information to the daughter cells. Mi-
totic division of cells makes possible growth and the renewal of cells.

Reduction or Maturation Division (Meiosis)

Two successive cell divisions lead to the creation of male or female
sex cells with half the chromosome complement (haploid cells)

First maturation division: The (homologous) paternal and maternal
chromosomes lying next to each other separate, which leads to the
exchange of homologous fragments by “crossing-over.” This results in
two daughter cells with haploid chromosome sets.

Second maturation division: Corresponds to a normal mitosis. The
chromatids of the chromosomes separate again. The two daughter
cells create four mature sex cells with a haploid set of chromosomes.

Fertilization creates a new diploid set of chromosomes. The actual
reason for meiosis is the restructuring and recombination of the chro-
mosomes, that is, the shuffling of genetic material.

B Intracellular and Extracellular Fluid

The body of an adult person consists of 60% water, two-thirds of
which is intracellular, one-third extracellular. Of the 14 liters of extra-
cellular fluid, three-quarters occupy the interstitial spaces and one-
quarter the vascular system.
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B Membrane Potential

In the extracellular fluid, sodium is the predominant cation and
chloride is the predominant anion; in the intracellular fluid, the pre-
dominant cation is potassium and proteins are the predominant an-
ions. By the differential distribution of ions in the intracellular and ex-
tracellular spaces, a potential difference is created across cell mem-
branes (membrane or resting potential). This is caused by the active
accumulation of potassium inside the cell (ATP-dependent Na*-K*

pump).

B Solid and Fluid Transport

Transport processes between the cells and their environment play an
important role in the maintenance of the “internal milieu”
(homeostasis). A distinction is made between passive and active
(energy-dependent) transport processes. Passive processes include
free diffusion (e. g., of O,, CO,, H,0), facilitated diffusion (e. g., of glu-
cose and amino acids in the cells of the intestinal mucosa), osmosis,
and filtration (e. g., of glucose and amino acids in the capillaries of the
tissue). Active processes include active transport (e. g., of ions) as well
as endocytosis and exocytosis (e. g., of proteins).
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B Genetics (The Science of Heredity)
Genes, Chromosomes, and the Genome

Genetics is the science of heredity; it deals with the structure and func-
tion of the genes. The cells of all living things contain a program that
guides their functioning. This program is genetically determined, i.e., it is
transmitted to both newly formed cells during every cell division. The
transmission must be precise, since otherwise it leads to disturbances in
function (mutations, see below). The genetic program consists of in-
dividual information units, the genes (= hereditary characters), with each
gene determining a specific function. The sum total of all genes is the
genome (the human inheritance includes within a single set of chromo-
somes approximately 30000-40000 genes; see Chapter 1: The Cell Nu-
cleus), which is contained in the sum of chromosomes in each cell nu-
cleus. Genes are arranged along the chromosomes in a linear fashion and
have a definite location and structure. They represent the smallest
functional genetic unit; each comprises on an average 1000-10000 base
pairs (300-3000 base triplets), a comparatively short chromosome seg-
ment (a single set of chromosomes, that is, 23 chromosomes, contains a
double strand of DNA with a total length of around 3 billion base pairs). A
single gene might, for instance, contain the information for one protein
(i.e., how many amino acids it contains and how they are arranged). A
single character, on the other hand, may be determined by several genes.

The Allele

With the exception of the sex cells, human cells contain 46 chromo-
somes: 23 maternal and 23 paternal. In this way, every gene is present on
the corresponding paired homologous chromosome in identical or
slightly modified form. The genes that are localized at the same site on
both the maternal and paternal chromosomes are called alleles. If both
alleles are completely identical in their genetic information, the carrier
of such a character is called homozygous; if they differ, the carrier for that
character is heterozygoous.
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Dominance, Recessiveness, and Codominance

When an allele in a heterozygote always prevails over the other allele, so
that it is solely responsible for the expression of a character, it is called
dominant. The allele that is not expressed in the phenotype (see below),
that is, is not in evidence, is called recessive (suppressed). When in a het-
erozygote both alleles are expressed in the phenotype, the alleles are
called codominant.

Phenotype and Genotype

The two concepts genotype and phenotype refer to the genetic informa-
tion of a character at the site of each gene (gene locus). The observed
character, the appearance, is called the phenotype; this might be a hair
color, a certain blood group, or the color of the flower of a plant. The
genotype is the genetic information on which the phenotype is based.

The Mendelian Rules

If the transmission of individual hereditary factors (genes) is followed
from generation to generation, the distribution of chromosomes during
maturation division (meiosis; see Chapter 1) will be seen to follow cer-
tain laws. These pertain to the random distribution of the homologous
chromosomes during meiosis and the combinatory possibilities when a
sperm cell meets an ovum. The Augustinian monk Gregor Johann Mendel
(1822-1884) recognized these laws in 1866 during cross-breeding stu-
dies with garden peas, even though he did not know about the processes
that occur during meiotic maturation division.

To discover the rules for the distribution of hereditary characters,
certain conditions must be met: the crossbreeding experiments must be
performed with purebred (homozygous) organisms, so that all germ
cells receive the same hereditary characters; the hereditary characters
studied must be visible externally (genes were unknown at the time);
and the factors or genes that determine these characters must be located
on different chromosomes. For crossbreeding studies, the first genera-
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tion is known as the parental generation (P generation), the first offspring
as the first filial generation (F; generation), and the next offspring as the
second filial generation (F, generation).

Mendel’s first law: the law of uniformity (dominance) (phenotypic
uniformity of the F; generation)

Mendel’s second law: the law of segregation (phenotypic segregation
in the F, generation after dominant-recessive or intermediate heredi-
tary transmission

Mendel’s third law: the law of independence (independent transmis-
sion of nonlinked genes)

The Rule of Uniformity (Dominance)

When two different homozygous lines that differ in one or more alleles
are crossbred, the result is a heterozygous F; generation with a uniform
(i.e., dominant) phenotype. If, for instance, a red-flowered homozygous
pea plant (RR!) is crossed with a white-flowered (rr) homozygous pea
plant in generation P, the F; heterozygote will be uniformly red (Rr) like
the red parent (Fig. 2.1). The character of the white parent is suppressed
and so cannot become expressed. Hence the white flower character is
suppressed in the F; generation and so cannot be expressed. Hence the
phenotypic character appearing in the F; generation (red in this case) is
called dominant, while the other is the recessive (suppressed) character.

Dominant-recessive hereditary transmission is by far the com-
monest form of heredity. Thus, in Mendel’s studies of peas not only did
red flowers predominate over white, but yellow seed color predomi-
nated over green, smooth seeds predominated over wrinkled seeds, and
tall plants predominate over short ones.

However, when a purebred red four o’clock plant is crossed with a
purebred white, the heterozygous generation’s flowers are uniformly
pink (Fig.2.2). Such a case, in which the heterozygous F; generation
differs in phenotype from the two homozygous parents is called interme-
diate inheritance. In the F; generation the pink coloration of the flower is

1 Upper-case letters are used for dominant alleles, lower-case for recessives: RR =
dominant homozygote, 1T = recessive homozygote, Rr = heterozygote with a domi-
nant-recessive hereditary transmission.
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Red-flowered White-flowered
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Fig.2.1 Dominant-recessive hereditary transmission. A homozygous red-flowered
(RR) garden pea is crossed with a homozygous white (rr) one. The heterozygous F,
generation is uniformly red, since the flower color red is dominant over white. The F,
generation splits in the ratio 3 : 1, that is 3 offspring are red-flowered (RR, Rr, and rR) while
one offspring is white-flowered (rr)

produced by a blending of the two genes inherited from the P generation
(white and red coloration of the flower).

On the other hand, when both alleles are of equal weight and both
characters appear in the heterozygote side by side, the condition is called
codominance. An example is given by the A and B blood groups. If a child
receives the blood group A allele from the father and the blood group B
allele from the mother, the child will have the blood group AB.
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Red-flowered White-flowered
four o’clock four o’clock
flower flower
X P generation
T ww
Germ cells
X F; generation
rw rw
Germ cells
~—1
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F, generation
m w rw ww
1 : 2 : 1

Fig 2.2 Intermediate hereditary transmission. Crossing of a homozygous red-
flowered (rr) four o’clock flower with a homozygous white-flowered one (ww). The F,
generation is uniformly pink-flowered (rw) as both flower colors are expressed in the
phenotype. The F, generation splits in a ratio of 1:2: 1, i.e., one plant is red-flowered (rr),
one white-flowered (ww) and two more are pink-flowered (rw, wr)

Rule of Segregation

When the peas plants of the F; generation are crossed with each other
(Rr x Rr), the next generation (F, generation) will show three-quarters
red-flowered and one-quarter white-flowered plants (Fig. 2.1). The 3: 1
numerical ratio becomes more exact the more offspring are examined.
The phenotypic segregation ratio depends on whether a gene (allele) is
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dominant or recessive. The dominance of the red-flowered gene of the
pea over the white-flowered gene results in a red (R) to white (r) ratio
close to 3:1 because the combinations RR and Rr both result in the
phenotype R.

When the heterozygotes of the F; generation of four o’clock flower
(rw) differ in phenotype from the rr as well as the ww parents (owing to
the intermediate inheritance of the four o’clock flower), then the F,
generation will show a segregation ratio of 1: 2 :1 in phenotype as well
as genotype (Fig.2.2). Thus in each case one plant is purebred red (rr)
and one white (ww), while two more plants are pink and of mixed in-
heritance for flower color (rw).

This segregation can be explained by the separation of homologous
chromosomes during the first meiotic maturation division, for the germ
cells, being haploid, can contain only one of the two alleles: the one for
red-colored flowers (r) or the one for white-colored flowers (w). Con-
sequently the zygote may contain one of the gene combinations red/red
(rr), red/white (rw), white/red (wr) or white/white (ww). If the genes for
red and white are both dominant (or both recessive), all the heterozy-
gotes will be pink and the homozygotes red or white. The segregation
ratio must therefore be 1: 2 : 1. If the inheritance is not intermediate but
dominant-recessive the segregation ratio is also 1: 2 : 1, but only in the
genotype. The phenotype has a ratio of 3:1, since the heterozygotes
show the phenotype of the dominant allele.

Rule of Independence

If two homozygous organisms differing in two alleles are crossed (AAbb
x aaBB) (Fig. 2.3), the individual genes are inherited independently in the
next generation. In fact, this is only valid for genes located on different
chromosomes. The rule is not valid for genes located on the same chro-
mosome, since as a rule they remain linked when they are inherited.
However, the linkage of all the genes on one chromosome is not neces-
sarily absolute, since, for example, “crossing-over” between homologous
chromosomes can take place during meiosis (see Chapter 1: Reduction
or Maturation Division). Thus the number of possible gene combinations
isincreased, a fact that can be of great significance from the point of view
of possible genetic variations.
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Fig.2.3

Independent inheritance of two

characters. Crossing of two strains of cattle, distin-

guishable by skin color and distribution of skin color
(black and spotted or reddish-brown and solid). Black

(AA) is dominant over red-
dish-brown (aa) and solid
color (BB) over spotted (bb).
The animals of the F;
generation are all black and
solid color (AaBb). If the
two alleles for skin color
and color distribution are
located on different chro-
mosomes, and if the two
pairs of alleles can combine
independently in forming
sex cells, theoretically four
egg or sperm cells should
be distinguishable genotypi-
cally: AB, Ab, aB, and ab.
Combination of the sex cells
therefore results with equal
probability in 16 possible
combinations. Crossing the
individuals of the F, genera-
tion with each other results
in four distinct phenotypi-
cally expressed forms: black
solid, black spotted, red-
dish-brown solid, and red-
dish-brown spotted in a
numerical ratio of
9:3:3:1.

Autosomal Dominant Hereditary Transmission

One type of dominant-recessive inheritance is autosomal dominant
hereditary transmission. Autosomal dominant hereditary transmission
of a characteristic occurs when the phenotype is determined by the
dominant allele and the gene is located on an autosome (see Chapter 1:
Chromosomes and Genes). In humans this transmission occurs with
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Fig.2.4a—c Autosomal dominant hereditary transmission (genotypes and pheno-

types). A= dominant inherited allele (character); A= recessive inherited allele (character);

AA = homozygous affected; Aa = heterozygous affected; aa = homozygous healthy

a One parent is heterozygous affected, one parent is homozygous healthy = 50% of
children are affected

b Both parents are heterozygous affected = 75% of children are affected

c One parent is homozygous affected, one parent is homozygous healthy = 100% of
children are affected

many normal characteristics (e. g., dominance of blood groups A and B
over blood group 0), and also with numerous hereditary diseases, such
as polydactyly (more than the normal number of fingers), familial hyper-
cholesteremia (excess cholesterol content in the blood), Huntington
chorea (a neurological disease), and Marfan syndrome (disturbance of
collagen synthesis).

In autosomal dominant hereditary transmission usually only one
parent shows the affected dominant allele on one chromosome (A),
while the corresponding allele on the other chromosome is healthy (a).
The other parent, by contrast, has two healthy intact alleles (aa)
(Fig. 2.4a). Thus the constellation that usually creates hereditary trans-
mission occurs when a heterozygous carrier of the disease pairs with a
healthy partner. Consequently, for each child, independently of its sex,
the probability of hereditary transmission of an autosomal dominant
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disease is 50%. In this situation it does not matter which parent carries
the affected dominant allele. On the other hand, if both parents are af-
fected heterozygotes (Fig. 2.4b), 75 % of the children will be affected (25 %
homozygous, 50% heterozygous) and 25 % will be healthy homozygotes.

In the rare case when one parent is homozygous and affected with a
hereditary autosomal dominant disease, while the other parent is
healthy, all children will be heterozygotic carriers (Fig. 2.4c).

Autosomal Recessive Hereditary Transmission

Another type of dominant-recessive inheritance is autosomal recessive
hereditary transmission. When a recessive allele carries the genetic infor-
mation on an autosome, autosomal recessive characteristics are ex-
pressed phenotypically only in homozygotic carriers in the F; generation
(Fig. 2.5a-c). Heterozygous carriers of the allele do not differ from healthy
homozygotes. A phenotypic character is therefore only expressed in af-
fected homozygotes. With all severe autosomal recessive hereditary dis-
eases, those affected will as a rule derive from healthy parents who do not
express the allele of the disease phenotypically. If one parent is heterozy-
gous, and the other a healthy homozygote, all the children will be healthy
(50% homozygotes, 50% heterozygotes) (Fig.2.5a). If both parents are
healthy heterozygotes, the risk of the children being affected is 25%
(Fig. 2.5b). Half of the children are again healthy heterozygotes and are
carriers and transmitters of the tendency inherent in the recessive allele.
Finally, 25 % are healthy homozygotes. Thus in families with a small num-
ber of children, autosomal recessive diseases occur only sporadically. If
one parent is an affected homozygote and the other is a healthy homozy-
gote, all the children will be healthy heterozygotes (Fig. 2.5¢).

Almost all metabolic defects that are caused the absence of an
enzyme are transmitted by autosomal recessive inheritance. These in-
clude phenylketonuria (a congenital deficiency leading to mental retar-
dation, see below), albinism (lack of tyrosine hydroxylase interferes with
the metabolic pathway from tyrosine to the skin pigment melatonin),
and cystic fibrosis (mucoviscidosis; thickened secretions from secretory
glands lead to severe complications in the respiratory and gastrointesti-
nal tracts). In these conditions, affected heterozygotes as a rule exhibit a
50% diminution in enzyme activity; however, the residual actiivity is
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Fig.2.5a—c Autosomal recessive hereditary transmission (genotypes and pheno-

types). B = dominant inherited allele (character); b = recessive inherited allele (character);

BB = healthy homozygote; Bb = healthy heterozygote; bb = affected homozygote

a One parent is healthy heterozygote, one parent is healthy homozygote = 100% of
children will be healthy

b Both parents are healthy heterozygotes = 25% of children will be affected

c One parent is affected homozygote, one parent is healthy homozygote = 100% of
children will be healthy

sufficient for the intact functioning of the relevant enzyme under normal
metabolic conditions. Only an affected homozygote shows signs of the
illness. Often dominant-recessive inheritance shows a transition to in-
termediate inheritance, because the recessive hereditary tendency is not
fully suppressed in the heterozygote.

In phenylketonuria (incidence 1 : 10000) the absence of the enzyme
phenylalanine hydroxylase interferes with the breakdown of pheny-
lalanine to tyrosine. This results in the metabolic product phenylpyruvic
acid, whichis excreted as a ketone body in the urine. If this condition is not
treated from birth, it leads to mental retardation, delayed physical
development and neurological symptoms (seizures). If the illness is recog-
nized in time, essentially normal development can be achieved by elimi-
nating phenylalanine from the diet. The diet must, however, be maintained
strictly until the tenth year of life, when the brain is fully developed.
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Sex-linked Inheritance

Sex-linked inheritance affects characters that are located on the X chro-
mosome. The X chromosomes are carriers of multiple genes for which
there are no homologous alleles on the Y chromosome. Hereditary trans-
mission may be X chromosomal recessive or X chromosomal dominant.
This type of hereditary transmission is important because male offspring
inherit their X chromosome exclusively from their mother and never
pass it on to their sons. While a woman may be homozygous or heterozy-
gous for an X chromosomal allele, a man possesses only one allele of all
the genes on the X chromosome, and is thus hemizygous for these.

X Chromosome-linked Dominant Inheritance

Itis characteristic for X chromosome-linked dominant inheritance that all
daughters of an affected father are carriers of the corresponding factor,
since his X chromosomes are always passed on to his daughters (Fig. 2.6a).
On the other hand, the sons of an affected father are always healthy, since
they receive his Y chromosome (Fig. 2.6a). The children of a heterozygous
affected mother have a 50% risk of being affected (Fig. 2.6b). X chromo-
somal dominant hereditary diseases are very rare. One example is vitamin
D-resistant rickets, in which a low blood phosphate level leads to under-
development of dental enamel and anomalous hair follicles.

X Chromosome-linked Recessive Inheritance

In X chromosome-linked recessive inheritance, men are mainly affected
since they carry the defective allele on their X chromosome (Fig. 2.7a).
Women, on the other hand, are only affected when they are homozygous
carriers of the gene (very rare) (Fig. 2.7c). When they are heterozygous
they are phenotypically healthy and only transfer the disease-causing
gene to their offspring (so-called carriers) (Fig. 2.7b). It follows that 50%
of their sons are affected (show the trait) and 50 % of their daughters are
again carriers.

Examples of X-linked recessive hereditary conditions include red-
green color blindness (frequency 1: 15), hemophilia A and B (bleeding
disease, frequency 1:10000) and Duchenne muscular dystrophy
(frequency 1:3000).
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Mutations

As a rule, chromosomes transmit the genes located on them unchanged
from generation to generation. However, spontaneous changes in the
gene complement, called mutations, may occur in somatic cells (somatic
mutations) or in the germ cells (germ cell or germline mutations). In ad-
dition to spontaneous mutations, there occur induced mutations, as a re-
sult of, for example, ionizing radiation or chemical substances (so-called
mutagens). The frequency of mutation in, e. g., a gene is on average be-
tween 1:10000 and 1:100000. There are several types of mutations:

Gene mutations
Chromosome mutations (structural aberrations in the chromosomes)
Genome mutations (numerical aberrations in the chromosomes)
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Gene Mutations

Gene mutations are the most important and commonest causes of
change in the gene complement. They arise through errors in the identi-
cal replication of genes, when errors that occur during replication of the
strands of DNA induce changes in the base sequence. This in turn leads to
changes in the frequency of amino acids in the protein coded by the af-
fected DNA molecule. The consequence is a change in the function of the
protein, which may show itself in the phenotype of the individual con-
cerned.

Chromosome Mutations

In chromosome mutations, changes in the structure of the chromosome
can be seen by light microscopy (structural chromosome aberrations).
These may occur through crossing-over, that is, the interchange of chro-
mosome fragments (see Chapter 1: Reduction or Maturation Division) or
they may occur when chromosomes break and reunite in a different con-
figuration. Structural chromosome aberrations have an incidence of
1:200 newborns, and so are rarer than numerical aberrations (genome
mutations). Chromosome mutations include:

Deletion (loss of a chromosome fragment

Duplication (duplication of a segment of the same chromosome)
Inversion (reversal of a chromosome segment)

Translocation (exchange of segments between two nonhomologous
chromosomes).

Genome Mutations

In genome mutations, the number of chromosomes is changed (numeri-
cal chromosome aberration). This is caused by irregularities during cell
divisions following maldistribution during meiosis and mitosis. As a re-
sult, chromosome numbers deviate from the normal karyotype (see
Chapter 1: Chromosomes and Genes). If, for instance, the first matura-
tion division leads to a lack of separation between homologous chromo-
somes, the result is termed nondisjunction (failure to separate). This can
affect the autosomes as well as the sex chromosomes. Possible causes of
a numerical chromosome aberration include the loss of the centromere
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region of one chromosome, or the malformation of the spindle during
cell division.

Maldistribution of autosomes can be observed especially in small
chromosomes. Live births show trisomies almost exclusively, most com-
monly on chromosome 21 (trisomy 21 or Down syndrome). It is note-
worthy that autosomal trisomies show a marked relationship to age.
While the risk of bearing a child with trisomy 21 is about 1:2500 in
young women, Down syndrome cases increase to 1:50 in mothers over
40 years of age. The affected children show mental retardation to a vary-
ing degree, as well as typical physical stigmata such as an oblique axis of
the eyelids, marked palmar crease, short round skull, flat bridge of the
nose, and thick-set body build. Among the internal malformations the
commonest affected is the heart.

Maldistributions of sex chromosomes do not in general lead to a non-
viable embryo. An extra sex chromosome (gonosomal trisomy) or a
missing sex chromosome (gonosomal monosomy) does not normally lead
to severe retardation, as the mental development is usually completely
normal. Only reproductive capacity is lost. The only viable monosomy of
the sex chromosomes affects the X chromosome (Turner syndrome:
karyotype 45, X02 with an incidence of 1:2500). Women with Turner
syndrome have a feminine phenotype and are unable to conceive. No-
table physical attributes include short stature, loose skin folds at the
neck (pterygium colli), and malformations of inner organs (e. g., cardiac
malformations). Klinefelter syndrome consists of a trisomy of a sex chro-
mosome (karyotype: 47, XXY3 with an incidence of 1:900). Those af-
fected have a male phenotype, eunochoid tall stature, and under-
developed testes (hypogonadism).

245, X0 means 44 autosomes + 1 sex chromosome (X) = 45 chromosomes; one sex
chromosome is missing.

3 47, XXY means 44 autosomes + 3 sex chromosomes (XXY); one sex chromosome is
supernumerary
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m Evolution (The Science of Development;
Phylogeny)

The Concept of Evolution

Life on earth is enormously diversified. More than 1.5 million animal
species and almost 500000 species of plants have been described to
date, and new species are discovered daily (on the other hand, species
are destroyed by humans almost daily!). Until the end of the eighteenth
century, biology accepted the prevalent teaching derived from the bibli-
cal story of creation, that of the “constancy of species.” The Swedish natu-
ralist Carl von Linné (1707-1778), for instance, subscribed to the belief
that all the species found on earth had existed since the beginning of life
on earth. His achievement was to describe all the animal and plant spe-
cies known in his time and to order them into a uniform system based on
their structural similarities. It was only at the beginning of the
nineteenth century that a resemblance in form began to be seen as an
aspect of kinship, that is, related species were ascribed to common an-
cestors. Eventually it was Charles Darwin (1809-1882) who captured
these ideas and completed them with an abundance of observations
from comparative anatomy, paleontology, and the distribution of ani-
mals and plants. This was the birth of what today is recognized every-
where as the science of evolution. In his book On the Origin of Species by
Means of Natural Selection, published in 1859, he described the descent
of current life forms from primitive simple forms and at the same time
provided a convincing explanation of the causes of the evolution of or-
ganisms.

Factors in Evolution

Selection

The theory of evolution states that the infinite variety of living things on
earth has developed from a few simple forms—perhaps only a single
one—in the course of billions of years. In the course of earth’s history,
living forms underwent change that generally went hand in hand with
an increase in structural complexity and enhanced capabilities. An im-
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portant question in the study of evolution was and remains how evolu-
tion came about; that is, to apprehend the factors causing and enabling
evolution (the causal study of evolution). Here, too, Darwin provided a
remarkably simple explanation to the problem of causality (see below):
his theory of natural selection (survival of the fittest). Darwin based his
solution on the following observations:

Living organisms generate far more offspring than is necessary for the
survival of the species. Although two offspring per parental pair
would suffice to ensure survival of a species, often thousands or even
millions of offspring are generated. Nevertheless, the number of in-
dividuals in any one habitat remains constant over long periods of
time if the environment does not change.

Offspring of a single parental pair are not alike but differ in hereditary
characteristics.

Finally, organisms are constantly competing among each other to gain
advntageous conditions for items such as food, space, and mates.

From these facts, Darwin concluded that in the struggle for survival only
those individuals that are best adapted to their environment survive
(survival of the fittest). Such competition is not limited to one species;
organisms of different species may compete among each other if, for in-
stance, they occupy similar ecological niches.4 The result of competition
is that often only one species can survive in one ecological niche over the
long run. Species that are not as well adapted die out or are crowded into
other niches. In this way natural selection leads, through a continuously
improving adaptation to the environment, to a gradual reshaping of the
species. The fitness of an organism is therefore most easily determined
by the number of the surviving offspring.

However, Darwin’s theory of natural selection was fully validated
only when it became possible in the twentieth century to fit the findings
of the science of heredity into his theories. Today the following evolu-
tionary factors are recognized:

4 This is not a physical space, but the totality of the environmental factors used by a
species in its ecosystem. By using the same ecosystem differently (i.e., by occupying
different ecological niches), numerous species can coexist in the same ecosystem
without competing with each other.
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Selection
Mutation
Recombination
Gene drift
Isolation

The Concept of Species

Of foremost significance for the understanding of the effect of these fac-
tors on evolution are the concepts of species and population. All or-
ganisms that share their essential characteristics and are able to
generate fertile offspring together comprise one species. The individuals
of a species living and reproducing at the same time and in a defined
territory constitute a population.

The sum total of genes, each of which may be represented in many
different alleles (i.e., structural variations), constitutes the so-called gene
pool of a population. The frequency with which alleles (genes altered by
mutations) are represented in a population is called the gene frequency.
As well as rare genes or alleles with low frequency, such as those only re-
cently developed by mutation, there are genes or alleles with high
frequency. Evolution therefore occurs when the gene frequency of a
population changes in the course of the succession of generations.
Sexual reproduction constantly leads to new gene combinations in the
individuals of a species. This constant change in the combination of
genes is called genetic variability, which increases through the occur-
rence of new alleles following mutation in the genes.

Mutation

If evolution is considered a process during which offspring in a succes-
sion of generations differ from their ancestors, the mutability of genes
has an important function. Mutations—changes in the genetic sub-
stance—occur randomly and are the driving force of evolution.

The various kinds of mutations (see earlier) of necessity expand the
genetic variety of a population; the sum of these changes in a defined
time is known as the mutation pressure. This is opposed by the selection
pressure, which is determined by natural selection and in turn eradicates
unfavorable mutations.
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Recombination

New combinations of alleles (genotypes) are constantly generated
through the recombination of hereditary characters during the forma-
tion of the germ cells. This leads to great variability and so to new pheno-
types. Hence, conditions are created such that suitable phenotypes with
favorable gene combinations will have increased chances of randomly
enhanced adaptability. This, then, is the fundamental significance of
bisexual reproduction. Genetic recombination is only possible with
sexual reproduction, for it is the consequence of random distribution of
paternal and maternal chromosomes, as well as crossing-over during
meiosis. Since organisms generally possess a large number of genes,
there are abundant possibilities for recombination in the offspring. Con-
sequently, the several offspring of the same set of parents are for practi-
cal purposes never genetically exactly the same (with the exception of
monozygotic twins).

Gene Drift

The term gene drift is applied to random changes in the gene pool. Such
changes may occur without mutations or selection. Thus a group of or-
ganisms affected with a certain character within a population may sud-
denly become extinct through disease, adverse weather conditions,
wildfires, or other conditions. In its stead, the surviving part of the popu-
lation may expand by means of a different genetic makeup. In this way,
fortuitous death or fortuitous survival of those with certain characters
(and their genes) can influence the composition of a population deci-
sively.

Isolation

Groups of individuals of one species, i.e., populations, may develop in
different ways when they are separated and no longer form a common
gene pool. Among the various mechanisms of isolation, so-called geo-
graphic separation has the most widely distributed and most persistent
effect. Geographic separation may occur when the climate changes and
different parts of a population are forced in different directions from
their habitat, e. g., by the development of deserts, swamps, or glaciers. In
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this way the original uniform habitat of a species is severely split. The
development without exchange of genes between the groups that fol-
lows the split creates a division of the species. The first forms that appear
differ from each other in only a few characteristics. Such a course creates
subspecies or races that are still capable of coupling and creating fertile
offspring. If the differences in characteristics continue to increase over
time, a reproductive barrier forms and coupling is no longer possible. In
this way the two gene pools are conclusively separated, with the forma-
tion of two mutually independent species.

Evidence for Evolution

Embryological factors

Embryos of a variety of vertebrate classes are almost indistinguishable
by their shape or by the formation of their head and eyes, their trunk,
their limbs, and their tail (Fig. 2.8). For instance, during development, the
germ cells of almost all vertebrates, including humans, go through an
embryonic stage in which they bear a remarkable resemblance to a fish
embryo. They form gill arches, even though they never develop a
complete gill apparatus. This observation serves as evidence that the
evolution of vertebrates began with forms that lived in water and
breathed through gills. The functional and morphological similarities of
early stages of development suggest kinship; that is, the development of
the breed (phylogenys) is mirrored in the development of the individual
germ cell (ontogeny). The German naturalist Ernst Haeckel (1834-1919)
formulated the so-called “biogenetic law” (Haeckel’s law, recapitulation
theory), which states that the development of the embryo (ontogeny) of a
vertebrate organism is the brief and rapid recapitulation of the develop-
ment of the race (phylogeny).

5 The history of all living things over millions of years of development of all species
from a few simple (unicellular) forms to the variously complex organization of the
animals and plants existing today
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Fig 2.8 Different

Fish  Amphibian Reptile  Bird Human developmental stages of
vertebrates during embry-
onic development. The
early developmental stages
(upper row) of human, bird,
reptile, amphibian, and fish
are very similar, showing a
remarkable resemblance in
form and the development
of gills. During the 5th to
7th week, human embryos
resemble the embryos of
fishes, evidence for the de-
scent of humans from
primitive forms

Homologous Organs

Organs are homologous when they occupy the same location in the
structure of organisms and can be traced back to the same morphologi-
cal structures in their development from ancestral forms. In this sense
the wings of a bat, the fossorial (digging) leg of a mole, the fin of a whale,
and the arm of a human are homologous organs. Despite the differences
in shape, each contains the same subdivisions of upper arm, lower arm,
wrist and palmar (metacarpal) bones, and digital phalanges; moreover,
despite the very different shapes of these limbs, every single part occu-
pies the same relative location in the whole.

Rudimentary organs

In the course of evolution, organisms continually change their ways of
living. This requires a change in the functioning of their organs. Hence,
one of the most convincing pieces of evidence for the theory of evolution
is the existence of rudimentary organs, that is, involuted forms that in
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general have largely lost their function. Examples of such involuted
forms (organ rudiments) include the dense hair covering of the embryo;
the coccyx as a residue of tail vertebrae present in the embryo; the ap-
pendix, a wormlike rudiment of a formerly larger attachment to the in-
testines in which nutrients were broken down; and the muscles of the
external ear, which have lost their function. Another example is the so-
called Darwinian tubercle of the ear, present in some people and said to
correspond to the point of a mammalian ear, reshaped in the course of
development.

Atavism

Atavism (reversion) is a condition in which characteristics that have pre-
viously disappeared in the course of evolution suddenly recur. For in-
stance, some people can move their ears quite well. Newborns some-
times bear a small tail stump. The appearance of supernumerary nipples
arranged along a mammary ridge directed toward the abdomen recalls
the abdominal mammary papillae customarily found in mammals with a
greater number of offspring per litter. The appearance of atavisms repre-
senting a reversal to earlier evolutionary stages suggests that in such
cases the corresponding genes continue to exist in the genome but are
either blocked or become active at the wrong point in time during onto-

geny.

Genetics and Evolution

B Genetics
Genes and Alleles

The genetic program is stored in the form of information units, the
genes (hereditary characteristics) of the chromosomes in the nucleus
of each cell. One gene extends over 1000-10000 base pairs (300-
3000 base triplets) in the DNA and contains the information for one
protein. One characteristic can be determined by several genes. The
DNA of the whole set of chromosomes (23 chromosomes = haploid set
of chromosomes) contains 3 billion base pairs.

Twenty-three pairs of chromosomes (= diploid set of chromo-
somes) contain the whole inheritance (genome) comprising about
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100000 genes. Each of the genes occurs twice, as paternal gene and a
maternal gene on the corresponding (homologous) chromosomes.
These genes are called alleles. If their information is identical, the car-
rier for that characteristic is purebred (homozygous); if not, they are
of mixed inheritance (heterozygous).

In heterozygotes, an allele is dominant when it is solely re-
sponsible for the expression of a characteristic, the phenotype (geno-
type = the corresponding genetic information). The allele that is not
expressed is repressed; it is recessive. When both alleles determine
the phenotype, the result is codominance (that is, both characteristics
occur simultaneously). In intermediate inheritance, the expressed
characteristic is the result of a blending of both alleles.

The Mendelian Rules

The rules for the distribution of individual hereditary characteristics
during their transmission from generation to generation. These rules
were formulated before genes were discovered. Conditions: (1) the
study must be done with purebred organisms (with respect to exter-
nal observable characters); (2) the observed characteristics or the
genes determining them must be located on different chromosomes:

e Mendel’s first law (rule of uniformity): Crossing two purebred or-
ganisms that differ in one or more characteristics (alleles) results
in phenotypic uniformity in the heterozygous F; generation in
dominant-recessive inheritance (dominant allele determines
phenotype) and in intermediate inheritance.

e Mendel’s second law (rule of segregation): in the F, generation the
phenotype is segregated 3 : 1 = dominant : recessive characteristic;
the genotype is segregated 1:2:1 = purebred for the dominant
characteristic : mixed inheritance for the dominant
character : purebred for the recessive character. For intermediate
inheritance segregation is 1:2:1 for genotype as well as pheno-
type.

e Mendel’s third law (the rule of independence): When two purebred
organisms that differ in two characteristics (alleles) are crossed,
the genes are inherited independently of each other. Condition:
the genes must be located on different chromosomes. This results
in 16 different genotypes and 4 phenotypes in the F, generation
(segregation ratio 9:3:3:1).
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Autosomal Inheritance (Dominant—Recessive)

e Autosomal-dominant inheritance (in the phenotype the characteris-
tic is determined by the dominant gene located on an autosome).

e Autosomal-recessive inheritance (the gene for the characteristic is
located on an autosome, but the character is only expressed in ho-
mozygotes).

Sex-linked Inheritance

The geneticinformation for a specific characteris located on the X chro-
mosome. Since no homologous allele is located on the Y chromosome, a
man always possesses only a single allele of all the genes on the X chro-
mosome; he is therefore hemizygous. In sex chromosome-linked
hereditary diseases, sons are more often affected when the inheritance
is X chromosomal recessive, while daughters are more often carriers. In
the rare X chromosomal dominant inheritance, daughters are more
often affected than sons, because in affected fathers the sons never re-
ceive the X chromosome of the father, but the daughters always do.

Mutations

Changes in the gene complement of somatic cells (somatic mutations)
or germ cells (germ cell or germline mutations) occurring either
spontaneously or by the action of mutagenic substances:

e Gene mutations: incidence 1:10000 to 1:100000; alteration in
the base sequence due to errors during replication.

e Chromosome mutations: incidence 1 : 200; structural chromosome
aberration = alteration in the structure of a chromosome, e. g., by
interchange of chromosome fragments during crossing-over or
when chromosomes fragment and reunite in a different configura-
tion (deletion, duplication, inversion, translocation).

e Genome mutations: change in the number of chromosomes by er-
rors during mitosis or meiosis = numerical chromosome aberra-
tions affecting autosomes as well as sex chromosomes. In auto-
somes, small chromosomes are mostly affected (trisomies: trisomy
21 with an age-dependent incidence of 1 : 50 to 1 : 2500); sex cells
are affected by trisomies in the sex chromosomes (e.g., XXY =
Klinefelter syndrome) that, apart from a few physical weaknesses,
are primarily infertile, and monosomies that, apart from X0 (=
Turner syndrome), are not viable.
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B Evolution

Charles Darwin was one of the originators of the theory of evolution,
which teaches that today’s more complex life forms developed over
millions of years from earlier primitive forms. The following factors
are today considered to be the driving forces of evolution:

Selection: Darwin’s theory of natural selection is based on the prin-
ciple of the “survival of the fittest.” As a consequence of intraspe-
cies (within the species) and interspecies (between species) com-
petition, the weakest offspring will die by natural selection before
they have reached sexual maturity. Through this mechanism only
those organisms reproduce that are best adapted to the dominant
environment. Consequently, a change in the environment brings
about a gradual alteration of the species.

Mutations: The various mutations increase the genetic variety of
the population.

Recombination: New genotypes and phenotypes are created by re-
combination during sexual reproduction (random distribution of
maternal and paternal chromosomes during meiosis; crossing-
over) (increased variability).

Gene drift: Randomly generated changes of the gene pool without
mutation or selection, e. g., during natural catastrophes.
Isolation: Interchange of genes between parts of a population is
prevented by geographic separation. The consequence is the segre-
gation of the species and the definitive separation of the gene pool.
Different environmental conditions favor different characteristics.
Once a reproductive barrier is created, two species independent of
each other have evolved.

Species = all life forms that correspond in their essential characteris-
tics and that can have fertile offspring with each other.

Population = individuals of one species, who live and reproduce at
the same time and in the same territory.

Gene pool = the total stock of genes in a population.

Evidence for Evolution
Embryological factors: “Development of the embryo (ontogeny) is a

brief and rapid recapitulation of the development of the race (phy-
logeny).”
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e Homologous organs: Organs that can be traced back to the same
morphological structures in ancestral forms.

e Rudimentary organs: Organs that have lost their function by
changes in the way of life of a breed during the course of its
development.

e Atavism: characteristics that had disappeared in the course of a
breed’s development suddenly reappear.
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68 3 Tissues

Tissues are combinations of similarly differentiated cells and their deriva-
tives, the intercellular substances. They fulfill one or more specific func-
tions. By convention tissues are divided into four types:

Epithelial tissue

Connective and supporting tissue
Muscle tissue

Nerve tissue

m Epithelial Tissue

Epithelial tissues are divided according to their primary function into
surface epithelia, glandular epithelia, and sensory epithelia.

All epithelia are applied to a thin basement membrane (basal lamina,
hyaline membrane, glassy membrane), that provides mechanical support
for the epithelium. In the form of surface epithelia they cover the exter-
nal and internal surfaces in the body, provide its protection, and by the
processes of secretion (extrusion of substances) and resorption (uptake of
substances) connect it to the environment. As glandular epithelia they
produce secretions that are deposited on the internal or external sur-
faces of the body by glandular ducts (exocrine glands), or that reach the
bloodstream directly, without any ducts, as with hormones (endocrine
glands, ductless glands). As sensory epithelia they are part of the struc-
ture of sense organs and transmit sensory impressions (e. g., the retina of
the eye) (Fig. 3.1a-d).

Surface Epithelia

Shape and Arrangement

Surface epithelia are divided according to the shape of their cells into
squamous epithelium, cuboid epithelium, columnar epithelium, and, ac-
cording to their layering, into simple, stratified (more than one layer), and
pseudostratified epithelia (Fig. 3.2). In stratified epithelia, the epithelium
is named according to the cells on its surface, e. g., stratified squamous
epithelium. In pseudostratified epithelium, all the epithelial cells reach
the basement membrane, but not all reach the free surface (e.g., the
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Fig.3.1a-d Examples of
different epithelial func-
tions.
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b Villi in the small intestine
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double layer of ciliated epithelium in the respiratory tract). A special
form of pseudostratified epithelium is the transitional epithelium of the
lower urinary tract, which can adapt to considerable surface changes,
e.g., in the bladder.

Surface Differentiation

Special differentiation of individual epithelial cells at the surface
closely relates to function. Absorbent or secretory cells often show on
their surface characteristic fingerlike projections of the plasma mem-
brane (microvilli), leading to a considerable increase in their surface
(Fig. 3.2). This so-called brush border speeds the absorption of nutrients
from the small intestine and, for example, in the gall bladder serves to
thicken the bile by resorbing fluid. Stereocilia (nonmotile cilia) form a
special type of cell projections. These are thinner than the microvilli
and are often arranged in dense clusters on the cell surface. Located in
the epididymis, they serve secretory and resorptive processes like other
microvilli.

When the processes are motile, they are called cilia. They occur, for
example, in the respiratory epithelium of the airways (Fig.3.2). Each
cell carries 200-300 cilia. These cilia move in coordinated waves (ca. 20
beats/second) that distribute mucus over the epithelial surface and so
can produce unidirectional flow. In the stratified squamous epithelium
of the skin, the outer cell layers are dead and so form a horny layer that
protects against external agencies. In the transitional epithelium of the
urinary bladder, the cell membranes nearest the surface are also pro-
tected against the noxious effects of urine by the increased density of
certain proteins (crusta) (Fig. 3.2).

Cell Junctions

Neighboring cells form junctions in all tissues, not only in epithelia.
These assume various forms, including tight junctions, gap junctions,
and desmosomes. These three types of junction differ mainly in their
functions. Tight junctions, for instance, are found between the colum-
nar epithelial cells of the intestines, where they make the intercellular
space between neighboring cells completely impermeable to sub-
stances contained in the intestines. Gap junctions form connections
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between neighboring cells and serve the transport of materials be-
tween cells (e.g., heart muscle cells or bone cells). Desmosomes, on
the other hand, have an exclusively mechanical significance and serve,
for instance, to anchor cells to each other within a squamous
epithelium.

Glandular and Sensory Epithelia

The epithelia of glands and sense organs represent distinctively special-
ized forms of epithelia (Figs. 3.1¢, d). Glandular cells may occur singly
among other epithelial cells (e. g., goblet cells in the intestines) or in the
form of epithelial organs (sweat glands, salivary glands, tear glands, pan-
creas). The substances secreted by glands (secretions) are often not used
locally; in the case of exocrine glands they are transported by way of
special secretory ducts to their site of action. In the absence of a specific
duct, for instance in the case of hormone-producing glands (thyroid,
pituitary), the substances are secreted into the blood, which transports
them to their destination (endocrine glands).

Sensory cells in epithelial tissues function as stimulus receptors
(sensory function). They transform arriving stimuli (light, chemical sub-
stances, mechanical pressure, pain) into electrical signals and then
transmit them in the form of impulses along nerve fibers (Fig. 3.1d).

B Connective and Supporting Tissues

Connective and supporting tissues look distinctly different, yet they are
closely related because they are of common origin. They arise from the
mesenchyme, an embryonic connective tissue. Whereas epithelial,
muscular, and nervous tissues are mainly composed of cellular struc-
tures, connective and supporting tissues contain both cellular and inter-
cellular substances (extracellular matrix, ground substance), which may
be liquid, semisolid, or solid. Both take part in connective and supporting
structures in ways that differ qualitatively and quantitatively. The less
they serve as support, the more prominent becomes their metabolic
function, for connective tissue is well perfused with blood. As its name
implies, it connects, among other things, organs with blood vessels.
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Supporting tissue includes the harder tissues, bone, and cartilage, in
which the supporting function predominates. Of these, bone receives a
good blood supply (confined to bone).

Connective Tissue

Functions

m Connective Function. In general, connective tissue forms the sheaths
of organs, vessels, and nerves and connects all the components with each
other. In the form of ligaments it stabilizes the joints and, in the form of
tendons, serves to transmit force from muscles to bones.

m Metabolic Function. Whereas the fibroblasts are the primary site of
metabolism, the exchange of metabolic substances takes place in the in-
tercellular substance. The nutrients leaving the blood diffuse through
the intercellular substance into the cells. The function of connective
tissue is therefore the distribution of nutrients. Correspondingly, ex-
creted substances travel from the cells by way of the connective tissue to
be drained away by the blood capillaries and the lymphatic vessels.

m Water Balance. A large part of the extracellular fluid is located in the
intercellular spaces of the areolar (loose) connective tissue, which can
store large quantities of water. In kidney and heart disease, for instance,
abnormal collections of water in the tissues can lead to edema.

B Wound Healing. Wounds heal by the formation of connective tissue
(granulation tissue) that later becomes indurated scar tissue.

m Defense. Some specialized “free” connective tissue cells (the various
kinds of leukocyte, see Chapter 6: The Cells of the Blood) are responsible
for the body’s defense against pathogenic germs and foreign materials.
They have the capacity for phagocytosis (taking up solid particles into the
cell) and support the body’s defenses by the formation of antibodies.

m Storage Function. E.g., fatty (adipose) tissue serves to store calories.
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Connective Tissue Cells

One type of cell found in the space occupied by connective tissue is the
tissue-specific fibroblast (sometimes called the fibrocyte, especially
when inactive), which produces the intercellular substances (ground
substance and connective tissue fibers). Cells of another type found here
are cells that have left the blood vascular system and are mostly a part of
the immune system. These “free connective tissue cells” are not fixed, but
can move within the connective tissue by ameboid motion. The current
belief is that free connective tissue cells originate in the embryonic
mesenchyme, and almost all represent types of white blood cells (leuko-
cytes) that have migrated from the blood vessels into connective tissue
(cf. Chap. 6: The Cells of the Blood).

Intercellular Matrix (Ground Substance)

Because the intercellular substance develops in two different ways, the
connective tissue space functions both as a conduit between blood vessels
and organs (ground substance) and as actual connective tissue (connective
tissue fibers). The ground substance consists essentially of interstitial
fluid, protein, polysaccharides, and glycoproteins. Protein polysac-
charides add viscosity or solidity to the interstitial fluid. Because of their
property of binding water they are responsible, for example, for the elas-
tic stability of cartilage in joints and the transparency of the cornea. Gly-
coproteins occur among other sites at the cell boundary in the form of
the glycocalyx and as components of the basement membrane. Part of
their function is mechanical (adhesion of the cell to the extracellular
matrix) and they probably form a barrier regulating the exchange of sub-
stances between the interstitial spaces and the adjoining cells.

Connective tissue fibers are divided into three major kinds: collagen
fibers, elastic fibers, and reticular fibers. Collagen fibers are nondisten-
sible and are generated where there is tension (tendons, ligaments); re-
ticular fibers are flexibly elastic and their extended networks form the
basic structure of, e.g., lymph nodes and the spleen; elastic fibers are
distensible and can be stretched reversibly over 11/2 times their length
(blood vessels).
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Loose Areolar (Interstitial) Tissue

The loose areolar (interstitial) connective tissue (Fig.3.3) forms the
stroma that connects the specific tissues of organs; it also holds nerves
and vessels in place, forming sheaths in which they traverse their sur-
roundings. In addition it stores water and allows other tissues room to
shift.

Dense Fibrous White Connective Tissue

In dense white fibrous connective tissue, fibers predominate and there
are few cells. The two types are dense irregular and dense regular white
fibrous connective tissue (Fig. 3.4). In irregular connective tissue, collagen
fibers are arranged in bundles that form a felt-like weave (e. g., capsules
of organs, dermis, sclera, dura mater covering of the brain). In regular
connective tissue, the collagen fibers are subjected to directional forces
(transfer of force from muscle to bone) that induce the formation of par-
allel-oriented bundles that are visible to the naked eye (Fig. 3.5a, b) (e. g.,
tendons and aponeuroses = flattened tendons).
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Reticular Connective Tissue

In its form, reticular connective tissue is closely related to the embryonic
connective tissue, the mesenchyme. It is made up of special connective
tissue fibers, the reticular cells, and a lattice of reticular fibers (Fig. 3.6).
The reticular connective tissue forms among other structures the frame-
work for the lymphatic organs (spleen, lymph nodes), in which the in-
terstices are filled with “free cells” (immune cells, e. g., lymphocytes). In
the bone marrow, the interval between the spatially organized reticulum
fibers is filled with blood-forming cells. In this way the reticular connec-
tive tissue forms a functional unit with the “free cells.” However, reticu-
lar fibers can also be found in areolar tissue and in internal organs (e. g.,
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Fig.3.6 Reticular fibers in
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liver, kidney), where they are not part of an actual reticular connective
tissue. For instance, reticular fibers form a sheath around smooth and
striped muscle fibers and unite them into organized structures.

Adipose (Fatty) Tissue

Adipose tissue can be regarded as a specialized form of reticular connec-
tive tissue. Fat cells (lipocytes, adipose cells) store fatty substances that are
removed from the blood by pinocytosis or built up in the cells directly from
carbohydrates (sugars). The fat shifts the severely flattened nucleus to the
periphery of the cell into a thin rim of cytoplasm (Fig. 3.7). Fatty tissue
serves a mechanical function, stores energy, and protects against cold.

B Storage Fat. Fatisanoutstanding medium for the storage of energy, with
acaloricvalue twice that of carbohydrates or proteins. The areolar connec-
tive tissue enveloping blood vessels in subcutaneous connective tissue, for
instance, stores excess fat, which can be broken down during periods of
starvation. The cells themselves survive and are available for renewed fat
deposition. The current view is that the number of fat cells formed in early
childhood remains constant through life as a potential fat repository.

m Structural Fat. In contrast to storage fat, structural fat serves as cush-
ioning (e. g., sole of the foot, palm of the hand, buttocks, orbital fat, and
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the buccal pad of the cheek) and is a necessary normal part of the body. It
melts down and becomes available for providing energy only in ad-
vanced starvation (evidenced as sunken eyes or hollow cheeks).

m Brown Adipose Tissue. Brown adipose tissue (brown fatty tissue, mul-
tilocular tissue) is a special kind of fatty tissue that contains numerous
mitochondria with a high cytochrome content, which make it look dark.
It is found in the newborn, especially in the interscapular region (be-
tween the shoulder blades). In the first months of life it serves as an im-
portant heat reservoir. It is rarely seen in the adult, but regularly persists
in rodents (where it raises the temperature after hibernation).

Supporting Tissue

The representative supporting tissues are cartilage and bone tissues. To
this must be added chordate tissue and dental tissue, a highly specialized
and extra-hard bone tissue (see Chapter 9: The Oral Cavity). These con-
tain predominantly collagen fibers and so possess the nondistensible
character of connective tissue structures. The resistance to pressure is
heightened in cartilage by the special development of the extracellular
matrix and in bone by the deposition of calcium salts.
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Chordate Tissue

The structure of chordate tissue is similar to that of adipose tissue, but
the cell is filled with fluid instead of fat. It is found in vertebrates, includ-
ing man, as the notochord (chorda dorsalis), the primal embryonic axial
organ. The tightly filled cells give it an elastic solidity, similar to an in-
flated tire under pressure. Parts of the intervertebral disks (nucleus pul-
posus) may represent residual chordate tissue in the adult.

Cartilaginous Tissue

Cartilaginous tissue occurs predominantly in the skeleton and in the air-
ways. The characteristic cells of cartilaginous tissue are cartilage cells
(chondrocytes). They lie in the cartilaginous ground substance (extracellu-
lar matrix) as more or less rounded structures in small groups (chon-
drones) that do not adjoin each other (Fig. 3.8a-c). Three types of car-
tilage can be distinguished: hyaline cartilage, elastic cartilage and fi-
brocartilage, according to the type and density of fibers. None of the
three types contain blood vessels in the adult. They are fed by diffusion
either from a vascular membrane, the perichondrium, or, in the case of
the hyaline cartilage of joints, directly by the joint fluid (synovia). The
development of cartilage proceeds from the perichondrium, but the abil-
ity of cartilage to regenerate is generally insignificant. Without a peri-
chondrium, as in hyaline cartilage, regeneration cannot occur. Cartilage
is distinguished by high resistance to pressure, is capable of viscoelastic
deformation and has a high resistance to shear force.

m Hyaline Cartilage. When fresh, hyaline cartilage looks milky-blue and,
because of its translucent character, is said to have a ground-glass ap-
pearance (Fig. 3.8a). It covers the joint surfaces as joint cartilage, forms
the cartilage of the ribs, part of the nasal septum, the skeleton of the
larynx, the rings of the trachea, and the large bronchi. During the embry-
onic period, the greater part of the later bony skeleton is laid down in
cartilage. During growth, the epiphyseal joints (growing end of bone) of
the long bones consist of hyaline cartilage (see Fig.3.10), which is only
replaced at the conclusion of the growth phase. The hyaline cartilage of
joints is the only cartilage without a perichondrium. Hence, after its de-
struction (by inflammatory or degenerative joint disease) no new
functional cartilage can be generated.
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m Elastic Cartilage. In addition to the structures contained in hyaline
cartilage, elastic cartilage contains elastic fiber networks (Fig. 3.8b) that
form a latticework structure around the chondrocytes and radiate into
the adjacent perichondrium. Because of the elastic fibers, elastic car-
tilage has a yellowish appearance. In humans it occurs only in the auricle
of the ear, parts of the larynx, the epiglottis, and the external auditory
meatus (canal of the ear).

m Fibrocartilage. As opposed to hyaline cartilage, fibrous or connective
tissue cartilage contains significantly more collagen fibers (Fig. 3.8c). It
can be found wherever tendons or ligaments exert pressure, as in the in-
tervertebral disks (annulus fibrosus) and the interarticular disks (disks
and menisces).

Bone Tissue

Bone tissue is the main supporting tissue, being the structural material
of bone, i.e., the skeleton,. A fully differentiated bone is, with the excep-
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tion of dental material, the hardest substance in the body. It is very stable
under compression and tension, and is extraordinarily resistant to defor-
mation. With few exceptions (over the joint cartilage), bone is covered
with a membrane (periosteum), from which healing can take place, e. g.,
after a fracture.

m Bone Cells and Intercellular Substance. Bone cells (osteocytes) are con-
nected with each other by a network of long processes. They are en-
closed on all sides by a bony ground substance (extracellular matrix),
which has some unusual characteristics in its composition and ar-
rangement. The extracellular matrix is rich in collagen fibers, arranged
in a ground substance enriched with inorganic salts (calcium salts,
especially calcium phosphate and calcium carbonate). It is made up of
(20-25%) water, (25-30%) organic substances, and (50%) inorganic
substances. The minerals are deposited in crystalline form and lend
bone its great physical hardness. Its excellent blood supply, which facil-
itates an intensive metabolic exchange, gives bone its biologic plastic-
ity. The rigid, extremely hard, bony material is a living substance,
which can easily adapt to altered static circumstances in the body
such as changes in the direction of stresses. The organic and inorganic
components interpenetrate and can only be distinguished by micro-
scopic examination.

If a bone is singed, only the inorganic mineral skeleton remains and
the bone becomes brittle. If the bone is placed in acid, only the organic
part remains and the bone becomes flexible like rubber.

B The Structure of Cancellous Bone. The structure of bone can be ob-
served especially clearly in the cross-section of a long bone. An outer
compact layer (substantia compacta, compacta in brief) can be distin-
guished from an inner trabeculated (spongy cancellous,) layer (substantia
spongiosa, spongiosa) (Fig.3.9a). While the compact layer is present
throughout the outer layer of a long bone and is especially developed in
the shaft (diaphysis), the spongy bone is especially prominent in the ends
(epiphyses) of a long bone. Through this “lightweight” construction, bone
attains a maximum of strength with a minimum of material. Through the
orientation of its trabeculae, the bone can adapt to its function. The
trabeculae develop in the form of compression and tension trabeculae
under the influence of deformation stresses (Fig. 3.9d). In the spaces be-
tween the trabeculae of spongy bone is found the red, blood-forming
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Fig.3.9a-d Structure of bony tissue as exemplified in the femur

a Sagittal section through femoral head, neck, greater trochanter and proximal shaft
b Section from a: microscopic section of spongy bone

c Section from a: microscopic section of compact bone

d Simplified representation of the tension and compression trabeculae of spongy bone
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bone marrow. Yellow bone marrow (fatty marrow) is found especially in
the marrow cavity of the diaphysis.

Lamellar bone is named after the lamellar structure of the compact
layer of a long bone. The distribution of the lamellar systems (osteons or
haversian systems) is especially clear when seen in cross-section
(Fig.3.9¢). The center of an osteon consists of a nutrient blood vessel,
around which the osteocytes and the extracellular matrix are arranged.
The osteocytes always lie between the lamellae, in which the collagen
fibers are arranged in spirals. The cells are connected to each other by
cellular processes running in tiny bone canals, the canaliculi, by which
nutrients from the inner blood vessel can pass outwards. During the
development of an osteon, bone-building cells (osteoblasts) collect in
large numbers from the inside and lay down a layer of bony substance
like wallpaper. The collagen fibers are laid down in parallel and in a spi-
ral fashion in this tubular structure. The crystalline inorganic salts are or-
ganized in a specific spatial arrangement between these fibers. Another
lamella is then laid down from the inside, with collagen fibers running
crosswise to the last layer, until there is only little room left in the so-
called haversian canal (Fig. 3.9¢) for some scanty connective tissue and
the blood vessels needed for nutrition. A complete osteon is about 1 cm
long and consists of 10-20 tubular lamellae fitted inside each other. The
bone cells are practically immured between the bony lamellae, and con-
nected to neighboring cells by fine cytoplasmic processes. The osteons
are connected with each other by canals (Volkmann’s canals), in which
arterial branches run to junctions with the vessels in the haversian
canals.

Spongy bone is also a lamellar structure, but the lamellae are built up
in layers as in plywood (Fig. 3.9b). Since the bone cells in spongy bone
also have a high metabolic rate and require nutrients, the spongy
trabeculae are limited in their thickness (ca. 0.5 mm) because the ex-
change of substances is achieved strictly by diffusion from the surround-
ing bone marrow.

The osteons of the compact layer and the bony lamellae of
spongy bone are rearranged throughout life and can adapt very well
to altered static conditions (e.g., fractures). In this way, old lamellar
systems are constantly being broken down (Fig.3.9c) and new ones
are constructed both in compact and spongy bone. Lamellae are
broken down by special bone-removing cells called osteoclasts, while
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osteones that are in the process of being rebuilt are called interstitial
lamellae.

m Development of Bone Tissue. Lamellar bone is not the first stage
in the formation of the fully differentiated human bone. Initially, re-
ticular bone (woven bone) is formed in the embryonic period and
also, for example, during healing of a fracture. In reticular bone,
blood vessels and collagen fibers are arranged irregularly. Reticular
bone corresponds to a hardened connective tissue rich in fibers and
can originate in two different ways:

1. A so-called membrane bone develops directly from the
mesenchyme. This type of ossification is called membranous or
desmal ossification.

2. A cartilaginous bone precursor first forms in the mesenchyme and
is then rebuilt into bone (endochondral bone). This process is
called endochondral or indirect ossification.

To adapt to the needs of the growing organism, the developing bone is
constantly being shaped, growing by absorption in one place and deposi-
tion in another. Greater functional demand, such as increasing body
weight, later leads to restructuring of lamellar bones.

m Development of a Long Bone. Most bones develop indirectly by way of
a cartilaginous precursor. Only a few bones (some bones in the skull, the
clavicle) develop directly by membranous ossification. However, parts of
a long bone can develop directly by membranous ossification even
where it has been laid down in cartilage, e. g., the perichondral bone cuff
that originates in the diaphysis and that provides the base from which
the bone grows in thickness (perichondral ossification) (Fig. 3.10). In the
interior of the bone, bony tissue is laid down indirectly, in that the car-
tilage is first removed by cartilage-absorbing cells (chondroclasts) and
then replaced by chondral ossification. Where the diaphysis meets the
epiphysis, an epiphyseal plate develops, where growth in length takes
place and in which the cartilage cells divide until growth stops
(Fig. 3.10). The epiphyseal plate is visible in the radiograph by its lack of
calcification. Bone formation within the epiphyses (ossific centers)
begins only at the time of birth. Many ossific centers develop only in the
first years of life. Special ossific centers that develop on bone for the at-
tachment of muscles are called apophyses.

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Epiphysis

N

Articular cartilage
Ossific center
in the epiphysis

85

Muscle Tissue

Fig.3.10 Simplified representation of
the development of a long bone

<« = growth in thickness

{ = growth in length

//\ Epiphyseal plate

Periosteum
(Periost)

Bone marrow
cavity
Perichondral
bone cuff

Diaphysis

Endochondral
bone (bone form-
ed in cartilage)

\— Attachment of
joint capsule

=

Epiphysis

Contrasting Bone and Cartilage

Avascular bone, in which the cells form a dense substance-transport sys-
tem, regenerates well and adapts to changing static conditions by con-
stant rebuilding. Avascular cartilage, in which the cells are isolated from
each other and far from the sources of nutrition, regenerates less well
and demonstrates only slight biological adaptability.

B Muscle Tissue

The cells of muscle tissue can be excited by chemical and electrical
stimuli, similarly to nerve cells. The muscle cell, however, has the ability
to shorten (contract), which is triggered by a stimulus and is tied to the
presence of certain protein structures (myofibrils). Additionally, muscle
tissue plays a role in the heat economy of the organism, since muscle con-
traction consumes energy, which is then liberated largely as heat.
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Muscle contractions (shivering) are also generated to provide heat during
heat loss.

In their general structure, muscle cells are similar to other cells in the
body, but each muscle cell is a fiber that may reach lengths of up to
20 cm. Hence a muscle cell is also known as a muscle fiber. A unique fea-
ture of muscle cells (or fibers) is their high content of proteins called my-
ofibrils, which contract on stimulaton of the muscle fiber. The myofibrils
are composed of short protein threads, the myofilaments. These can be
divided into thin actin filaments and thick myosin filaments (see Fig. 3.12).
A contraction is triggered by nerve stimulation, which is transmitted
from the motor end plate to the muscle by a neurotransmitter, acetylcho-
line. The color of muscle is due to myoglobin, a colored substance dis-
solved in the cytoplasm and a close relative of hemoglobin both in struc-
ture and function.

Muscle tissue is divided according to structure and function into
smooth and striated muscle tissue (Fig. 3.11a-c).

Smooth Muscle Tissue

Smooth muscle tissue is chiefly the muscle tissue of the intestines. It
forms the greater part of the walls of the hollow viscera (gastrointestinal
tract, gallbladder, urinary tract, sex organs, blood vessels, etc.) and is
found in the distal respiratory tract, the eye, the hair, and the glands.
Smooth muscle is controlled by the autonomic (vegetative) nervous sys-
tem, but in many organs it can be stimulated by passive distension (myo-
genic stimulation).

A smooth muscle cell is spindle-shaped, about 25 pm long, and has a
centrally located elongated nucleus (Fig. 3.11a). Toward the end of preg-
nancy, the muscle cells in the uterus can enlarge considerably, and reach
alength of some 0.5 mm (1 mm = 1000 pm). The myofibrils are located in
the cytoplasm, and they generate the contraction; they are not, however,
as rigidly organized as striated muscle. Smooth muscle contracts slowly,
and can, for instance in the intestine, transport intestinal contents in reg-
ular contractile waves (peristalsis). It may also remain in a certain state
of contraction (tone) for a long time (e. g., the pylorus muscle at the point
of transition from the stomach to the duodenum). The muscle cells are
connected to each other and to related structures by connective tissue
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Fig.3.11a-c Muscle tissue in longitudinal section
a Smooth muscle tissue

b Striated (skeletal) muscle (see also Fig. 3.12)

¢ Cardiac muscle

fibers (reticular fibers). Specific chemical transmitters such as acetylcho-
line and epinephrine (parasympathetic and sympathetic systems, Chap-
ter 14), trigger the contraction.

Striated Muscle Tissue

Striated muscle tissue is divided into skeletal muscle tissue and cardiac
muscle tissue. The very regular arrangement of the myofibrils and their
subunits (actin and myosin filaments) in the individual muscle cells can
be seen in the optical microscope as regular light and dark bands, which
have given skeletal and cardiac muscle the name striated (striped)
muscle (Fig. 3.11b, c). This regular, striped arrangement of actin and my-
osin filaments distinguishes striated muscle under the optic microscope
from the smooth variety, in which the actin and myosin filaments are
distributed irregularly.
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Skeletal Muscle Tissue

The skeletal musculature forms 40-50% of the total body weight, which
makes it by far the most strongly developed organ of the human body.
The greater part of it forms the musculature of the active motor system,
and it is found in similar form in the face (muscles of expression),
tongue, throat, larynx, eye, middle ear, pelvic floor, etc. It is supplied by
the nerves of the somatic (voluntary) nervous system.

Structure of Skeletal Muscle

In a skeletal muscle, muscular fibers and connective tissue are closely in-
terlinked (Fig. 3.12a-e). A strong connective tissue sheath consisting of
dense collagen connective tissue (muscle fascia) surrounds the muscle,
contains it, and allows it to slide through its related structures. Each
muscle is composed of individual bundles of fibers (fascicles) that can be
distinguished with the naked eye and are connected by areolar tissue
(epimysium). Muscles and nerves are contained in the epimysium and by
this route reach the internal part of the muscle.

The individual fiber bundles in their turn are composed of
hundreds of muscle fibers (muscle cells) that are enveloped in a delicate
connective tissue sheath (endomysium) and are also connected with
each other by areolar tissue (perimysium). Each muscle cell is a long
tube of cytoplasm surrounded by a cell membrane (sarcolemma), is
without internal cell boundaries, and possesses several hundred nuclei
along its margins (Figs. 3.11 and 3.12). Thus, muscle cells are threadlike
cells, often several centimeters long, with a diameter of 10-100 pm.
They usually run the whole length of a muscle and merge at both ends
into connective tissue tendons that connect the muscle to bone (Fig.
3.12).

m Muscle Spindle. Within each muscle can be found between 40 and
500 receptor organs, the so-called muscle spindles, which contain
specific stretch receptors. The receptors detect changes in length in the
muscle and send this information by way of specific nerve fibers to the
spinal cord (cf. Chapter 13: Spinal Reflexes). The muscle spindles are
specialized muscle fibers that are contrasted as intrafusal muscle to
the extrafusal muscle of the active motor apparatus. In addition to the
muscle spindles, muscles contain certain tendon receptors, located at

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



s Muscle Tissue 89 -

Myofibril

Muscle fibers ,— Sarcolemma Sarcomere
=muscle cell 10-100um Basement
membrane
Endomysium Satellite cell
e
Nuclei
Tum
Fiber bundle Myofibril
(fascicle)
Perimysium
Epimysium
Epimysium

Muscle fascia

Nutrient blood vessel

Muscle fibers
=muscle cell Muscle fibers

=muscle cell

: ) .:i}’, Peri- S Nerve with
X o mysium " motor end
&xfﬁf internum / plates
= Blood f

% B h
Cell nuclei

capillary
Myofibrils

) Endomysium ¢ Endomysium with
mysium Nucleus blood capillaries

Fig. 3.12a—e Structure of a skeletal muscle
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the musculotendinous junction (Golgi tendon organ), that protect the
muscle from excessive tension.

m T and L Systems. The cell membranes of the muscle fibers project
deep into the interior of the cell at regular intervals, in this way
forming the so-called transverse tubules. They envelop the myofibrils
in the form of tubules and the whole system is called the T system
(transverse system, transverse component of the sarcoplasmic reti-
culum) (Fig.3.13). This spreads the extracellular space over the whole
of the muscle’s cross-section and allows a rapid spread of the action
potential deep into the muscle fiber. Another feature of muscle cells
are tubules arranged longitudinally along the myofibrils between the
transverse tubules (longitudinal or L system), a system of tubules in
the endoplasmic reticulum, which in the muscle cell is called the
sarcoplasmic reticulum. In its totality this system provides a reservoir
for calcium ions, which can thus be liberated in a fraction of a sec-
ond to initiate a muscle contraction on arrival of an action potential
(see mechanical transformation of electrochemical excitation, Fig.
3.15a, b).

T system Sarcoplasmic
(transverse tubules)  reticulum
(longitudinal tubules)

Sarcolemma
(cell membrane)

Mitochondrion

Myofibril

Fig.3.13 Transverse and longitudinal tubules of a muscle cell (T and L system).
(After Silbernagel)
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The Structural and Molecular Basis of Skeletal
Muscle Contraction

m Actin and Myosin Filaments. The components of skeletal muscle cells
that shorten (contract)—the myofibrils—are arranged parallel to the
longitudinal axis of a muscle cell. They are divided into numerous
units (sarcomeres) about 2.5um long by transverse partitions called Z
disks (Fig.3.14a-c). Within the sarcomere there is another regular ar-
rangement of myofilaments, the thin actin and the thick myosin fila-
ments. Each actin filament is anchored to the Z disk of a sarcomere,
while the myosin filaments in the middle of the sarcomere protrude on

Sarcomere

Sarcomere

Myofibril

Myosin
filament

Actin
filament
Myosin head

Myosin tail

Fig.3.14a-c Schematic representation of the structure of a sarcomere. (After Silber-
nagel)

a Myofibril

b Arrangement of actin and myosin filaments in the sarcomere

¢ Structure of a myosin filament
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both sides into the actin filaments. The myosin filaments have a head
(myosin head) and a tail. When a muscle shortens (contraction), the
thin and the thick filaments glide past each other, so that each in-
dividual sarcomere is shortened, while the individual filaments pre-
serve their original length. When a muscle relaxes or stretches, this
process is reversed.

During a muscle contraction, the myosin heads bond to the actin fila-
ments (formation of cross-bridges), after which they pull them toward
the middle of the sarcomere by a kind of swinging or rowing motion
(Fig. 3.15a,b). However, a single swing by all 500 or so myosin heads of a
thick filament can only shorten a sarcomere by about 1% of its original
length. To achieve a stronger contraction, the cross-bridges from the my-
osin heads to the actin filaments must constantly be released, so that the
actin and myosin filaments can continue to glide past each other as they
bond and swing step by step. For maximal muscle contraction, these
bonding and swinging processes must take place about 50 times in rapid
succession.

B Muscle Metabolism and the Mechanical Transformation of Electro-
chemical Excitation. The only source of energy for muscle contraction is
ATP (adenosine triphosphate), formed in the numerous mitochondria.
ATP is synthesized from a number of different fuels (e. g., carbohydrates,
fatty acids), that are completely broken down to carbon dioxide and
water with the help of oxygen (aerobic metabolism, oxidation) with little
energy consumption. During intense strain, ATP metabolism briefly be-
comes anaerobic (independent of oxygen). However, such metabolism
results in the production of lactate, which accumulates in the muscle,
with the result that the muscle tires rapidly. Only after the blood has
transported lactate to the liver can it be partly transformed back into glu-
cose. Because of the low content of ATP in muscle, fresh ATP must be
created rapidly on demand. The most important energy reserve to ac-
complish this is provided by glycogen, a form of glucose storage, and
especially by creatine phosphate. The breakdown of creatine phosphate
into creatine and phosphate liberates large amounts of energy for the
generation of ATP.

Calcium ions (Ca?+) are also required for muscle contraction. These
are contained in high concentration in the sarcoplasmic reticulum of the
muscle cell (L system) in the relaxed state (Fig. 3.15a). When a muscle
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fiber is stimulated (depolarized) by a nerve impulse (action potential),
calcium ions are liberated from the sarcoplasmic reticulum in a fraction of
a second. The presence of calcium ions is necessary for the bonding of
the myosin heads to the actin filaments (electromechanical coupling), as
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well as their swinging and the resulting muscle twitch.! Eventually ATP
dissolves the bond between myosin and actin and regenerates the ten-
sion in the myosin head for the next swing, as in a spring. The energy for
this process is generated by an enzyme (ATPase) in the myosin head that
splits ATP into ADP (adenosine diphosphate) and phosphate. Without
ATP, actin and myosin remain bonded to each other and the muscle be-
comes rigid (rigor mortis, see p. 96). If no further action potential reaches
the cell, the calcium ions are promptly pumped back into the sarco-
plasmic reticulum.

Slow and Fast (Phasic and Tonic) Muscle Fibers

The course and duration of muscle twitches in striated skeletal muscle
vary considerably. Muscle fibers with a twitch duration of about 30-
40 ms are called fast (phasic)muscle fibers, to distinguish them from slow
(tonic) fibers with a twitch duration of about 100 ms. Because of differ-
ences in their myoglobin content—myoglobin being an oxygen-storing
protein related to hemoglobin—phasic muscles are also sometimes
called “pale muscles” (less myoglobin) and tonic muscles “red muscles”
(more hemoglobin). While red muscles are more capable of prolonged
activity (e. g., postural activity during standing) and take longer to tire,
pale muscles are remarkable for their ability to reach peak performance
for brief periods, although they tire more rapidly.

Isometric and Isotonic Contraction

Muscles can only develop their maximum strength when they do not
shorten or shorten very little. During such an isometric contraction the
muscle is tensed without changing in length (example: holding the bar-
bell during weight lifting). On the other hand, during isotonic contraction

1 A single action potential evokes a brief contraction that lasts a few milliseconds
(twitch). This single twitch of skeletal muscle follows the all-or-none law: i.e., a
single stimulus of sufficient strength will always evoke the greatest possible con-
traction of the muscle fiber. In order to obtain a longer-lasting contraction, the
muscle fiber must be stimulated several times in short succession (tonic contrac-
tion).
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the muscle shortens without changing its tension (example: lifting the
barbell during weight lifting). Hence, very rapid movements can only be
accompanied by the development of relatively little strength. The mode
of operation of a single sarcomere explains this dependence of muscular
strength on the speed of the muscle contraction. With rapid shortening
of the muscle, the myofilaments glide past each other very rapidly. This
requires that in each unit of time a portion of the myosin-actin bonds
must continually be dissolved, so that the cross-bridges can always get a
new hold. Consequently, only a relatively weak force can be generated. In
contrast, during isometric contraction almost all the bonds between the
myosin heads and the actin filaments can be completed simultaneously,
since no new holds need be sought when the muscle is not shortening.
Hence a large force can be developed.

Muscle Blood Flow

The blood flow in a muscle, and consequently its oxygen supply, depends
on muscular work. During physical exertion the oxygen supply that must
be brought to the muscle is 500 times that required at rest. Hence, during
muscular work blood flow in the muscle is greatly increased (300-500
capillaries/mm3 of muscle) and may reach 20 times that at rest. This reg-
ulation of muscle blood flow is achieved by several factors (see Chapter
5: Regulation of Organ Perfusion).

Muscle Tone

In the waking state, muscles are in a constant state of active (involuntary)
tension (tone), maintained in skeletal muscle by a weak but steady
stream of impulses (reflex tone). No individual twitches are perceptible,
as the motor units are stimulated in turn. This muscle tone itself is con-
trolled by muscle and tendon spindles. When muscle tone is absent, the
condition is called flaccid paralysis; if paralysis is accompanied by in-
creased tension it is called spastic paralysis (see Chapter 13: Lesions of
the Lower Motoneuron [Flaccid Paralysis], and Lesions of the Upper Mo-
toneuron [Spastic Paralysis]).
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Special Muscular Conditions

B Muscle Wasting (Atrophy) and Overdevelopment 0f Muscles (Hyper-
trophy). When muscles are underused or after injury to the nerve sup-
plying a muscle, the muscle atrophies. On the other hand, with strong
muscular activity, e. g., during athletic activities, the individual muscle
fibers become thicker and the muscle hypertrophies. Severe damage to
muscle tissue due to injury leads to a connective tissue scar, as the re-
generative power of muscle is scant.

®m Muscle Soreness. The muscular pain that occurs after strenuous or un-
accustomed physical work is known as muscle soreness. It apparently is
not due, as believed for a long time, to local accumulation of lactate or
other metabolic products, but is the result of very small injuries (micro-
lesions) in the muscle. Such pains therefore occur not only in the un-
trained but also, for instance, after operations or muscle cramps.

B Muscle Cramps and Contractures. A muscle cramp (sometimes called
a “charley horse”) is a mostly reversible ongoing contraction of a muscle
due to increased spontaneous tension in skeletal muscle, i.e., increased
muscle tone not triggered by a nerve impulse. It may, for instance, be
caused by an ongoing localized depolarization resulting from a rise in ex-
tracellular K* concentration or liberation of intracellular Ca2+. The
cramps occurring with fatigue are often accompanied by a reduction or
loss of energy-containing phosphates (ATP) resulting from lack of oxy-
gen or glucose. Irreversible muscle contractions are called contractures.

B Postmortem Rigidity. In the case of postmortem rigidity (rigor mor-
tis), which usually supervenes about 4-10 hours after death, in-
tramuscular metabolism stops and consequently ATP (adenosine tri-
phosphate), which normally dissolves the bond between actin and my-
osin after a contraction, is absent from the muscle cell. As a rule post-
mortem rigidity begins with the mandibular musculature; it disappears
after 1-3 days, when the structure of all tissues begins to disintegrate
(autolysis).

Cardiac Muscle Tissue

Cardiac muscle tissue is a special form of striated muscle tissue. It differs
from skeletal striated muscle mainly in three ways:
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1. In contrast to the marginal nuclei of skeletal muscle, the nuclei of
heart muscle mostly are located centrally (Fig.3.12¢). Heart muscle
cells also have a smaller cross-section than skeletal muscle fibers.

2. Heart muscle cells, in contrast to the unbranched skeletal muscle
fibers, are connected to each other in a net by the so-called interca-
lated disks. This allows an impulse originating in the sinus node to
spread evenly fanwise over the atria. The impulse is then conducted
with some delay by way of the AV node and the bundle of His to the
ventricular myocardium, where it again spreads evenly and fanwise
(see Chapter 5: Resting and Action Potential of the Heart).

3. A further unique feature of cardiac muscle is the ability of some of its
cells to generate impulses not only in response to an external stimulus,
but spontaneously. Additionally, the activity of cardiac muscle cells can
be influenced by the autonomic nervous system; for example, the sym-
pathetic accelerates heart rate, while the parasympathetic slows it
down (see Chapter 14: The Autonomic Nervous System).

H Nerve Tissue

Like all other tissues in the body, the structural element of the nervous
system, nerve tissue, is made up of individual cells, the nerve cells or
neurons and the glia cells. While the nerve cells are responsible for the
reception of stimuli, the conduction of impulses and the transformation
of stimuli, glia cells are regarded as a sort of nervous connective tissue
(neuroglia). They are at the same time nutrient and supporting tissue for
the nerve cells and additionally serve as a defensive system and as insu-
lation of nerve fibers. By the latter function they take part—albeit in-
directly—in the conduction of impulses. Glia cells retain the ability to
divide throughout their life, as opposed to neurons, which cannot divide
after birth. Hence, glia cells replace nerve cells lost through disease, lack
of oxygen, or injury.

The Neuron

Within the nervous system the nerve cells (neurons) form structurally
and functionally independent units, of which there are 20-50 billion in

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.




98 3 Tissues

the human brain alone. The neurons connect to each other by so-called
synapses and form neuronal chains or loops. The size and shape of these
neurons vary within wide limits, but the basic structure is always the
same. According to the direction of the impulse, a nerve cell is divided
into three segments (Fig. 3.16):

Dendrites (receptor structures)
Axis cylinder or axon (effector structures)
Perikaryon or soma (cell body, metabolic center)

m Dendrites. The dendrites (up to 1000 per cell) are branching multi-
form processes with special contact points (synapses), that receive
stimuli originating in other neurons and transmit them to the peri-
karyon. From there, the axis cylinder generally conducts the impulse to a
receptor organ (e.g., skeletal muscle) or another neuron (Fig.3.16).
Stimuli from the axon of one nerve cell to the dendrites of the next are
not transmitted directly but with the aid of chemical substances, the
neurotransmitters at the synapses (see below). The junction between an
axon and a muscle fiber is called a motor end plate (neuromuscular junc-
tion) (Fig. 3.16).

m Axon Cylinder. The axon cylinder (axon, nerve fiber) originates in a
narrow base from the axon hillock. Within its course, which varies in
length from a few millimeters to almost 100 cm, it can divide into
numerous side-branches (collaterals). Axons are surrounded by a myelin
envelope of varying thickness (myelin sheath, Schwann cell sheath) con-

Skeletal muscle cell Nissl granules Synapses and dendrites
‘ (endoplasmic of other neurons
#5#4  Motor end Node of reticulum) A /\
plate Ranvier & / /
£ s Myelin sheath Axon Nucleus with %/
E \ (medullary ‘sheath) (axis cylinder) nucleolus
0® - | — =
= ~—
: o Unmyelinated Nucleus of a Axon hillock K v
= fiber Schwanncell  (origin of axon) \ Dendrites

Fig.3.16 Simplified representation of a motoneuron
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sisting of a phospholipid membrane with constrictions at defined inter-
vals (nodes of Ranvier) (Fig. 3.16). The significance of the myelin sheath
as a stimulus conductor lies in the ability of impulses to leap from node
of Ranvier to node of Ranvier (saltatory conduction), leading to much
faster conduction speeds (up to 120 m/s). The myelin sheaths are formed
by certain glia cells (Fig. 3.17a-c), namely, Schwann cells (in the periph-
eral nervous system) and oligodendrocytes (in the central nervous sys-
tem).

m Perikaryon. The perikaryon varies in size and shape and has few cell
organelles beyond the nucleus. The most prominent are the so-called
Nissl granules (Fig.3.16), granular endoplasmic reticulum arranged in
clumps. Between these, ribosomes, mitochondria, and numerous neu-
rotubules and neurofilaments enter the axon at the axon hillock. The
neurotubules, for instance, route insoluble proteins (transmitters,
enzymes) to the synapses. Nerve cells are classified according to the
number and type of branching of their dendrites and axon processes
(Fig.3.18a-d):

Nucleus of a Axon Cell membrane Myelin sheath Mesaxon

Schwann cell QJ

MesTxon WZ l Q
?
>
|
Cytoplasm of a
a Schwann cell b fa

Fig.3.177a-c Development of the myelin sheath (medullary sheath) around a nerve

fiber

a The axon is surrounded by a Schwann cell; the mesaxon is the point where the
Schwann cell processes meet

b A thin cytoplasmic layer of a Schwann cell wraps itself around the axon

c The cytoplasm between the coiled cell membranes of the Schwann cell is squeezed
out; what is left are several layers of membrane forming a myelin sheath around the
axon
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Fig.3.18a-d Types of neuron

a Unipolar neurons have a single axon

b In bipolar neurons, axon and dendrite arise from opposite ends of the cell body (soma)

c Pseudounipolar neurons originate from bipolar neurons by merging of axon and den-
drite near the soma

d In multipolar neurons, numerous dendrites arise from the cell body together with one
axon

Unipolar
Bipolar
Pseudounipolar
Multipolar

The Nerve Impulse (Action Potential)

The ability to be excited by a stimulus is a basic property of every cell.
The rapid transmission of an impulse by specialized cell processes
(axons) is confined to nerve cells. Nerve impulses or action potentials
represent the universal means of communication within the nervous sys-
tem of animals and humans. The significant parameter for such com-
munication is not the intensity of a single action potential but the num-
ber of action potentials per unit time (frequency) received, processed, and
transmitted by a nerve fiber. Hence the language or code of the neuron in
the nervous system is the impulse frequency (up to 500 per second).
The generation of an action potential in a nerve cell depends on the
negative resting potential (see Fig. 1.13) that is present in almost all cells
and characterized by an electrical potential difference between the outer
surface of the cell and the cell interior. When the nerve cell is stimulated

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



Nerve Tissue 101

electrically, chemically, or in any other way, the cell membrane briefly
loses its external positive charge and becomes temporarily slightly nega-
tive; the membrane potential changes from -60 mV (resting potential) to
+20 mV (Fig. 3.19). The potential regains its initial value in less than 1 ms.
Since the cell loses its initial resting potential or polarization, this
process is called depolarization; the return to resting potential is called
repolarization. As with muscle, here too the all-or-none law applies; that
is, a stimulus above a defined threshold always elicits an action potential
of equal form, intensity, and duration.

B Mechanism. The mechanism of the action potential is as follows.
When a stimulus reaches a nerve cell, membrane pores (channels) that
are permeable only to sodium ions (Na*) are opened briefly. This allows
sodium ions to move along their concentration gradient (there are few
Na* ions inside the cell) into the cell, where they lead to an excess of
positive ions. In this way, the membrane is depolarized. However, the
Na* channels close again after less than 1 ms, and next the K* channels
open more than usual. More potassium ions move out of the cell and re-
polarize the cell membrane back to its resting potential. After the K*
channels have also closed again, sodium ions must be removed from the
cell (ion pump), with expenditure of energy (via ATP) so that the cell is
ready for renewed stimulation.

The propagation of the action potential along the surface of the nerve
cell or along its axon occurs because localized increases in the mem-
brane potential open neighboring ion channels. In this way, the excita-
tion of the membrane spreads over the whole cell and along the axon.
The rate at which such an impulse travels is between a few meters per
second (autonomic nerves) to 120 meters per second (motor nerves of
voluntary muscles).

The Synapse

In general two processes lead to depolarization of a nerve cell:

1. Stimuli acting on the nervous system from outside (e. g., light stimuli,
mechanical stimuli, pain stimuli or thermal stimuli)

2. Impulses transmitted through synapses from an axon to another
nerve cell or a muscle or glandular cell. Such synaptic transmission
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Fig.3.19 Time course of an action potential
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mostly occurs by means of certain chemical agents, the neu-
rotransmitters.

At the synapses, the cells are in intimate contact. Three components are
described corresponding to their structure (see Fig. 3.20):

The presynaptic membrane
A narrow intercellular gap (synaptic cleft)
The postsynaptic membrane

m Mechanism of Synaptic Transmission. At the presynaptic membrane,
the axon frequently shows a club-shaped thickening, the synaptic termi-
nal, which contains numerous small vesicles, the synaptic vesicles. When
an action potential reaches the synaptic terminal, the transmitter
molecules stored in the synaptic vesicles are released into the synaptic
cleft by exocytosis. They diffuse across the 10-50 nm wide synaptic cleft
to the postsynaptic membrane and bind to the corresponding receptors.
This binding induces either depolarization of the postsynaptic mem-
brane, which promotes further conduction of the impulse (excitatory
synapse), or hyperpolarization, which inhibits further conduction of the
impulse (inhibitory synapse).

The most important excitatory neurotransmitters are acetylcholine
and glutamate, while the most important inhibitory neurotransmitters
are glycine and y-aminobutyric acid (GABA). A number of neu-
rotransmitter substances have a more complex pattern of activity and
therefore cannot be classified as uniquely excitatory or inhibitory. These

Fig.3.20 Schematic rep-
Electrical resentation of a synapse.
transmission (After Silbernagl and

Synaptic Despopoulos)
ﬁ vesicle
Presynaptic Synaptic
o

membrane terminal
Chemical
Synaptic transmission
cleft (neurotrans-
mitter)
Postsynaptic Electrical
membrane transmission
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Fig.3.21 Various types of
synapse. (After Duus)

Axoaxonic
Axosomatic 9
4

Axon (axon

Axodendritic cylinder)  Dendrite

include norepinephrine, dopamine, serotonin, and the endogenous
opioids (endorphins, enkephalins, dynorphins).

There are several different chemical classes of neurotransmitters.
Norepinephrine, serotonin, and dopamine are among the biogenic
amines; glutamate and glycine are amino acids; and the endogenous
opioids are peptides (neuropeptides).

So-called exogenous opioids, such as morphine, mimic the function
of the endogenous opioids by binding to the same membrane receptors,
thus blocking the conduction of nociceptive impulses.

Serotonin is an example of a neurotransmitter that modulates many
different functions of the brain. It plays a role in the regulation of body
temperature and in sensory perception, and it influences the individual’s
mood, drive, and state of consciousness. Many psychoactive drugs exert
their effects through an alteration of serotonin metabolism.

m Synaptic Function. Since the impulse always runs in one direction,
e. g., from the axon terminal to the next nerve cell, the synapse can be re-
garded as a valve. Some synapses may facilitate conduction of an im-
pulse or inhibit it. Finally, synapses have an important role in the func-
tions of memory and learning. The more frequently they are used, the
more easily they conduct an impulse. Synapses may also disappear or be
newly formed throughout life.

m Types of Synapses. From many tens of synapses up to several thousand
may terminate on a single nerve cell. According to the termination of an
axon, that is, whether it ends on a dendrite, the soma, or the axon of
another nerve cell, the synapse may be axondendpritic, axonsomatic, or
axonaxonic, respectively (Fig.3.21).
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The Glia Cells (Neuroglia)

Within the peripheral and central nervous system, the following types of
cell can be distinguished in the nervous connective tissue, the neuroglia
(see Chapter 13: The Central and Peripheral Nervous Systems):

Peripheral nervous system

- Schwann cells (form the myelin sheath)

- Amphicytes (capsule cells) envelop the nerve cells of the spinalgan-
glia and the autonomic ganglia)

Central nervous system

- Oligodendrocytes (form the myelin sheath)

- Astrocytes (exercise a kind of supporting function)

- Microglia (phagocytic immune cells)

- Ependymal cells (line the cavities of the brain and spinal cord)

- Choroid plexus cells (generate the fluid surrounding the brain and
spinal cord, the cerebrospinal fluid (CSF)

Blood-Brain Barrier of the Central Nervous System (CNS)

Astrocytes not only take part in the structure of the neuroglia but are also
part of the structure of the so-called blood-brain barrier. The astrocytes
envelop the outer walls of the capillaries with their pseudopodia-like
processes, sealing them very effectively (Fig.3.22); also, in contrast to
capillaries elsewhere, the endothelium of the capillaries in the CNS
forms so-called “tight junctions” between individual cells. The blood-

Y17

Astrocyte processes Tight junction of the
(pseudopodia) endothelium

Fig.3.22 Structure of the

Capillary | b150d-brain barrier

basement
membrane
Capillary
lumen

Capillary
endothelial
cell
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brain barrier serves as a barrier surrounding the whole brain, function-
ing as a regulator that allows carbohydrates, such as glucose, and pro-
teins to pass only with the aid of special transport mechanisms, while
fat-soluble substances pass almost unimpeded. Hence many substances,
among them most medications, cannot cross the blood-brain barrier un-
less they are fat-soluble. This applies, for instance, to medications that
act on the brain (e. g., levodopa in Parkinson disease).

The Nerves

Only the peripheral pathways are called nerves; the pathways in the
brain and spinal cord are not commonly called nerves, but rather tracts
(central pathways). One nerve contains several bundles of nerve fibers
(fasciculi) (Fig. 3.23a, b). A mixed nerve is one in which sensory (afferent)

Nerve bundle Lymphatic vessel

Epineurium

Perineurium

Myelin sheath

Nucleus
ofa
Schwann

Capillary

Unmyelinatiooz

ed nerve ’no ”
fiber ‘ ‘D

a Blood vessels Fatty tissue b Axon Endoneurium

Fig.3.23a,b Cross-section of a peripheral nerve
a Overview; b greatly magnified section of a
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and motor (efferent) nerves run together (see Chapter 13: Peripheral
Nerves). Such a nerve therefore contains hundreds of individual axons,
which are enveloped by their myelin sheath and an additional connective
tissue layer, the endoneurium (neurilemma). The individual bundles of
fibers in their turn are each enveloped by another connective tissue layer,
the perineurium. The fasciculi are then bundled together as a peripheral
nerve by an areolar collagen connective tissue sheath, the epineurium
(Fig. 3.23a, b). The various sheaths not only provide mechanical protection
for the nerves but are important for the nutrition of the nerve fibers by the
blood vessels contained in them. Additionally, they represent an impor-
tant barrier to diffusion and especially the perineurium.

Regeneration of Peripheral Nerves

Unlike the axons of the CNS, peripheral nerves can regenerate after in-
jury or even complete transection. This can only occur after the two ends
are joined surgically. Following a lesion, the part of the axon separated
from the soma at first degenerates, while the Schwann cells remain in-
tact. The latter serve as a conduit for the regenerating axons. In this way,
the regenerating axons grow about 1-2 mm per day in the direction of
the organ to be innervated (e. g., muscle). Complete reinnervation may
take several months. After amputation, the axons grow in all directions,
since their conduit of Schwann cells has been removed. They form a pro-
liferative mass called an amputation neuroma.

Tissues

Cells are connected to each other by cell junctions, which vary greatly
in form according to their function in specific tissues. They can be
classified into tight junctions, gap junctions, and desmosomes.

B Epithelial Tissues
The cells of all epithelia rest on a thin basement membrane. They are
classified as:

e Surface epithelia
e Glandular epithelia
e Sensory epithelia
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Surface Epithelia

These cover the outer and inner surfaces of the body. According to their
shapetheyaredivided onto squamous, cuboid,and columnar, whichcan
be simple, stratified, or pseudostratified. According to their function,
their surface may be differentiated into microvilli, cilia, or stereocilia.

Glandular Epithelia

These produce secretions that reach their destination by secretory
ducts (exocrine glands) or are secreted directly into the bloodstream
(endocrine glands). Individual glandular cells may also be part of a
surface epithelial group of cells.

Sensory Epithelia

These transmit sensations and are part of the structure of sensory or-
gans.

B Connective and Supporting Tissues

Connective and supporting tissues are made up of cells and an extra-
cellular matrix, while other tissues are made up mainly of cells. Con-
nective tissue ensheathes organs, vessels, and nerves, and fulfills an
important metabolic function by serving as a pathway for exchange of
substances between individual components. The harder tissues,
namely, cartilage and bone (and also chordate and dental tissue), are
designated supporting tissues, because in them the supportive func-
tion dominates, and the metabolic function takes a minor role.

Connective Tissue

Connective tissue contains tissue-specific fibroblasts that produce the
extracellular matrix, and various forms of leukocyte. The extracellular
matrix consists of ground substance (interstitial fluid, protein poly-
saccharides, glycoproteins) and connective tissue fibers (collagen
fibers, elastic fibers, reticulum fibers). There are seven different types
of connective tissue:

e Loose areolar (interstitial) connective tissue (e. g., the stroma of or-
gans)

e Dense white fibrous connective tissue: dense irregular (e. g., organ
capsules) and dense regular white fibrous connective tissue (e. g.,
tendons and aponeuroses)
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e Reticular connective tissue (e. g., the connective tissue framework
of lymphatic organs)

Fatty (adipose) tissue

Gelatinous connective tissue (umbilical cord)

Fibroareolar tissue (e. g., ovary)

Elastic bands (ligamenta flava, the ligaments between the laminae
of the spinal column)

Supporting Tissue
Representative supporting tissues are cartilage and bone.

Cartilaginous Tissue

The cartilage cells (chondrocytes) are found in small clusters (chon-

drones) in the extracellular matrix, which consists of ground sub-

stance (see Connective Tissue) and connective tissue fibers. Cells form

only 1-10% of cartilage (30-50% in connective tissue). Cartilage is

divided into three types according to type and quantity of fibers:

e Hyaline cartilage (e.g., joint surfaces): smallest proportion of
fibers (only collagen fibers), largest proportion of water (70 %)

e Elastic cartilage (e. g., in the auricle): additionally contains elastic
fibers

e Fibrocartilage (e.g., intervertebral disks): highest proportion of
fibers (only collagen fibers)

Bone Tissue

The cells of bone (osteocytes) are connected to each other in a net-
work. The extracellular matrix is rich in collagen fibers, while the
ground substance is poor in water and consists of 50% inorganic salts
(calcium salts) that are responsible for the hardness of bone. in con-
trast to cartilage, bone has a good blood supply. A fully differentiated
bone is called cancellous bone; it consists of an outer dense compact
layer and a trabeculated spongy inner layer (spongiosa). The compact
layer is made up of tubular lamellar systems (osteons, haversian sys-
tems). The spongiosa consists of lamellae arranged in layers; espe-
cially at the epiphyses of long bones, they form the characteristic
spongy trabeculae that develop according to their load as compres-
sion or tension trabeculae.

Precursor to the lamellar bone is a primitive bone, which can
develop by direct ossification as membrane bone or by indirect endo-
chondral ossification.
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B Muscle Tissue
In general, muscle cells are structurally similar to other cells in the
body, but they have certain unique features:

e Muscle cells are fibers of up to 20 cm in length. Hence muscle cell =
muscle fiber.
They can be stimulated chemically and electrically.

e Certain proteins (myofibrils) allow the muscle to shorten.
There are two types of muscle tissue.

Smooth Muscle Tissue

This occurs predominantly in the inner organs. The myofibrils are not
organized in the cytoplasm; the contractions are slow and involun-
tary (autonomic nervous system).

Striated Muscle Tissue

The regular arrangement of the myofibrils gives the impression of
transverse striations under an optic microscope. There are two types:

e Cardiac muscle tissue
e Skeletal muscle tissue

The skeletal musculature is the musculature of the active motor sys-
tem. Skeletal muscle is composed of individual bundles of muscle
fibers, each comprising many hundreds of muscle fibers (muscle
cells). The whole muscle, the fiber bundles, and the fibers are each
surrounded by connective tissue sheaths. Each muscle contains
specialized muscle fibers (muscle spindles = intrafusal musculature)
that register changes in muscle length and correct this by spinal re-
flexes. Processes of the sarcolemma in the form of transverse tubules
(T system) and longitudinal tubules, a system of tubules of the endo-
plasmic reticulum (L system, serves as Ca2+ reservoir) enable the rapid
conduction of impulses and immediate muscle contractions.

The protein structures adapted for contraction (myofibrils) are ar-
ranged in the longitudinal axis of the muscle fibers and are organized
in sarcomeres. The sarcomeres consist of the myofilaments actin and
myosin. These glide into each other (hence the shortening of the
sarcomere, but not the filaments!) and in the process bond to each
other. Bonding depends on Ca2?+; release depends on ATP. In the ab-
sence of metabolism, ATP production does not take place and all
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muscles remain contracted (postmortem rigidity). A maximal muscle
contraction is made up of about 50 individual contractions that
succeed each other smoothly, and during which the actin and myosin
fibers continue to glide into each other.

B Nerve Tissue
Nerve tissue consists of nerve cells (neurons) and connective tissue
cells, the glia cells (neuroglia).

The Neuron

A neuron possesses the properties of stimulus reception, conduction,
and processing and can be divided into dendrites, axon, and soma
(perikaryon). The dendrites receive nerve impulses from other nerve
cells by means of neurotransmitters at synapses, and transmit them
to the soma. The axon leaving the soma in its turn transmits the im-
pulse either by synapses to the dendrites of other neurons, or directly
by the motor end plate to a muscle fiber. A myelin sheath interrupted
by constrictions surrounds the axon and accelerates impulse conduc-
tion.

The Nerve Impulse (Action Potential)

The generation and conduction of action potentials depends on brief
depolarization of the membrane or reversal of its charge that spreads
in turn over the whole neuron including the axon. Cell membrane
depolarization is generated by a stimulus acting on the nerve cell.

The Synapse

The transmission of an impulse from an axon to another neuron is ef-
fected across a synapse by neurotransmitters. These are released from
synaptic vesicles close to the presynaptic membrane. The transmit-
ters diffuse across the synaptic cleft and at the postsynaptic mem-
brane lead to depolarization and so to transmission of the impulse.

The Glia Cells

In the peripheral nervous system, specialized glia cells (Schwann
cells) form the myelin sheath of the axon. In the central nervous sys-
tem, oligodendrocytes form the myelin sheath.

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.




- 112 3 Tissues mm—

The Nerves

A nerve consists of several axon bundles (fascicles) and blood and
lymph vessels. The axon, the fascicle, and the whole nerve are each
enveloped in connective tissue sheaths.
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m Axes, Planes, and Orientation
Axes and Planes of the Body

Any number of axes and planes may be drawn through the human body.
It is customary, however, to define three main axes running perpendicu-
lar to each other in three spatial coordinates (Fig.4.1):

A longitudinal axis (vertical axis, cephalocaudal axis) of the body,
which in the upright posture runs perpendicular to the base

A horizontal axis (transverse axis) running from left to right and per-
pendicular to the longitudinal axis

A sagittal axis running from front to back and perpendicular to both
the other axes

Hence it is possible to define three principal planes:

A sagittal plane, defined as any plane that is oriented along the sagit-
tal axis (the vertical plane that divides the body into two equal halves
is called the median plane)

A transverse plane, defined as any plane running transversely across
the body

A frontal plane (coronal plane) that includes all planes oriented par-
allel to the forehead

Nomenclature of Positions and Directions

The following designations of positions and directions serve to describe
accurately the positions of parts of the human body:

For the trunk
Cranial, cephalad, or superior: Toward the head

Caudad or inferior: Toward the coccyx (tailbone)
Ventral or anterior: Toward the front (abdomen)
Dorsal or posterior: Toward the rear (back)
Medial: Toward the median plane
Lateral: Away from the median plane
Internal: Inside the body

External: Outside the body

Peripheral: Away from the trunk
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Transverse axis

Median
(sagittal)
plane

Longi-
tudinal
axis

Hori-
zontal
(transverse)
plane

—— Coronal
plane

Sagittal axis

For the extremities
Proximal:
Distal:
Radial
Ulnar:
Tibial:
Fibular:
Palmar (volar):
Plantar:
Dorsal (of hand and foot):

Fig.4.1 Major axes and
planes of the human body.
Left anterior view

Toward the trunk

Toward the extremities of the limbs
Toward the radius (thumb side)

Toward the ulna (side of the little finger)
Toward the shin (side of the big toe)
Toward the fibula (side of the little toe)
Toward the palm of the hand

Toward the sole of the foot

Toward the back of the hand or foot
(upper side of foot)
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B General Anatomy of the Locomotor System

The skeleton, the supporting framework of the body, is formed by bony
and cartilaginous elements, connected by connective tissue structures.
Its parts are moved or held in defined positions or postures by the
skeletal musculature. The overarching term locomotor system includes
the skeleton and the musculature. The passive locomotor system con-
sists of the skeleton and its joints (articulations), while the active motor
system includes the striated muscles, the tendons, and their auxiliary
structures (muscle fasciae, bursae, tendon sheaths, and sesamoid
bones). Beside their supporting function, the skeletal elements and
their joints serve to provide levers for the muscles during locomotion.
The skeletal elements, joints, and skeletal musculature together form
the organs of locomotion. In addition, the skeletal elements function to
protect other organ systems (bones of the skull, vertebral canal, chest
cage).

The Bones

The bony skeleton consists of bones of various structures and shapes. In
the adult human, the skeleton is composed of about 200 individual
bones, which are connected by cartilaginous, fibrous, and synovial joints.
Each bone, with the exception of the cartilaginous joint surfaces and
areas where flat tendons are attached, is enclosed in a connective tissue
sheath, the periosteum, like a stocking.

The shape of each bone is determined genetically, but its structure
depends largely on the type and extent of the mechanical demands
placed on it. According to their external shape, bones are divided into
long, short, flat, and irregular bones. Examples of long bones (pipe bones)
are the bones of the free extremities, with the exception of the wrist and
ankle bones. Long bones are composed of a shaft (diaphysis) and an
epiphysis at each end. During growth, each diaphysis and the corre-
sponding epiphysis are separated by the so-called epiphyseal cartilage
(epiphyseal plate) (see Fig. 3.10, p. 85). The short bones include the cube-
shaped bones of the wrist and ankle.

Among the flat bones are the ribs, the breast bone, the shoulder blade,
and the bones of the skull. The irregular bones include the vertebrae and
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the bones at the base of the skull. Some of the bones in the skull (frontal,
cribriform plate, upper jaw) contain air-filled cavities. Sesamoid bones
are bones embedded in tendons (e. g., the kneecap). Finally, certain extra
bones, occurring especially in the hand and foot, are called accessory
bones. Their presence in a radiographic image can lead to diagnostic er-
rors (as displaced fragment due to a fracture).

The Joints

Joints are connections between cartilaginous and/or bony parts of the
skeleton. They enable movement between the individual segments of
the trunk and the extremities, and transmit force. They are divided, ac-
cording to the type of connection, into immovable and movable.

Immovable Joints (Synarthroses)

So-called immovable joints, or synarthroses, are those joints in which
parts of the skeleton are separated by a different tissue such as cartilage
or connective tissue. According to the intervening tissue these are
divided into (Fig.4.2):

Syndesmoses (fibrous joints)

Synchondroses (cartilaginous joints)

Synostoses (bony joints), which are not true joints but bony
fusions

m Syndesmoses. In syndesmoses, two bones are connected by connec-
tive tissue (Fig. 4.2). Examples are the interosseous membrane between
the ulna and radius of the lower arm; the membranous fontanelles of
the newborn skull, and the sutures between the bones of the skull. The
connective tissue anchoring of the roots of teeth in the upper and lower
jaw, known as a peg and socket joint (gomphosis), is also a syndesmo-
sis.

m Synchondroses. The connecting tissue in synchondroses is cartilage
(Fig. 4.2). Examples are the fibrocartilaginous intervertebral disks be-
tween vertebrae or the symphysis pubis at the junction of the two
pubic bones. The connection of the bony diaphysis of a juvenile long
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Fig.4.2 Simplified repre-
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| (cartilaginous

joint)

Cartilage
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(bony joint)
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bone to the epiphysis by its cartilaginous epiphyseal plate is also a syn-
chondrosis.

m Synostoses. In a synostosis individual bones are fused secondarily by
bone tissue (Fig.4.2). A typical example is the sacrum, which originally
consists of five separate vertebrae that fuse to each other when growth
is complete. Another example is the hip bone, which, until growth is
completed, consists of three separate bones: the pubis, the ilium, and
the ischium.

Movable Joints (Synovial Joints, Diarthroses)

In synovial joints the bones are separated by a joint space (Fig. 4.3). They
are also distinguished by hyaline cartilage covering the joint surfaces and
by a joint capsule that encloses a joint cavity. Some joints feature interar-
ticular disks (menisci), articular lips, or intra-articular ligaments. For in-
stance, the menisci of the knee are made of fibrocartilage, are semilunar
in shape, and incompletely partition the knee joint. Disks are also a fea-
ture of the mandibular joint and the sternoclavicular joint among others.
The function of disks in joints is to increase the contact between two op-
posing surfaces.
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cavity

Compact bone

Tendon sheath Joint cavity

Inner joint membrane
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Fig.4.3 Structure of a movable joint as exemplified in the metatarsophalangeal
joint of the big toe

m Joint Cartilage. The smooth surface of joint cartilage consists mostly of
hyaline cartilage (Fig.4.3), the mechanical and “shock absorbing” prop-
erties of which are essentially due to its extracellular matrix. Important
constituents of extracellular matrix are collagen fibers, macromolecules
(protein saccharides), and water. The thickness of joint cartilage varies
considerably. It averages 2-3 mm, but in some places (joint surface of the
patella) joint cartilage can reach 8 mm. Since this cartilage does not con-
tain blood vessels, it must receive nutrients by diffusion from the syn-
ovial fluid. Optimal nutrition requires regular movement (loading and
unloading) of the cartilage, so that the synovia is pressed into the car-
tilage. Lack of movement and unphysiologically high tensions lead to
degenerative changes (osteoarthritis) in joint cartilage, especially in older
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people. Because there is no perichondrium, the regenerative power of
joint cartilage is insignificant (see p. 79).

m Joint Capsule and Synovial Fluid. The joint capsule (Fig.4.3) is a con-
tinuation of the periosteum. It is made up of an outer dense white
fibrous layer (fibrous membrane) and an inner loosely structured mem-
brane rich in vessels and nerves (synovial membrane), which may con-
tain a varying amount of fat. The outer fibrous membrane is often rein-
forced with ligaments, which may reinforce the capsule, guide move-
ment, or prevent hyperextension of a joint. When a joint is immobilized
over a prolonged period of time, the connective tissue fibers shorten, the
joint capsule shrinks, and the mobility of the joint can be severely com-
promised (joint contracture). From the inner synovial membrane folds
and protrusions project into the joint. This membrane abuts on the joint
cavity with specialized connective tissue cells that are responsible for
the secretion (production) and reabsorption (resorption) of the synovial
fluid. The glairy, thick (viscous) synovial fluid not only nourishes the
joint cartilage, but serves as a lubricant to reduce friction between the
joint surfaces.

Slightly Movable Joints (Amphiarthroses)

Some joints are severely limited in their mobility by the shape of their
facets and strong ligaments. Such joints include the tibiofibular joint and
the sacroiliac joint between the sacrum and the ilium.

Types of Joint

Joints may be classified from different points of view, for example, by the
number of axes of mobility, of degrees of freedom, or of components of
the joint. The following is a classification by shape and configuration of
the joint surfaces (Fig. 4.4):

Ball-and-socket joints
Condyloid joints
Hinge joints

Pivot joints

Saddle joints

Plane joints
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Ball-and-socket joint Condyloid joint Hinge joint
Pivot joint Saddle joint Plane joint

Fig.4.4 Types of joint. The arrows show the direction in which the skeletal parts can
move around each axis.

m Ball-and-Socket Joints (Spheroid Joints) consist of a ball-shaped head
and a correspondingly concave socket. They have three main axes per-
pendicular to each other and allow six main movements. Typical ball-
and-socket joints are the hip and shoulder joints.
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m Condyloid Joints (Condylar Joints) have an elliptical head fitted into
a convex and a concave socket. They have two main axes perpendic-
ular to each other, and they allow four main movements. Examples
are the joint between the bones of the forearm and the wrist (pro-
ximal wrist joint) and the joint between the atlas and the occipital
condyles.

m Hinge Joints (Ginglymus Joints) and Pivot Joints (Trochoid Joints)
are also known as trochlear joints. In hinge joints, a cylindrical bone
end is applied to a gutterlike depression in a hollow skeletal cyl-
inder. Because of this shape, hinge joints have only one axis of
movement and two main movements (elbow joint). In pivot joints, a
cylindrical part of the skeleton is fitted into a corresponding hollow
cylinder and a ring-shaped ligament. A typical example is the su-
perior radioulnar joint and its annular ligament. Such a joint allows
rotation around one axis and two main movements.

m Saddle Joints consist of two concave curved surfaces with two
main axes of movement that are perpendicular to each other and
allow four main movements. An example is the joint in the wrist be-
tween the first metacarpal bone and the trapezium.

m Plane Joints (Gliding Joints) allow gliding movements of plane joint
surfaces, as in the small joints of the vertebrae.

Joint Mechanics

The direction of movement in a joint is determined not only by the
shape of the joint surfaces but also by the arrangement of the
muscles and ligaments. Human joints cohere by force: their integrity
is ensured by muscular forces, which also determine the direction
and type of their movement. The shape of the joint, the muscles,
ligaments, and soft tissues limit the extent of movement. Hence,
limitations may be divided into bony, muscular, ligamentous, and soft
tissue types.

Joints move around movement axes: the direction of movement is
determined by the relationship of the muscles to the axes. The body
can be considered to have three main axes, running perpendicular to
each other (p. 115). In addition there are axes relating specifically to the
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movement of each joint, named according to its movement, e.g., the
pronation/supination axis of the proximal and distal radioulnar joints
around which the hand may be rotated inward and outward (pronation
and supination).

Two opposite movements can occur around each axis. Examples
are:

Bending—extending (flexion—extension), e. g., the elbow joint
Pushing out—pulling in (abduction—adduction), e. g., the hip joint
Rolling inward—rolling outward (inner rotation—outer rotation),
e.g., the shoulder joint
Forward motion—backward motion (flexion—extension), e.g., hip
joint
Opposition—reposition, e. g., the saddle joint of the thumb
The effect of a muscle on a joint depends on the lever arm, that is, the
vertical distance of its insertion to the axis of its joint (force arm). Force
and load are in equilibrium when force x force arm = load x load arm. The
product of force with force arm and of load with load arm is called the
torque (Fig.4.5).

Function and Structural Principles of Skeletal Muscle

A skeletal muscle is divided into a fleshy, variously shaped muscle belly
and the usually markedly thinner tendons. The latter are attached to
structures in the skeleton or connective tissue of the locomotor system
(fasciae, interosseous membrane) and transmit the muscle pull directly
or indirectly to parts of the skeleton. In the extremities, the attachment
nearest the trunk (proximal) is usually considered the origin and that
farthest from the trunk (distal) the insertion of the muscle. In the trunk,
the origin of a muscle is always cephalad. The origin and insertion of a
muscle are designated arbitrarily and should not be confused with the
fixed and mobile points, the latter being where the muscle is attached to
the part of the skeleton that is moved, the former to that which is fixed.
Although the fixed point and the origin coincide in most movements of
the extremities, this is not necessarily the case, since the fixed point
could be interchanged with the mobile point in the course of a move-
ment.
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Fig.4.5 Effect of the flexors and extensors of the upper arm on forearm movement.
Flexor at the elbow joint: m. biceps brachii (two-headed muscle of the upper arm). Exten-
sor at the elbow joint: m. triceps brachii (three-headed muscle of the upper arm). The me-
chanics of muscle power are shown: load x load lever = force x force lever (the product of
force x force lever and load % load lever constitute the current torque).
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At the origin of a muscle there is often a head (caput) that transitions
into a belly (venter). A muscle with several origins may be two-, three-, or
four-headed, all joining to form a single belly and ending in a single ten-
don. A muscle with a single head but one intersecting tendon is called a
digastric muscle. A muscle may have several such intervening tendons
(Fig. 4.6). Muscles that extend over two or more joints are called diarthric
or polyarthric (multiarticular), respectively. Muscles that work together
in one movement are synergists, while those with opposing actions are
antagonists.

Muscles are also classified according to the way the muscle fibers are
inserted into the tendons (e. g., pennate muscles from penna = feather)
(Fig. 4.6). A muscle with parallel fibers can achieve considerable height of
lift with relatively little force, but because of the small total cross-section
of its muscle fibers (physiological cross-section), their lifting strength is
rather small. The fibers of a unipennate muscle are inserted on only one
side of the tendon of origin and insertion. This results in a large physio-
logical cross-section and considerable muscular strength. Because the
fibers of such a muscle are short, the height of lift is small. In a bipennate
muscle the muscle fibers originate from a bifurcated tendon and run
alongside both sides of the tendon of insertion. The physiological cross-
section and so its ability to develop power is here even greater than in a
unipennate muscle.

The fine structure of a muscle is determined not only by its striated
muscle fibers but also by its connective tissue structures, which form the
boundaries between the individual components of each skeletal muscle
and are the conduit for the vessels and nerves supplying the muscle
fibers (see Fig. 3.12a-e). Loose alveolar tissue in the form of endomysium
forms a sheath around the individual fibers, which in their turn are
grouped together by denser white connective tissue (perimysium).
Several primary bundles are pulled together by another strong connec-
tive tissue sheath, the epimysium, into the secondary bundles (fleshy
fibers) that are visible to the naked eye. A stout connective tissue sheath,
the muscle fascia, envelops the whole muscle. Loose areolar tissue
(epimysium) separates the muscle from the fascia. Several individual
muscles can be enclosed by a common fascia.
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Fig.4.6 Various types of muscle. (After Platzer)
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The Tendons

The tendons attaching the muscles to the bones are composed of
bundles of collagen fibers of great tensile strength. During muscle con-
tractions they transfer force from the muscle to the skeleton. The at-
tachments of the tendons to bone (tendon attachments) are of consider-
able functional significance, since the elasticity of the tendons at these
points must be adapted to that of the bones. Tendons are classified ac-
cording to their shape. When the tendons are very short and invisible to
the naked eye, the muscle is said to have a fleshy muscular attachment,
as, for example, in the case of the pectoralis major muscle. By contrast,
the tendons of the muscles of the foot and hand are very long and thin.
Flat tendon sheets (Fig.4.6), such as those of the oblique abdominal
muscles, are called aponeuroses. Tendons may run in the same direc-
tion as the muscles and act directly on the bones (sometimes called
lever tendons), while others change their direction by running around a
bone, which exerts pressure on them as they run over it. Because the
bone acts as a pulley for these tendons, they are sometimes called
pulley tendons and the bone is known as the fulcrum. An example of this
is the tendon of insertion of the peroneus longus muscle, which runs
around the side of the cuboid bone toward its insertion on the sole of
the foot.

Auxiliary Structures of Muscles and Tendons

The function of muscle fasciae, tendon sheaths, bursae, and sesamoid
bones is to reduce friction during muscular work, so that there is a min-
imum of reduction in force. Fasciae allow individual muscles or muscle
groups to glide over each other. If tendons run next to a bone or run over
a bony protrusion, they are protected by guiding channels that improve
their ability to glide. The structure of the wall of such a synovial tendon
sheath (vagina synovialis) is similar to that of a joint capsule and the fluid
in the cavity around which the inner and outer synovial layers glide is
similar to synovial fluid (Fig.4.7). Where a muscle runs directly over a
bone, it is protected by a synovial bursa, which is also filled with synovial
fluid and which acts like a water cushion, distributing pressure evenly
(Fig. 4.8). Bursae occur most often at the origins and insertions of
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Fig.4.7 Structure of a tendon sheath (vagina synovialis tendinis). (After Frick)

The inner layer of the synovial membrane is firmly adherent to the tendon, the outer layer
to the fibrous inner membrane of the tendon sheath. The cavity around which the two lay-
ers glide is filled with synovial fluid. The whole structure reduces friction over bone.

muscles, but they may also be found near joints. Occasionally they are
continuous with the joint capsule, and are then considered extensions or
recesses of the capsule. Sesamoid bones (ossa sesamoidea)are bones
embedded in tendons. Their functional significance is that they extend
the effective lever arm of a muscle and so save muscular effort. The
largest sesamoid bone in humans is the kneecap (patella). Tendon
sheaths and bursae can become inflamed by chronic irritation (tenosy-
novitis and bursitis).
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Fig.4.8 Synovial bursae of the shoulder girdle. Right shoulder seen from in front. The
muscles have been partially removed.

m Special Anatomy of the Locomotor System

The fold-out at the end of the book shows the human skeleton in differ-
ent views.

The Skeleton of the Trunk

With the transition to upright posture, the shape of the human body
changed considerably. The trunk, rising vertically over the lower limbs,
supports the head and the upper limbs. In this way, the lower limbs be-
come the organs of locomotion, while the upper limbs become impor-
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tant “tools” for grasping and feeling. As the trunk becomes erect, the
vertebral column develops the curvatures typical for the human body
and the hipbones widen and combine with the sacrum to form the pelvis
as a solid part of the trunk (Fig. 4.9).

The skeleton of the trunk includes the spinal column (vertebral
column) and the chest cage (thorax), which includes the ribs (costae),
the breastbone (sternum), and the thoracic vertebrae (Fig. 4.9). The spinal
column contains the spinal canal (vertebral canal) with the spinal cord.
The ribs run forward (ventrally) from the spinal column and form the
bony structure of the chest cavity (thoracic cavity), which below is con-
tinuous with the abdominal cavity (see p. 349). The thorax and abdomen
are enclosed by the bones and muscles of the trunk and abdominal wall.
Anatomically, the wall of the trunk can be divided into ventral, lateral,
and dorsal thoracic and abdominal walls. The back is that part of the dor-
sal wall that extends from the base of the skull to the tip of the coccyx.
The lower part of the trunk, made up of parts of the abdominal wall and
of the lower extremities, can be considered separately as the pelvic
girdle. While the diaphragm divides chest and abdominal cavities, the
muscles of the pelvic floor separate the abdomen from lower structures.

The Spinal Column

The spinal column forms the axis of the human skeleton (Fig.4.10). It
consists of 33-34 vertebrae, the intervertebral disks, and a number of liga-
ments. The vertebrae consist of 7 cervical vertebrae (neck), 12 thoracic
vertebrae (chest), 5 lumbar vertebrae (loins), 5 sacral vertebrae (sacrum)
and 4-5 coccygeal vertebrae (coccyx). The indivicual vertebrae are often
designated by a shorthand notation as follows: “C5” for the fifth cervical
vertebra (for example), and similarly T2, L1, S3, Co1, etc. The 24 vertebrae
above the sacrum are called true or presacral vertebrae, forming the true
spinal column In the adult they attain a length of 55-63 cm (ca. 35% of
the body’s height). The sacral and coccygeal vertebrae are fused and form
the sacrum and the coccyx (tailbone).

In the erect posture, the spinal column in the adult forms a double-S
curvature in the sagittal plane, with two anteriorly oriented convexities
(cervical and lumbar lordoses) and two anteriorly oriented concavities
(thoracic and sacral kyphoses) (Fig. 4.10). This arrangement creates a flex-
ible rod with elastic springiness that is especially fitted to cushion axial
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Fig. 4.9 Overview of the human skeleton side by side with the surface of the human
body. Cartilaginous parts are shown in light blue
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Fig.4.10 Left lateral view of the spinal column
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(vertical) loads, e.g., during running or jumping. The degree of spinal
curvature varies in each individual. Lateral curvatures are pathological
and are termed scoliosis.

The structural principle of the spinal column recalls the structure of
a bowstring. In the area of the trunk, the thoracic curvature represents
the bow, while the abdominal muscles represent the tensed string. In
the area of the cervical and lumbar lordoses, tension is achieved by the
muscles and ligaments of the back. These tension systems may become
unbalanced; for example, if the abdominal muscles are poorly
developed, the lumbar lordosis can become exaggerated (hyperlordo-
sis).

Structure of a Vertebra

Vertebrae have a common basic shape that changes in the different
segments of the spinal column to adapt to their various static needs.
Every vertebra—with the exception of the first cervical (atlas, C1)—has
a body (corpus vertebrae), an arch, a spine, two transverse processes, and
four articular facets (Fig. 4.11a, b). The vertebral body and arch enclose
the vertebral foramen. All the vertebral foramina together form the
vertebral canal, which houses the spinal cord. Corresponding to the in-
creasing load, the size of the vertebrae increases from above down. The
body and transverse processes of the thoracic vertebrae bear joint
facets for the ribs. Every vertebral arch at its origin from the vertebral
body is marked above and below by a notch (incisura vertebralis, infe-
rior and superior vertebral notch). The notches of two adjoining verte-
brae form the intervertebral foramen (Fig.4.10), which transmits the
spinal nerves.

Atlas and Axis: Atlanto-Occipital and Atlanto-Axial Joints

The first and second cervical vertebrae have special functions (Fig. 4.12).
The atlas, which supports the head, has no vertebral body and is shaped
like a ring. The two upper joint facets form the atlanto-occipital joint
with the joint facets (condyles) of the occiput. This is a condylar joint and
allows lateral inclination as well as forward and backward movement.
The body of the axis carries on its upper surface a process shaped like a
tooth (dens axis) that has a joint surface anteriorly. This joint connects
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Fig.4.11 Sixth thoracic vertebra as an example of the basic shape of a vertebra
a Viewed from above; b viewed from the right. (After Frick)
Cartilaginous articular facets are shown in light blue

the axis with the atlas. Together the atlas and axis form the atlanto-axial

joint, which allows the head to rotate in both directions (total extent of
rotation about 50°). The transverse processes of the cervical vertebrae
each enclose a hole (foramen transversarium) through which the verte-
bral artery runs toward the head on both sides. The 7th cervical vertebra
has a particularly large spinous process (vertebra prominens), which is the
first one from above palpable and visible through the skin.
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Fig.4.12 Posterior view of the 1st and 2nd cervical vertebrae (atlas and axis). The
two vertebrae have been slightly separated to provide a better view. The arrows show the
major directions of motion

Joints and Ligaments of the Vertebral Column

The spinal column is composed of independently mobile segments that
are connected with each other by mobile and immobile joints. An inde-
pendently mobile segment is a functional unit. It consists of the bones of
two neighboring vertebrae with their connecting disk, the synovial
vertebral joints of the vertebral arch (zygapophyseal joints, juncturae zy-
gapophysiales), the ligaments, and the corresponding muscles
(Fig. 4.13a). The intervertebral disk is of pivotal importance in the inde-
pendently mobile segment. It is composed of an outer dense fibrous
tissue ring (annulus fibrosus) and a central gelatinous core (nucleus pul-
posus) (Fig.4.13b). The disks are attached to the neighboring vertebral
bodies by synchondroses, and their position is further secured by the
anterior and posterior longitudinal ligaments. Additionally, the spines,
the transverse processes, and the vertebral arches are connected to each
other by a strong ligamentous system. The articular facets of the articular
processes (see Figs. 4.10 and 4.13a, b) are flat and are classified as syn-
ovial joints. The variations in the directions of their facets determine the
mobility of each vertebral segment.
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Fig.4.13a, b Independently mobile segments and ligaments of the vertebral
column
a Lateral view of an independently mobile segment of the lumbar region. The parts of

the mobile segment are highlighted in color (muscles and ligaments are shown in part
only)

Lumbar vertebra with disk seen from above. The course of the individual ligaments is
shown in red

® Function of the Intervertebral Disk. The function of intervertebral
disks can be compared to the function of automobile shock absorbers.
When a load is imposed on the disks (when erect), they are pressed
down; during prolonged relief from load (when recumbent), they again
assume their original shape. They resemble a “water pillow”, distribut-
ing a central load evenly from the nucleus pulposus to the adjoining an-
nulus fibrosus. In a ruptured disk the annulus fibrosus ruptures, and
parts of the nucleus pulposus protrude. Compression of an emerging spi-
nal nerve by the protruded tissue can lead to pain or weakness, e. g., of
the lower extremity.
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Fig.4.14 Mobility of the vertebral column. The extent of mobility from zero position
(0°) is given in degrees

Movements of the Vertebral Column

The free mobility of the vertebral column results from the sum of in-
dividual movements in several independent regions. The degree of mobil-
ity differs in the various segments. The following main movements are
observed:

Forward and backward bending (flexion and extension) in the sagittal
plane

Lateral bending (lateral flexion) in the coronal plane

Rotation (torsion) around a vertical axis

The cervical spine is the most mobile. The thoracic segment of the spinal
column allows primarily rotation, while in the lumbar region the main
possible movements are flexion and extension (Fig. 4.14). The degree of
movement depends largely on the extensibility of the muscles, the liga-
ments and also body build.
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The Rib Cage (Thorax)

The bones of the thorax enclose the thoracic cavity, which has an inlet
and an outlet (apertura superior thoracis, apertura inferior thoracis). The
thorax protects the organs of the thoracic cavity and is formed by the
breastbone (sternum), the ribs (costae), and the thoracic spine (Fig. 4.15).
The sternum is a flat bone and consists of the manubrium (handle), body
(corpus) and a variously shaped xiphoid process (Fig.4.16). Normally the
thoracic cage is composed of 12 pairs of ribs, of which the first seven
pairs, also called true ribs, reach the sternum. Of the remaining five pairs
of ribs, the 8th, 9th, and 10th are a part of the structure of the costal mar-
gin. The remaining two pairs of ribs (floating ribs) usually end free in the

Thoracicinlet (apertura

S— thoracis superior)
./ /‘ I
Nh—‘
_— Articular facet for
a;‘ the left clavicle
[ &\
Rib cartilage
=)
— 5~ <./ Breastbone

N (sternum)
\\ N

8th, 9th, \ I wx

and 10th '
™ <D
v/

ribs
12th thoracic vertebra

Tstto 7th—
ribs (true
ribs)

Thoracic outlet
(apertura thoracis \J
inferior)

‘ ’ 11th and 12th ribs

Fig.4.15 Rip cage (thorax) seen from in front. (After Feneis)
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lateral abdominal muscles. The bony parts of the ribs are joined to the
sternum by their cartilaginous parts, the rib cartilages, in a synchondro-
sis. The cartilages of the 1st to 7th ribs generally articulate with the body
of the sternum by synovial joints (Fig. 4.16).

Eachribisdivided into a head (caput costae), a neck (collum costae), and
a body (corpus costae). Between the body and the neck of a rib there is a
small process, the tubercle of the rib (tuberculum costae), where the rib is
angled sharply forward (Fig. 4.17). The ribs form the costo-vertebral joints
with the vertebrae. With the exception of the 11th and 12th ribs all ribs
have two articular facets, one on the tubercle, the other on the head of the
rib. These facets join the ribs with the transverse processes and the verte-
bral body (Fig. 4.17). The movements of both joints must work in tandem.

—

Clavicle

| ? ™ ﬁ\ Sternoclavicular
// ﬂﬂ\\ @ | joilnt
/ l //////m Manubrium

External / .

intercostal | ﬂ (manubrium sterni)

muscles { W// Sternal angle

/O V ﬂ) ; Joint cavity

) J \ /““ < Body of sternum

Internal 7 / w (corpus sterni)

% . .

intercostal Z / / /“ 0 \ >— Rib cartilage

muscles 4

Q Bony portion
7 \ of rib
1 Xiphoid process

\ ;j/ of sternum

Fig.4.16 Sternum with 1st to 7th ribs and left sternoclavicular joint seen from in
front. The st to 7th ribs are connected to the sternum by synovial joints (double blue
line). The intercostal muscles are illustrated on the right side
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Fig.4.17 Thoracic vertebra and costovertebral joints of a right rib seen from above.
Joint facets are shown as blue double lines

The ribs are moved by the internal and external intercostal muscles
located in the intercostal spaces between the ribs (Fig. 4.16). They serve
respiration by expanding and contracting the thorax. Additional
muscles, the auxiliary respiratory muscles, take part in the movements
of the thorax.

The cartilaginous portion of the ribs can lose its elasticity even early
in life through calcification, thus restricting the mobility of the thorax.
The sternum is situated directly under the skin and, being a flat bone,
contains red marrow, which is thus accessible to sternal puncture for di-
agnostic purposes.

The Muscles of the Trunk
The movements of the trunk are effected by large muscle groups that act

primarily on the vertebral column. The chest and back especially are also
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covered by muscles of the shoulder girdle and the upper extremity in ad-
dition to the true muscles of the trunk (Figs. 4.18a, b and 4.19). These
gradually extended their origins to the trunk in the course of phylo-
genetic development. The muscles of the trunk are arranged in in-
dividual segments like the skeleton. With the exception of a few muscles
(e.g., the intercostal muscles), the segments are often not maintained
but rather fuse with neighboring segments into larger muscles. The
musculature of the trunk is divided into the muscles of the back, the
chest, and the abdomen together with the diaphragm and the pelvic
muscles (Figs. 4.18a, b and 4.19).

The Back

The muscles of the back proper are applied directly to the skeleton and
run in two great muscular columns on each side of the vertebral column
from the neck to the pelvis. This group of muscles has the collective
name erector spinae (see Fig.4.21). It is the actual segmental muscula-
ture of the back and it may be contrasted with the muscles covering it,
which encroach on the back from the upper limb and are usually
classified with the muscles of the upper extremity. These encroaching
muscles are the muscles of the shoulder girdle, including the trapezius,
the greater and lesser rhomboid muscles (rhomboideus major and minor),
the levator scapulae (elevator of the shoulder), and one of the muscles of
the free upper extremity, the latissimus dorsi (broad muscle of the back)
(Figs. 4.18a, b and 4.19). The trapezius muscle originates from the occipi-
tal bone and the spines of the vertebrae. It is inserted into the clavicle,
the acromion, and the spine of the scapula, and is one of the most impor-
tant muscles in the movements of the shoulder blade. The latissimus
dorsi muscle takes its origin chiefly from the spinous processes and the
iliac crest, and is inserted below the lesser tubercle of the humerus. Its
chief action is on the shoulder joint, in that it pulls the arm into the body
(adduction), pulls it backward (extension), and rotates it inward (medial
rotation).

The Chest Wall

The muscles of the chest wall are arranged in three layers. According to
the course and position of the muscles, they are divided into external, in-
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ternal, and innermost (mm. intercostales externi, interni, and intimi) (see
Fig. 4.16). They are the actual muscles of respiration and are responsible
for the movement of the chest wall in inspiration and expiration. They,
too, are covered by the superficial muscles. The scalene muscles continue
the intercostal muscles cephalad. They originate from the cervical verte-
brae and are inserted into the first three ribs. They are the most impor-
tant muscles in quiet respiration, as they lift the thorax. They are
completely covered by other muscles, e. g., the pectoralis major and the
serratus anterior (Fig.4.18b).

Another muscle encroaching from the upper limb is the serratus
anterior (Fig. 4.18b), the serrations of which originate from the 1st to the
9th ribs, and which is inserted into the medial border of the scapula. It
pulls the scapula forward, and its inferior portion (pars inferior) can ro-
tate the inferior angle of the scapula forward (Fig. 4.20). This movement
allows the arm to be elevated above the horizontal (elevation). When the
shoulder girdle is fixed, the serratus anterior can lift the ribs, and so be-
come an auxiliary muscle of respiration.

The pectoralis major is another muscle encroaching on the trunk from
the upper limb. It is a muscle of the shoulder and originates chiefly from
the clavicle, the sternum, and the ribs. It is inserted into the greater
tubercle of the humerus (Figs. 4.18b and 4.19). It is a strong muscle, used
to adduct the arm and to rotate it medially. It, too, can function as an
auxiliary muscle in respiration by lifting the thorax when the shoulder
girdle is fixed.

Another muscle that can lift the thorax is the sternomastoid (sterno-
cleidomastoid). Like the trapezius, it is a muscle encroaching on the
trunk. It originates from two heads attached to the clavicle and the ster-
num, and is inserted into the mastoid process of the occipital bone. The
sternomastoid muscle acts principally on the joints of the head and the
cervical vertebrae. When both sternomastoids contract, the head is
thrown back toward the back of the neck; with unilateral contraction,
the muscle inclines the head toward the same side and turns it to the op-
posite side. When the head is fixed, the sternomastoid is also a very im-
portant auxiliary respiratory muscle.

Fig.4.18a, b View of the superficial musculature from the back and side (a) and >
from the front and side (b). From a “Somso” cast
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Fig.4.19 Muscle manikins. To illustrate how the action of certain muscles results from
their origin, insertion, and course
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Fig.4.20 Action of the inferior part of the serratus anterior in lifting the upper arm
above 90° (elevation). The normal position of the scapula and its joint cavity is edged in
green; the rotated scapula during elevation is edged in red. (After Faller)

The Abdominal Wall

The muscles of the abdominal wall are divided according to their loca-
tion into straight (anterior), oblique (lateral) and deep abdominal muscles.
The oblique muscles are arranged in three layers and their aponeuroses
(flat tendons) anteriorly form a sheath (rectus sheath) that encloses the
rectus abdominis (straight muscle) and serves it as a guiding channel
(Figs. 4.18b, 4.21). The rectus abdominis has several tendons separating
multiple bellies and runs from the superior border of the pubis, lateral to
the symphysis, upward to the insertion of the ribs into the sternum. Of
the oblique muscles, the external oblique runs superficially from the
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Fig.4.21 Schematic cross-section through the trunk, showing the abdominal
muscles. (After Faller)

lateral portions of the lower ribs obliquely forward to the iliac crest and
to the rectus sheath. The internal oblique runs in the layer deep to this, its
fibers running almost at right angles to the external oblique. Its
aponeurosis also fuses with the rectus sheath. The innermost layer is
formed by the transversus abdominis. The psoas major and the quadratus
lumborum muscles, together with the lumbar spine, form the posterior
abdominal wall (Fig. 4.21).

The muscles of the abdominal wall, together with their aponeuroses,
form a functional entity, in that they exert their pull in different direc-
tions, forming an oblique support. The arrangement of the abdominal
musculature allows rotation, flexion, and lateral inclination of the trunk.
At the same time, the abdominal muscles act to exert pressure on the
abdominal contents, and so assist the emptying of the urinary bladder
and the rectum. They also take part in expiration by raising the dia-
phragm.
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The Diaphragm

The dome-shaped diaphragm is the most important muscle of respiration
and separates the abdominal from the thoracic cavity in the form of a
musculotendinous partition. The muscle arises in a ring from the inferior
thoracic outlet (Fig. 4.22). Its muscle fibers arch upward and radiate into
a central tendon (centrum tendineum, trefoil tendon). According to its
various origins, the diaphragm is divided into a costal part (pars costalis),
a lumbar (vertebral) part (pars lumbalis), and a sternal part (pars ster-
nalis). The inferior vena cava runs through an opening in the central ten-
don; the aorta and the esophagus enter the abdominal cavity from the
thorax through two slitlike openings (e. g., aortic hiatus) in the lumbar
part.

In life, the shape and position of the diaphragm change with breath-
ing (Fig. 4.23), posture, and body position and the degree of fullness of
the inner organs. When the diaphragm contracts, the thoracic cavity en-
larges and thereby supports inspiration. In the relaxed state, with simul-
taneous contraction of the abdominal muscles, the diaphragm rises,
which leads to expiration. Each displacement of the diaphragm has an
effect on the abdominal organs. For instance, the inferior border of the
liver descends with inspiration and rises again on expiration. In the erect
posture, the left dome of the diaphragm projects to the upper border of
the 5th rib during maximal expiration, while the right dome rises a little
higher, to the level of the 4th intercostal space. During maximal inspira-
tion the two domes descend by about 3-6 cm (Fig. 4.23).

The Pelvic Floor

The pelvic outlet, and therefore the abdominal cavity, is incompletely
closed by muscles and connective tissue structures. Together they form
the pelvic floor, which plays a significant role in the position of the pelvic
and abdominal organs. The mechanical strength of the fibromuscular
pelvic floor is limited by the emergence through it of the intestinal as
well as the urinary and genital tracts (Fig. 4.24).

The pelvic floor consists in part of a funnel-shaped muscle, the leva-
tor ani, which, together with its connective tissue sheath (fascia), forms
the pelvic diaphragm; and in part of a muscle crossed by connective
tissue bands, the deep transverse perineal muscle, which, together with
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Fig.4.22a, b Diaphragm, viewed from below (a) and from in front (b). Parts of the
thoracic cage have been removed. (After Benninghoff)
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Fig.4.23 Position of ribs and diaphragm at maximal inspiration and expiration.
With maximal inspiration the thoracic cage widens and the diaphragm flattens. At maxi-
mal expiration the diaphragm arches back into the thorax and the thorax narrows. (After
Frick et al)

its fascia, forms the urogenital diaphragm (Fig.4.24). The levator ani
muscle is attached to the internal surface of the true pelvis in a semi-
circular fashion and has an anteriorly directed opening, the tendinous
arch of the levator ani. It transmits the urethra, the rectum, and in the
female also the vagina. The tendinous arch of the levator ani is closed by
the urogenital diaphragm, which extends in the shap of a trapezium be-
tween the pubic rami (Fig. 4.24).
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Fig.4.24 Muscles of the female perineum from above. (After Faller)

The inner part of the levator ani (puborectalis m.), together with the
external anal sphincter (sphincter ani externus m.), forms a very effective
(voluntary) closing mechanism (sphincter) of the rectum (Fig. 4. 25). The
sphincter urethrae muscle allows the urethra to be closed voluntarily,
damming urinary flow.

If the muscles of the pelvic floor are overdistended, e. g., during par-
turition, the internal genital organs of a woman can prolapse. Similarly,
tears in the course of parturition (perineal tears) may damage the levator
ani or the sphincter ani externus to the point of impairing control of rec-
tal content (rectal incontinence).
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Fig.4.25 Position of the rectum in relation to the pelvic floor. Left anterior view.
Parts of the pelvic skeleton have been removed. (After Leonhardt)

The Upper Extremity

One of the essential tasks of the two upper extremities in man is to sup-
port grasping and touching. The basis for these activities is an extensive
mobility of the upper limb, giving the hand as much room to move as
possible. The upper extremity includes the shoulder girdle and the free
upper limb. (A complete illustration of all bones and comprehensive
labeling of all structures is provided in the pull-out illustration at the end
of the book.)

The Shoulder Girdle—Bones, Joints, Muscles

The shoulder girdle includes the clavicle and the shoulder blade (scapula).
It forms the base for the upper extremity and, contrary to the pelvic
girdle, is not firmly anchored to the trunk (Fig.4.26). It is linked to the
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Fig.4.26 Simplified tracing of a radiographic image of the right shoulder seen from
in front. In the radiographic image the joint cavity appears to be wider because the joint
cartilage is not seen.

trunk by a joint, the sternoclavicular joint (Fig. 4.27), which, by virtue of
its range of motion, functionally represents a ball-and-socket joint. The
scapula is guided along the thorax by a muscular sling.

The clavicle is an S-shaped bone connecting the sternum with the
scapula. It is attached to the trunk by strong ligaments to the 1st rib,
the sternum and the coracoid process. The clavicle is joined to the
scapula by the acromioclavicular joint. The scapula is a triangular flat
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Fig.4.27 Shoulder girdle seen from above

bone with a shallow facet (glenoid cavity) for the shoulder joint at its
upper lateral end. The posterior surface features the spine, which runs
obliquely upward, and the outer end bears the acromion process, which
can easily be palpated externally (Fig. 4.26 and 4.27). The acromion, the
coracoid process, and the strong ligament connecting them (cora-
coacromial ligament) form a roof over the shoulder joint (fornix humeri)
(see Fig.4.30b).

The axillary and vertebral borders (margo lateralis and margo medi-
alis) of the scapula meet at the inferior angle of the scapula (Fig. 4.26).
The scapula is moved on the trunk by a muscular sling. The muscles of
the shoulder girdle include the trapezius, the serratus anterior, the leva-
tor scapulae, and the major and minor rhomboid muscles (Figs. 4.18a, b
and 4.19). (The three last-named muscles lie deep and are therefore not
illustrated.)
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The Free Upper Limb—Bones, Joints, Muscles

The free upper limb begins at the shoulder joint and includes the
humerus, the two bones of the forearm, radius and ulna, and the hand
(manus), composed of wrist (carpus), metacarpus, and fingers (digits).
Toward the fingers, the number of bones, and therefore the possible
number of joints, increases. The important joints of the free upper limb
are the shoulder joint, the elbow joint, the wrist joint, the carpometacar-
pal joint, the saddle joint of the thumb, and the proximal, middle, and
distal joints of the fingers.

The Bones of the Upper Arm, the Forearm, and the Hand

®m Upper Arm (Brachium). The humerus is a long bone, and it has a
shaft (corpus humeri) as well as proximal and distal ends (epiphyses).
The end nearest the body is formed by the head of the humerus, which
is connected to the glenoid cavity (Fig.4.26). At the transition to the
humeral shaft there are two solid tubercles, which provide attach-
ment to the muscles acting on the shoulder joint. In front lies the
lesser tubercle, which distally (away from the trunk) is continued in
the crest of the lesser tubercle (crista tuberculi minoris); laterally lies
the greater tubercle, which is continued in the crest of the greater
tubercle (crista tuberculi majoris). Between the two tubercles lies a
groove (bicipital groove) for the tendon of the long head of the biceps
(see Fig.4.30b).

The distal end of the shaft of the humerus ends in the spherical
capitulum humeri, which forms the joint with the radius, and in a
markedly larger bobbin-shaped roll, the trochlea humeri, which forms
the joint with the ulna (Fig.4.28a, b). The medial and lateral sides of
the distal end are marked by large bony protrusions, the medial and
lateral epicondyles. Behind the larger medial epicondyle runs the ulnar
nerve to the forearm and hand. Pressing this nerve against the bone
elicits a brief painful sensation that radiates into the fingers (“funny
bone”).

m Forearm (Antebrachium). The skeleton of the forearm consists of the
radius and the ulna. A membrane, the interosseus membrane (see
Fig.4.32), connects the shafts of both bones and ensures their cohe-
sion. It also distributes any pull and pressure exerted by one bone to
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the other and serves as origin for the forearm muscles. The ulna fea-
tures at its proximal end a hook-shaped process, the olecranon
(Fig. 4.28a, b). With this process the ulna grasps the trochlea of the
humerus and so forms the hinge joint between the humerus and the
ulna. Distally the ulna narrows and contributes only a small surface to
the wrist joint. By contrast, the radius is thinner proximally and
broader and more strongly developed distally. At its proximal end it
bears a small flat head (caput radii), the cartilaginous facet of which
forms joints with the humerus (elbow joint, humeroradial joint) and the
ulna (superior radioulnar joint, proximal radioulnar joint). The distal
end of the radius, like the ulna, bears a small process, the condyloid
process. Both condyloid processes are easily palpable through the skin
(Fig. 4.28a).

m The Hand (Manus). The wrist consists of eight bones arranged in two
rows, a proximal and a distal row (Fig. 4.29). The proximal row consists
of the radially situated scaphoid (navicular) bone, the middle lunate
bone, the ulnar triquetrum, and the pisiform bone (pea-shaped bone).
The distal carpal bones include (from radial to ulnar) the trapezium,
the trapezoid bone, the centrally situated capitate bone, and the hamate
bone.

Of the five metacarpal bones, only the first metacarpal forms a mo-
bile joint, the saddle joint of the thumb, with the trapezium. All the
other metacarpals are joined to the bones of the wrist by plane joints
with strong ligaments that limit their mobility. The metacarpal bones
are continued in the bones of the fingers (phalanges), each finger con-
sisting of a proximal, middle, and distal phalanx. The thumb has only
two phalanges, lacking a middle phalanx (Fig.4.29). The metacarpals
are joined to the proximal phalanges and the proximal, middle, and
distal phalanges to each other, by synovial joints. These are the meta-
carpophalangeal and the proximal and distal interphalangeal joints
(Fig. 4.29).

The Shoulder Joint (Articulatio Humeri)

The shoulder joint is the most mobile ball-and-socket joint in the human
skeleton. Because of the difference in the size of the head of the humerus
and the glenoid cavity of the scapula, the joint provides little bony
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guidance. It is secured primarily by muscles and to a lesser extent by
ligaments. For this reason, dislocations (subluxations) of the shoulder
joint are especially common (about 45% of all dislocations affect the
shoulder joint).

The glenoid cavity is bordered by a fibrocartilaginous lip (labrum
glenoidale), about 5 mm in breadth, that increases the joint contact and
so the stress-absorbing surface. The joint capsule is wide and lax, and
with the arm dependent forms a recess on the medial side (Fig. 4.30a).
This extra fold ensures that there is no resistance especially during ab-
duction.

® Muscles and Movements. The coracoid process and the acromion,
together with the coracoacromial ligament (fornix humeri, Fig. 4.30b),
limit upward mobility and at the same time secure the head of the
humerus in the glenoid cavity. When the arm is lifted above the hori-
zontal, the scapula, and so the glenoid cavity, must rotate. The move-
ments at the shoulder joint take place in three axes, as in every ball-
and-socket joint. The muscular action occurs chiefly in the musculoten-
dinous cuff (rotator cuff, i.e., supraspinatus, infraspinatus, subscapularis,
and teres minor muscles) and the deltoid muscle, the most important
abductor of the upper arm (Figs. 4.18a, b and 4.19). In addition, the
anterior part of the deltoid (pars clavicularis) flexes the arm and the
posterior part (pars scapularis) extends it (Fig.4.31).

The muscles of the musculotendinous cuff all have their origin on
the scapula and are inserted into the greater or lesser tubercle of the
humerus. While the teres minor and the infraspinatus muscles rotate
the upper arm outward (external rotation), the subscapularis muscle is
an important internal rotator. Finally, the supraspinatus muscle takes
part in abduction, especially its initiation. The pectoralis major, the
latissimus dorsi, and the teres major muscles adduct the arm (pull it
toward the trunk) and to varying extents rotate it externally or inter-
nally (Figs. 4.18a, b and 4.31).

The Elbow Joint (Articulatio Cubiti)

The elbow joint is a hinge joint and a compound joint with three joint ele-
ments in the lax joint capsule. It is composed of three separate joints, the
humeroradial joint, the humeroulnar joint, and the proximal radioulnar
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Fig.4.31 Movements of the shoulder joint

joint. While the joint between the humerus and ulna (humeroulnar
joint) acts as a typical hinge joint, allowing only flexion and extension,
the head of the radius has joints with the humerus (humeroradial joint)
as well as the ulna (proximal radioulnar joint) (Figs. 4.28a, 4.32).

® Muscles and Movements. The proximal radioulnar joint, in combina-
tion with the distal radioulnar joint, allows the hand to be turned for-
ward and backward (pronation and supination) (Figs. 4.28b, 4.33). As the
hand turns, the radius pivots in place at the elbow joint, while pivoting
around the ulna at its distal (hand) end. The position in which the fore-
arm bones are parallel and the palm faces upward, is called supination.
When the radius crosses the ulna, the back of the hand faces upward.
This position is called pronation. The head of the radius is fixed by two
collateral ligaments aided by an annular ligament that surrounds the
radial head (Fig. 4.32a-c).

Muscles originating from the humerus or the shoulder girdle and in-
serted into the ulna include the triceps (m. triceps brachii), which runs
along the posterior side of the upper arm and extends the elbow, and the
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biceps (m. biceps brachii), which runs along the front of the upper arm
and flexes the elbow. Both the biceps and the triceps also act on the
shoulder joint, because one head of each originates from the scapula
(Figs. 4.18a, b and 4.19). Four muscles primarily take part in pronation
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Fig.4.33 Movements at
the elbow joint. Pronation
and supination additionally
involve the distal radioulnar
joint
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and supination, two internal rotator muscles (m. pronator teres and m.
pronator quadratus) and two external rotator muscles (mm. supinator
and biceps brachii).

Beside its function as flexor at the elbow, the biceps, with its inser-
tion in a roughened area of the radius (radial tuberosity) (Fig. 4.32), is the
strongest supinator. This external rotation is especially strong when the
elbow is flexed and at the same time the biceps tendon unwinds from a
coiled position around the radius.
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The Joints of the Hand

The proximal wrist joint (radiocarpal joint) between the radius and ulna
on one side, and the wrist on the other, is a typical condyloid joint. The
middle carpal joint is formed by the proximal and distal rows of carpal
bones and forms an S-shaped joint cavity with interdigitation of the
bones (Fig. 4.28a). The trapezium and the first metacarpal bone form an
extraordinarily mobile joint, the saddle joint of the thumb (carpometacar-
pal joint of the thumb).

m Muscles and Movements. Because of its saddle shape, the joint allows
four movements: abduction, adduction, flexion, and extension of the
thumb. The joint also allows a composite rotational movement—opposi-
tion—in which the thumb touches the index finger. In all nine muscles
are involved in movements of the thumb. In movements of the wrist
both wrist joints act in concert, though the radiocarpal joint makes the
largest contribution. Flexion (palmar flexion) and extension occur
around an axis running transversely to the radius and ulna. Lateral move-
ments of the hand (adduction and abduction) occur around a second axis
that runs vertically through a carpal bone (the capitate). Because of the
interdigitation at the midcarpal joint, these movements occur exclu-
sively at the radiocarpal joint.

With the exception of the short muscles of the hand, the muscles ac-
ting on the carpal joints and the saddle joint of the thumb originate pre-
dominantly from the forearm. Their tendons run in protective tendon
sheaths to the wrist or the metacarpal bones, where they act exclusively
on the wrist, or to the fingers, which they move simultaneously with the
joints of the hand. Eighteen short muscles of the hand and 15 forearm
muscles take part in the small movements of grasping and touching. The
forearm muscles are divided by their position. The radius and ulna and
the interosseus membrane between them separate the flexors anteriorly
from the extensors posteriorly. A separate radial muscle group lies be-
tween these two muscle groups. Flexors and extensors are both divided
into superficial and deep groups (Figs. 4.18a, b and 4.19).
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The Lower Extremity

The lower extremities in the human are exclusively organs of support
and locomotion. They can be divided into a pelvic girdle and a free lower
limb. In contrast to the shoulder girdle, the pelvic girdle is solidly con-
nected to the axial skeleton.

The Pelvic Girdle and the Pelvis—Bones, Joints, Muscles

The components of the pelvic girdle are the two hip bones (innominate
bones, ossa coxae) that in combination with the sacrum form the bony
pelvis. The Sacrum and innominate bones are connected to each other by
the sacroiliac joints, synovial joints that, by virtue of their strong liga-
ments, are almost immobile. Anteriorly, the two innominate bones are
connected by the symphysis pubis (Fig. 4.34a, b). The sacroiliac joints and
symphysis pubis connect the bony parts of the pelvis into a stable ring
and allow only very limited movement.

The bony pelvis is composed of the two innominate bones and the
sacrum. The innominate bone is composed of three parts, the ilium, the
ischium, and the pubis (Fig.4.35a, b). The bony parts fuse at the
acetabulum (articular facet of the hip joint) about the 14th to 16th years
of life to form a single bone, the innominate bone. The sacrum and the
innominate bone are connected on each side by two strong ligaments,
which exert a strong stabilizing effect on the pelvis. The stronger band
(sacrotuberal ligament) runs from the ischial tuberosity to the sacrum,
while the second, weaker band (sacrospinal ligament) connects the
ischial spine with the sacrum.

The pelvis is divided into the false pelvis and the true pelvis. The line
between them (linea terminalis, iliopectineal line) is situated in the plane
of the pelvic brim. It is formed by a bony line (the arcuate line), the upper
border of the symphysis pubis, and the disk between the 5th lumbar
vertebra and the sacrum (sacral promontory) (Figs. 4.34a, b and 4.36). In
the erect posture the plane of the pelvic inlet forms a 60° angle to the
horizontal (Fig.4.36). The false pelvis is formed laterally by the iliac
fossae and posteriorly by the sacrum. The upper border of the iliac fossa
is termed the iliac crest. Anteriorly it ends in the anterior superior iliac
spine, from which the inguinal ligament stretches to the pubic tubercle
(Fig. 4.36).
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The true pelvis is formed by the two pubic bones and the two ischial
bones. Between the upper and lower branches (superior and inferior
rami) of the pubis and the bordering ischium there is an oval opening
(obturator foramen), closed by a connective tissue membrane (obturator
membrane) (Fig. 4.34a, b). The pelvic outlet is bordered by the coccyx, the
ischial spine, and the ischial tuberosity. Pelvic inlet, pelvic canal, and pel-
vic outlet of the true pelvis form the birth canal and as such have great
practical significance.
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The shape of the pelvis shows marked sexual differences: in the
female the two iliac fossae extend more laterally. The transition from the
false to the true female pelvis is oval in its transverse dimension, while in
the male it is smaller and posteriorly narrowed markedly by the more
prominent sacral promontory. The angle between the two inferior pubic
rami is greater in the female pelvis than in the male (Fig. 4.37). Finally,
the obturator foramen in the female pelvis is transversely oval, while
that of the male is almost round. The pelvic outlet, determined by the
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ischial tuberosity and the ischial spine, is also wider in the female. The
musculature of the pelvis and the pelvic floor is described with that of
the trunk (see above Muscles of the Trunk: The Pelvic Floor).

The Free Lower Limb—Bones, Joints, Muscles

The free lower limb is connected to the pelvic girdle by the hip joint. It
consists of the thigh bone (femur), the (lower) leg (crus) including tibia
and fibula, and the foot (pes), which includes the ankle (tarsus), metatar-
sals, and toes (digits). The movements between femur and lower leg
occur at the knee joint (genu), which is a principal factor in the move-
ment sequence of walking. The tibia and fibula are connected to the foot
by the ankle joint. Together with the mid-tarsal (talocalcaneonavicular)
joint and the other joints of the foot, this freely mobile joint enables the
foot to roll during walking.

Bones of the Thigh, Lower Leg, and Foot

m The Thigh (Femur). The thigh bone (femur) is the longest and
strongest bone of the human skeleton. Proximally, the shaft of the femur
(diaphysis) continues into the femoral neck (collum femoris), which is
directed obliquely upward and which ends in the head of the femur
(caput femoris). In the adult the angle of the neck to the shaft (collodi-
aphyseal angle) is about 125-126°. In the newborn the angle is markedly
greater (ca. 150°), while in the elderly it may be smaller than 126°
(Fig. 4.38a-c). At the junction between the shaft and neck there are two
processes, the robust externally directed greater trochanter, and the
somewhat smaller internally directed lesser trochanter (Fig. 4.34a, b).
Both trochanters are the site of muscle insertions. Anteriorly and later-
ally, the femoral shaft is smooth, while along its posterior aspect runs a
rough line (linea aspera) with an inner and an outer lip for muscle inser-
tions.

Distally, the femur expands to form the two femoral condyles, exten-
sively covered by hyaline cartilage. Anteriorly, they are extended into a
cartilaginous groove, the patellar surface, in which the kneecap (patella)
glides downward during flexion of the knee (Figs. 4.39 and 4.40a, b).
Posteriorly, the two condyles are separated by a broad groove, the inter-
condylar notch (intercondylar fossa).
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b

Fig.4.38a-c Angle of the neck of the femur (collodiaphyseal angle). Collodiaphyseal
angle in the adult (a), in a 3-year old child (b), and in the elderly (c). (After Frick)

m Lower Leg. The skeleton of the lower leg is formed by the tibia and
the fibula. The tibia is the stronger bone and the true supporting pillar
and connection between the femur and the foot. Proximally, the two
bones are connected by the strong ligamentous tibiofibular joint
(Fig. 4.40). Distally, the two bones are connected by a fibrous joint (syn-
desmosis). The mortise formed by the medial and lateral malleoli of
these bones, together with the trochlea of the talus, makes up the ankle
joint (Fig.4.41).

Proximally, the tibia expands and features on its anterior surface the
tibial tuberosity, into which the quadriceps femoris is inserted. The super-
ior articular surface (Fig.4.40), formed by the medial and lateral con-
dyles, forms the knee joint with the femur. Like the radius and ulna, the
tibia and fibula are connected by an interosseus membrane, which gives
origin to some muscles in the leg.

m Foot (Pes). The foot, like the hand, is divided into three groups ar-
ranged end to end (Fig.4.41): the ankle (tarsus), the intermediate group
(metatarsus), and the toes (digits). There are seven tarsal bones, of which
the talus, the navicular, and the three cuneiform bones lie on the medial
side, while the calcaneum (calcaneus, os calcis), and the cuboid bone are
lateral. The calcaneum is the largest bone of the foot, its posteriorly
directed calcaneal tubercle (tuberculum calcanei) forming the bony base
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Fig.4.39 Simplified tracing of a lateral radiograph of the knee joint

of the heel. The five metatarsal bones are long bones, like the metacarpal
bones of the hand. Each is divided into a base, a shaft, and a head. The
first (medial) metatarsal bone is the thickest and strongest metatarsal
bone. The 2nd to 5th toes consist of proximal, middle and distal
phalanges, while the 1st toe (big toe, hallux), only has a proximal and a
distal phalanx (Fig.4.41).

Inspection of the skeleton of the foot reveals that, while the talus lies
above the calcaneum behind, the two bones lie side by side in the middle
and in front. This arrangement creates medially a marked longitudinal
arch, and at the level of the cuneiform bones and the metatarsal bones a
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Fig.4.40a, b Components of the knee joint, anterior (a) and posterior (b) views

transverse arch running from medial to lateral (Fig.4.42a, b). Muscles
and tendons serve to keep these arches intact. The calcaneal tubercle and
the heads of the 1st to 5th metatarsals may be regarded as the bases on
which all of the body weight rests on level ground.

The Hip Joint (Articulatio Coxae)

The hip joint is a ball-and-socket joint in which the head of the femur
moves in the acetabulum (Figs. 4.34a, b and 4.43a). The acetabulum is
formed by all three components of the hip bone, (ilium, ischium and
pubic bone, see Fig.4.35). It grasps almost half the ball of the femur,
giving the hip joint a solid bony channel. The joint contact is augmented
by a fibrocartilaginous lip, (acetabular labrum), which extends the joint
beyond its equator by forming a ring around the acetabulum. In this way
the joint maintains solidity and stability in every position. The capsule of
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Fig.4.41 Simplified tracing of a radiographic image of a plantarflexed foot in lateral
view

the joint is reinforced by three strong ligaments running from the three
parts of the hip bone: the iliofemoral, the pubofemoral, and the
ischiofemoral ligaments (Fig.4.43b, c). The iliofemoral ligament is the
strongest ligament of the body, with a tensile strength of 350 kg.
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a Skeleton of foot from above, with superimposed footprint
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The ligaments run a characteristic spiral course around the neck of
the femur. In the erect posture they are tense, while they relax during
flexion of the hip joint, allowing considerable mobility during flexion.

m Muscles and Movements. Because a ball-and-socket joint has three
main axes of movement, the leg can be moved around a transverse
axis anteriorly and posteriorly (flexion and extension), a sagittal axis
away from and toward the trunk (abduction and adduction), and a ver-
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tical axis around which it is rotated (internal and external rotation)
(Fig. 4.44).

The most important hip flexors muscles include the deep iliopsoas,
the sartorius, and the rectus femoris muscles. The extensors at the hip are
the gluteus maximus muscle and the muscles running from the ischial
tuberosity to the lower leg (ischiocrural muscles) (Figs. 4.18a, b and 4.19):
the biceps femoris, the semitendinosus, and semimembranosus muscles).
The gluteus medius and the gluteus minimus muscles function both as ab-
ductors and as internal and external rotators.

On the medial side of the thigh, between the extensors and the flexors
runs a group of five muscles that adduct the thigh toward the trunk (ad-
ductors, e. g., m. adductor magnus). They take their origin from the pelvis
and are inserted into the medial lip of the linea aspera of the femur. The ex-
ternal rotators arise from the posterior aspect of the pelvis and run to the
femur, e. g., the gluteus maximus. Internal rotators are the anterior parts of
the gluteus medius and gluteus minimus. During movement of the hip, the
leg may be moved freely on the hip or the leg may be fixed (standing) and
the hip moved against it. In walking these functions alternate.

External
rotation

Internal
rotation

Extension and flexion Abduction and Adduction Rotation

Fig.4.44 Mobility of the hip joint
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The Knee Joint (Articulatio Genus)

The knee joint is the largest joint of the human body. It is a compound
joint, formed by the combined action of the femur, tibia, patella and two
fibrocartilaginous disks, (menisci) (Figs. 4.45 and 4.46¢). The joint con-
sists of the joint between the condyles of the femur and the tibia and the
joint between the femur and the patella. The two menisci adapt the joint
surfaces of the femur and the tibia to each other and increase the surface
for the transmission of force. When the knee joint is flexed, the femur ex-
ecutes a combined gliding and rolling motion over the tibial articular
surface, during which the menisci are shifted more posteriorly the
further the knee is flexed. The movements of the knee joint are guided by
two sets of ligaments, the medial and lateral collateral ligaments and the
anterior and posterior cruciate ligaments (Fig. 4.46).

While the collateral ligaments primarily stabilize the extended leg,
the cruciate ligaments take over that function in the flexed knee joint.
Because of the uneven curvature of the femoral condyles, the collateral
ligaments are fully tensed only during extension of the knee joint; they
are relaxed during flexion. With the knee flexed, the cruciate ligaments
limit internal and external rotation of the lower leg, internal rotation
being more severely limited than external rotation by the coiling of the
cruciate ligaments.

® Muscles and Movements. Muscles inserted into the medial surface of
the tibia (e. g., mm. semitendinosus and semimembranosus) are internal
rotators. The biceps femoris is inserted into the head of the fibula, and is
the only external rotator of the lower leg (Figs. 4.18a, b and 4.19). All
three muscles are flexors of the knee joint, as is the sartorius. The most
important extensor of the knee joint is the quadriceps femoris, inserted
by the patellar ligament into the tibial tuberosity. The patella, the largest
sesamoid bone in the human body, is embedded in the patellar ligament
(Fig. 4.45). It is triangular in shape and articulates with the anterior sur-
face of the distal femur (patellar surface). As the knee flexes, the patella
moves downward. Because there is considerable transfer of force in the
joint between femur and patella, especially during flexion, this is the
most highly stressed joint in the body, and is the earliest to show
degenerative changes in its cartilage.
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Fig.4.45 Sagittal section
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The Ankle Joint (Articulatio Talocruralis) and the Intertarsal Joint
(Articulationes Subtalaris and Talocalcaneonavicularis)

The movements of the foot against the lower leg occur in two joints: the
ankle joint and the talocalcaneonavicular joint.

m Ankle Joint. The ankle joint is formed by the tibia, fibula, and talus. The
distal ends of the tibia and fibula form a mortise made up of the medial
and lateral malleoli, which grasp the trochlea of the talus (Fig. 4.47a-c).
The joint is a hinge joint, the axis of which runs through the trochlea of

Fig.4.46a-c Ligaments of the right knee joint

a Anterior view (patella and patellar ligament are reflected downward)

b Posterior view

¢ Superior articular surface of the tibia seen from above (the femur has been removed
and the ligaments transsected)

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



s Special Anatomy of the Locomotor System 181 -

Patellar surface of femur

Posterior
cruciate ligament

Lateral
condyle

Anterior
cruciate

ligament Medial condyle

Lateral
collateral
ligament

Superior arti
cular surface

/;/— Medial collateral ligament

of tibia Medial
condyle
Head nt
of fibula nter
condylar
Patellar fossa
ligament Lateral
condyle
Patella——— Y
||/ Lateral
|/ collateral
“ \ ‘ ligament
Fibula \ \ ‘ Lateral
1 ﬂeniscus
Medial — % — “ Tibio-
a collateral ‘ fibular
ligament \ > joint
Medial Head
meniscus / of fibula
Ante_rior . Hyanne Posterior
cruciate Posterior cartilage of cruciate
ligament cruciate superior articular \\ .
ligament surface of tibia ligament
Head of Tibia 4— — Fibula
fibula
Lateral —¢ b
collateral ©
ligament Medial collateral ligament

Lateral Medial meniscus

meniscus

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



- 182 4 The Locomotor System (Musculoskeletal System) s

the talus and connects both malleoli. The movements at this joint are
called dorsiflexion (lifting of the point of the foot) and plantarflexion
(lowering of the point of the foot toward the sole = plantar side of the
foot). When the foot is fixed, the lower leg moves backward and forward.
A strong set of ligaments stabilizes the ankle joint. It consists of three
lateral ligaments and the medial deltoid ligament. The tibia and fibula
are tightly joined together by a syndesmotic joint at the level of the
malleoli.

m Intertarsal Joint. In the intertarsal joint, the talus articulates with the
calcaneus and the navicular bone. This joint is, in fact, composed of two
joints that are anatomically entirely separate: posteriorly the subtalar
joint, and anteriorly the talocalcaneonavicular joint. In the subtalar joint,
the talus articulates with the calcaneus; in the talocalcaneonavicular
joint, the ball-shaped head of the talus articulates with the calcaneus
and the navicular bone. (Fig. 4.47a-c) The axis of movement in the talo-
calcaneonavicular joint runs from the center of the navicular obliquely
downward, laterally, and backward through the calcaneum. The move-
ments in this joint are lateral movements called supination (lifting of the
inner = medial border of the foot) and pronation (lifting of the outer =
lateral border of the foot) (Fig. 4.48c).

® Muscles. The muscles running from the lower leg to the foot act on
the ankle joint and the talocalcaneonavicular joint. They are divided
onto three groups according to their position on the leg: the posterior
calf muscles (mm.triceps surae, tibialis posterior, flexor digitorum lon-
gus, and flexor hallucis longus) act as supinators, plantar flexors (point
of the foot turned down), and flexors of the toes (mm. flexor digitorum
longus and flexor hallucis longus only). The muscles of the anterior
compartment of the lower leg (mm. tibialis anterior, extensor digitorum
longus, and extensor hallucis longus) act as dorsiflexors (lifting of the
point of the foot) and supinators of the foot (m. tibialis anterior only).
The muscles of the lateral compartment of the calf (mm. peronei lon-
gus and brevis) are primarily pronators and assist plantar flexion. The
strongest group are the superficial muscles of the calf (m. triceps
surae), usually considered to be composed of two muscles, the soleus
and the gastrocnemius muscles (Fig.4.18a, b and 4.19). They join to
form the Achilles tendon, which is inserted into the calcaneal tubercle.
If the Achilles tendon is torn, the triceps surae cannot act and it be-
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Fig. 4.48a-c Movements of the ankle and talocalcaneonavicular joints
a Ankle joint (free leg)
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comes impossible to stand on tip-toe; supination is also severely im-
paired.

Head and Neck

The Neck (Collum)

The neck joins the head to the trunk and contains the vascular and
nervous pathways (blood and lymph vessels as well as nerve fibers) that
run from the head to the trunk and the upper extremity. The boundary
between the trunk and the neck lies at the clavicles in front and at the
spine of the 7th cervical vertebra in the back. Cephalad, the neck extends
to a line joining the lower border of the mandible, the two mastoid
processes, and the external occipital protuberance. The neck may be

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



s Special Anatomy of the Locomotor System 185 -

divided into the posterior cervical refion (back of the neck, nucha) and the
neck proper (cervix, collum).

The organs of the neck lie in front of the vertebral column. They in-
clude the throat (pharynx), the cervical part of the esophagus, the larynx,
and the cervical part of the air passages (trachea). The thyroid gland oc-
cupies the lateral portion of the compartment containing the organs. The
lateral parts also contain the vascular and nervous pathways (common
carotid artery and its branches, internal jugular vein, lymphatics of the
neck, vagus nerve, sympathetic trunk).

m The Neck Muscles. The space containing the organs is enclosed on all
sides by connective tissue sheaths (fascias) (Figs. 4.49, 4.50). Posteriorly,
the muscular covering of the neck is formed by the segmental neck
muscles, which are to a large extent covered by the trapezius muscle, and
laterally by the sternocleidomastoid muscle. In front of and at the side of
the cervical spine lie the derivatives of the trunk muscles (scalene
muscles), and the prevertebral muscles (e. g., mm. longus capitis and lon-
gus colli). The organs of the neck are covered in front by the infrahyoid
muscles. The most superficial muscle is the platysma, which is classified
as one of the muscles of facial expression.

The Head (Caput)

The bony basis of the head is the skull (cranium). It serves partly as a bony
capsule for the brain and the sense organs, and partly as support for the
face; it also contains the upper ends of the digestive and respiratory
tracts. It consists of a brain case (neurocranium) and a facial skeleton
(splanchnocranium, viscerocranium), both sharing the base of the skull,
which descends obliquely backward (see Figs. 4.54, 4.55). Externally, the
boundary between the two parts can be seen to run from the root of the
nose, through the upper rims of the orbits, to the external canals of the
ears (external auditory meati). The internal aspect of the base of the skull
separates the neurocranium from the facial skeleton and so serves as
floor for the neurocranium, while anteriorly it becomes the roof of the
facial skeleton. The posterior half is connected to the vertebral column
by the atlanto-occipital joint and provides the origin for the neck
muscles.
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Fig.4.49 Muscles of the neck, ventral view (the platysma and fasciae of the neck and
on the left side the muscles of the shoulder girdle have been removed)

General Aspects of the Skull

Both parts of the skull consist of separate bones. With the exception of
the mandible, the ossicles of the ear, and the hyoid bone, they are con-
nected by sutures or cartilaginous joints (synchndroses) or by bony
joints (synostoses).

® The Neurocranium. The neurocranium extends from the upper
borders of the orbits (supraorbital margins) to the superior nuchal line. It
includes the frontal bone, the two parietal bones, parts of the two tem-
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Fig.4.50 Horizontal section of the neck at the level of the thyroid gland (the various
fasciae of the neck are marked in color)

poral bones, and the uppermost part of the occipital bone. In front, the
two parietal bones are joined to the frontal bone by the coronal suture
(Fig.4.51). Posteriorly, the lambdoid suture lies between the parietal
bones and the occiput. The sagittal suture runs between the two parietal
bones from the center of the coronal suture to the lambdoid suture.
Laterally, the temporal bone is connected to the parietal bone posteriorly
and the greater wing of the sphenoid bone (ala major ossis sphenoidalis),
anteriorly by the squamous suture. The part of the skull visible externally
is the cranial vault; the internal part, not visible from the outside, is the
internal base of the skull. The latter is the internal boundary between the
neurocranium and the facial skeleton.

m The Fontanelles. In the newborn, broad gaps filled with connective
tissue, the fontanelles, remain between the bones of the cranial vault
(Fig.4.52). The anterior, larger fontanellele is defined by the two
developing halves of the frontal bone and the two developing parietal
bones. It does not close completely until the 36th month of life. The post-
erior, triangular fontanellele lies between the two developing parietal
bones and the developing occipital bone. It closes first, about the 3rd
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Fig.4.51 Lateral view of adult skull

month of life. The placement of the fontanelles makes it possible to de-
termine the position of the child’s head during birth.

B The Facial Skeleton (Splanchnocranium, Viscerocranium). The parts of
the facial skeleton are the upper jaw (maxilla), the zygoma, the nasal
bones, the lacrimal bone, the palatine bone, the vomer, and the lower jaw
(mandible) (Fig. 4.51). (The palatine bone is shown in Fig. 4.54; the vomer
lies in the nasal cavity and cannot be seen in the figure.) The upper jaw
takes part in the structure of the orbit, the nasal cavity, and the roof of
the mouth (hard palate. In a dental process, the alveolar arch, it contains
the roots of the upper row of teeth. It encloses the largest of the four
nasal sinuses, the maxillary sinus.
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The lower jaw moves on the rest of the skull at the temporomandibu-
lar joint (see Fig. 4.58). It consists of a body, two condylar processes bear-
ing the heads of the mandible, and two rami with the muscle-bearing
processes for the attachment of the temporalis muscles (coronoid
processes) (Fig.4.51) branching from them. The lower dentition is also
rooted in an alveolar arch, which contains the sockets for the teeth (alve-
oli). A canal for the nerve and vessels to the teeth (canalis mandibulae)
opens on the inner side of the mandibular ramus. An opening in each
side allows passage of the nerves and vessels supplying the skin of the
chin.

m Internal and External Aspects of the Base of the Skull. The base of the
skull is the floor of the cranial cavity on which the brain rests (Fig. 4.54).
The external surface of the base is the part visible from the outside, look-
ing at the skull from below. The internal surface (Fig. 4.55) is the aspect
not visible from the outside.

The external surface of the base of the skull (Fig. 4.54) extends from
the external occipital protuberance to the incisor teeth in the upper jaw.
The lateral boundaries are formed from imaginary lines drawn between
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Fig.4.53 Simplified tracing of a lateral radiograph of the skull

the alveolar arches and the mastoid processes. The anterior part forms
the roof of the oral cavity and the floor of the nasal cavity. At the poste-
rior end of the hard palate lies the entrance to the nasal cavity (choanae).
At the posterior end of the base of the skull lies a large opening, the fora-
men magnum, and next to it on each side sit the occipital joint facets
(occipital condyles) that, in conjunction with the atlas, form the atlanto-
occipital joint. The articular fossae for the temporomandibular joints can
be found immediately in front of the mastoid processes.

Anteriorly, the internal surface of the base of the skull (Fig.4.55) is
formed by the frontal bone, which also forms the roof of the two orbits.
In between lie parts of the ethmoid bone, with its cribriform plate (lamina
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Fig.4.54 Skull seen from below (external surface of base of skull). The mandible has
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cribrosa), which transmits the olfactory nerves to the nasal mucosa. The
ethmoid bone takes part in the formation of the nasal cavity and the in-
ternal boundary of the orbits. In its center projects a crest like a cock’s
comb (crista galli), which gives attachment to the falx cerebri. The frontal
bone and the ethmoid, combined with the lesser wing of the sphenoid,
form the two anterior cranial fossae (fossae craniis anterior).

Behind these bones lies the sphenoid bone, followed by the occipital
bone. On each side lie the temporal bones. The sphenoid bone is the
center of the base of the skull. It is composed of the body of the sphenoid
surrounding the sphenoid sinus and forming the sella turcica, the floor of
which is occupied by the pituitary gland (hypophysis). The two greater
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wings of the sphenoid form a part of the middle cranial fossa (fossa cranii
media) and below give rise to the pterygoid processes (Fig.4.54). The
posterior part of the middle cranial fossa is formed by the anterior super-
ior wall of the petrous bone (pyramid of the petrous bone), which houses
the middle and inner ear. The petrous bone is a part of the temporal
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bone. The floor of the unpaired posterior cranial fossa (fossa cranii poste-
rior) is formed almost entirely by the occipital bone. Through its middle
passes the foramen magnum, through which the brain is connected with
the spinal cord. Anteriorly and laterally, the petrous bone takes part in
the formation of the posterior cranial fossa.

Foramina (holes) and canals traverse all the cranial fossae downward,
transmitting the cranial nerves and vessels (Fig.4.55). Between the
lesser and greater wings of the sphenoid bone lies the superior orbital fis-
sure, which leads into the orbit. Nerves that run through it into the orbit
include the first division of the trigeminal nerve (ophthalmic nerve) and
cranial nerves III, IV, and VI (oculomotor, trochlear, and abducens) to the
external muscles of the eye. The optic nerve and optic artery pass through
a separate canal, the optic foramen. The second division of the trigeminal
nerve (maxillary nerve) leaves the skull through the foramen rotundum in
the greater wing of the sphenoid, while the third division (mandibular
nerve) passes through the foramen ovale of the greater wing of the sphe-
noid. Behind it lies a small foramen, the foramen spinosum, which trans-
mits the artery supplying the dura mater (middle meningeal artery).

Inside the petrous pyramid runs the internal auditory meatus
(Fig. 4.55), through which cranial nerves VII and VIII (facial and acoustic
or vestibulocochlear nerves) enter the petrous bone. On each side of the
sella turcica lies a separate canal, the carotid canal, through which the in-
ternal carotid artery enters the skull. Between the temporal and occipital
bones there is an opening (jugular foramen) where cranial nerves IX
(glossopharyngeal nerve) X (vagus nerve), and Xl (accessory nerve) pass
through the base of the skull. Additionally, the venous blood from the
brain drains through the jugular foramen into the internal jugular vein.
Cranial nerve XII (hypoglossal nerve) leaves the skull through an opening
(hypoglossal canal) immediately next to the foramen magnum.

The Muscles of the Skull

Two sets of muscles can be distinguished on the facial skeleton: the
chewing muscles (muscles of mastication) and the muscles of facial ex-
pression. The muscles of mastication take their origin from the base and
the lateral wall of the skull and are inserted into the mandible. The
muscles of facial expression are cutaneous muscles (see below). They
are of significance in facial expressions, have a protective function, and
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take part in the ingestion of nutrients. Both groups of muscles move and
put stress on the bones of the skull and influence their shape and struc-
ture.

B Muscles of Mastication. Muscles with a variety of origins and func-
tions take part in the act of chewing (Fig. 4.56a, b). Muscles of mastica-
tion in the more restricted sense include the masseter, the lateral and
medial pterygoid, and the temporalis muscles. They are all innervated by
the third division of the trigeminal nerve. Of all these muscles, the tem-
poralis muscle is the largest and strongest, developing almost 50% of the
chewing power. The lateral pterygoid muscle occupies a special place
among the chewing muscles, in that it guides the movement of opening
the mandible by pulling the mandible forward. It is aided by the su-
prahyoid muscles, which, in addition to gravity, also take part in open-
ing the mouth.

m Muscles of Facial Expression. The muscles of expression are mostly
made up of thin sheets of muscle fibers lying immediately below the
subcutaneous tissue (Fig.4.57). Unlike the skeletal muscles, they have
no fascial sheaths and extend from bones to skin; hence they can
move the skin. The original arrangement of the muscles of expression
around the orbits, the nose, the mouth, and the pinna of the ear re-
mains in its original state only around the eyes and the mouth. The
muscles of facial expression also include the occipitofrontalis muscle
(m. epicranius), which consists of a frontal and occipital belly. Both
parts are connected by a strong aponeurosis, the galea aponeurotica,
which covers almost the whole neurocranium like a bathing cap. All
the muscles of facial expression are supplied by the facial nerve
(cranial nerve VII).

The Jaw Joint (Temporomandibular Joint)

The temporomandibular joints are hinge joints. Their movements in the
human serve not only nutritional intake but also the articulation of
speech, facial expression, and singing. The temporomandibular joint
connects the mandible with the temporal bone (Fig. 4.58). Between the
ellipsoid joint surface of the head of the mandible and the mandibular
fossa of the temporal bone lies an articular disk, which divides the tem-
poromandibular joint into two completely separate chambers. The
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movements of the temporomandibular joint take place around one axis
that runs from external and anterior to internal and posterior, and one
that runs obliquely up and down. The human temporomandibular joint
carries out two main functions during the act of mastication: (1) eleva-
tion (adduction) and depression (abduction) of the mandible and (2)
grinding motions. Every time the mouth opens, the head of the
mandible and the articular disk are pulled forward on the articular
tubercle. If the forward pull occurs on only one side the result is a
grinding motion.
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The Locomotor System (Musculoskeletal System)

B Locomotor System

General Anatomy of the Locomotor System
The skeletal system and the muscles together constitute the locomo-
tor system, in which the bones and the joints comprise the passive
motor system and the striated muscles the active motor system.

The Bones

Bones may be long bones (pipe bones), flat bones (e. g., skull), short
(e.g., wrist and ankle bones), irregular (e.g., vertebrae), and bones
containing air-filled cavities (e. g., frontal bone), as well as sesamoid
bones (e. g., kneecap).

The Joints

Joints may be movable or immovable. The immovable joints (synar-
throses) include syndesmoses, synchondroses, and synostoses. In
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movable joints (synovial joints, diarthroses), the joint surfaces are
covered with cartilage and are separated by a joint space. Inside the
joint, the articular cavity is filled with synovial fluid and enveloped in
a joint capsule.

Joints may be classified according to the shape of the joint surfaces
as:

e Ball-and-socket joints (hip joint, shoulder joint)
Condylar joints (wrist joint)
e Trochlear joints
- Hinge joints (elbow joint)
- Pivot joints (proximal radioulnar joint)
e Saddle joints (saddle joint of the thumb)
Plane joints (articular joints of the vertebrae)
e Joints with mobility limited by strong ligaments (sacroiliac joints)

Skeletal Muscle

As a rule, a skeletal muscle consists of one or more heads, a muscle
belly, and a proximal tendon of origin as well as a distal tendon of in-
sertion connecting the muscle with a bone. A muscle may have multi-
ple bellies if it has tendons between them, and it may be monarthric
(uniarticular, monarticular) or polyarthric (multiarticular) depending
on whether it runs over one or more joints.

The length and force of lift of a muscle depend on the way the
muscle fibers are arranged on the tendons, that is, from the angle at
which they are inserted. Because of their long fibers, muscles with
parallel fibers achieve a great height of lift but relatively little force of
lift, since their physiological cross-section is small. Unipennate, and
especially bipennate, muscles have a large physiological cross-section
and so develop considerable strength, but because of their short
muscle fibers their height of lift is small.

Tendons transfer the force of a muscle contraction from the
muscle to the skeleton. There are very short tendons (“fleshy” origin;
e. g., pectoralis major), long, narrow tendons (muscles of the hand and
foot), and flat tendons (“aponeuroses”; e.g., oblique abdominal
muscles). The tendons may exert pull or pressure. In the latter case,
they wind around a bone that acts as a fulcrum (e. g., tendon of inser-
tion of the peroneus longus).
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Muscle fasciae, tendon sheaths, bursae, and sesamoid bones
are auxiliary structures for muscles and tendons. Their function is to
reduce friction during muscular work and so reduce effort.

B Special Anatomy of the Locomotor System
The Skeleton of the Trunk

The skeleton of the trunk includes the vertebral column and the chest
cage (thorax), which includes the ribs, the breastbone (sternum), and
the thoracic spine.

The Spinal Column

The spinal column consists of 33-34 vertebrae: 7 cervical, 12 thoracic,
5 lumbar, 5 sacral (fused in the sacrum), and 4-5 coccygeal (fused in
the coccyx). It forms two S-shaped curves (cervical and lumbar lor-
doses, thoracic and sacral kyphoses); its spinal canal contains the spi-
nal cord.

The basic vertebra consists of a vertebral body, a vertebral arch, a
spinous process, two transverse processes and four articular
processes. The vertebral body and the vertebral arch enclose the
vertebral foramen. Together, the vertebral foramina form the spinal
canal. The spinal nerves leave the spinal canal through the interverte-
bral foramina between two adjacent vertebrae.

Two adjoining vertebrae form one independently mobile segment,
consisting of the two vertebrae, the intervertebral disk between them,
the synovial joints of the vertebral arch, the ligaments, and the corre-
sponding muscles.

The atlas supports the head and with the occipital condyles forms
the atlanto-occipital joint (inclines the head laterally, forward and
backward). With the axis it forms the atlanto-axial joint (rotation of
the head).

The Chest Cage

The chest cage is composed of 12 pairs of ribs. The first seven of these
(true ribs) are connected to the sternum directly. The 8th to 10th pairs
of ribs take part in the formation of the costal margin, while the 11th
and 12th ribs end unattached in the lateral abdominal wall. Each rib in
the 1st to 10th pairs is connected to the vertebrae by two costoverte-
bral joints. The movements of the ribs (expansion and contraction of
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the thorax) subserve respiration (muscles of respiration, including in-
tercostal muscles).

The Muscles of the Trunk

The muscles of the trunk include back, thoracic, and abdominal
muscles as well as diaphragm

The Back

e Segmental muscles of the back: m. erector spinae

e Muscles encroaching on the back: mm. trapezius, rhomboideus
major and minor, together with levator scapulae (shoulder girdle
muscle) and latissimus dorsi (muscle of the upper extremity)

The Thoracic Wall

e Intercostal muscles (external, internal, intimi)—inspiration, ex-
piration; scalenus muscles—inspiration

e Muscles encroaching on the trunk: m. serratus anterior—abduc-
tion of the arm, auxiliary muscle of respiration; m. pectoralis
major—adduction, internal rotation of the upper arm, auxiliary
muscle of respiration; sternocleidomastoid muscle, also auxiliary
muscle of respiration.

The Abdominal Wall

Muscles: m. rectus abdominis, external and internal oblique muscles,
mm. transversus abdominis, psoas major, and quadratus lumborum—
rotation, flexion, lateral inclination of the trunk, compression of the
abdomen.

The Diaphragm
The most important muscle of respiration (contraction—inspiration,
relaxation—expiration).

The Pelvic Floor

Levator ani muscle—forms the pelvic diaphragm; m. transversus per-
inei profundus—forms the urogenital diaphragm; medial part of the
levator ani (puborectalis), m. sphincter ani externus—voluntary con-
striction of the anus; m. sphincter urethrae—voluntary constriction of
the urethra.
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The Upper Extremity
The Shoulder Girdle

e Bones: clavicle and shoulder blade (scapula)

e Joints: sternoclavicular joint, acromioclavicular joint between
clavicle and shoulder blade

e Muscles: mm. trapezius, serratus anterior, levator scapulae, rom-
boideus major and minor.

Free Upper Limb

e Bones: (1) Upper arm (brachium)—humerus. (2) Forearm (ante-
brachium)—radius and ulna. (3) Hand (manus)—wrist (carpus)
with eight bones (navicular or scaphoid, lunate, triquetrum,
pisiform, trapezium, trapezoid, capitate, hamate bones); metacar-
pus with 5 metacarpal bones; 5 fingers, each with 3 phalanges, but
only two for the thumb.

e Shoulder joint: ball-and-socket joint between head of humerus and
glenoid cavity of the shoulder blade.

o Muscles: muscles of the rotator cuff (m. supraspinatus—abduc-
tion, mm. infraspinatus and teres minor—external rotation;
subscapular—internal rotation of the arm), deltoid muscle (ab-
duction, extension, and flexion of the arm), mm. pectoralis
major, latissimus dorsi, and teres major (adduction, external
and internal rotation).

e Elbow joint (articulatio cubiti): compound hinge joint composed of
three separate joints. (1) humeroradial joint, (2) humeroulnar
joint, (3) proximal radioulnar joint.

o Muscles: m. triceps brachii (extension at the elbow joint); m.
brachialis (flexion), biceps brachii (flexion, supination); m.
supinator (supination); mm. pronator teres and pronator quad-
ratus (pronation).

e Joints of the hand: (1) proximal wrist joint (radiocarpal joint—be-
tween ulna and radius as well as the proximal row of carpal
bones); (2) middle carpal joint (articulatio mediocarpea—between
the distal and proximal row of carpal bones); (3) saddle joint of the
thumb (articulatio carpometacarpea pollicis).

o Muscles: 18 short muscles of the hand, together with 15 forearm
muscles (flexors, extensors, radial group). 9 muscles take part
just in the movements of the thumb.
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The Lower Extremity
The Pelvic Girdle

Bones: the two hip bones (ossa coxae; each composed of ilium,
ischium, pubic bone) and the sacrum together form the bony pelvic
girdle.

Joints: sacroiliac (between sacrum and ilium)

Muscles: The muscles of the pelvis are part of the musculature of
the trunk (see Pelvic Floor).

Free Lower Limb

Bones: (1) Thigh, femur (thighbone). (2) Patella (kneecap). (3)

Lower leg (crus)—tibia and fibula. (4) Foot (pes)—ankle (tarsus)

composed of 7 bones (talus, navicular, 3 cuneiform bones, cal-

caneum, cuboid bone); metatarsus with 5 metatarsal bones; 5 toes

(digits) with 3 phalanges each, except 2 phalanges for the big toe

(hallux).

Hip joint: ball-and-socket joint between the head of the femur

(caput femoris) and the acetabulum of the hip bone (os coxae).

o Muscles: mm. iliopsoas (flexion), sartorius (flexion), rectus
femoris (flexion), gluteus maximus (extension); posterior
(ischiocrural) group (mm. biceps femoris, semitendinosus,
semimembranosus—extension); mm. gluteus medius and glu-
teus minimus (abduction, internal and external rotation); ad-
ductor group (5 muscles, e.g., m. adductor magnus—adduc-
tion).

Knee joint (articulatio genus): compound joint. (1) Between

femoral condyle and tibia, (2) between patellar surface of femur

and patella.

o Muscles: mm. semimembranosus and semitendinosus (internal
rotation, flexion), biceps femoris (external rotation, flexion),
sartorius (flexion), quadriceps femoris (extension).

Tibiofibular joint: syndesmotic joint.

Ankle joint (articulatio talocruralis): the distal ends of the tibia and

fibula grasp the talus and trochlea of the talus in a malleolar mor-

tise, forming a hinge joint.

e Muscles: mm. gastrocnemius and soleus (triceps surae), tibialis
posterior, flexor digitorum longus, flexor hallucis longus, per-
oneus longus and brevis (plantar flexion); flexor digitorum lon-
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gus and flexor hallucis longus (plantar flexion of the toes); ti-
bialis anterior, extensor digitorum longus, and flexor hallucis
longus (dorsiflexion).
e Talocalcaneonavicular joint: two separate joints coupled function-
ally. (1) Calcaneum and talus. (2) Talus and navicular bone.

o Muscles: mm. soleus and gastrocnemius (triceps surae muscle),
tibialis anterior and posterior, flexor digitorum longus, flexor
hallucis longus (supination); peroneus longus and brevis, ex-
tensor digitorum longus (pronation).

Head and Neck
The Neck

The neck (collum) joins the trunk to the head; the posterior region is
called the nape of the neck or the back of the neck (nucha), the ante-
rior the neck proper (cervix). The organs of the neck (throat
[pharynx], cervical portion of the esophagus, larynx, cervical part of
the air passages [trachea]), lie in front of the vertebral column, and are
covered by the fasciae and muscles of the neck (muscles: posteriorly,
segmental muscles of the neck, m. trapezius; laterally, sternoclei-
domastoids; anterior and lateral to the vertebral column, muscles
derived from the muscles of the trunk [mm. scaleni, prevertebral
muscles such as mm. longus capiti and longus colli]; anterior to the
organs of the neck, infrahyoid muscles and platysma).

The Head

The bony foundation of the head is the skull, which consists of the

brain case (neurocranium) and a facial skeleton (splanchnocranium)

(boundary: line from the root of the nose—upper orbital rims—exter-

nal auditory meati).

e Bones of the neurocranium: (1) Cranial vault: frontal bone, paired
parietal bones, parts of both temporal bones, uppermost part of
the occipital bone. (2) Internal aspect of the base of the skull: fron-
tal bone, ethmoid bone with the cribriform plate, crista galli, sphe-
noid bone, occipital bone, temporal bones.

e In the newborn, gaps filled with connective tissue occupy the
space between bones (fontanelles). They close between the 3rd
and 36th month of life and are then replaced by bony sutures
(coronal, lambdoid, sagittal, squamous sutures).
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Bones of the facial skeleton: upper jaw (maxilla, with a process for
the teeth [alveolar arch]), zygoma, nasal bone, lacrimal bone,
palatine bone, vomer, mandible (with alveolar arch).

Base of skull: bony base of the cranial cavity, on which the brain
rests. The foramen magnum is seen if the skull is viewed from
below (inferior aspect of base of skull). This is where the vertebral
column is connected to the skull by the atlanto-occipital joint. The
superior aspect of the base of the skull is part of the neurocranium
(see above). It forms the boundary between neurocranium and fa-
cial skeleton.

Muscles of the skull: (1) Mandibular muscles (masticatory
muscles): masseter, lateral and medial pterygoid, temporalis, syp-
rahyoid muscles. (2) Muscles of facial expression: 21 muscles. They
have no fascia and extend from skin to bone (cutaneous muscles).
Temporomandibular joint (TM]): hinge joint between mandible and
temporal bone.
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In order to transport blood to the immediate neighborhood of all cells in
a multicellular organism, the body needs special circulatory organs to
move and distribute the blood. For this purpose the whole body is per-
fused by a special transport system into which the various organ systems
are fitted. The circulatory organs include:

The heart
The blood vessels

The heart is the motor of the circulation. By its pumping action it main-
tains a steady blood flow. The blood circulates through a closed system of
elastic pipes, the vascular system, which can be divided into the follow-
ing segments:

Arteries, which lead blood away from the heart and distribute it
Capillaries, in which the exchange of substances takes place

Veins, which return the blood to the heart

Lymph vessels, which serve the transport of fluids and immune cells

Irrespective of their oxygen content, all blood vessels leading away from
the heart are called arteries, and all blood vessels that lead toward the
heart are called veins. For instance, the pulmonary artery that leads from
the heart to the lungs carries oxygen-poor blood. On the other hand, the
pulmonary veins, leading from the lungs to the heart, carry oxygen-rich
blood. Similarly, the umbilical arteries carry oxygen-poor blood, while
the blood in the umbilical veins is rich in oxygen.

The vascular system serves not only oxygen transport but also the
distribution of substances absorbed from food. The blood vessels trans-
port them to the cells (substance exchange in the capillaries), where,
with the help of oxygen, they are transformed into energy (ATP) to per-
form the metabolic processes necessary for life, or are used to manufac-
ture the fabric of the body.

m The Heart (Cor)
Shape and Position

The heart is a hollow muscular organ, lying in a connective tissue space
(mediastinum) between the vertebral column and the sternum. It is
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Fig.5.1 Simplified sketch of a chest radiograph with cardiac shadow. Posteroante-
rior (PA) view

completely enveloped in a membrane, the pericardium, that extends be-
tween the pleural cavities (see p. 349), the diaphragm, and the great
vessels (Figs. 5.1 and 5.2). It is about one and a half times the size of a
man’s closed fist, but may become substantially larger through training
or under pathological circumstances. It weighs about 0.5% of body
weight, usually about 300-350¢g. The shape of the heart resembles a
truncated cone, of which the lower surface is called the base of the heart.
The apex of the heart touches the anterior chest wall in the left inter-
costal space, a little inside a perpendicular dropped from the midclavic-
ular line. The great vessels enter at the base of the heart, thereby an-
choring it (Fig. 5.1). The apex of the heart, in contrast, is freely mobile in
the pericardial sac.
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Structure of the Heart

The interventricular septum completely divides the heart into a “right
heart” for the pulmonary circulation and a “left heart” for the systemic
circulation. Each half has an atrium and a ventricle (Fig. 5.3c).

Viewed from in front, the anterior wall of the heart is formed essen-
tially by the right ventricle (Figs. 5.3a-c). Adjoining it on the right lies the
right atrium, into which drain the superior and inferior venae cavae. A
portion of the left ventricle borders on the left side of the right ventricle.
In a groove between them (anterior interventricular sulcus) runs the
anterior branch of the left coronary artery. The main systemic artery, the
aorta, arises from the left ventricle, runs upward and to the right, arches
over the pulmonary artery (pulmonary trunk) as it leaves the right ven-
tricle, then continues downward behind the heart.

The inferior surface of the heart (diaphragmatic surface) is flat and
lies on the diaphragm. It is formed in large part by the left ventricle and
to a small extent by the right ventricle (Fig. 5.3d). Clinically, it is often re-
ferred to as the posterior wall (posterior wall infarcts). Viewed from be-
hind (from the vertebral side), the left ventricular wall is separated from
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Rib ————4

Esophagus

Leftlung
(upper lobe)

Pulmonary pleura

Aorta
Intercostal
muscles

Left atrium
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Fig.5.2 Horizontal section through the thorax at the level of the 8th thoracic verte-
bra. (After Leonhardt)
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Fig.5.3a-d The heart and related vessels. The pericardium has been removed
a Anterior view (in b and c the heart has been cut in various coronal planes)

the right ventricular wall by a groove (posterior interventricular groove)
(Fig. 5.3d). In this the terminal branch of the right coronary artery (poste-
rior interventricular branch) runs toward the cardiac apex. The side of the
heart facing the spinal column contains essentially the left atrium and
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Aortic arch

Superior vena cava

Pulmonary artery

I Left auricle

Right atrium

Left ventricle

Inferior vena cava

Valve plane

Fig. 5.4 Schematic representation of a radiograph of the heart and vessels related
to the heart with the structures forming the contours. Posteroanterior view. The left
cardiac structures are shown in red, the right in blue; the structures forming the right car-
diac border are essentially the superior vena cava and right atrium. The structures form-
ing the left cardiac border are the aortic arch, pulmonary arteries, left auricle, and left
ventricle

the pulmonary veins draining into it. Where the atria meet the ventricles
there is a groove, the atrioventricular groove (coronary sulcus). It contains
the large veins of the heart that drain into the right atrium by way of the
coronary sinus.

In a posteroanterior (PA) radiographic image (the beam directed
anteriorly from behind) of the chest, only the structures on the border of
the cardiac shadow can be examined (Figs. 5.1 and 5.4). The right contour
of the cardiac shadow is formed by the right atrium and the superior

Fig.5.3b-d

b The right ventricle has been opened (blue arrows = direction of venous blood flow)

c In addition to the right ventricle, the right atrium and the left ventricle have also been
opened (red arrows = direction of arterial blood flow)

d Heart viewed from behind (base of heart) and below (posterior wall). (After Leonhardt)
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Fig.5.5 View from above of the plane of the cardiac valves after removal of the
atria. The site of the papillary muscles is indicated by small circles

vena cava. On the left side the following contours are visualized from
above down: the aortic arch, pulmonary artery, left auricle (a part of the
left atrium) and the left ventricle. Obliquely or laterally directed radio-
graphs must be used to show the left atrium or the right ventricle.

m Chambers and Valves of the Heart. Of the cardiac chambers, only the
main parts of the atria have a smooth wall. In the auricles (parts of the
atria) and especially in the ventricles, muscular ridges (trabeculae car-
neae) protrude into the chambers. A single layer of epithelium (endo-
cardium) covers all the chambers. The four valves of the heart are an-
chored in dense fibrous connective tissue rings that lie nearly in a plane
(Fig.5.3 and 5.5). Together with the connective tissue between them
they form a unit, the so-called cardiac skeleton, to which the atria and
ventricles are attached above and below.

The cusps of the valves between the atria and ventricles (atrioventric-
ular valves) arise as double layers of endocardium from the cardiac skele-
ton (Fig. 5.5). The free ends of the valve cusps are attached by tendinous
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Fig.5.6a-d Schematic representation of the heart valves
a Superior view of the mitral valve (bicuspid valve)

b Open cusps of the mitral valve

¢ view from above of the aortic valve (valve slightly open)
d aortic valve; artery cut and valve opened

threads (chordae tendineae) to the papillary muscles. These cone-shaped
processes on the inner ventricular walls, together with the chordae ten-
dineae, prevent the cusps from flapping back during ventricular contrac-
tions (see Figs. 5.10a, b). A valve with three cusps (tricuspid valve) is sit-
uated between the right atrium and the right ventricle. A valve with two
cusps (bicuspid valve, mitral valve) separates the left atrium and left ven-
tricle (Fig.5.6).

The semilunar valves are situated at the entrances to the pulmonary
artery and the aorta. They prevent the blood from flowing back after a
completed ventricular contraction (Fig.5.6). The pulmonary and aortic
valves consist of three pockets of duplicated endocardium that project
into the lumen with their inferior surfaces directed toward the heart.
When the margins of the semilunar valves are tightly apposed, the corre-
sponding exit valve is closed. As the pressure in the ventricles increases,
the margins of the semilunar valves draw apart, and the exit valve opens.
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Fig.5.7 Transverse section through the two ventricles

m The Wall of the Heart. The heart wall consists of three layers of differ-
ent thickness and structure (Fig. 5.7):

an inner serous coat (endocardium)
the actual cardiac muscle (myocardium)
an outer serous coat (epicardium)

Between the epicardium and the inner side of the pericardium lies a thin
serous cavity, scantily filled with fluid, which allows the frictionless
movement of the heart in the pericardial sac. The myocardium consists
of striated cardiac muscle and is about 0.7 cm thick in the right ventricle.
The wall of the left ventricle, because of its higher pressure and the con-
sequently increased load, averages about 1.4 cm in thickness.

The Conduction System

A comparison between the excitation of the heart, the conduction of the
impulse, and contraction of the heart muscle reveals a number of differ-
ences (Fig.5.8). For instance, in the presence of an adequate supply of
nutrients and oxygen, a heart removed from the body can continue to beat
spontaneously outside the body for a prolonged period without the need
for an external nerve supply. The heart possesses an autonomous source
of impulses, the sinoatrial node, that lies in the right atrium at the level of
its junction with the superior vena cava. This so-called pacemaker has a
frequency of about 60-70 beats per minute. The stimulus originates a con-
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Fig.5.8 Cardiac conduction system

traction in the atrial musculature, through which it is transmitted to the
atrioventricular node (A-V node). From there, the stimulus reaches the
bundle of His, which runs through the fibrous cardiac skeleton, and trans-
mits it to the ventricular myocardium. There it runs first through the
bundle branches (of Tawara) along the interventricular septum toward the
apex and is distributed by the Purkinje fibers over the whole ventricular
myocardium (Fig. 5.8). In this way, the cardiac musculature is stimulated
along the conduction system and contracts rhythmically.

The cardiac frequency, impulse velocity, and force of contraction are
influenced by the autonomic nervous system (sympathetic and parasym-
pathetic, see p. 218). Thus cardiac activity is adjusted to the body’s needs
(e.g., increased cardiac minute volume during heavy physical labor).

The Coronary Vessels

The coronary arteries supply the heart muscle exclusively (Fig. 5.9). They
arise from the aorta immediately above the aortic valve and send their
major branches over the myocardium, their terminal branches entering
the cardiac muscle from the outside.

After leaving the aorta, the right coronary artery (arteria coronaria dex-
tra)runsinthe coronary sulcus, at first under the right auricle, then around
the right cardiac border toward the diaphragmatic surface of the heart. It
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Fig.5.9 Course of the coronary vessels. Schematic representation of the heart seen
from the front. (After Faller)

endsin the posteriorinterventricular branch (ramus interventricularis post-
erior), whichruns to the apex of the heart (Fig. 5.9). The left coronary artery
(arteria coronaria sinistra), after ashort course, divides into the anteriorin-
terventricular branch (ramus interventricularis anterior), which runs over
the anterior surface, and the circumflex branch (ramus circumflexus), which
runs posteriorly. The veins collect the blood in the small, middle, and great
cardiac veins (venae cardiacae parva, media, and magna), which collect in
the coronary sinus and drain into the right atrium. If the coronary arteries
narrow (arteriosclerosis), the affected cardiac muscle suffers from lack of
oxygen and can die (cardiac infarct) if the vessel is totally occluded.

Systole and Diastole

The ventricles drive the blood in small volumes and synchronously into
the pulmonary trunk and aorta. The contraction of the ventricular myo-
cardium in this constantly repeated biphasic cardiac cycle is called sys-
tole; the relaxation is called diastole (Fig. 5.10a, b). Each of these phases,
systole and diastole, in turn can be divided into two phases:
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Semilunarvalve  Papillary muscle

a Atrioventricular valve  Ventricle b Chordae tendineae  Apex

Fig.5.10a, b  Simplified representation of the various actions of the heart

a Ventricular filling phase (diastole)

b Ventricular ejection phase (systole). During the filling phase, the atrioventricular valves
are open and the semilunar valves are closed; during the ejection phase, the atri-
oventricular valves are closed (the papillary muscles prevent prolapse of the cusps)
and the semilunar valves are open. During systole the plane of the valves moves
toward the apex; during diastole toward the base. (After Leonhardt)

Systole Diastole
- Contraction phase - Relaxation phase
- Ejection phase - Filling phase

During the first part of systole, the ventricular myocardium begins to
contract (contraction phase). Because the atrioventricular valves are
closed, and the semilunar valves not yet open, the intraventricular pres-
sure rises rapidly with no change in volume (isovolumic contraction,
isovolumetric contraction). However, as soon as the pressure in the ven-
tricles reaches the pressure in the aorta (about 120 mmHg) or the pul-
monary artery (about 20 mmHg), the semilunar valves open, and the
ejection phase begins. During this phase the ventricle is maximally con-
tracted, and a volume of 70 ml of blood (stroke volume) is ejected into the
arteries at rest. The intraventricular pressure then again falls below arte-
rial pressure and the semilunar valves close again.

Systole is followed by diastole, during which the myocardium relaxes
and at first the atrioventricular valves remain closed and the volume in-
side the ventricles (intraventricular volume) is unchanged (the so-called
end-diastolic volume of about 70 ml). The pressure in the ventricles then
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falls below that in the atria, so that the atrioventricular valves open and
blood flows from the atria into the ventricles (ventricular filling). The
driving force for this movement is first of all the beginning atrial contrac-
tion, and especially the descent of the base of the heart (Fig. 5.10a, b), by
which the base approaches the apex during the ejection phase, expand-
ing the atria and thus sucking blood out of the veins. As the ventricular
myocardium relaxes, the base again travels upward, and blood reaches
the ventricles through the open atrioventricular valves.

Cardiac Output (CO)

Cardiac output is the volume of blood the heart pumps out in a defined
time span. The circulation volume corresponds to the amount of blood
put out by the heart per minute. The left and right heart always move
equal amounts of blood, since otherwise the blood in one circulation
would rapidly be dammed up, while the other would suffer from a lack of
blood. If the heart at rest beats about 70 times per minute (pulse
frequency) and each contraction ejects about 70 ml of blood into the sys-
temic circulation (stroke volume), the calculated minute volume will be
about 5 liters (70 x 70 ml= 4900 ml). This amounts to roughly the total
blood volume of a person weighing 70 kg (see Chapter 6: The Blood).

During physical labor, the muscles, among other organs, must be per-
fused with more blood, and circulating blood volume and blood pressure
must increase correspondingly. Heart rate and stroke volume can be
raised to increase the circulating blood volume. In this way, cardiac out-
put can increase up to 251/min during severe physical exertion, that is,
the normal blood volume can turn over about five times. Such an in-
crease might be achieved, for instance, if the stroke volume increases
from 70 ml to 140 ml and the heart rate is briefly raised to 180 beats/min
(180/min x 140 ml = 25,200 ml/min = 25.2 I/min).

Nerve Supply of the Heart
During strenuous work the heart must eject up to five times more blood.

This adaptation of cardiac activity to increased demand is partly
achieved by the heart itself, but is mainly guided by the autonomic nerves
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to the heart. The heart’s own adaptation is achieved because greater
filling stretches the cardiac muscle fibers. The stretching leads to a
stronger contraction and so to a greater stroke volume.

By way of the efferent sympathetic and parasympathetic nerves (see

Chapter 14: The Autonomic Nervous System), the central nervous system
(CNS) (vasomotor centers in the brainstem) influences heart rate
(chronotropic effect), excitability (bathmotropic effect), force of myocardial
contraction (inotropic effect), and impulse conductivity (dromotropic ef-
fect). The effect of the sympathetic system is to enhance cardiac activity
(e.g., acceleration of heart rate, increase in contractile force, acceleration
of stimulus conduction in the A-V node), while the parasympathetic sys-
tem inhibits or dampens cardiac activity (e. g., deceleration of heart rate,
reduction in the force of contraction, decrease in the rate of spread of a
stimulus from the atria to the ventricles). While activation of the sympa-
thetic system occurs primarily through the transmitter norepinephrine,
the parasympathetic system (vagus nerve) exerts its inhibitory action
chiefly through the transmitter acetylcholine.

The individual effects of the autonomic cardiac nerves are expressed
in different degrees, since sympathetic and parasympathetic innervation
differ in the various regions of the heart. While the sympathetic innerva-
tion supplies the atria and ventricles equally, the fibers of the vagus
nerve (parasympathetic) run primarily to the atria and to the sinus and
A-V nodes.

Heart Sounds and Heart Murmurs

The beginning of ventricular systole and the closure of the atrioventricu-
lar valves create the first, dull heart sound (lubb). The closure of the semi-
lunar valves can be heard as the second, more high-pitched, brief valve
sound (dub). As the heart sounds are conducted along the bloodstream,
the sounds are not best auscultated (listened to) where the valves project
to the surface of the thorax. Rather, the best place for auscultation is
where the bloodstream is closest to the chest wall after the closure of the
respective valve (Fig. 5.11):

Tricuspid valve, right sternal border at the level of the 5th intercostal
space
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Fig.5.11 Sites for cardiac auscultation. Red circles mark the sites for auscultation. The
valves lie in a plane; the arrows indicate the direction of the bloodstream (conduction of
the heart sounds). (After Faller)

Bicuspid or mitral valve, at the apex in the left 5th intercostal space
Pulmonic valve, in the 2nd intercostal space at the left sternal border
Aortic valve, in the 2nd intercostal space at the right sternal border

When the heart valves are pathologically distorted and cannot open (ste-
nosis) or close (insufficiency) competently, the turbulence of the blood-
stream causes heart murmurs. The type of valve disease can be deter-
mined by the intensity and timing of the murmur in relation to the first
or second heart sound at the point of auscultation.

Resting and Action Potential of the Heart
Heart muscle cells are polarized at rest similarly to skeletal muscle. Thus,

there is a potential difference between the intracellular (negative) and ex-
tracellular (positive) spaces. This resting ormembrane potential can be
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measured as an electric potential difference and is of the order of -80 to
-90 mV (see Chapter 1: Membrane or Resting Potential of a Cell). When
the cell is stimulated, the potential collapses (depolarization), followed
by recovery (repolarization). In the course of this process, the resting
potential of -80 (-90) mV reverses for a brief period up to +20 mV. This
total tension or potential difference of 120 mV is defined as the action
potential, and it is the signal for the myocardium to contract. Its mecha-
nism is equivalent to that of the action potential in nerve cells and it re-
sults from the exchange of sodium and potassium ions (see Chapter 3:
Nerve Tissue, The Nerve Impulse).

Differences between Cardiac and Skeletal Muscle

Although cardiac and skeletal muscle have much in common both
structurally and functionally, they differ in important points. Under
physiological conditions, skeletal muscle can only be stimulated and in-
duced to contract by a nerve. Heart muscle, by contrast, contains
specialized muscle cells (cells of the sinus node) that can induce im-
pulses (action potentials) not only in response to external stimuli but
spontaneously, and propagate these impulses over the cardiac conduc-
tion system. Additionally, all the cardiac muscle cells are connected
with each other in a network by gap junctions at the intercalated disks
(Fig. 3.11c¢). By this mechanism, an impulse originating in the sinus node
is first propagated fanwise over the atria, and after a brief delay con-
ducted over a narrow muscular bridge (A-V node) to the ventricular my-
ocardium. The delay at the A-V node ensures that the ventricles are
stimulated only after the atria have contracted, thus achieving adequate
filling of the ventricles.

The Electrocardiogram (ECG)

The electrocardiogram is a diagnostic procedure that provides informa-
tion on the development, spread, and return of the electrical impulse
over the myocardium of the atria and the ventricles. It also allows con-
clusions to be drawn concerning the position of the heart, heart rate, and
cardiac rhythm.
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ECG Leads

The potential difference of about 120 mV between a depolarized and a re-
sting area of heart muscle generates in the area of the heart an electric
field that projects to the body surface. Consequently, potential differ-
ences of up to 1 mV (1000 mV = 1V) arise between individual points on
the surface of, for example, the right arm and the left leg during the
spread and recovery of the cardiac impulse. These potential differences
can be detected by electrodes and measured and amplified. They may
then be recorded as a tracing on paper or on a monitor. The electrodes
may be arranged as unipolar or bipolar leads, each displaying a different
projection of the cardiac impulse on the surface. The height and shape of
the various depolarizing waves depend on the direction of the waves
toward or away from an electrode (vectors).

The electrocardiograph commonly used in medical practice consists
of 12 standard surface leads: 6 limb leads (I, II, I, aVy, aV}, aV¢) and 6 pre-
cordial (chest) leads (V;-Vg). The limb leads include the bipolar (Ein-
thoven) leads I, II, IIl and the augmented unipolar leads aVg, aV|, aV;
(Fig.5.12). The limb leads project cardiac electrical activity to the frontal
plane of the body, while the unipolar precordial (Wilson) leads V-V,

Fig.5.12 Positioning of

Z )ﬂ| the limb leads

-
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M v

Fig.5.13 Lead placements for ECG (chest leads). The standard chest leads V;-V; are
unipolarleads. V; and V, are placed in the 4th intercostal space immediately to the left and
right of the sternum. V; to Vg are placed lower and more to the side. (After Schwegler)

represent the projection of electrical activity of the heart to the horizon-
tal plane (Fig. 5.13).

ECG Tracing

The ECG tracing contains several waves, named by convention as shown
in Fig. 5.14. The P wave, for instance, which lasts less than 0.1 seconds, is
the result of the spread of the excitation over the atria. The Q wave with
the R and S waves, the so-called QRS complex, signals the beginning of the
excitation of the ventricles and also lasts less than 0.1 seconds. Next
comes the T wave, which is the expression of the end of ventricular exci-
tation. The interval between the beginning of the P wave and the Q wave
(PQ interval) therefore corresponds to the conduction delay (0.1-0.2 sec-
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Fig.5.14 ECG tracing.
(mV) R R Recording of two complexes
(see text for description)
(chest lead V,)

Qg (Time)

P wave Twave QRS complex

onds), i.e., the time from the beginning of the excitation of the atrium to
the beginning of the excitation of the ventricles. The QT interval (Q wave
to the end of the T wave) is the time required for depolarization and re-
polarization of both ventricles. The duration of the QT interval is
frequency-dependent (0.32-0.39 seconds).

Heart Rate

The interval between two successive R waves corresponds to the dura-
tion of one cardiac cycle. This allows the heart rate to be calculated from
moment to moment.

m 60 s/R-R interval (s) = beats/min (e. g., 60/0.8 = 75)

At rest the heart beats about 70 times a minute (normal sinus rhythm). A
rise in frequency is called tachycardia, while a slowing is called bradycar-
dia. Causes of disturbances of rhythm (arrhythmias) may include irregu-
lar development of the excitation in the sinus node, transmission delays
in the A-V node, or the generation of spontaneous excitations (extrasys-
toles) in the myocardium. Atrial fibrillation is defined as an atrial
frequency in excess of 350 beats/min. Ventricular fibrillation is espe-
cially dangerous, because when it occurs the heart no longer moves any
blood.
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Blood Pressure

The arterial blood pressure (BP) is the pressure against which the left ven-
tricle must eject blood. The pressure wave so generated can be palpated
as a pulse wave with a finger placed on a superficial artery (e.g., the
radial artery = radial pulse). However, blood pressure is never constant,
but alternates between a systolic level (maximal blood pressure during
the ejection phase = systolic blood pressure) and a diastolic level (minimal
blood pressure at the opening of the aortic valve = diastolic blood pres-
sure). The systolic blood pressure normally is about 120 mmHg, the dia-
stolic about 80 mmHg. The 40 mmHg difference is called the pulse pres-
sure. During physical exertion the systolic pressure may briefly attain
200 mmHg. Resting diastolic pressure =90 mmHg or systolic pressure
=140 is called high blood pressure (hypertension). The value of the blood
pressure is the resultant of cardiac output and vascular resistance
(vascular diameter and elasticity) (see Regulation of Organ Perfusion). If
the elasticity of the vessels is impaired, e. g., by deposits in their walls
(arteriosclerosis), the diastolic pressure rises first, followed later by the
systolic, which then remains elevated even at rest.

Measurement of the Blood Pressure

Blood pressure is most commonly measured by the indirect method. An
inflatable rubber cuff attached to a manometer is placed around the
upper arm of the sitting patient (Fig.5.15). This is inflated until the
brachial artery is completely occluded (the radial pulse can no longer be
felt). If now the pressure in the cuff is slowly released, and a stethoscope
is applied to the elbow, a pulsating sound (the so-called Korotkoff sound)
can be heard at the point where systolic blood pressure just overcomes
the cuff pressure and blood enters the artery with every systole. At this
point the systolic pressure and the cuff pressure are identical. When the
cuff pressure continues to be lowered the sounds initially become
louder, then increasingly softer until nothing more can be heard. At this
point the blood can again flow unimpeded and the cuff pressure there-
fore corresponds to the diastolic pressure. The sounds are caused by tur-
bulence in the blood where the artery is narrowed by the cuff.
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Fig.5.15 Blood pressure measurement by the indirect method. (After Silbernagl and
Lang)

Examination of the Heart

The following clinical examinations are the main ones used to evaluate
the size, activity, and performance of the heart.

B Physical Examination (Inspection, Palpation, Percussion, Ausculta-
tion). Inspection of the supine patient provides information about pulsa-
tions in the region of the heart. By palpation (feeling with the hand) the
position of the apical impulse in the 5th intercostal space inside the mid-
clavicular line (Fig.5.11) can be determined. By determining cardiac
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dullness, percussion (striking with a short, sharp blow to detect underly-
ing sounds) provides information about the shape and size of the heart.
Cardiac rhythm (regular, irregular), heart sounds (valve closure), and
heart murmurs (due to valvular disease or openings in the separating
walls [septa] of the heart) can be determined using a stethoscope (aus-
cultation, listening) (see Fig. 5.11 for sites where sounds are best heard).

m Electrocardiogram (ECG). The ECG permits the evaluation of impulse
propagation and the condition of the heart muscle (see above).

m Radiographic Examinations. Radiographic examination of the heart is
best undertaken with the patient standing, using PA (posteroanterior—
beam from posterior to anterior; Fig.5.1) and left lateral images. In the
radiographic image of the heart, the chambers filled with blood are su-
perimposed on the great vessels and their walls. Size, shape, and contours
can be evaluated especially well. Successive sections of the heart not ob-
scured by superposition of intracardiac (atrial and ventricular) and in-
travascular (coronary arteries, great vessels) spaces can be displayed by
computerized tomography (CT scanning) with contrast enhancement.

m Echocardiogram. In cardiac imaging the use of ultrasound is called
echocardiography. Currently this is the most important noninvasive pro-
cedure used to display the cavities and valves of the heart, and the great
thoracic vessels. Echocardiography can be used not only to display the
cardiac image, but also to evaluate the functioning of the chambers and
valves of the heart.

B Cardiac Catheterization. In angiocardiography, a technique used for the
radiographic examination of the heart, a contrast agent is delivered
through a catheter to show the chambers of the heart and the great ves-
sels. The catheter can be advanced into the right heart through a periph-
eral vein (e. g., leg or arm vein) or into the left heart through a peripheral
artery (e.g., leg or arm artery) (left and right heart catheterization). In
coronary angiography, the coronary arteries are shown by selective injec-
tion of contrast agent.

m Magnetic Resonance Imaging (MRI). MR, like CT scanning, allows the
display of sections of the heart free from superposition of intracardiac
and intravascular structures; in addition to the horizontal, it can also dis-
play sagittal and coronal planes.
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B The Vascular System—Structure and Function
The Blood Vessels: Arteries, Veins, and Capillaries

The circulatory system connects the capillary bed, which serves the ex-
change of substances, with the heart through the arteries and veins. The
function of the arteries and veins is strictly to channel the blood, not to
exchange substances. Arteries and veins may be distinguished by the fact
that pressure in the arteries is high and that in the veins is low.

The Structure of Arteries and Veins

Arteries and veins resemble each other in that their walls contain three
coats. However, the vessels adapt to their different circulatory tasks by
differing in the structure of these coats (Fig. 5.16). The inner coat (vascu-
lar endothelium, tunica intima) consists of a single layer of endothelial
cells applied to a thin connective tissue layer, the basement membrane.
The middle coat (tunica media) contains primarily smooth muscle and
elastic tissue fibers. The outer coat (tunica adventitia, adventitious coat)
embeds the vessel in its surroundings and consists mainly of connective
tissue. In addition, the arteries have an elastic, fenestrated membrane

Fig.5.16 Coats of the wall

Vascular endothelium of an artery. (After Leon-
(tunica intima) hardt)

Internal elastic membrane
Muscular coat
with elastic fibers

(tunica media)

External elastic
membrane

Adventitious coat
(tunica adventitia)
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(membrana elastica interna) between the inner and middle coat. Usually
another, thinner elastic membrane (membrana elastica externa) lies be-
tween the middle and the outer coat.

Arteries are distinguished by an especially well developed muscle
coat, which contains a varying amount of elastic fiber according to its
site (predominantly elastic and predominantly muscular arteries). This
layer is the driving force of the blood vessels (Fig. 5.17): by dilating (va-
sodilatation) and constricting (vasoconstriction) the diameter of the
blood vessels, it regulates blood flow and blood pressure. The arteries
near the heart contain a high proportion of elastic fibers and this creates
an elastic recoil (Fig. 5.18a, b). The blood ejected during systole is partly
stored by expansion of the arterial wall, and is then moved forward
during diastole by elastic recoil, thus achieving a continuous blood flow.

Veins in general have wider lumina and thinner walls than arteries.
The three coats are less well defined and the muscular coat is less well
developed. Most veins, with the exception of those close to the heart,
contain venous valves (Fig. 5.17). These endothelial folds, projecting like
pockets into the lumen of the vessel, act as one-way valves that guide the
blood toward the heart and prevent backward flow.

Structure of the Capillaries

In the smallest blood vessels, the capillaries, the coats are reduced to
one, the tunica intima (Figs. 5.16 and 5.17); this facilitates the exchange
of fluids and gases. The exchange of substances basically occurs in both
directions: from the blood through the endothelium and basement
membrane into the surrounding tissue, and in the reverse direction.

Lymph Vessels

The lymphatic system runs parallel to the venous side of the circulation
(see Fig. 5.25). It begins near the capillaries as “blind” lymphatic capillar-
ies that reabsorb fluid that has not been taken up from the tissues by the
blood vessels (lymphatic fluid [lymph], ca. 10% of the fluid filtered
during substance exchange—see p. 249). Small and large lymph vessels
then return the lymph to the venous blood. The wall of the lymph vessels
consists of an endothelium, and a thin layer of rhythmically contracting
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Fig.5.17 Structure of the blood vessels in each segment of the systemic circulation.
(After Leonhardt)

a-d Arteries e Capillary wall consisting of only
e Capillary endothelium and a basement
f-i Veins membrane
a Structure of the aortic wall (elastic f Venule
artery) g Small vein
b Large artery (muscular artery) h Large vein containing a valve
i

¢ Small artery Structure of the wall of a vena
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Aorta

Aortic valve

ﬁ Left ventricle

Fig.5.18a,b Elastic recoil of the aorta. During systole a portion of the stroke volume is
stored in the elastic wall of the aorta (a) to be moved forward in diastole (b). (After Leon-
hardt)

smooth muscle cells. Similarly to the situation in the veins, numerous
valves further the transport of the lymph. The course of the lymph ves-
sels is interrupted by lymph node stations, which represent a kind of bio-
logical filter and fulfill important functions in immune defense (see Chap-
ter 6: The Lymphoid Organs).

The lymph vessels coming from the legs and the abdomen join along
the posterior wall of the upper abdomen to form the thoracic duct, which
runs upward from there between the vertebral column and the aorta. It
drains into the junction of the left subclavian and internal jugular veins
(left venous angle), which also receives the lymphatic drainage from the
chest, neck, head, and arm on the left side. The lymphatic ducts of the
right side drain into the right venous angle (Figs. 5.19 and 5.24).

Systemic and Pulmonary Circulation

Functionally the circulatory system can be divided into two parts: a
greater (systemic) and a lesser (pulmonary) circulation (Fig.5.20). The
deoxygenated (venous) blood from the lower and upper body travels
through the great venous trunks to the right atrium and then through

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



@ 232 5 TheHeart and Blood Vessels

Fig.5.19 Junctions of the
Lymphatic Right Internal jugular vein great lymphatic trunks
vessels venous . i
into the venous system
angle { Lymphatic Y.
vessels
Left venous
angle
N
ol Subclavian
vein
I \—I Left brachio-
cephalic vein
Right
brachio- Thoracic duct
cephalic
vein Cisterna chyli
Superior vena cava

the right ventricle and the pulmonary artery to the lung (pulmonary
circulation). The blood is enriched with oxygen (arterialized) in the lung
and flows through the pulmonary veins back into the left atrium of the
heart. From there it reaches the left ventricle, which pumps the blood by
way of the aorta into the greater circulation (systemic circulation). The
blood is distributed through the whole body in the larger and smaller ar-
teries (distributing function) and eventually reaches the terminal vessels,
the capillaries. After exchanging substances and gases in the tissues, the
blood returns to the heart through the venous part of the systemic circu-
lation.

Of special significance in the systemic circulation is the portal system
(see Chapter 9: The Liver). In this circulation, two capillary beds are
linked serially. The blood supplying the gastrointestinal tract and the
spleen is collected together with the nutrients taken up by the mucosa
of the small intestine in a first capillary bed (see also Chapter 9: Mucous
Membrane of the Small Bowel) and brought by the portal vein to a capil-
lary bed in the liver. Here, among other processes, carbohydrates are
stored in the form of glycogen, fats are metabolized and broken down,
and detoxification (e.g., of medications) takes place. The blood then
continues its path through the hepatic veins into the inferior vena cava.
The nutrients remaining in the blood now pass through the lungs,
where the blood is enriched with oxygen, and then reach the systemic
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Fig.5.20 Schematic representation of the greater and lesser circulations (systemic
and pulmonary circulation)

LA = Left atrium LV = Left ventricle

RA = Right atrium RV Right ventricle

The arrows indicate the direction of blood flow

capillaries (site of substance exchange). From there they reach the tissue
cells, where, together with oxygen, they are used for metabolic pro-
cesses.
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The Fetal Circulation

The prenatal circulation differs in essential points from that of the new-
born. Since the lungs of the unborn child are not yet aerated, and there-
fore there is no gas exchange, the blood must short-circuit the lungs
(Fig. 5.21a, b). A large part of the blood passes directly from the right into
the left atrium through a hole in the atrial septum (foramen ovale) and so
by-passes the pulmonary circulation. That part of the blood that reaches
the pulmonary artery through the right atrium flows through a short cir-
cuit (ductus arteriosus) into the aorta and so also avoids the pulmonary
circulation. The necessary gas exchange of the antenatal circulation
takes place in the placenta (afterbirth). Oxygen-poor blood flows through
the two umbilical arteries to the placenta, and arterialized blood returns
to the infant’s body by way of the umbilical vein.

After birth, the lungs expand and the pulmonary circulation
develops from their greatly increased perfusion. At the same time, the
foramen ovale and the ductus arteriosus close as a result of the changed
pressure differences. This process completes the change that aligns the
two circulations in series.

The Arterial System

All systemic arteries flow from the aorta (Fig. 5.22). After the origin of the
two coronary vessels (Fig. 5.9) the aorta ascends somewhat to the right
(ascending aorta), arches to the left as the aortic arch, and then runs
downward on the left side in front of the vertebral column (descending
aorta = thoracic aorta). After piercing the diaphragm through the aortic
hiatus it runs as the abdominal aorta to the level of the 4th lumbar verte-
bra, where it divides into the two common iliac arteries (aortic bifurca-
tion).

The two great vascular trunks supplying the head and upper limb
branch off from the aortic arch. The first branch arises on the right side
and is the common trunk (brachiocephalic trunk, innominate artery) of
the right subclavian and right common carotid arteries. The second and
third branches leaving the aortic arch are the left common carotid artery
and the left subclavian artery. The two common carotid arteries run
cephalad and divide into the external and internal carotid arteries at the
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Fig.5.21a, b Neonatal (a) and fetal (b) circulation. The pulmonary circulation is
formed, but is essentially bypassed by short circuits. (After Leonhardt)
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Fig.5.22 Overview of the great vessels arising from the aorta

level of the 4th cervical vertebra. While the external carotid artery sup-
plies the external regions of the face and head, the internal carotid artery
runs through the base of the skull to the brain.

The subclavian artery continues in the axilla (armpit) as the axillary
artery and in the upper arm as the brachial artery (Fig. 5.23). At the level
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Fig.5.23 Overview of the
arteries of the upper ex-
tremity

of the elbow it divides into the radial and ulnar arteries, which supply
the forearm and the hand. On the palm of the hand the two arteries and
their branches form the superficial and deep palmar arches, from which
arise the arteries to the fingers (palmar digital arteries).

From the thoracic aorta the paired intercostal arteries run to supply
the intercostal muscles. Other branches supply the esophagus, the peri-
cardium, and the mediastinum. After passing through the diaphragm
(Fig. 5.22), the aorta gives rise to paired branches to the inferior surface
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of the diaphragm (inferior phrenic arteries), the kidneys (renal arteries),
the adrenal glands (suprarenal arteries), and the gonads (ovarian or
testicular arteries). The upper abdominal organs are supplied by the he-
patic artery, the left gastric artery, and the splenic artery, all arising from a
single trunk (celiac trunk, celiac axis) (Fig. 5.22). Immediately below it an
unpaired branch, the superior mesenteric artery, arises to supply pri-
marily the small intestine. The unpaired inferior mesenteric artery arises
from the abdominal aorta further down, below the origin of the arteries
to the gonads, and supplies the large intestine.

The divisions of the aorta, the left and right common iliac arteries,
each divide into the internal and external iliac artery (Fig. 5.24). While
the internal iliac artery supplies the pelvic viscera (urinary bladder, sex
organs, and rectum), the external iliac artery runs toward the lower ex-
tremity and continues as the femoral artery. It gives rise to the profunda
femoris artery and then runs behind the knee joint to become the po-
pliteal artery.

On the back of the lower leg this artery divides into the peroneal
artery, as well as the anterior and posterior tibial arteries. After penetrat-
ing the interosseus membrane to the anterior side of the leg, the anterior
tibial artery proceeds to the foot, where it continues as the dorsalis pedis
artery, and eventually the arcuate artery. The arcuate artery gives off the
deep plantar artery to anastomose with the arteries of the sole of the foot
and then the dorsal metatarsal arteries to the metatarsal bones. The post-
erior tibial artery runs on the posterior side of the lower leg, also toward
the foot. At the level of the medial malleolus it divides into the medial
and lateral plantar arteries to the sole of the foot. These two arteries meet
in the plantar arch, from which vessels arise to supply the metatarsals
and the toes.

The Venous System

With the exception of a few large vascular trunks, arteries and veins have
the same names (e. g., femoral artery and vein). The venous system in
general is divided into a superficial venous net, embedded between
muscle fascia and skin, and a deep system. The superficial and deep
venous systems are connected with each other by so-called perforating
veins. Large arteries are accompanied by a single venous trunk, smaller
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arteries as a rule by two. In the extremities, the large vessels always run

on the flexor side of joints.

At numerous sites in the systemic circulation, blood can reach cer-
tain regions by indirect routes, which detour normal flow. If these
other routes can enlarge to the point where adequate circulation is
maintained even when the main blood supply is interrupted, the circu-
latory detour is called collateral circulation. This is true for veins as

well as arteries.
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Fig.5.25 Overview of the most important central veins and lymphatic trunks. The
arrows indicate the direction of lymph flow (green)

At the level of the trunk, the whole venous system is arranged on a
different principle from that of the arteries. The superior vena cava col-
lects the blood from the head, neck, and arm (Fig. 5.25). It is formed by
the confluence of two short venous trunks, the brachiocephalic veins (in-
nominate veins), each of which is formed by the junction of the left and
right subclavian and internal jugular veins. The left brachiocephalic vein
also receives the thyroid vein. Additionally, the superior vena cava re-
ceives the azygos vein, which among other areas drains the intercostal
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spaces. The subclavian veins collect the blood from the superficial and
deep veins of the upper arm (see Fig.5.27).

The inferior vena cava is formed on the right side by the junction of
the right and left common iliac veins between the 4th and 5th lumbar
vertebrae. It is the largest vein in the body, with a diameter of about 3 cm
(Fig.5.25). In its cephalad course it receives the two renal veins and, just
before piercing the diaphragm (caval opening, foramen venae cavae), the
three hepatic veins. Immediately above the diaphragm it enters the right
atrium. The blood from the unpaired abdominal organs, such as the
stomach, small intestine, large intestine, spleen, and pancreas is chan-
neled by the portal vein to the liver (Fig. 5.26).
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The blood from the pelvis (internal iliac veins) and the lower extrem-
ity (external iliac veins) reaches the inferior vena cava through the com-
mon iliac veins (Fig. 5.28).

At the inguinal ligament the external iliac vein continues as the
femoral vein, which receives among others the great saphenous vein
(Fig.5.28). The small saphenous vein drains into the popliteal vein, a
deep vein of the leg, which collects blood from the muscles of the lower
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leg and channels it to the femoral vein. The saphenous veins communi-
cate with the deep veins of the leg by way of the so-called perforating

veins.
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B The Vascular System—Physiological Principles
Flow, Pressure, and Resistance in the Vascular System

If we use the universal laws of physics for blood flow through the vascu-
lar system, then Ohm’s law for electrical circuits states:

. Pressure difference

Intensity (flow rate) = -
Vascular resistance

i.e, flow rate increases with increasing pressure difference, and
decreases with increasing vascular resistance. The flow resistance to be
overcome is created by the internal friction of the flowing fluid. Blood
flows relatively easily through the large vessels, but the smaller arteries,
and especially the arterioles and capillaries, oppose flow by the high re-
sistance created by their small diameter (peripheral resistance). Thus, the
greater the peripheral resistance, the greater the pressure necessary to
overcome it.

In principle, then, the functioning of the vascular (=circulatory) sys-
tem rests on the generation of a fall in pressure from arteries to veins,
which maintains blood flow. Since in the systemic circulation the mean
arterial pressure declines from about 100 mmHg (the mean of systolic
pressure of 120 mmHg and diastolic pressure of 80 mmHg) to about
3 mmHg, the pressure gradient is about 97 mmHg. Hence the perform-
ance of the circulation can be adapted to the body’s needs by changing
the flow rate (pumping performance of the heart = cardiac output) and the
resistance to flow (peripheral resistance). For the systemic circulation
therefore:

Blood pressure difference
Peripheral resistance

Cardiac output =

Since the elevated pressure in the systemic circulation always places a
considerable load on the vascular walls, it is maintained as constant as
possible. Adaptation to altered conditions in the circulation then occurs
preferentially by changing the pumping performance of the heart or the
peripheral resistance. When, for example, the total need for blood rises
because of increased muscular activity, cardiac output rises and periph-
eral resistance is lowered by dilation of the vessels in the muscles. In this
way, lowering or raising the peripheral resistance in specific organs can

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



The Vascular System—Physiological Principles 245 @

give rise to the redistribution of the cardiac output according to need
from some organs in favor of others.

Distribution of the Cardiac Output (CO)

The distribution of blood flow to various organs at rest and during activity
varies a great deal and depends on the requirements at each site (e. g.,
oxygen consumption and metabolic activity) but also on the local anat-
omy. Thus the organs in the systemic circulation that are connected in
parallel (e. g., brain, gastrointestinal tract, kidneys, muscles, skin) receive
only a part of the CO, whereas the serially connected pulmonary circula-
tion receives the whole CO. As a rule, an active muscle must be perfused
better than a resting one, though certain organs such as the kidneys must
be maximally perfused even at rest.

The distribution of cardiac output to the various organs depends on
the widely varying regional flow (vascular) resistances. For instance, 15-
20% of resting cardiac output goes to the muscles, but during strenuous
physical activity this may increase to 75%. During digestion, a relatively
large portion of the CO goes to the gastrointestinal tract. The perfusion of
the skin is also increased during strenuous physical activity or with
raised outside temperatures, in order to facilitate heat loss. Other organs,
such as the brain, which is very sensitive to oxygen deprivation, must al-
ways receive an adequate blood supply (about 15% of CO). To maintain
their control and elimination functions, the kidneys also must receive
about 20-25% of the CO even at rest and so are well perfused in relation
to their weight (0.5% of body weight).

Regulation of Organ Perfusion

The perfusion needs of any one organ can be met in two principal ways:

Increase in the arterial blood pressure
Reduction in the peripheral resistance

Arise in blood pressure, however, is not the most suitable solution, since
all organs would receive more blood flow, and moreover a doubling of
the blood pressure (240/160 mmHg) would only result in doubling of the
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flow. Reduction in the peripheral resistance, however, by localized va-
sodilatation (widening of the blood vessels) leads to a significant change in
blood flow. This is because of hemodynamic physics, by which the re-
sistance to fluid flow in a tube (blood vessel) depends on the length of
the tube, the viscosity of the fluid, and the fourth power of the radius of
the tube (r4) (Hagen-Poiseuille law). Thus, a reduction in arterial radius of
just 16 % would double the resistance. On the other hand doubling the
radius of the vessel would result in a 16-fold increase in blood flow.

Since the greater part of all the peripheral resistance is located in the
small arteries and the so-called “precapillary arterioles,” these may be
described as the vascular resistance. The regulation of peripheral blood
flow therefore depends above all on the regulation of the muscle tone of
small arteries and arterioles. Thus the vessels narrow (vasoconstriction)
with contraction (increased tone) of their smooth muscles, while if the
muscle fibers relax the vessels dilate passively. The state of contraction of
the vascular musculature can essentially be influenced by local factors
(autoregulation) or by hormonal or nervous signals.

Autoregulation of Vascular Tone

Among other factors, lack of oxygen leads to vasodilatation, so that blood
flow and with it oxygen transport rise. Similarly, an accumulation of me-
tabolic products (e.g., carbon dioxide, hydrogen ions) increases local
blood flow. In this way, blood flow adjusts itself to local need.

Nervous and Hormonal Control of Vascular Tone

With few exceptions, the state of contraction of the vessel wall depends on
the autonomic nervous system, essentially the sympathetic system
(vascular sympathetic). The primary circulating vasoactive hormones that
act on the muscles of the blood vessels are epinephrine and norepine-
phrine, which are liberated from the adrenal medulla by sympathetic
stimulation (see Chapter 7: Adrenal Medulla). According to their effect
on different receptors (o and 3 receptors), stimulation can result in vaso-
constriction or vasodilatation. In contrast to these systemically (affecting
all blood vessels) acting hormones, localized blood flow changes (e. g.,
resulting from mechanical or chemical stimuli) are triggered by so-
called local hormones (bradykinin, prostaglandin, histamine).
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Reflex Regulation of Circulation and Blood Pressure

Whenever there is an increased demand for blood, e. g., with increased
muscle blood flow due to physical activity, cardiac output must be in-
creased at the same time in order to maintain blood pressure or to pre-
vent it from falling too low. The reflex adjustments to changing loads on
the circulation (short-term regulation of the blood pressure) and the blood
pressure are controlled by the autonomic nervous system (sympathetic
and parasympathetic systems) and coordinated especially by the vaso-
motor centers in the brain. The long-term regulation of the blood pressure
depends above all on maintaining the volume of the extracellular fluid,
and thereby the blood volume, at a constant level. The kidney plays an
important role in this task by regulating salt and water balance (see
Chapter 10: Renal Tubules and Collecting Ducts).

Pressure and Stretch Receptors

The actual blood pressure is detected by special pressure receptors in the
aortic arch and the carotid sinus, which is situated at the division of the
common carotid artery. The information is transmitted to the vasomotor
centers in the form of nerve impulses over specific afferent nerves (vagus
and glosspharyngeal nerves). These centers also receive information by
special stretch receptors in the venae cavae (superior and inferior) about
the filling of the vessels, the two atria of the heart, and the left ventricle.
In turn, efferent nerve impulses from the vasomotor centers in the brain-
stem reach the heart (cardiac nerves) and the smooth muscles of the
blood vessels, especially the arterioles. By this means, the work of the
heart (rate, stroke volume, and force of contraction) and the diameter of
the vessels can be controlled so that a normal mean arterial pressure is
maintained.

Regulation

If the blood pressure falls, e. g., because flow through the aorta increases
(with increased muscle blood flow), the sympathetic cardiac nerves
stimulate the heart to increased output. Additionally, the flow through
resting organs is reduced by vasoconstriction and the venous return to
the heart is increased by constriction of all veins (emptying of the venous
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blood reservoir). These measures are put in motion as it were prophylac-
tically, even before a pending fall in blood pressure. For this, the motor
centers in the cerebral cortex transmit a copy of their commands to the
muscles to the vasomotor centers in the brainstem and so inform them
of the impending increase in work. If renal blood flow is also decreased,
the renin-angiotensin system (see Chapter 10: Renal Tubules and Collect-
ing Ducts) induces vasoconstriction in the vascular arterial resistance,
providing another means of raising blood pressure. Thus the kidney
plays an important role in blood pressure regulation.

On the other hand, when the blood pressure is elevated, cardiac out-
put is diminished by the vagus nerve, while inhibition of the sympa-
thetic innervation of the blood vessels results in vasodilatation with con-
sequent reduction of peripheral resistance.

Postural Hypotension

The circulatory reflexes just described also play an important role during
postural changes (e. g., lying down/standing). During the transition from
lying down to standing, the blood is redistributed. Gravity and dilatation
of the veins of the lower body cause about 0.5 liter of blood to pool for a
short period (postural hypotension). This reduces venous return to the
heart, so that stroke volume and systolic pressure decrease briefly. If the
normal circulatory responses (see above) are delayed too long, the
decrease in blood pressure results in a brief reduction in cerebral blood
flow and sometimes to dizziness or a brief period of unconsciousness

(syncope).

Shock

Similarly, sudden blood loss or excessive reduction in the peripheral re-
sistance (e. g., heat stroke, anaphylactic shock due to allergic reactions) can
result in an excessive fall in blood pressure, with consequent circulatory
collapse (circulatory shock, hypovolemic shock). The most important ther-
apeutic measure in such a situation is to increase venous return (place the
patient supine, with the legs elevated) and to provide more fluid to the
heart by blood transfusions or infusions of blood substitutes, in order to
restore the blood pressure.
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Capillary Circulation

When a vessel (aorta) divides into many smaller vessels (capillaries), the
total diameter increases while the rate of flow decreases. The greater the
total cross-section, the slower is the flow rate. The total cross section of all
capillaries of the human body is 3200 cm2, which is almost 800 times
greater than the cross-section of the aorta (4 cm2). Correspondingly, the
flow rate of the blood decreases from about 50 cm/s in the aorta to about
0.05 cm/s in the capillaries. From the capillary bed the flow rate slowly
increases again and is about 10 cm/s in the great veins. Thus the capillar-
ies, with their extremely thin walls (endothelium and basement mem-
brane), and their total estimated number of about 40 billion, with a total
surface area of 600 m2, are especially well suited for the exchange of sub-
stances and fluids.

Substance Exchange between Blood and Tissues

Every day about 20 liters of fluid is filtered from the capillaries into the
surrounding interstitial space. This is where the exchange of substances
takes place. The driving force for this filtration is the hydrostatic blood
pressure at the arterial end of the capillaries of about 35 mmHg
(Fig.5.29). The colloid osmotic pressure (p. 31) of the plasma proteins,
which opposes blood pressure, is about 25 mmHg, so that fluids and dis-
solved particles (e. g., nutrients) are “pressed” (filtered) into the tissues
by the positive pressure difference (35-25 = +10 mmHg). The blood cells
remain in the vessels during this substance exchange. Since blood pres-
sure declines further to the end of the capillary (to about 15 mmHg),
while the colloid osmotic pressure hardly changes, the blood pressure at
the end of the capillary is below the colloid osmotic pressure (15-25 =
-10 mmHg). Consequently fluid with dissolved particles (e. g., metabolic
products) flows back into the vessel (resorption). Of the 20 liters of fluid
(see above) leaving the capillaries daily only about 18 liters (90 %) are re-
sorbed. About 10% of the filtered amount (2 liters) are removed and
transported as lymph by the lymphatic system (see Chapter 6: The
Lymph Nodes)
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Fig.5.29 Schematic rep-

Arteriole Venule resentation of the mecha-
(precapillary artery) (postcapillary vein)

nism of fluid exchange in
a capillary (for explanation
see text)

Edema Formation

Interstitial tissue

Edema is a collection of fluid in the interstitial space. It may be formed in
several ways:

Arise in blood pressure caused by back pressure in the venous limb of
the capillaries (e. g., right heart failure). In this case filtration predomi-
nates, so that fluid accumulates in the tissue.

Change in capillary permeability, caused by histamine release during
allergic reactions.

Change in protein content (e.g., reduction in albumin) of blood
plasma with consequent reduction of the colloid osmotic pressure.
Reduction in lymphatic drainage, due to constriction or obliteration
of lymph vessels.

Venous Return to the Heart

The following mechanisms return the blood to the heart:

The suction effect of the heart: negative pressure is created as the base
of the heart descends toward the apex (Fig. 5.10), sucking blood into
the atria.
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The influence of respiration: inspiration creates negative pressure in
the thorax (fall in thoracic pressure p. 364), which leads to distension
of the intrathoracic veins, increasing the inflow of blood. This inflow
is boosted by the simultaneous increase in intra-abdominal pressure
during inspiration (descent of the diaphragm).

Venous valves: the valves of the veins, which resemble the semilunar
valves of the heart, prevent the blood from flowing backward, espe-
cially in the veins below the heart. The distance between valves in the
smaller veins is a few centimeters, but in the larger veins may be up to
20 cm.

Companion veins: two veins usually run in close proximity to large
and small peripheral arteries. Arteries and veins are tied together into
a vascular bundle by connective tissue. As the artery is distended by
the regular pulse wave, it presses on the veins running close to it. Be-
cause of the valves, the blood in the veins can only flow in the op-
posite direction (toward the heart).

Muscular pump: when skeletal muscles contract, they exert pressure
on the veins and squeeze the venous walls, sending the venous blood
toward the heart. Here, too, valves prevent backflow of blood.
Vasoconstriction of smooth muscles: action of the CNS, which plays a
role in the regulation of blood pressure.

Impedance of Venous Flow

Because of the greater hydrostatic pressure, impedance of blood flow on
the venous side is primarily confined to the lower extremities. Varicose
veins (varices) consist mainly of dilated veins with structural changes in
the vascular coats (smooth muscle is partly replaced by connective
tissue). This leads to insufficiency of the venous valves and backflow of
venous blood. Moreover, there is interference with the resorption of
fluids filtered from the blood at the level of the capillaries (increased
pressure in the venous side of the capillary bed). With inadequate lym-
phatic drainage, this leads to fluid retention and edema. The raised tissue
pressure increasingly also strangles the arterial blood supply, with re-
sulting impedance to perfusion.
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The Heart and Blood Vessels

The heart and vascular system have the task of transporting the blood
and its dissolved components (e. g., oxygen, nutrients) to all cells in the
body in a closed circuit. The heart is the driving force. The actual trans-
port system, the vascular system, has two parts. One part, namely, ar-
teries (all blood vessels leading away from the heart, regardless of
their oxygen content), capillaries (smallest vessels, site of substance
exchange), and veins (all blood vessels leading blood toward the heart,
regardless of oxygen content) transports the blood. The other part, the
lymph vessels, transports lymph and immune cells.

B The Heart

The heart and the pericardium in which it is enclosed lie in a connec-
tive tissue space (mediastinum) in the thorax. The dividing wall of the
heart (atrial and ventricular septa) divides the heart into a right ven-
tricle and atrium for the pulmonary circulation, and a left ventricle
and atrium for the systemic circulation. The pulmonary veins enter
the left atrium at the base of the heart (vertebral side = dorsal). The in-
ferior aspect of the heart (mainly left ventricle, partly right) lies on the
diaphragm and is defined as the posterior wall of the heart. The ante-
rior wall of the heart is formed mainly by the right ventricle, partly by
the left. The extreme end of the left ventricle, the apex, lies at the level
of the 5th intercostal space a little inside the midclavicular line.

The wall of the heart is made up of three layers (from inside out:
endocardium, myocardium = actual cardiac muscle, epicardium). Out-
side the epicardium lies the pericardial sac, which contains some
fluid, and the actual pericardium.

The Valves of the Heart

The four cardiac valves lie in one plane (base of the heart) and are an-
chored by the skeleton of the heart:

e Atrioventricular valves: valves between the atria and the ventricles:
(1) tricuspid valve (with three cusps) between the right atrium and
right ventricle; (2) bicuspid or mitral valve (with two cusps) be-
tween the left atrium and the left ventricle.

e Semilunar valves: (1) pulmonary valve (at the entrance to the pul-
monary artery); (2) aortic valves (entrance to the aorta).
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The sinus node is the autonomic impulse generator and pacemaker.
Unlike skeletal muscle cells, which must be stimulated by a nerve, the
cells of the sinus node and the conduction system are specialized
muscle cells that are able to form action potentials spontaneously. The
stimulus passes through the atrioventricular node (A-V node) and the
bundle of His to reach the ventricular myocardium. From here it is dis-
tributed throughout the ventricular myocardium through the bundle
branches and then the Purkinje fibers. The heart muscle cells form a
network connected by gap junctions at the intercalated disks. This al-
lows stimulation and the ensuing contraction to spread evenly at first
through the atria, and subsequently equally evenly through the ven-
tricles.

Through the sympathetic and parasympathetic nerves (autonomic
cardiac nerves), the vasomotor centers in the brainstem of the CNS ad-
just cardiac work to the needs of the body (the sympathetic innerva-
tion of the heart acts primarily on the myocardium of the atria and
ventricles, the vagus nerve on the sinus and A-V nodes).

The Conduction System

The Coronary Vessels
These supply the myocardium:

e Coronary arteries: (1) right coronary artery (with posterior inter-
ventricular branch); (2) left coronary artery (with anterior inter-
ventricular and circumflex branches).

e Coronary veins: small, middle, and great cardiac veins drain into
the coronary sinus and thence into the right atrium.

Systole and Diastole

(1) Contraction of the ventricular myocardium = systole: isovolumic
phase, (closure of the atrioventricular valves, semilunar valves still
closed); ejection phase (opening of the semilunar valves). (2) Relaxa-
tion of the ventricular myocardium = diastole: relaxation phase (clo-
sure of the semilunar valves, atrioventricular valves still closed);
ventricular filling phase (atrioventricular valves open). Driving force:
descent of the base.

e Stroke volume = the volume of blood ejected into the arteries
during systole (about 70 ml at rest)
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e Cardiac output (CO) = the volume of blood pumped by the heart in
a defined time

e Circulation volume = the volume of blood pumped by the heart in
one minute (about 5 liters at rest)

e Heart rate = number of heart beats per minute (at rest about 70
beats/min)

Heart Sounds

First, dull heart sound: closure of the atrioventricular valves. Second,
high-pitched heart sound: closure of the semilunar valves. The sounds
are best heard where the bloodstream from the closed valve ap-
proaches the chest wall most closely.

The ECG

The ECG provides information about the heart rate and the conduc-
tion of the impulse over the heart. Leads are either bipolar limb leads
or unipolar chest leads. The waves of the ECG tracing are always desig-
nated by the same letters and each represents a specific phase of the
spread of the impulse.

Blood Pressure (Arterial)

This is the pressure against which the left ventricle must eject blood:
systolic value (normal 120 mmHg) = maximal blood pressure during
the ejection phase; diastolic value (normal 80 mmHg) = minimal
blood pressure at the opening of the aortic valve. High blood pressure
(hypertension): diastolic value =90 mmHg. Most blood pressure
measurementss are taken by the indirect method.

Clinical Examination

Inspection, palpation (feeling with the hand), percussion (striking
with a short sharp blow to examine underlying sounds), auscultation
(listening), ECG (echocardiography), radiography (PA or lateral), com-
puterized tomography (horizontal sections), fluoroscopy (live radio-
graphic examination), cardiac catheterization (angiocardiography,
coronary angiography), MRI (magnetic resonance imaging—horizon-
tal, sagittal and frontal sections).
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B The Vascular System
The Blood Vessels

Arteries and veins have similar structures, with three layers. Arter-
ies, however, have a well-developed muscular layer and elastic
membranes between the layers. Arteries close to the heart have a
high proportion of elastic fibers (elastic recoil). Veins have thinner
walls and most have venous valves, folds of the vascular en-
dothelium. The capillary walls are reduced to a vascular en-
dothelium (inner layer).

The Lymph Vessels

The walls consist of endothelium, some with folds (valves) and a thin
muscular layer.

The Circulation
The circulation consists of two parts:

. Lesser (pulmonary) circulation: deoxygenated blood from the lower
and upper regions of the body through the superior and inferior
venae cavae into the right atrium, through the right ventricle into the
pulmonary artery—enriched with oxygen in the lungs—oxygenated
blood through the pulmonary veins and the left atrium into the left
ventricle.

. Greater (systemic) circulation: oxygenated blood from the left ven-
tricle into the aorta—distributed by the arterial system over the
whole body—substance and gas exchange in the capillaries—deoxy-
genated blood back to the right atrium by way of the venae cavae.

- Portal circulation (insertion of a venous capillary bed into the
systemic circulation): venous blood from the gastrointestinal tract
and the spleen carrying nutrients reaches the liver through the
portal vein. In the liver it passes through a predominantly venous
capillary bed (detoxification, storage, metabolism of substances
absorbed from the intestines), then through the hepatic veins to
the inferior vena cava and the right atrium. By this path the ab-
sorbed nutrients pass through the lesser circulation with the
deoxygenated blood, and then together with the oxygenated blood
through the systemic circulation into the capillaries and so to the
“end users,” the cells of the body.
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- The fetal circulation: by-passing of the pulmonary circulation, as
the lungs are not yet functional: (1) Hole in the atrial septum (fora-
men ovale); blood passes directly from the left into the right
atrium. (2) Short circuit between the pulmonary artery and the
aorta (ductus arteriosus); gas exchange in the placenta; umbilical
veins bring oxygenated blood to the inferior vena cava of the fetus
through the ductus venosus.

Important Arterial Trunks

The great paired vascular trunks to the head (common carotid arter-
ies) and arm (subclavian arteries) branch from the aortic arch.
Branches from the thoracic aorta go to the intercostal muscles, the
esophagus, the pericardium, and the mediastinum. Below the aortic
hiatus in the diaphragm, the aorta continues as the abdominal aorta.
From above downward it gives off branches to the inferior surface of
the diaphragm, the kidneys (renal artery), and adrenals, a common
trunk (celiac trunk, celiac axis) for the arteries to the liver, stomach
and spleen, branches to the small intestine (superior mesenteric
artery), the gonads (testicular and ovarian arteries), and the large in-
testine (inferior mesenteric artery). At the level of the 4th lumbar
vertebra, the abdominal aorta divides into the two common iliac ar-
teries that supply the pelvic organs (internal iliac artery) and the
lower extremity (external iliac artery). At the level of the inguinal liga-
ment the external iliac artery is continued as the femoral artery.

Important Venous Trunks

Two venous networks, the superficial and deep, are connected by per-
forating veins. The superior vena cava is formed by the junction of the
two brachiocephalic veins, which collect blood from the head, neck,
and arm. The inferior vena cava is formed by the junction of the two
common iliac veins that collect blood from the lower extremities (ex-
ternal iliac veins) and the pelvic organs (internal iliac veins). On its
way to the right atrium the inferior vena cava is joined by the veins
from the kidneys (renal veins) and before piercing the diaphragm
(foramen venae cavae) by the three hepatic veins.

The Lymphatic Channels

The lymphatic channels run parallel to the veins and begin blindly in
the capillary bed. Lymph is that part of the fluid filtered in the capil-
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laries that is not reabsorbed (10%). Through small and large lymph
vessels and lymph nodes (immune defense), the lymph returns to the
venous system at the left and right venous angles.

The Regulation of the Circulation and Blood Pressure: Physical and Physi-
ological Fundamentals

Blood flows more easily through large vessels than through small
arterioles and capillaries, the narrow diameter of which presents a
high resistance to the blood flow. Hence, they are called the vessels of
the peripheral resistance (vascular resistance = peripheral resistance,
which requires increased pressure to overcome). The circulation of
the blood is maintained by this pressure gradient.

Distribution of the bloodstream according to need (distribution of
the cardiac output) can be achieved by regional changes in vascular
resistance, e. g., by vasodilatation (relaxation of smooth muscles) or
vasoconstriction (contraction of smooth muscle). Local muscle tone is
regulated by localized influences (autoregulation, e. g., vasodilatation
due to lack of oxygen), or nervous (vascular sympathetic) or hormonal
(epinephrine, norepinephrine, tissue hormones such as histamine)
messages.

In order to avoid blood pressure drops during increased blood flow
requirements (e. g., to muscles during physical activity), cardiac ouput
(CO) must increase. The vasomotor centers in the brain receive nerve
impulses from pressure receptors in the aorta and stretch receptors in
the venae cavae as they register actual blood pressure. In order to
maintain median blood pressure, constriction occurs in (1) the vessels
of resting organs, (2) the vessels of peripheral resistance (renin-angi-
otensin system, raises blood pressure), and (3) the veins (increases
venous return); and (4) the work of the heart is adjusted to the in-
creased need. Both effects are regulated reflexly by the vasomotor
centers. The kidneys also play a role in the regulation of blood pres-
sure (regulation of salt and water balance, renin-angiotensin system).

During normal circulation, other mechanisms influence venous
return: suction mechanism of the heart, negative intrathoracic pres-
sure during inspiration, venous valves, effect of arterial pulsation,
muscular pump.
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Circulation of the Blood and Substance Exchange in the Capillaries

The total surface in the capillaries is very great (600 m2), the flow rate
is very low because of the high resistance, and the capillary walls are
very thin: these are ideal circumstances for substance exchange.
Every day an average 20 liters of fluid is filtered into the interstitial
space, where substance exchange takes place. The driving force is hy-
drostatic pressure, which is above the colloid osmotic pressure at the
arterial end of the capillaries. Consequently, fluid and dissolved parti-
cles (e. g., nutrients) are filtered into the tissues under pressure. At the
venous end of the capillaries, blood pressure falls below colloid
osmotic pressure. Consequently, fluid and dissolved particles (e.g.,
metabolic products) flow back into the vessel (resorption). Of the 20
liters of fluid about 18 liters are resorbed, while 2 liters (10%) are
transported in the lymph vessels as lymph.
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The cells of the blood and the immune cells are free connective tissue
cells and are in part of identical origin. Developmentally they both origi-
nate from the mesenchyme. For the most part they are formed in the
same site, the bone marrow, but they differ considerably in their location
and the site of their functioning (blood vs. connective tissue).

B The Blood

Blood may be viewed as tissue—a sort of fluid transportation tissue, of
which the intercellular substance is the blood plasma (plasma). The
cellular components of this tissue are the red (erythrocytes) and white
(leukocytes) blood cells and the platelets (thrombocytes (Fig. 6.1a, b).
The proportion of the total blood volume occupied by all blood cells in
percent is called the hematocrit (see Fig. 6.3). It averages 45 %, and is usu-
ally a little higher in men (47 %) than in women (43 %).

m Total Blood Volume. The total circulating blood volume in humans is
about 8% of body weight; i.e., the total blood volume of a person weigh-
ing 70 kg is about 5.6 liters.

Functions of the Blood

Blood has multiple functions closely connected with its components and
with the vascular system. While a function of the blood vessels is to dis-
tribute the blood overall (heat regulation and distribution of substances),
the formed and unformed blood components have some very specific
functions.

The red blood cells, for instance, are responsible for the transport of
blood gases from the lung to the tissues (oxygen) and from the tissues
back to the lungs (carbon dioxide).

White blood cells serve to defend against pathogens and foreign bo-
dies (immunity). They perform these tasks most of the time outside the
blood vessels, in the connective tissues. In this case the blood serves
solely as a means of transportation from the site of cell formation (bone
marrow) to the site of action.

The fluid portion of the blood, the plasma, subserves several different
transportation tasks. For instance, it undertakes the transport of
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Cells originating in the red bone marrow

Multilobar cell
nucleus

Red blood cell
(erythrocyte) Neutrophil granulocyte
Specific Monocyte
granules
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L <&
Platelets
(thrombocytes)

a  Basophil granulocyte Eosinophil granulocyte

Cells originating in the lymphoid organs

b Large lymphocyte

Fig 6.1a, b The cells of the blood. The cells of the blood are formed in the red bone
marrow from a common ancestor, the blast cell, and released into the peripheral blood-
stream after a certain maturation period. Throughout life all the cells of the blood are
formed in the red bone marrow, with the exception of lymphocytes, which also multiply in
the lymphoid organs
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nutrients from where they are absorbed (intestinal villi) to where they
are utilized (organs), of metabolic products to the excretory organs (kid-
neys), and of substances acting inside the body to their sites of activity
(hormones). Simultaneously, blood transports heat from the metaboli-
cally active organs to the surface.

Another task of blood is coagulation. When blood vessels are injured,
the clotting factors carried in the blood, such as fibrinogen and platelets,
are of vital importance. In addition to water, blood plasma contains a
number of salts (electrolytes), proteins (albumins and globulins), lipids
(fatty acids and cholesterol), and carbohydrates (blood glucose), and
numerous vitamins, trace elements, and enzymes. Other noteworthy
features of blood include its essentially constant composition, relatively
constant osmotic pressure, and a pH value that varies only within nar-
row limits (7.2-7.4) (the so-called “constant internal milieu”).

The Cells of the Blood

The following are average values per microliter (1l = 1 mm3) for the
formed elements of the blood:

Erythrocytes 4.5-5.5 million
Leukocytes 4000-8000
Thrombocytes 150000-350000

The white blood cells (leukocytes) are further subdivided into (differen-
tial white cell count):

Neutrophils (neutrophil granulocytes) 60-70%
Eosinophils (eosinophil granulocytes) 2-3%

Basophils (basophil granulocytes) 0.5-1%
Lymphocytes 20-30%
Monocytes 4-5%

The Erythrocytes

The erythrocytes (red blood cells) are round, disk-shaped structures
with an average diameter of 7.5 um. They are concave on both sides and
this gives them an optimal surface to volume ratio (Fig. 6.1a). The shape
favors oxygen uptake and release (through short diffusion distances) and
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facilitates passive deformation during passage through narrow capillar-
ies. The content of the cell consists almost entirely of the red iron-con-
taining pigment hemoglobin, which binds oxygen reversibly. When
hemoglobin is oxygen enriched (arterialized blood) it appears bright red,
while it appears dark red when oxygen-poor (venous blood).

The normal red cell count in a man is about 5.3 x 106/ul, while in a
woman it is 4.6 x 106/ul, the number depending on the oxygen needs of
the body and the availability of oxygen in the lung. For instance, at high
altitudes the number increases (polycythemia). If the formation or lifes-
pan of the red cells is insufficient as a result of pathological processes,
the result is anemia (p. 277). The commonest causes of anemia are iron
deficiency, vitamin B, deficiency, and folic acid deficiency.

Formation, Lifespan and Breakdown

The site of the formation and maturation of erythrocytes is the red bone
marrow, where they develop from stem cells. In the course of their
maturation they lose their nucleus and cell organelles and are extruded
into the peripheral bloodstream. In humans, about 160 million red cells
are formed every minute. In blood the least mature erythrocytes (reti-
culocytes; about 1%) can be recognized by a granular structure visible
with a special stain. The reticulocyte count in peripheral blood is in-
creased, for example, after loss of blood.

The lifespan of red blood cells is on an average 120 days. They are
mostly broken down in the spleen and in the liver. The part of the
hemoglobin molecule that does not contain iron forms bile pigments
(bilirubin). The liberated iron is stored and reused for the formation of
hemoglobin.

In hypertonic solutions red cells lose water and shrink (crenated
cells), while in hypotonic solutions they take up water and burst (hemoly-
sis). When this happens, hemoglobin is liberated and the cells become
transparent (ghost cells, achromocytes).

The Leukocytes

In addition to the red blood cells, the blood contains cells that are rela-
tively colorless, the white blood cells (leukocytes). These include the
granulocytes (polymorphonuclear leukocytes, polymorphs), the lym-
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phocytes, and the monocytes (Fig. 6.1a, b). Their lifespan, in contrast to
that of the red cells, varies a great deal and can be from a few hours to
years. Together with the lymphoid organs (the spleen, thymus, lymph
nodes, tonsils, etc.), the white blood cells form the immune system,
which is divided into a nonspecific and a specific immune system (p.
282).

The number of white blood cells varies between 4000 and 8000/ul.
The number can increase considerably above 10000/ul (leukocytosis). If
the leukocytes are diminished to below 2000/ul, the condition is called
leukopenia (e. g., after damage to the site of their formation). The leuko-
cytes, like the erythrocytes, are generated in the red bone marrow and
after maturation and proliferation they are released into the blood-
stream. The lymphocytes form an exception, in that their stem cells are
located in the bone marrow but they may multiply and differentiate in
other lymphoid organs (e.g., in the thymus or the lymph nodes) (see
Specific Immunity [T and B lymphocytes] below).

Most of the white blood cells use the blood only as a means of trans-
portation from their generation in the bone marrow to the site of their
activity. They fulfill their immune functions almost exclusively outside
the vascular system, i.e., in the connective tissue and in the lymphoid or-
gans. There they can move autonomously by their ameboid motion after
passing through the walls of the capillaries and postcapillary venules
(leukocyte diapedesis).

Granulocytes

Granulocytes are divided into neutrophils, eosinophils, and basophils ac-
cording to the granules they contain (granular cell inclusions) (Fig. 6.1a).
They all have a multilobar nucleus (polymorphonuclear leukocytes, pol-
ymorphs). In contrast, immature stages can be distinguished by their
bandlike nuclei (band cells, stab cells).

Neutrophil granulocytes are also termed phagocytes because they
phagocytose (Greek phagein = to ingest) foreign material. They are a part
of the nonspecific immune system, and they are the first to reach the site
of an inflammation. Their granules contain a number of lysosomal
enzymes that destroy pathogens and cell debris, rendering them harm-
less. In so doing, the polymorphs mostly perish themselves (resulting in
pus formation).
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Eosinophils are also capable of phagocytosis, especially of antigen-
antibody complexes (see p. 286). They take part in allergic reactions by
bonding to and inactivating excess histamine that has been released
from mast cells or basophil granulocytes. Hence their chief task is to
limit allergic reactions. Additionally, their granules contain a number of
aggressive enzymes that are released when needed to damage their tar-
get cells.

Basophils form a very small part of human blood cells. Their granules
contain mainly histamine and heparin. Histamine plays a part in imme-
diate hypersensitivity (increase in vascular permeability, contraction of
smooth muscle tissue), while heparin has anticoagulant properties.

The Lymphocytes

The lymphocytes present in the bloodstream (small lymphocytes) are
about the size of erythrocytes, while the so-called large lymphocytes
occur mainly in the lymphoid organs (Fig. 6.1b). Lymphocytes have a no-
ticeably large nucleus and their cytoplasm is rich in cell organelles. They
are the cells of specific immunity and they are also formed in the red
bone marrow. However, they reach the various lymphoid organs by way
of the bloodstream and there develop into specificimmune cells (see The
Immune System, p. 282).

Monocytes

The monocytes are the largest of the white blood cells (Fig. 6.1a). Their
nucleus is oval or kidney-shaped and their cytoplasm contains numer-
ous lysosomes. Like the other leukocytes they are generated in the red
bone marrow, but after their release into the bloodstream they remain
there only about 20-30 hours. After that time they leave the blood
vascular system and are transformed into macrophages in the tissues.
Monocytes and macrophages have multiple tasks in the immune system
and take part especially in nonspecific immunity. Their function includes
phagocytosis and intracellular destruction of bacteria, fungi, parasites,
and autologous damaged cells. Beyond that they also take part in specific
immunity, in that they pass information about foreign antigens to the
lymphocytes (antigen presentation, see p. 283).
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The Platelets

Platelets or thrombocytes play a major role in coagulation of the blood
and in hemostasis. They are formed in the bone marrow by cytoplasmic
extrusions from giant cells (megakaryocytes), to be released into the
bloodstream in the form of irregularly shaped platelets (Fig. 6.1a). Their
cytoplasm has no nucleus and few cell organelles. Thrombocytes have a
lifespan of about 5-10 days, after which they are destroyed in the spleen.
They are deposited on the vessel wall when a blood vessel is injured and
break down, liberating enzymes (e.g., thrombokinase) that combine
with other factors (thrombin, fibrinogen) to coagulate the blood.

Blood Groups and Blood Transfusions

The surface membrane of erythrocytes contains a large number of
various saccharides (glycolipids, glycoproteins), the so-called blood
group antigens. They are called antigens because in foreign organisms
they induce the formation of antibodies (see The Immune System, p.
282). Human blood contains more than 100 such antigens, of which
especially the ABO and Rh systems are of clinical importance.

Blood Groups

The ABO (O = none, from German ohne) system consists of four blood
groups: erythrocytes with the A antigen (blood group A), the B antigen
(blood group B), antigens A and B (blood group AB), or neither antigen
(blood group O). Additionally, plasma contains antibodies against whi-
chever antigen is missing, i.e., persons with blood group A have antibo-
dies against B (anti-B). Correspondingly, the plasma of blood of group B
contains antigens against A (anti-A). In the case of blood group AB, the
plasma contains neither antibody; and blood group O plasma contains
both anti-A and anti-B. Unlike normal antibody formation, the formation
of antibodies of the ABO system does not require contact with foreign
antigens. They develop in the first months of life. Because of their agglu-
tinating effect they are also called agglutinins, while the erythrocyte an-
tigens are called agglutinogens (Table 6.1).

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



s 1he Blood 267 -

Table 6.1 Blood group antigens (agglutinogens) and the corresponding antibodies
(agglutinins)

Erythrocyte antigen (blood group) Antibody in the serum*
A Anti-B

B Anti-A

AB None

0 Anti-A and Anti-B

* Serum = plasma without fibrinogen

Blood Transfusion

During the transfusion of incompatible blood, the red cells clump to-
gether (agglutinate) as a result of the interaction of the blood group an-
tigens with their corresponding antibodies. This damages the red cells,
which hemolyze. Such a transfusion reaction is especially severe when
the plasma of the recipient contains antibodies against the red cells of
the donor. In the reverse case, where the donor blood contains antibo-
dies against the red cells of the recipient, the reaction is less marked, be-
cause the antibodies are diluted in the recipient’s bloodstream.

To avoid such reactions, the precise blood group of donor and re-
cipient must be determined before any transfusion and matched sero-
logically. For this, a few drops each of donor and recipient blood or
banked blood is mixed with prepared test sera containing respectively
antibodies against antigen A (anti-A) and antigen B (anti-B). This method
is simply a test for blood groups of the ABO system (Fig. 6.2). To deter-
mine antigens and antibodies that are not part of the ABO system (e. g.,
the Rh system), blood is also subjected to Coombs’ tests. The direct
Coombs’ test measures the presence of antibodies on the surface of ery-
throcytes, while the indirect Coombs’ test measures the presence of anti-
bodies to erythrocytes in serum.

The Significance of the ABO System

In populations of middle European descent, blood group A occurs in
about 44 % of people, group O in about 42 %, group B in about 10%, and
group AB about 4%. In other ethnic populations, these percentages may
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Fig.6.2 Determining

Blood group tested blood groups. Simplified
A B AB 0 representation of the agglu-
Test serum t!natlon re.actlon after addi-
] tion of various test sera
Anti-A O (anti-A and anti-B)
Anti-B

7 Agglutination  [_] No agglutination

vary considerably. The ABO blood group system is inherited according to
Mendelian laws, and therefore the possible blood groups of children can
be predicted if the blood groups of the parents are known. On the other
hand, if the blood groups of the mother and child are known, it is
possible to determine whether a man with a certain blood group is the
father of that child (forensic paternity exclusion). The ABO antigens used
to be important for forensic medical assessment because they occur in
other bodily secretions, such as saliva, sperm, sweat, and gastric secre-
tions, in about 85% of subjects. Meanwhile this method has been super-
seded by DNA analysis, which is 100% reliable.

The Rh Factor

Beside the ABO system the Rh (rhesus) blood group system, consisting of
40 different groups of antigens, has important clinical applications.
These antigens were discovered by accident, when guinea-pigs were re-
peatedly injected with red cells of the rhesus monkey. It was found that
they formed antibodies that agglutinated not only the erythrocytes of
the rhesus monkey, but also human erythrocytes when these were in-
jected in later studies. This reaction was caused by the most powerful
and important Rh antigen (R1, D, Rhy ). Hence people whose blood agglu-
tinates in this way, that is, who possess the antigen, are labeled “Rh-posi-
tive” (Rh+), while the rest, whose erythrocytes do not carry the antigen,
are “Rh-negative” (Rh-). In most Rh+ people, agglutination is linked to
antigen D on the erythrocyte.
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Unlike the ABO antibodies, Rh antibodies do not occur naturally, but
are formed only when blood from Rh-positive donors is transfused into
Rh-negative recipients. In such a case the recipients become sensitized
to the Rh antigen, that is, they form antibodies against Rh-positive ery-
throcytes. Subsequently, during a second transfusion, large numbers of
antibodies are formed rapidly, and these promptly agglutinate the ery-
throcytes of the Rh-positive donor.

Similarly, Rh antibodies may be formed automatically during preg-
nancy, for example, when the mother is Rh-negative and the father and
child are Rh-positive. During labor, Rh-positive erythrocytes from the
child can pass through leaks in the placenta into the maternal blood-
stream, eliciting the formation of so-called anti-D antibodies (Rh antibo-
dies) in the mother. These antibodies belong to the class G immuno-
globulins (IgG) and are diffusible through the placenta; in case of
another pregnancy, these antibodies can pass through the placental bar-
rier from the maternal blood into the fetal circulation. If this child also
possesses Rh-positive erythrocytes, the antibodies can cause the fetal
cells to agglutinate and eventually destroy them (hemolysis). The un-
born child develops a sometimes severe anemia, which can be fatal. This
disease is known as hemolytic anemia of the newborn (erythroblastosis
fetalis).

Often these children can only be saved by a timely blood transfusion.
In order to prevent the formation of Rh antibodies in the mother after the
first pregnancy, Rh-negative mothers are given anti-D prophylaxis. Im-
mediately after delivery, previously prepared anti-D antibodies (im-
munoglobulins against Rh antigen developed in an animal) are injected
into the mother. This renders harmless Rh-positive fetal erythrocytes
that may have reached the maternal bloodstream, before the Rh-nega-
tive mother can be sensitized.

The Plasma

If the cellular blood components (e.g., erythrocytes, leukocytes,
thrombocytes) are separated by centrifugation from blood that has
been made incoagulable, the resulting fluid is plasma (Fig.6.3). In
contrast, the liquid phase of blood that has already clotted is called
serum (serum = plasma without the clotting factor fibrinogen, see
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Fig. 6.3 Composition of blood. (After Silbernagl and Despopoulos)

below). Plasma consists of 90% water and 10% dissolved substances.
Of the dissolved substances, about 70% are proteins (plasma pro-
teins), 20% are low-molecular-weight substances (e. g., nutrients, me-
tabolic products, vitamins, trace elements, hormones), and 10% are
electrolytes.

Plasma Proteins

The 100 or so different proteins occurring in plasma (about 70 g/1) have a
role in transportation (e. g., lipids, hormones, vitamins), form important
constituents of the clotting system, and constitute the antibodies of the
immune system. By electrophoresis, an analytical method, they can be
roughly separated into five groups by their electric charge and their
molecular size and shape (Fig. 6.3):

Albumins (3.5-5.5 g/dl plasma)
a,-Globulins (0.1-0.3 g/dl plasma
a,-Globulins (0.2-1.1 g/dl plasma)
f-Globulins (0.5-1.2 g/d] plasma)
v-Globulins (0.5-1.5 g/dl plasma)

Albumins

Albumins are proportionally the most important plasma proteins and
their primary function is to maintain the osmotic pressure of the blood
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(p. 31). They also play a role in the transport of calcium ions, fatty acids,
bilirubin (breakdown product of hemoglobin), bile acids and a few hor-
mones and vitamins. They also serve as a protein reserve in albumin
deficiency.

a4-, a- and B-Globulins

The proteins in these three groups serve chiefly for the transport of lipids
(lipoproteins), free hemoglobin (haptoglobin), iron (transferrin), vitamin
By, (transcobalamin), and adrenal cortical hormones (e. g., transcortin).
Some of them also form important constituents of the clotting system
(e.g., fibrinogen, prothrombin).

Of major importance in this connection are the proteins that trans-
port lipids that are insoluble in plasma (e. g., cholesterol). Lipoproteins
are divided into several classes according to their proportion of fat and
protein. They are classified in descending order of size and increasing
density:

Chylomicrons

Chylomicron remnants

- very-low-density lipoproteins (VLDL)
- low-density lipoproteins (LDL)

- high-density-lipoproteins (HDL)

The various densities depend essentially on the proportion of fat (e.g.,
cholesterol, triglyceride, phospholipid) in each lipoprotein. This is very
high in the VLDLs (about 90 %) and significantly lower in the HDLs (about
50%). The LDL lipoproteins are rich in cholesterol and transport lipids
from the liver, where they are formed, to the tissues. The HDL lipo-
protein, on the other hand, transports excess cholesterol formed in the
tissues back to the liver. There are a number of indications that a high
plasma LDL level combined with a low HDL level is an important factor in
the genesis of arteriosclerosis. In this disease, cholesterol is deposited in
previously damaged cells in the walls of the blood vessel (e. g., when at
the same time the blood pressure is high), and this markedly increases
the risk of vascular occlusion by localized blood clots. Since the
cholesterol content of blood is made up of VLDL, LDL, and HDL, the total
cholesterol content has only conditional predictive value. A high HDL
content is very favorable, a high LDL content, as previously noted, is very

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



- 272 6 Blood, the Immune System, and Lymphoid Organs s

unfavorable. Hence, the HDL and LDL ratios in blood should always be
determined.

v-Globulins

The group of y-globulins consists mainly of immune globulins, the im-
mune substances in the blood plasma (antibodies). They are glyco-
proteins (proteins conjugated with carbohydrates) that are spilled into
the plasma after being secreted by plasma cells, parts of the specific im-
mune system (p. 286) derived from B lymphocytes. Human immuno-
globulins can be divided according to their functions into five groups of
immunoglobulins (prefixed “Ig”): IgA, IgD, IgE, IgG, and IgM.

Immunoglobulin A (IgA). These specialize in immune processes at
mucosal surfaces and therefore occur chiefly in the gastrointestinal tract
and in bodily secretions (saliva, sweat, tears, maternal milk, and intesti-
nal secretions).

Immunoglobulins D (IgD). These are found only in small amounts in
the plasma. Their function is still largely unknown. They may at times
play a role as surface receptors during the differentiation and maturation
of B lymphocytes.

Immunoglobulin E (IgE). Of all the immunoglobulins these occur in
the plasma in the smallest concentration. They are increased especially
in allergic reactions and parasite infections. IgE can bind e. g., to mast
cells and induce the liberation of histamine from mast cells (anaphylaxis,
anaphylactic shock).

Immunoglobulin G (IgG). Quantitatively these are the most impor-
tant antibodies (75% of all immunoglobulin). Apart from the plasma,
they also occur in the interstitial fluid. IgG is the only human immuno-
globulin able to pass through membranes and by crossing the placenta
can reach the circulation of an unborn child. By this means maternal IgG
provides immunological protection during the first six months.

Immunoglobulin M (IgM). These are the largest antibodies and are
the first immunoglobulins to be formed after contact with an antigen
(e.g., infection with a microorganism) (early antibodies). Their early
forms are attached to B lymphocytes.
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Low-Molecular-Weight Plasma Constituents

The low-molecular-weight plasma constituents are mostly transported
bound to proteins. They include the following substances:

Nutrients, vitamins, trace elements

Metabolic products (e. g., lactic acid, pyruvic acid)

Nitrogenous excretory products of protein and purine metabolism
(e.g., urea, uric acid, creatinine)

Hormones and enzymes

Fatty substances (e.g., cholesterol, phospholipids, triglycerides, free
fatty acids)

Plasma Electrolytes

The electrolyte composition of the plasma differs from the intracellular
electrolyte concentration in specific ways. While sodium, calcium, and
chloride ions have relatively high concentrations in plasma, potassium,
magnesium, and phosphate ions have a higher concentration in the cells.
The most important osmotic ion is common salt (NaCl) with about 0.6-
0.7 g/100 ml plasma. The total electrolyte osmotic pressure in plasma is
about 290 mOsm/I (osmolarity = concentration of all osmotically active
particles per unit volume). More accurate, however, is the determination
of mOsm/kg H,0 (osmolality), since the volume of a solution depends on
the temperature and the volume of the dissolved substances.

When, for instance, saline solutions are needed for infusions, they
must have the same osmotic pressure as the plasma, i.e., they must be
isotonic. Solutions with a higher osmotic pressure are called hypertonic;
solutions with lower osmotic pressure are hypotonic. Hypertonic solu-
tions would lead to diffusion of water from the cells and so to shrinking
of the cell. Hypotonic solutions, on the other hand, would allow water to
flow into the cells and cause them to rupture.

The Erythrocyte Sedimentation Rate (ESR)

In incoagulable blood the red cells slowly sediment, because of their
higher specific gravity. The erythrocyte sedimentation rate is usually de-
termined by the Westergren method after 1 or 2 hours and is 6-10 mm in
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women and 3-6 mm in men in the first hour. The sedimentation rate de-
pends on a number of factors (among others the quantity and composi-
tion of plasma proteins). An elevated ESR must be considered a non-
specific sign of illness. The sedimentation rate can reach 100 mm in the
first hour, especially in cases of inflammation and of increased tissue de-
struction due to tumors. The cause is a strong tendency for the erythro-
cytes to form rouleaux (clumps). This reduces their surface-to-volume
ratio, resulting in a reduced resistance to flow and more rapid sedimen-
tation.

0, and CO, Transport in the Blood

Hemoglobin Transport of O,

The red pigment hemoglobin (Hb) consists of a protein moiety, globin,
and the actual pigment, heme. The molecule is composed of four sub-
units, each with a heme group attached, with a bivalent iron atom ar-
ranged in its center. In the lung, each iron atom takes up one molecule of
oxygen (0,). This is transported into the tissues where it is split off
(Fig. 6.4). The taking up of O, is called oxygenation, its splitting off deoxy-
genation.

CO, Transport

About 10% of carbon dioxide (CO,), the end product of oxidative metabo-
lism in the tissue cells, is transported in the blood in physical solution
and 90% in chemically bound form. The greater portion of carbon dioxide
first diffuses out of the tissue cells into the plasma, and from there into
the red cells. There it is converted by enzymes into the much more
soluble bicarbonate (HCO;™), bound chemically, and transported in the
plasma. The creation of CO, from HCO; is greatly accelerated by an
enzyme, carbonic anhydrase (new name: carbonate dehydratase) present
in the erythrocytes (Fig. 6.4).

CO, + H,0 ——= HCO; + H*

The larger part (about 50-60%) of the bicarbonate formed diffuses back
into the plasma out of the erythrocytes in exchange for chloride ions. It is
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Fig. 6.4 Simplified representation of the reactions in erythrocytes during CO, and
0, transport. Hb-O, = oxygenated hemoglobin; Hb-H" = deoxygenated hemoglobin

transported into the lungs (see respiratory organs) and exhaled after
conversion into CO,. Both processes, formation of HCO;™ and liberation of
CO, are linked respectively to the deoxygenation and oxygenation of
hemoglobin. Deoxygenated hemoglobin is a markedly stronger base
than oxygenated Hb and can take up more H* ions (buffer function of
hemoglobin), and so promotes the formation of HCO;™ in the tissue capil-
laries. In the capillaries of the lungs, HCO5™ again passes from the plasma
into the erythrocytes, takes up H* ions and is transformed back into CO,.
This process is furthered by the fact that oxygenated blood liberates
more H* ions.

A much smaller portion of CO, (about 5-10%) is bound directly to
hemoglobin and transported as carbaminohemoglobin.
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Hemoglobin and Carbon Monoxide

Carbon monoxide (CO) is a colorless, odorless gas that is formed during
incomplete combustion and, like oxygen, can combine reversibly with
hemoglobin. However, the affinity of carbon monoxide for hemoglobin is
markedly greater than that of oxygen. Hence, with even a 0.3% CO con-
tent in inspired air, 80% of hemoglobin is bound to carbon monoxide
(HbCO). Since carbon monoxide is released from its combination with
hemoglobin 200-300 times more slowly than oxygen, the toxic effect of
carbon dioxide is due to the fact that hemoglobin can no longer carry
oxygen. In heavy smokers, for instance, 5-10% of hemoglobin is present
as HbCO, while at 20% acute toxic symptoms appear (headache, dizzi-
ness, nausea), and 65% can be fatal.

Hemoglobin Concentration (Hb)

The hemoglobin concentration in human blood is about 16 g/dl (160 g/1)
in men and 14 g/dl (140 g/1) in women. Since every gram of hemoglobin
can combine with 1.33 ml oxygen, about 200 ml O,/l can be carried in the
blood. Because oxygen is poorly soluble in water, only about 3 ml O,/1 of
blood can be transported without hemoglobin; thus, hemoglobin allows
an almost 70-fold increase in the amount moved.

Mean Corpuscular Hemoglobin (MCH)

Often, in order to assess hemopoiesis or to distinguish between different
anemias, the mean corpuscular hemoglobin of a single erythrocyte is de-
termined MCH). It is calculated by the formula:

Hemoglobin content (g/100 ml blood)

MCH = Erythrocytes (106/ul)

x 10

The value of mean corpuscular hemoglobin lies between 38 and 36 pico-
grams (pg) (1 pg = 1072 g). Erythrocytes with a normal MCH are de-
scribed as normochromic (orthochromic). If the MCH is low (e. g., due to
chronic blood loss or iron deficiency), the erythrocytes are said to be hy-
pochromic, if it is high (e. g., pernicious anemia due to vitamin B;, defi-
ciency, see below), they are hyperchromic.
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The Anemias

Anemia is defined as an erythrocyte deficiency or a diminished
hemoglobin content of the blood. The diagnosis of anemia is usually
made by looking at the hemoglobin concentration, the lower limit of
normal being about 14 g/dl in men and 12 g/dl in women. A noticeable
symptom in almost all forms of anemia is pale color of the skin and
mucous membranes. Often the heart rate increases markedly (accel-
erated circulation) during physical exertion and oxygen reduction in the
tissues results in shortness of breath. Dizziness and easy fatigability can
also occur.

Besides iron deficiency anemias and chronic blood loss due, e. g., to
bleeding ulcers or tumors in the gastrointestinal tract (hypochromic
anemias), anemia may also be due to deficiencies in vitamin B;,, folic
acid, or erythropoietin (see p. 278, The Regulation of Erythrocyte
Generation). Vitamin By, and folic acid are involved in the synthesis of
DNA in immature bone marrow cells and hence especially influence the
division and maturation of red cells (erythropoiesis). When they are
deficient, fewer erythrocytes are formed, but these are markedly en-
larged because of an increased hemoglobin content (macrocytes, precur-
sors: megaloblasts), since the hemoglobin content of the blood is almost
unchanged (hyperchromic, megalobastic, macrocytic anemia, see
above).

Vitamin B, deficiency is often due to a disturbance in absorption of
the vitamin from the intestines, less often to insufficient nutritional in-
take. This so-called pernicious anemia is most often the result of
chronic inflammation of the gastric mucosa, with reduction in the pro-
duction of gastric secretions. Vitamin B;, can only be absorbed from the
intestine when it combines with a factor found in gastric secretion (“in-
trinsic factor”) that prevents it from being destroyed by the digestive
juices of the stomach. Since the liver can store large amounts of vitamin
B,,, it may take 2-5 years before an impairment of absorption in the in-
testine has an effect on erythrocyte formation. Like vitamin By, defi-
ciency, a deficiency of folic acid, another B vitamin, leads to disruption of
erythropoiesis in the bone marrow.

There are two other causes of anemia. One is the destruction of the
bone marrow (bone marrow aplasia) by radioactive radiation (e. g., after
an accident in a nuclear power plant) or due to toxic reactions to medica-
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tion (e. g., by cytostatics) (aplastic anemias); the other is the reduction
in erythrocyte lifespan due to destruction or increased breakdown
(hemolytic anemias). With severe hemolytic anemias (e. g., following
mismatched transfusions), a yellowish discoloration of the skin and
mucous membranes may be observed besides anemic pallor. This jaun-
dice (hemolytic icterus) is caused by the increased degradation of
hemoglobin to bilirubin (yellow bile pigment) in the liver (see liver me-
tabolism). This causes an increase in the plasma bilirubin level and bil-
irubin is deposited in the tissues.

An example of an anemia due to a genetic disorder of hemoglobin
synthesis, clinically manifest as hemolytic anemia, is sickle cell anemia.
In this disease, which occurs almost exclusively in black populations,
there is a molecular defect leading to the substitution of sickle cell
hemoglobin (Hb S) for normal hemoglobin. In Hb S the amino acid valine
is substituted for glutamic acid. The erythrocytes containing this abnor-
mal hemoglobin take on a sickle shape in the deoxygenated state. The
sickle erythrocytes are inflexible and become wedged in the capillaries.
Where the genetic defect occurs in homozygotes (proportion of Hb S in
the total hemoglobin 70-99%), it results in the occlusion of small vessels
and hence permanent damage to organs. Those affected usually only
reach adulthood with intensive treatment (e. g., partial exchange trans-
fusions, analgesics, avoiding hypoxia, and at times bone marrow trans-
plants). In some tropical African regions with a high incidence of
malaria, 40 % of the population are heterozygous carriers of the gene (Hb
S less than 50%) and are asymptomatic. The defective gene gives them
resistance to malarial infections (selective advantage).

The Regulation of Erythrocyte Generation

The generation of erythrocytes is regulated by the renal hormone ery-
thropoietin. The body contains a simple but very effective regulatory sys-
tem to keep oxygen content and with it the number of red cells relatively
constant. If the oxygen content of the blood declines below a certain
value, e. g., after large losses of blood or during a stay at high altitudes,
formation of erythropoietin is repeatedly stimulated. The result is that
the formation of erythrocytes in the bone marrow is stimulated, increas-
ing oxygen carrying capacity. Once the oxygen deficiency has been re-
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Fig. 6.5 Schematic overview of the processes occurring during hemostasis, coagu-
lation, and fibrinolysis

medied by the increased availability of erythrocytes, the formation of er-
ythropoietin is again reduced. Patients requiring dialysis with disturbed
renal functions (e. g., chronic renal failure) often suffer from marked
deficiency in erythropoietin and therefore almost always suffer from
concurrent anemia.

Hemostasis and Coagulation of the Blood

After injury to the vascular system, the body must be protected from life-
threatening blood loss. Immediately after an injury, physiological mech-
anisms of hemostasis and coagulation are set in motion to minimize
blood loss as far as possible. Besides platelets (thrombocytes), various
plasma components (coagulation factors) and the vessel walls play a role
in this (Fig. 6.5). Bleeding time is defined as the time between injury and
the arrest of bleeding (normally 2-4 minutes). Clotting time (coagulation
time) is the time to definitive hemostasis by the formation of a solid
thrombus. For a small stab wound it amounts to about 8-10 minutes.
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Hemostasis

Arrest of bleeding (hemostasis) can be divided into successive steps,
ending in coagulation. Immediately after an injury, the vessels constrict
(vasoconstriction) by contraction of the smooth muscle in the vessel wall.
The second step is the formation of a platelet plug at the site of injury by
deposition of thrombocytes on the injured vessel walls. At this stage the
platelets are activated and change their shape, liberate substances from
vesicles in which they were stored, and initiate the formation of the ac-
tual clot (thrombus) by aggregation (sticking together).

Coagulation of the Blood

At the same time, coagulation of the blood is set in motion. In the course
of this process a cascade of reactions leads to enzymatic conversion of
the soluble plasma protein fibrinogen into a fibrous meshwork of in-
soluble fibrin molecules. This process consists of numerous individual
reactions, in which a total of 13 coagulation factors take part. According
to the site of liberation of these factors, coagulation of the blood can be
initiated in two different ways, namely, by tissue injury (extrinsic mecha-
nism) or by processes that begin on the inside of a vessel (intrinsic mech-
anism). In both instances the enzyme thrombokinase is activated, either
from thrombocytes or from the injured tissue (Fig. 6.5). In the presence
of calcium ions this enzyme converts a protein precursor, prothrombin,
that is carried in solution in the plasma, into the enzyme thrombin.
Under the influence of thrombin, in turn, fibrinogen is converted to fi-
brin, which forms a feltlike meshwork of fibers. The deposition of more
blood cells then leads to the formation of the final clot, which solidifies
after coagulation and retracts.

Fibrinolysis

When the thrombus has fulfilled its task of wound closure, the fibrous
clot must be dissolved in the course of wound healing (fibrinolysis). This
is accomplished by the enzyme plasmin (Fig.6.5), which is present in
plasma as an inactive precursor (plasminogen) and is activated by a
plasminogen activator present in blood or the surrounding tissues.
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The Regulation of Blood Clotting

In order to prevent uncontrolled blood clotting from occurring in the
blood vessels, a number of mechanisms maintain a constant balance be-
tween activation and inhibition of blood clotting. The smooth walls of
the vessels, with their negatively charged surfaces, prevent platelet ad-
hesion and consequent activation of thrombokinase. Additionally, the
thrombin created during coagulation is largely inactivated by the built-
up fibrin. Finally, thrombin is inhibited in its activity by other substances
in the plasma (e. g., antithrombin III, heparin). Some coagulation factors
need calcium to effect coagulation. If, for instance, citrate or oxalate ions
are added to blood that has been drawn, they bind calcium ions and in-
hibit coagulation of the blood.

In congenital classical hemophilia (hemophilia A), normal clotting
does not occur, owing to a deficiency in a coagulation factor (factor VIII).
Consequently, even minor injuries can be accompanied by considerable
bleeding. Similarly, a lack of thrombocytes (thrombocytopenia) leads to
impairment of clotting and hence to an increased bleeding tendency
(hemorrhagic diathesis).

The coagulability of blood can be reduced by medications such as he-
parin or dicumarol (e.g., Dicumarin, warfarin). While heparin inhibits
coagulation indirectly by inactivating thrombin (see above), dicumarol
acts in its capacity as vitamin K antagonist (displaces vitamin K at its site
of action) and so inhibits the vitamin K-dependent synthesis of various
coagulation factors (e. g., prothrombin) in the liver. For this reason, bed-
ridden patients for whom the danger of thrombosis (formation of
thrombi because of the greatly slowed blood flow in some veins) is in-
creased, e.g., by prolonged bed rest, are heparinized or, in the case of
prolonged treatment, given dicumarol (anticoagulant therapy). There is
always a danger that a thrombus, e. g., in a pelvic vein, can float free in
the blood (embolus) and reach the lungs by way of the right heart, caus-
ing occlusion of a pulmonary vessel (pulmonary embolus). On the other
hand, with an overdose of heparin or dicumarol, coagulation of the blood
can be severely impaired, leading to hemorrhages that are difficult to
control.
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B The Immune System

The immune system, an effective network of immune cells (leukocytes),
soluble proteins, and organs, is responsible for the ability of the human
organism to defend itself against bacterial infections, viruses, fungi, and
parasites. It can instantly react to and combat invading pathogens, for-
eign materials, or degenerated cells (e. g., tumor cells). The immune sys-
tem is supported by external protective systems (skin and mucous mem-
branes) that prevent the invasion of most infectious agents before they
can penetrate. Should pathogens nevertheless invade the body, they
must be rendered harmless by the immune system. The immune
defenses are divided into a nonspecific and a specific immune system.
Both systems include cells (cellular immunity) and soluble (humoral im-
munity) factors distributed throughout the body.

Nonspecific Immunity

Nonspecificimmunityisthefirstline of defense.Itsmechanismsareinnate.

Cellular Immunity

The most important cells included here are neutrophils, monocytes, and
macrophages (see The Cells of the Blood above), the first to reach the site
of attack, e. g., the infective focus, or to be attracted there by chemotaxis.
They are designed to phagocytose foreign material and render it harm-
less. This process results in typical signs of infection, namely redness,
swelling, heat, and pain. There follows the formation of pus, consisting of
cellular debris, dead bacteria, and necrotic granulocytes.

m Natural Killer Cells (NK Cells). Natural killer cells are immune cells
specialized to defend against pathogens (e. g., viruses, bacteria) and tumor
cells. They include special large lymphocytes (about 5 % of leukocytes) that
are attracted by interferonsliberated by virus-infected cells. They perforate
cell membranes with the aid of special proteins (perforins). The infected
celldies and the virus cannot multiply without the enzyme apparatus of its
hostcell. T-killer cells (cytotoxic T cells, CTL) function more precisely, killing
cells infected by viruses as part of specific immunity (see below).

Faller, The Human Body © 2004 Thieme
All rights reserved. Usage subject to terms and conditions of license.



s The Immune System 283 -

Humoral Immunity

Monocytes and macrophages also produce a number of soluble factors
(cytokines) that lead to the infiltration and activation of other cells of the
nonspecific immune system. They are supported by the so-called com-
plement system, a system of about 20 soluble plasma proteins, which are
a part of an enzymatic cascade (complement cascade) that are activated
either by the carbohydrates of bacterial cell walls (alternative pathway)
or by definite antigen-antibody complexes (classical pathway). In the
final stage, some of the plasma proteins (factors C6-C9) form a so-called
membrane attack complex, which perforates the bacterial cell wall. At the
same time, lysozyme (an enzyme that splits carbohydrates in the plasma,
the lymphatic fluid, and the saliva among others) breaks down the bacte-
rial cell walls enzymatically.

Specific Immunity

Specific immunity comprises mechanisms that are always directed
against a specific agent. This type of immunity is not innate but is ac-
quired or “learned”.

Antigen Presentation by Macrophages

Macrophages are a link between nonspecific and specific immunity.
After phagocytosing and digesting a pathogen, they combine specific
proteins of the pathogen (e. g., virus fragments) with autologous proteins
(MHC,' HLA I, HLA II) and incorporate them in their membranes. By this

1 MHC (major histocompatibility complex), in the human also called HLA class |
and class II proteins = human leukocyte antigen. These tissue-compatible pro-
teins alow the immune system to recognize foreign cells. The formation of these
proteins is regulated by a total of six genes. A consequence of their numerous
combinatory possibilities is that even close relatives rarely possess the same set
of MHC proteins. In tissue or organ transplantation, foreign MHC proteins act as
tissue antigens and elicit the formation of antibodies. The tissue is rejected. The
immune system learns the difference between autologous and foreign material at
birth. The substances it touches at that time it recognizes normally throughout
life as autologous (immune tolerance), while everything arriving later is foreign.
When this distinction fails, the results are autoimmune diseases, in which antibo-
dies are formed against autologous proteins.
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means they present the antigen proteins (antigen presentation) to the T
lymphocytes (T-helper and T-killer cells, see below) (Fig. 6.6).

T Lymphocytes (Cellular Immunity)

The soluble factors and the cells of nonspecific immunity do not always
succeed in destroying the invading pathogens completely. Moreover,
granulocytes, monocytes, and macrophages are not always in a position
to adapt their reaction to the various pathogens or to recognize them
after repeated invasion of the organism. This is the point where the
specific immune system intervenes. It consists of the T and B lympho-
cytes (cellular immunity) (see Cells of the Blood, The Leukocytes above)
and the soluble antibodies (humoral immunity) produced by the B lym-
phocytes.

In order to reach their immune competence, the lymphocytes must
undergo a process of maturation. The T lymphocytes receive this stamp
in the thymus (T = thymus). The lymphocytes are then extruded into the
secondary lymphoid organs (see The Lymphoid Organs [Immune Or-
gans]| below). T lymphocytes create the specific cellular immunity; they
include the following types.

T-helper cells (T}, stimulate the immune system). Certain T helper
cells bind to the MHC-antigen fragment complex of the antigen-pre-
senting macrophage (activated T-helper cell). The T cells carrying the
corresponding receptor secrete a signaling substance (interleukin) to
accelerate their clonal proliferation (clonal selection). At the same
time, the activated T-helper cell binds to the B lymphocyte, which,
after contact with the antigen, also presents the antigen fragment to
the MHC protein on its surface. This leads to the selection of in-
dividual lymphocytes and their selective proliferation. Stimulated by
interleukins (produced by T-helper cells), these B cells mature into
antibody-producing plasma cells (see B lymphocytes below, and
Fig. 6.6).

T-suppressor cells (Ts, inhibit the immune system). These terminate
the immune reaction. The T-helper and T-suppressor cells produce
and secrete cytokinins that regulate their interaction. This interaction

<] Fig.6.6 Simplified schema of the immune response. (Modified from Koolman and
Rohm)
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is disturbed e.g., in the acquired immune deficiency syndrome
(AIDS). The AIDS virus affects Ty cells, but not Ts cells, so that the im-
mune-inhibiting Ts cells predominate.

T-killer cells (T, cytotoxic cells): these destroy autologous virus in-
fected or degenerated (tumor) cells by direct contact. Their selective
proliferation and activation is triggered in exactly the same way as
the T-helper cells (Fig. 6.6). Like the natural killer cells, they destroy
infected cells by perforin. However, their reaction is directed against a
specific antigen, i.e., an antigen-antibody reaction. They are effective
because the clonal proliferation of the T-killer cells makes antibodies
available almost instantly.

B Lymphocytes (Humoral and Cellular Immunity)

B lymphocytes undergo maturation in the bone marrow (B = bone
marrow). Antibodies of the IgM group (first antibodies) are attached
to the surface of B lymphocytes and bind to the corresponding an-
tigen. B lymphocytes take up an antigen-antibody complex (cellular
immunity) and present an antigen fragment attached to a MHC pro-
tein at their surface. T-helper cells, activated by macrophages that also
present antigen, bind to these B lymphocytes and, by releasing inter-
leukins, stimulate their selective clonal proliferation and their trans-
formation into antibody-producing plasma cells (Fig.6.6). These
processes take place predominantly in the secondary lymphoid organs
(see below). For every antigen there are B lymphocytes that recognize
it exclusively and form antibodies against it. The antibodies (immuno-
globulins IgA, IgD, IgE, IgG, IgM; see Plasma Proteins) are released into
the plasma and the surrounding body fluids (humoral immunity).
Their function is to neutralize the antigens, to mark them as foreign
materials for the nonspecific immune cells (“opsonization”), and to ac-
tivate the complement system (see p. 283). Immunoglobulins cannot
destroy pathogenic agents directly, only inactivate them. The elimina-
tion of the antigen-antibody complexes is again accomplished non-
specifically (by the complement system or by eosinophil granulocytes;
see above The Leukocytes).

On contacting an antigen, the plasma cells first form IgM type an-
tibodies (primary response). The early forms are attached to the sur-
face of plasma cells, the later ones are secreted into the plasma. The
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primary response develops relatively slowly and does not last long. As
the response proceeds, the plasma cells switch to IgG production
(secondary response, faster and more lasting). The IgG are present in
the plasma in the greatest amounts and are the only immuno-
globulins that can cross the placenta, that is, that can be passed on to
the fetus.

Memory Cells

Some of the lymphocytes (B lymphocytes, and T-helper and T-killer cells)
when stimulated by antigens are transformed into so-called memory
cells. These leave the blood and wander into the lymphoid tissues and
organs. Here they circulate for long times, sometimes decades, until they
meet the specific antigen again. Immunity rests on these memory cells.
On repeated contact with the same antigen, the organism can react more
rapidly and effectively than on first meeting, so that the disease does not
recur or takes a more benign course (e. g., chickenpox, German measles).
Active immunization occurs when the organism itself forms the antibo-
dies during an interaction with a pathogenic agent. This can also be
achieved if the organism is given attenuated, nonpathogenic agents (an-
tigens) (active immunization). Such acquired active immunity can at
times be maintained for years. Passive immunization is the administra-
tion not of antigens but of ready-made antibodies prepared by active im-
munization of another organism. Such passive immunization, however,
usually only lasts a few weeks, since the antibodies are degraded by the
organism.

B The Lymphoid Organs (Immune Organs)

The surveillance of the body by immune cells and their rapid deploy-
ment presupposes not only a finely meshed transport system (blood and
lymph vessels) but also the organization of cells in lymphoid organs.
With the exception of the thymus (see below) the specific immune sys-
tem in the form of lymphoid organs is localized at the danger sites, the
entry portals of pathogens.

The lymphoid organs are divided into two types by their functions
(Fig.6.7):
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Primary lymphoid organs, which generate, develop, and mature the
immune cells. In the adult this includes especially the thymus (to
develop and mature the T cells) and the bone marrow (generates all
immune cells, develops and matures the B cells).

Secondary lymphoid organs, to which the immune cells migrate, in-
cluding the spleen, the lymph nodes, and the lymphoid tissues of the
mucous membranes (e.g., tonsils, Peyer’s patches of the small in-
testine, appendix).

The basic framework of all secondary lymphoid organs is a meshwork of
reticular connective tissue, in which numerous lymphocytes are
deposited. In places they form round collections of cells, the lymphatic
follicles. These may be regarded as the functional units of the secondary
lymphoid organs. About 98 % of all lymphocytes are found there and in
the connective tissue, while only about 2% are in the blood. A large pro-
portion of the lymphocytes recirculate between the lymphoid organs
and the blood (lymphocyte recirculation; see Gut-Associated Immune
System below). The lymphocytes leave the bloodstream in postcapillary
venules (transitional vessels between capillaries and veins) within the
lymphoid organs, pass through the lymph vessels, and after a certain
time return to the peripheral blood, e. g., by the thoracic duct (see Chap-
ter 5: The Lymph Vessels). Under special circumstances, e. g., in inflam-
mations, the lymphocytes can also leave the blood vessels outside the
lymphoid organs.

The lymph vessels are a drainage system of the connective tissue.
They return to the venous blood tissue fluid that has left the blood ves-
sels and reached connective tissue while transporting substances (see
Chapter 5: Substance Exchange between Blood and Tissues). They thus
form a parallel pathway to the venous limb of the circulation. Into their
course lymph nodes are inserted as “biological filters” where, for ex-
ample, antigens meet with immune cells. Having proliferated, the lym-
phocytes leave the lymph nodes and return to the bloodstream and other
parts of the body by way of the lymph vessels (see below).
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The Thymus

The thymus lies behind the sternum and is especially well developed in
the newborn and the growing child (Fig. 6.8). The surface of the infantile
thymus is divided into individual lobules, in which a cortex covers a
medulla. While the cortical areas show large deposits of lymphocytes,
the medulla is filled with blood vessels and strikingly wide capillaries.
After puberty, the thymus undergoes a process of gradual involution and
is replaced by fatty tissue. At 60 years of age, next to no lymphoid tissue
remains.

The thymus is an overriding lymphatic organ and is indispensable for
the development of cellular immunity. This where especially the T (thy-
mus) lymphocytes acquire their immune competence during embryonic
development. From the bone marrow, where they are generated as pre-
cursor T cells, they enter the bloodstream to reach the thymus, where
they become specialized. They learn to distinguish autologous from for-
eign structures. Additionally, the T lymphocytes mature into variously
differentiated cells (T-helper cells, T-suppressor cells, and cytotoxic T
cells) under the influence of substances (thymopoietin) released from
the structural elements of the gland. These cells are now prepared to
react to antigens in specific immunologically competent ways. After this
process of specialization, maturation, and differentiation, the lympho-

Fig. 6.8 Thymus of a
Aorticarch newborn. The thymus lies
in front of the pericardium
and behind the sternum.
(After Feneis)
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cytes return to the bloodstream and settle in the secondary lymphoid or-
gans such as tonsils, lymph nodes, and spleen. The B lymphocytes that
produce antibodies acquire their life-long immune competence in the
bone marrow.

The Lymph Nodes

Lymph nodes are biological filters inserted like pearls on a string into the
course of the lymph vessels (Fig.6.7). By their situation they monitor
lymph coming from the periphery. Lymph nodes near organs that are the
first to receive lymph from an organ or a circumscribed region are desig-
nated regional lymph nodes. Lymph nodes that occur beyond these points
and receive lymph from several regional lymph nodes are collecting
nodes (Fig.6.9), but they are distinguished from regional lymph nodes
only by their location.

In the lymph node, lymphoid tissue is completely surrounded by a
solid connective tissue capsule, forming a bean-shaped body several
millimeters in size. Several connective tissue septa run from the capsule
inward and, together with the basic framework of reticular connective
tissue, divide the lymph node into a loose meshwork where numerous
lymphatic follicles are deposited (Fig. 6.10). Several afferent lymph ves-
sels pierce the capsule on one side, while on the opposite side usually
only one or two vessels leave the lymph node. These are also the sites
where the blood vessels enter and leave.

While passing through the lymph node, the lymphatic fluid has con-
siderable contact with the surface of the lymphatic tissue. Cells of the
macrophage system monitor and phagocytose foreign bodies, pathogens,
and cell debris. When inflammations affect the area they drain, lymph
nodes swell, become painful, and are easily palpable. At the same time,
the macrophages stimulate (antigen presentation, see p. 283) the lym-
phocytes to proliferate (divide) and form specific antibodies. Cancer cells
also reach the lymph nodes through the lymph, and in this way can
develop lymph node metastases. From the lymph node, the antibody-
forming plasma cells reach other lymph nodes and eventually the blood-
stream by way of efferent lymph vessels.
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The Spleen (Splen, Lien)

The spleen is the only lymphoid organ in the bloodstream and can be re-
garded as an organ to monitor and filter the blood. It extracts aging ery-
throcytes, and provides immunological monitoring of the blood. It is soft,
about the size of a fist (150-200 g), and is shaped like a coffee bean. The
spleen lies in the left upper abdomen under the diaphragm (Fig.6.11)
and is normally well protected from the outside by the ribs.

If a fresh spleen is cut open, its gross structure can be seen by the
naked eye to consist of red tissue (red pulp) interspersed with many
small, white splenic nodules surrounded by a connective tissue capsule.
The cut surface also reveals cut lymph vessel sheaths. Splenic nodules
and lymphatic sheaths consist of lymphoid tissue (white pulp). Red and
white pulp are embedded in a tough framework of septa of connective
tissue that jut inward from the capsule (Fig.6.12a, b). The red pulp
(about 80% of the splenic volume) consists of a framework of reticular
connective tissue, traversed by a complex system of blood vessels. Each
of the smallest branches of the blood vessels is a central vessel running
through a splenic nodule. Inside the splenic nodules the lymphatic fol-
licles are arranged in the form of lymphatic cords, where the B lympho-
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cytes have settled. There are no lymphatic follicles in the lymphatic
sheaths, where T lymphocytes predominate. The spleen’s role as an im-
mune organ in the immunological process is to form antibodies when
antigens reach a lymphatic follicle through the bloodstream.
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Numerous capillaries branch from the central artery, each sur-
rounded by a spindle-shaped sheath (sheathed arteries) of densely
packed macrophages. The capillaries then drain largely into the mesh-
work of reticular connective tissue (red pulp) surrounding every splenic
sinus (open circulation). Aging erythrocytes are broken down as they
pass through the reticular connective tissue. A few capillaries may drain
directly into a sinus (closed circulation). The walls of the sinuses are
lined with reticular cells, separated by more or less wide openings. At
these points the erythrocytes must pass through narrow passages, which
can only be surmounted by intact, pliable red cells. Unusable red cells are
phagocytosed and broken down by the reticulum cells. In diseases that
are accompanied by severe breakdown of blood (e.g., malaria), the
spleen can enlarge markedly. Lastly, substances that can be used again
can be stored here, e. g., iron from the breakdown of hemoglobin.

Lymphoid Tissues of the Mucous Membranes

The Tonsils

The faucial (palatine), adenoid (pharyngeal), and lingual tonsils together
form Waldeyer’s tonsillar (lymphoid) ring (p. 400). To this must be
added the lymphatic tissue on the pharyngeal wall, the eustachian ton-
sil (tubal tonsil, tonsilla tubaria), which lies close to the eustachian tube
(connection between the middle ear and the pharynx). The tonsils lie
under the epithelium of the oral cavity and their framework is also com-
posed of reticular connective tissue containing lymphatic follicles. In
many places the epithelium juts deeply into the lymphatic tissues, thus
increasing their superficial contact. By this means, antigens invading
through the nose and mouth can make timely contact with immune
cells and activate the specific defenses. For instance, in the presence of a
massive bacterial invasion, the lymphatic follicles enlarge as a result of
the marked increase of antibody-producing lymphocytes. The tension in
the connective tissue capsule can become very painful (tonsillitis). In
early childhood there is often enlargement of the adenoids (pharyngeal
polyps, commonly known as nasal polyps) at the transition from the
nose to the pharynx (choanae). This can make it difficult to breathe
through the nose.
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Gut-associated Lymphatic Tissue (e. g., Peyer’s Patches)

Because of their large surface, the intestines play a central role in immu-
nity. After all, 70-80% of all antibody-producing cells are situated in the
intestinal wall, the rest being distributed among the other secondary
lymphatic organs, the vascular system, and the connective tissue. Diffuse
collections and loose associations of lymphocytes (lymphatic follicles)
can be found throughout the gastrointestinal tract, which, because of its
direct contact with ingested nutrients, is an ideal portal of entry for an-
tigens.

Organized lymphatic tissue is present in the vermiform appendix
and in the terminal portion of the small intestine (ileum), where it takes
the form of Peyer’s patches in the submucosa and the connective tissue
of the mucous membrane (mucosa) of the ileum. These are collections of
lymphatic follicles, lying in platelike strands of five to one hundred. They
are 1-12 cm in diameter and lie parallel to the axis of the intestine, usu-
ally on the side opposite the mesentery (Fig.6.13a). The number of
patches varies between 15 and 50 (up to 250) according to the individual.
They are developed before birth and can be demonstrated in the small
intestine even late in old age. The areas of the lymphatic follicles are
devoid of villi and crypts. Over the lymphatic follicles the connective
tissue of the intestinal mucosa, covered with mucosal cells, arches like a
dome (Fig. 6.13a-c).

Into the epithelium of the intestinal mucosa are dispersed specific
cells that apparently selectively recognize and take up antigenic sub-
stances. These M cells stand out as folded surface structures (microfolded
cells = M cells) jutting into the intestinal lumen. They are horseshoe-
shaped, with their closed end toward the intestinal lumen, and appear to
be the site where antigens are primarily recognized, as they take up mi-
croorganisms and other potentially pathogenic substances and initiate
an immune reaction. In this way, the small intestine is protected against
future absorption of these antigens.

The defense process may be described as follows. Under the M cell,
flanked by its open limbs, embedded as it were in this horse-shaped
membranous fold, are T and B lymphocytes and macrophages (Fig.
6.13c). The M cells take the antigenic substance from the intestine and
pass it to the macrophages. The macrophages present it by way of the T
lymphocytes (T-helper cells) to the B lymphocytes, thus activating them
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Fig.6.13a-c Structure and function of the gut-associated lymphatic system
a Site of Peyer’s patches in the ileum
b Lymphatic follicle under a domed area (magnification of a section from a)

(see above Specific Immunity). The B lymphocytes migrate through the
lymph and blood vessel systems (lymphocyte circulation, which also
takes place in the other lymphoid organs) and are transformed in part
here already into antibody-producing plasma cells. The antibodies so
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formed (IgA) are partly taken up by the liver cells and passed on to the
bile, with which they reach the intestinal lumen. The antibodies so
formed also reach other bodily secretions, including the mother’s milk.
This benefits the nursing infant, who receives with the mother’s milk
specific antigens against pathogens that the gut-associated immune sys-
tem of the mother has already encountered.

The larger part of the B lymphocytes recirculate into the lymphatic
follicles of the Peyer’s patches, where they are transformed into IgA-pro-
ducing plasma cells. The antibodies are passed on to the cells of the in-
testinal mucosa, provided with a layer of glycoproteins (secretory com-
ponents) to protect them from digestive enzymes and passed into the in-
testinal lumen. These antibodies bind to the corresponding antigens,
which cannot now be absorbed and are therefore excreted.

Blood, the Immune System and Lymphoid Organs

B The Blood

The blood (about 8% of body weight) consists of plasma and cells: ery-
throcytes (red cells, red corpuscles), leukocytes (white cells), and
thrombocytes (platelets).

Erythrocytes

Erythrocytes number 4.5-5.5 million per microliter (mm3) of blood.
Function: the transport of respiratory gases. The erythrocytes are
formed (160 million per minute) in the bone marrow from nucleated
stem cells, but later lose their nuclei and cell organelles. At this point
they consist almost entirely of hemoglobin, which can bind oxygen
reversibly. They are discoid and biconcave. Their lifespan is about 120
days and they are broken down in the spleen and liver.

In inflammations or increased tissue necrosis, erythrocytes tend to
form clumps. In anticoagulated blood they therefore sediment more

<1 Fig.6.13¢ Structure of the epithelium in the domed areas and the mechanism of intesti-
nal mucosal immunity
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rapidly (100 mm/h, otherwise 3-10 mm/h). A raised erythrocyte sedi-
mentation rate is a nonspecific sign of illness.

Leukocytes (Granulocytes, Lymphocytes, Monocytes)

Leukocytes number 4000-8000 per microliter of blood (in inflamma-
tion well over 10000/ul). Function: Together with the lymphoid or-
gans they form the immune system. They can move autonomously by
ameboid movement and so can migrate through the capillary walls
(connective tissue immunity). As a rule, generation, maturation, and
proliferation take place in the bone marrow (the exception is lympho-
cytes); they are subsequently washed into the blood. The cells are nu-
cleated.

e Granulocytes: fine granules in the cytoplasm. (1) Neutrophils: 60—
70% of leukocytes; phagocytosing cells of nonspecific immunity;
decay in the process (forming pus). (2) Eosinophils: 2-3 % of leuko-
cytes; cells of nonspecific immunity that phagocytose antigen-an-
tibody complexes; limit allergic reactions. (3) Basophils: 0.5-1% of
leukocytes; elicit allergic reactions by histamine release; inhibit
blood clotting by heparin.

e Lymphocytes: 20-30% of leukocytes; cells of specific immunity;
they have a large nucleus and a cytoplasm rich in cell organelles.
They are generated in the bone marrow, mature in the bone mar-
row (B lymphocytes) and thymus (T lymphocytes), and proliferate
in the secondary lymphoid organs.

e Monocytes: 4-5% of leukocytes; the largest leukocytes; they leave
the blood after 20-30 hours and outside the blood are transformed
into macrophages. They are cells of nonspecific immunity
(phagocytosis and digestion) but take part in specific immunity
(antigen presentation).

Thrombocytes

Thrombocytes number 150000-350000 per microliter of blood.
Function: hemostasis and triggering clotting of the blood. They are
formed in the bone marrow by cytoplasmic extrusions from giant
cells, and released into the blood as nonnucleated disks. Their lifespan
is 5-10 days and they are broken down in the spleen.
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Blood Groups

The heritable blood group antigens are glycolipids and glycoproteins
in the cell wall of the erythrocytes that induce the formation of anti-
bodies in foreign organisms:

e The ABO system with four blood groups: (1) blood group A (ery-
throcytes with antigen A), 44 % of the population; (2) blood group B
(erythrocytes with antigen B), 10% of the population; (3) blood
group AB (erythrocytes with antigens A and B), 4% of the popula-
tion; (4) blood group O (erythrocytes without antigens A or B), 42 %
of the population.

e The Rh blood group system (antigens = Rh factors C, D, E, mostly D):
persons with the Rh factor are Rh-positive (Rh+, 85 % of the popula-
tion); persons without the Rh factor are Rh-negative (Rh-, 15% of
the population).

From the first months of life, the plasma of each person contains the
antibody against the missing antigen of the ABO system (in this case
no contact with the foreign antigen is necessary): (1) for blood group
A, anti-B; (2) for blood group B, anti-A; (3) for blood group AB, none;
(4) for blood group O, anti-A and anti-B.

Antibodies against Rh antigens are formed only after contact with
the antigen.

Blood Transfusions
During a blood transfusion, if blood incompatible with the recipient is
given, the reaction of the ABO antigens with their corresponding anti-
bodies leads to erythrocyte agglutination. To prevent mismatched
transfusions, the following measures are taken before every transfu-
sion:

e Test for ABO blood groups: serological compatibility testing (blood
typing)

o Test for other antigens and antibodies (e. g., Rh factor): direct and
indirect Coombs’ test.

The Plasma

Plasma = blood without cells: 90% water, 10% dissolved substances
(70% plasma proteins, 20% low-molecular-weight substances, 10%
electrolytes).
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Hematocrit = percent blood cells to volume of whole blood.
Serum = plasma without fibrinogen.

e Plasma proteins:

1. Albumins (35-40g/l plasma): maintain the colloid osmotic
pressure; transport calcium ions, fatty acids, bilirubin, bile
acids, a few hormones and vitamins.

2. o4-, ay-, and p-Globulins: transport lipids (lipoproteins),
hemoglobin, iron, vitamin B;,, adrenocortical hormones; con-
stituent of fibrinogen and prothrombin. The lipoproteins are
classified by decreasing size and increasing density. The pro-
portion of fat declines with increasing density: very-low-den-
sity lipoproteins (VLDL, proportion of fat 90%), low-density
lipoproteins (LDL), high-density lipoproteins (HDL, proportion
of fat 50%). LDL transport lipids (especially cholesterol) from
the liver to the tissues (risk of arteriosclerosis); HDL returns
excess cholesterol to the liver. Hence high HDL combined with
low LDL reduces the risk of arteriosclerosis.

3. y-Globulins (immunoglobulins, Ig): the antibodies of specific
immunity produced by the B lymphocytes (plasma cells:
mainly IgA (immune reaction of the mucous membranes, e. g.,
intestines); IgG (75% of all immunoglobulins, can cross the
placental barrier); IgM (early antibodies); also IgD and IgE.

e Low-molecular-weight plasma constituents: nutrients, vitamins,
trace elements, metabolic products, hormones, enzymes.

e Plasma electrolytes: extracellular (i.e., in the plasma) preponder-
ance of sodium, calcium, and chloride ions; intracellular pre-
ponderance of potassium, magnesium, and phosphate ions. NaCl is
the most important for osmotic regulation.

Blood Gas Transport in the Blood

e Oxygen is transported in the erythrocytes bound to hemoglobin
(Hb). In the lung, four oxygen molecules are donated to the
bivalent iron atoms of the four heme groups (oxygenation), trans-
ported by the blood to the tissues, and released there (deoxygena-
tion). The Hb concentration is about 15 g/dl, so that about 200 ml
0,/1 can be transported (without Hb, only 3 ml/l).

e 90% of carbon dioxide is transported in the plasma as soluble bicar-
bonate (generated from carbon dioxide with the aid of carbonic
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anhydrase in the erythrocytes), 10% as carbaminohemoglobin
bound to hemoglobin and exhaled as carbon dioxide. These
processes are linked to the oxygenation and deoxygenation of
hemoglobin (buffer function of hemoglobin!).

Carbon monoxide has a higher affinity than oxygen for hemoglo-
bin; 65% HbCO is life-threatening.

The Anemias

Erythrocyte or hemoglobin deficiency in the blood. Consequence: re-
duced availability of oxygen in the tissues (symptoms of pale skin and
mucous membranes, easy fatigability).

e Hypochromic anemia: iron deficiency anemia, from chronic, mostly
internal bleeding.

e Hyperchromic anemia: deficiencies in vitamin B;, (pernicious ane-
mia), folic acid, or erythropoietin (a hormone generated in the kid-
ney that regulates erythrocyte formation). Consequence: forma-
tion of fewer, much larger erythrocytes with increased hemoglobin
content (macrocytes).

e Aplastic anemia: due to bone marrow aplasia (e. g., after treatment
with cytostatics).

e Hemolytic anemia: due to increased erythrocyte destruction (e. g.,
transfusion reactions, Rh incompatibility)

Hemostasis and Coagulation of the Blood

1. Arrest of bleeding (hemostasis): begins immediately after injury.
The sequence in order is: vasoconstriction—platelet deposition on
the injured vascular walls (platelet plug)—agglutination of throm-
bocytes and release of the enzyme thrombokinase (= initiation of
blood clotting).

2. Coagulation: in the presence of calcium ions, thrombokinase trans-
forms prothrombin presentinthe plasmainto the enzyme thrombin.
By the action of thrombin, the fibrous substance fibrin is generated
from fibrinogen in a sequence of several reactions in which, apart
from fibrinogen, 12 other coagulation factors take part. Together
with blood cells deposited at the site, fibrin forms the thrombus,
which solidifies after coagulation is complete (retraction).

3. Dissolution of the thrombus in the course of wound healing: cata-
lyzed by the enzyme plasmin, which is formed from plasminogen
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dissolved in the plasma under the influence of activators in the
blood and tissues.

A number of mechanisms and combinations provide a constant
balance between activation and inhibition of coagulation of the
blood (e.g., substances such as antithrombin and heparin in the
plasma).

B The Immune System

Divided into specific and nonspecific immunity. Nonspecific immu-
nity is inborn; specific immunity is always directed against a definite
pathogen and is acquired, i.e., learned. Both systems include cells
(cellular immunity) and soluble factors (humoral immunity).

The Nonspecific Immune System

e Cellular immunity: this first immune process includes inflam-
matory phagocytosing cells (neutrophil granulocytes, mono-
cytes, and macrophages) and Kkiller cells specialized against
viruses. In addition, macrophages present antigen proteins (an-
tigen fragment + MHC protein: antigen presentation) to the T
lymphocytes of the specific immune system, initiating specific
immunity.

e Humoral immunity: this includes cytokines (generated by mono-
cytes, macrophages), the complement system (enzyme cascade of
ca. 20 plasma proteins, eliminating or perforating the walls of bac-
teria and antigen-antibody complexes) and lysosomes (break
down bacterial cell walls enzymatically).

The Specific Imnmune System

e Cellular immunity: includes the T and B lymphocytes.

1. T-helper cells—stimulate the immune system; bond first to the
antigen-presenting macrophages, then to the antigen pre-
senting B lymphocytes and stimulate their transformation into
antibody-producing plasma cells by interleukins.

2. T-suppressor cells—inhibit the immune system by terminating
the immune reaction. (The balance between T-helper and T-
suppressor cells is upset in AIDS.)

3. T-killer cells (cytotoxic cells)—work similarly to natural killer
cells, but each is directed against a particular virus.
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4. B-lymphocytes—early antibodies (IgM) on B lymphocytes; bond
to a specific antigen after ingesting it. Antigen fragment + MHC
protein = antigen presentation.

5. Memory cells—B lymphocytes, T-helper cells and T-killer cells
stimulated by antigens and so responsible for acquired immu-
nity. With repeated contact with the antigen, the generation of
antibodies is speeded up.

e Humoral immunity: This consists of antibodies IgA, IgD, IgE, IgG,
and IgM produced by plasma cells derived from B lymphocytes.
The antibodies inactivate the antigens by forming antigen-anti-
body complexes, which are then eliminated by nonspecific mecha-
nisms (complement system, eosinophil granulocytes).

B The Lymphoid Organs

These are divided into primary lymphoid organs, in which generation,
development, and maturation of immune cells takes place (thymus,
bone marrow), and secondary lymphoid organs, to which immune
cells migrate and in which in the course of an immune reaction lym-
phocytes proliferate and antibodies are formed (spleen, lymph nodes,
lymphid tissues of the mucous membranes); 98 % of lymphocytes are
found there. The lymphocytes recirculate between secondary lym-
phoid organs and the blood (lymphoid organ—blood—lymph vessels—
thorac