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Important Note: Medicine is an ever-changing
science undergoing continual development.
Research and clinical experience are continu-
ally expanding our knowledge, in particular
our knowledge of proper treatment and drug
therapy. Insofar as this book mentions any
dosage or application, readers may rest as-
sured that the authors, editors, and publishers
have made every effort to ensure that such ref-
erences are in accordance with the state of
knowledge at the time of production of the book.

Nevertheless, this does not involve, imply, or
express any guarantee or responsibility on the
part of the publishers in respect of any dosage
instructions and forms of applications stated
inthe book. Every user is requested to examine
carefully the manufacturers’ leaflets accompa-
nying each drug and to check, if necessary in
consultation with a physician or specialist,
whether the dosage schedules mentioned
therein or the contraindications stated by the
manufacturers differ from the statements
made in the present book. Such examination is
particularly important with drugs that are ei-
ther rarely used or have been newly released
on the market. Every dosage schedule or every
form of application used is entirely at the
user’sownrisk and responsibility. The authors
and publishers request every user to report to
the publishers any discrepancies or inaccura-
cies noticed.

Some of the product names, patents, and regis-
tered designs referred to in this book are in fact
registered trademarks or proprietary names
even though specific reference to this fact is
not always made in the text. Therefore, the ap-
pearance of a name without designation as
proprietary is not to be construed as a repre-
sentation by the publisher that it is in the pub-
lic domain.

This book, including all parts thereof, is leg-
ally protected by copyright. Any use, exploita-
tion or commercialization outside the narrow
limits set by copyright legislation, without the
publisher’s consent, is illegal and liable to pro-
secution. This applies in particular to photo-
stat reproduction, copying, mimeographing or
duplication of any kind, translating, prep-
aration of microfilms, and electronic data pro-
cessing and storage.
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Preface

Pathophysiology describes the mechanisms
which lead from the primary cause via indi-
vidual malfunctions to a clinical picture and
its possible complications. Knowledge of these
mechanisms serves patients when the task is
to develop a suitable therapy, alleviate symp-
toms, and avert imminent resultant damage
caused by the disease.

Our aim in writing this Atlas of Pathophys-
iology was to address students of medicine,
both prior to and during their clinical training,
and also qualified doctors as well as their co-
workers in the caring and therapeutic profes-
sions and to provide them with a clear over-
view in words and pictures of the core knowl-
edge of modern pathophysiology and aspects
of pathobiochemistry. Readers must them-
selves be the judge of the extent to which we
have achieved this; we would be happy to re-
ceive any critical comments and ideas.

The book begins with the fundamentals of
the cell mechanism and abnormalities thereof
as well as cell division, cell death, tumor
growth, and aging. It then covers a wide range
of topics, from abnormalities of the heat and
energy balance, via the pathomechanisms of
diseases of the blood, lungs, kidneys, gastroin-
testinal tract, heart and circulation, and of the
metabolism, including endocrinal abnormal-
ities, diseases of the musculature, the senses,
and the peripheral and central nervous sys-
tem. Following a short review of the funda-
mentals of physiology, the causes, course,
symptoms, and arising complications of dis-
ease processes are described along with, if
necessary, the possibilities of therapeutic in-
tervention. The selective further reading list
will assist the interested reader wishing to
gain more indepth knowledge, and a detailed
subject index, which is also a list of abbrevia-
tions, aims to assist rapid findings of topics
and terminology.

This Atlas would have been inconceivable
without the great commitment and outstand-
ing expertise and professionalism of the
graphic designers, Ms. Astried Rothenburger
and Mr. Riidiger Gay. We would like to extend
our warmest gratitude to them for their re-

newed productive co-operation. Our thanks
also go to our publishers, in particular Dr. Liane
Platt-Rohloff, Dr. Clifford Bergman, and Mr.
Gert Kriiger for their friendly guidance, and
Ms. Marianne Mauch for her exceptional skill
and enthusiasm in editing the German edition
of the Atlas. Ms. Annette Ziegler did a wonder-
ful job with the setting, Ms. Koppenhofer and
Ms. Loch sorted and compiled the subject in-
dex with great care. Throughout all the years
it took for this book to come into being, Dr.
Heidi Silbernagl constantly stood by us and of-
fered us her loyal and critical opinion of our
pictures and manuscripts.

Several colleagues were likewise very help-
ful. First and foremost we would like to thank
Prof. Niels Birbaumer for his valuable advice
concerning the chapter ‘Nervous System, Mus-
culature’, but we also thank Prof. Michael
Gekle, Dr. Erich Gulbins, Dr. Albrecht Lepple-
Wienhues, Dr. Carsten Wagner, and Dr. Sieg-
fried Waldegger. Finally, we are grateful to
Prof. Eva-Bettina Brocker, Prof. Andreas
Warnke, and Prof. Klaus Wilms for being so
kind as to allow us to reproduce their photo-
graphs here.

We hope that readers will find in this Atlas
what they are looking for, that what we have
attempted to say in words and pictures is un-
derstandable, and that they enjoy using this
book throughout their studies and their work-
ing life.

Wiirzburg and Tiibingen, Germany
January 2000

Stefan Silbernagl and Florian Lang

silbernagl@mail.uni-wuerzburg.de
florian.lang@uni-tuebingen.de
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1

Fundamentals

Cell Growth and Cell Adaptation

It is more than a hundred years ago that Rudolf
Virchow first conceived of his idea of cellular
pathology, i.e., that disease is a disorder of the
physiological life of the cell. The cell is the
smallest unit of the living organism (Wilhelm
Roux), i.e., the cell (and not any smaller entity)
is in a position to fulfill the basic functions of
the organism, namely metabolism, movement,
reproduction and inheritance. The three latter
processes are made possible only through cell
division, although cells that can no longer di-
vide can be metabolically active and are in
part mobile.

With the exception of the germ cells, whose
chromosome set is halved during meiotic divi-
sion (meiosis), most cells divide after the chro-
mosome set has first been replicated, i.e., after
mitosis (so-called indirect division of the nu-
cleus) followed by division of the cell (cytokine-
sis). In this process every cell capable of mito-
sis undergoes a cell or generation cycle (—A)
in which one mitosis (lasting ca. 0.5-2 h) is al-
ways separated from the next one by an inter-
phase (lasting 6-36 h, depending on the fre-
quency of division). Most importantly, the cell
cycleis governed by certain cycle phase-specif-
ic proteins, the cyclines. They form a complex
with a protein kinase, called cdc2 or p34¢d,
which is expressed during all phases. When
cytokinesis is completed (=end of telophase;
—A), cells that continually divide (so-called
labile cells; see below) enter the G, phase (gap
phase 1), during which they grow to full size,
redifferentiate and fulfill their tissue-specific
tasks (high ribonucleic acid [RNA] synthesis,
then high protein synthesis). This is followed
by the S phase, which lasts about eight hours.
During this phase the chromosome set is dou-
bled (high DNA synthesis). After the subse-
quent G, phase, which lasts about one to two
hours (high protein and RNA synthesis; energy
storage for subsequent mitosis; centriole divi-
sion with formation of the spindle), the next
mitosis begins. The prophase (dedifferentia-
tion of the cell, e.g., loss of microvilli and Golgi
apparatus; chromosomal spiraling) is followed
by the metaphase (nuclear envelope disap-
pears, chromosomes are in the equatorial
plane). Then comes the anaphase (chromo-

S. Silbernagl and F. Lang

some division and migration to the poles) fol-
lowed by the telophase (formation of nuclear
envelope). Cytokinesis begins in the late stage
of the anaphase with development of the cleav-
age furrow in the cell membrane. After this a
new G, phase begins.

Cells with a short life-span, so-called labile
cells, continually go through this cell cycle,
thus replacing destroyed cells and keeping the
total number of cells constant. Tissues with la-
bile cells include surface epithelia such as
those of the skin, oral mucosa, vagina and cer-
vix, epithelium of the salivary glands, gastroin-
testinal tract, biliary tract, uterus and lower
urinary tract as well as the cells in bone mar-
row. The new cells in most of these tissues
originate from division of poorly differentiated
stem cells (— p. 28 ff.). One daughter cell (stem
cell) usually remains undifferentiated, while
the other becomes differentiated into a cell
which is no longer capable of dividing, for ex-
ample, an erythrocyte or granulocyte (—A).
Spermatogenesis, for example, is also charac-
terized by such differentiated cell division.

The cells of some organs and tissues do not
normally proliferate (see below). Such stable
or resting cells enter a resting phase, the G,
phase, after mitosis. Examples of such cells
are the parenchymal cells of the liver, kidneys,
and pancreas as well as connective tissue and
mesenchymal cells (fibroblasts, endothelial
cells, chondrocytes and osteocytes, and
smooth muscle cells). Special stimuli, trig-
gered by functional demand or the loss of tis-
sue (e.g., unilateral nephrectomy or tubular
necrosis; removal or death of portions of the
liver) or tissue trauma (e.g., injury to the
skin), must occur before these cells re-enter
the G, phase (— A,B). Normally less than 1%
of liver cells divide; the number rises to more
than 10% after partial hepatectomy.

The conversion from the G, phase to the G,
phase and, more generally, the trigger for cell
proliferation requires the binding of growth
factors (GFs) and growth-promoting hor-
mones (e.g. insulin) to specific receptors that
are usually located at the cell surface. How-
ever, in the case of steroid receptors these are
in the cytoplasm or in the cell nucleus (— C).
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1 Fundamentals

The GF receptors are activated (usually tyro-
sine kinase activity; — p.7f., A10), which re-
sults in phosphorylation of a number of pro-
teins. Lastly, the signaling cascade reaches the
nucleus, DNA synthesis is stimulated and the
cell divides (— p.14).

In addition to tissue-specific growth factors
(e.g., hepatic growth factor [HGF] in the liver),
there are those with a wider spectrum of ac-
tion, namely epidermal growth factor (EGF),
transforming growth factor (TGF-a), platelet-
derived growth factor (PDGF), fibroblast
growth factor (FGF) as well as certain cyto-
kines such as interleukin 1 and tumor necrosis
factor (TNF). Growth inhibition (— p.14) oc-
curs, for example, in an epithelium in which a
gap has been closed by cell division, when
neighboring cells come into contact with one
another (contact inhibition). Even compensa-
tory growth in the liver stops (— B) when the
original organ mass has been regained. TGF-f
and interferon-f are among the signals re-
sponsible for this growth regulation.

The regeneration of labile and stable cells
does not necessarily mean that the original tis-
sue structure is reconstituted. For this to hap-
pen the extracellular matrix must be intact, as
it serves as the guiding system for the shape,
growth, migration, and differentiation of the
cell (= C). The extracellular matrix consists of
fibrous structural proteins (collagen I, 1I-V;
elastin) and an intercellular matrix of glyco-
proteins (e.g., fibronectin and laminin) that
are embedded in a gel of proteoglycans and
glucosaminoglycans. The extracellular matrix
borders on epithelial, endothelial, and smooth
muscle cells in the form of basal lamina (— E).
Integrins are proteins of the cell membrane
that connect the extracellular matrix with the
intracellular cytoskeleton and transmit signals
for the growth, migration, and differentiation
of the cell to the cell interior (— C). If, as hap-
pens in severe tissue damage, the matrix is ex-
tensively destroyed (e.g., in a deep gastric ul-
cer [— p.144ff.] or large skin wound), the orig-
inal tissue is replaced by scar tissue. In this
case otherwise resting cells of the connective
tissue and mesenchyme also proliferate (see
above).

When so-called permanent cells have died
they cannot be replaced, because they are un-
able to divide. Such cells include, among oth-

ers, nerve cells in adults. The capability of re-
generation of an adult’s cardiac and skeletal
muscle cells is also very limited (- e.g., myo-
cardial infarction; p. 220).

Adaptation to changed physiological or un-
physiological demands can be achieved
through an increase or decrease in the number
of cells (hyperplasia or aplasia; — D, E). This
can be triggered by hormones (e.g., develop-
ment of secondary sex characteristics and
growth of mammary epithelium during preg-
nancy) or can serve the process of compensa-
tion, as in wound healing or after reduction of
liver parenchyma (— B). Cell size may either
increase (hypertrophy), or decrease (atrophy)
(—E). This adaptation, too, can be triggered
hormonally, or by an increase or decrease in
demand. While the uterus grows during preg-
nancy by both hyperplasia and hypertrophy,
skeletal and cardiac muscles can increase their
strength only by hypertrophy. Thus, skeletal
muscles hypertrophy through training (body-
building) or atrophy from disuse (e.g., leg mus-
cle in a plaster cast after fracture or due to loss
of innervation). Cardiac hypertrophy develops
normally in athletes requiring a high cardiac
output (cycling, cross-country skiing), or ab-
normally, for example, in hypertensives
(—p.208ff.). Atrophied cells are not dead;
they can be reactivated—with the exception of
permanent cells (brain atrophy). However,
similar signal pathways lead to atrophy and
to “programmed cell death” or apoptosis
(—p.12), so that an increased number of cells
may die in an atrophic tissue (— D).

Metaplasia is a reversible transformation of
one mature cell type into another (— E). This,
too, is usually an adaptive course of events.
The transitional epithelium of the urinary
bladder, for example, undergoes metaplasia to
squamous epithelium on being traumatized by
kidney stones, and so does esophageal epi-
thelium in reflux esophagitis (— p.136ff.), or
ciliated epithelium of the respiratory tract in
heavy smokers. The replacement epithelium
may better withstand unphysiological de-
mands, but the stimuli that sustain lasting
metaplasia can also promote the development
of tumor cells (— p.14).
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1 Fundamentals

Abnormalities of Intracellular Signal Transmission

As arule, hormones do not influence cell func-
tions directly, but via secondary intracellular
signals. This signal transmission is disrupted
in some diseases and can be influenced by cer-
tain drugs and toxins.

Some hormones bind to receptors of the
cell membrane (—A1-3). Usually through
mediation of guanine nucleotide-binding pro-
teins (G proteins), the hormone-receptor in-
teraction causes the release of an intracellular
second messenger which transmits the hor-
monal signal within the cell. A given hormone
can cause different intracellular second mes-
sengers to be formed, depending on the target
cell and receptor. Abnormalities can occur if,
for example, the number of receptors is reduced
(e.g., down-regulation in persistently high hor-
mone concentrations), the receptor’s affinity
for the hormone is reduced, or coupling to the
intracellular signaling cascade is impaired
(— A; receptor defects).

The so-called large, heterotrimeric G pro-
teins consist of three subunits, namely o, B,
and y. When the hormone binds to the recep-
tor, guanosine 5’-triphosphate (GTP) is bound
to the o subunit in exchange for guanosine 5’-
diphosphate (GDP), and the o subunit is then
released from the B subunit. The o subunit
that has been activated in this way is then in-
activated by dephosphorylation of GTP to GDP
(intrinsic GTPase) and can thus be re-associ-
ated with the B-y subunits.

Numerous peptide hormones use cyclic
adenosine monophosphate (cAMP) as second
messenger in such a way that, mediated by a
stimulating G protein (G,), adenylyl cyclase
(AC) is activated and thus more cAMP is
formed (— A1). cCAMP activates protein kinase
A (PKA), which phosphorylates, among others,
enzymes and transport molecules. CAMP can
also be involved in gene expression via PKA
and phosphorylation of a cAMP-responsive
element-binding protein (CREB). cAMP is con-
verted to noncyclic AMP by intracellular phos-
phodiesterases and the signal thus turned off.
The following hormones act via an increase in
intracellular cAMP concentration: corticotro-
pin (ACTH), lutotropin (luteinizing hormone
[LH]), thyrotropin (TSH), prolactin, somatotro-
pin, some of the liberines (releasing hormones

[RH]) and statins (release-inhibiting hormones
[RIH]), glucagon, parathyroid hormone (PTH),
calcitonin, adiuretin ([ADH] V, receptors), gas-
trin, secretin, vasoactive intestinal peptide
(VIP), oxytocin, adenosine (A, receptor), sero-
tonin (S, receptor), dopamine (D, receptor),
histamine (H, receptor), and to some extent
the prostaglandins.

Some peptide hormones and neurotrans-
mitters, for example, somatostatin, adenosine
(A, receptor), dopamine (D, receptor), seroto-
nin (S,,), angiotensin II, and acetylcholine (M,
receptor), act by inhibiting AC and thus re-
ducing the intracellular cAMP concentration,
via an inhibiting G protein (G;) (—A2). Some
hormones can, by binding to different recep-
tors, either increase the cAMP concentration
(epinephrine: B-receptor; dopamine: D, recep-
tor), or reduce it (epinephrine: a,-receptor;
dopamine: D, receptor).

The cAMP signaling cascade can be influ-
enced by toxins and drugs, namely cholera tox-
in from Vibrio cholerae, the causative organ-
ism of cholera, and other toxins prevent the
deactivation of the o, subunit. The result is
the uncontrolled activation of AC and subse-
quently of cAMP-dependent Cl~ channels, so
that unrestrained secretion of sodium chloride
into the gut lumen causes massive diarrhea
(—p.150). Pertussis toxin from Hemophilus
pertussis, the bacillus that causes whooping-
cough (pertussis), blocks the G; protein and
thus raises, among others, the cCAMP concen-
tration (disinhibition of AC). Forskolin directly
stimulates AC, while xanthine derivatives, for
example, theophylline, inhibit phosphodies-
terase and thus the breakdown of cAMP, which
also leads to an increase in cCAMP concentra-
tion (— A4). The xanthine derivatives are used
therapeutically, among other drugs, to cause
the bronchial musculature to dilate in asthma
by raising the cAMP concentration.

In addition to cAMP, cyclic guanosine
monophosphate (cGMP) serves as an intracel-
lular messenger (— A5). cGMP is formed by
guanylyl cyclase. cGMP achieves its effect pri-
marily via activation of a protein kinase G
(PKG). Atrial natriuretic factor (ANF) and nitric
oxide (NO), among others, also act via cGMP.

Other intracellular transmitters are 1,4,5-
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inositol trisphosphate (IP), 1,3,4,5-inositol tet-
rakisphosphate (IP,), and diacylglycerol (DAG).
A membrane-bound phospholipase C (PLC)
splits phosphatidylinositol diphosphate (PIP,)
into IP; and DAG after being activated by a so-
called G, protein. This reaction is triggered by,
among others, epinephrine (o), acetylcholine
(M, receptor), histamine (H, receptor), ADH
(V, receptor), pancreozymin (CCK), angioten-
sin II, thyrotropin-releasing hormone (TRH),
substance P, and serotonin (S, receptor). IP; re-
leases Ca?* from intracellular stores. Emptying
of the stores opens Ca?* channels of the cell
membrane (— A6). Ca* can also enter the cell
through ligand-gated Ca?* channels. Ca?*, in
part bound to calmodulin and through subse-
quent activation of a calmodulin-dependent
kinase (CaM kinase), influences numerous cel-
lular functions, such as epithelial transport, re-
lease of hormones, and cell proliferation. DAG
stimulates protein kinase C (PKC), which is
also activated by Ca?*. PKC in turn regulates
other kinases, transcription factors (see below)
and the cytoskeleton. PKC also activates the
Na*/H* exchanger leading to cytosolic alkali-
zation and an increase in cell volume. Numer-
ous cell functions are influenced in this way,
among them metabolism, K* channel activ-
ities, and cell division.

The formation of inositol from inositol
monophosphate is inhibited by the antide-
pressant lithium (Li) (— A7). PKC is activated
by phorbol esters (— A8).

Arachidonic acid, a polyunsaturated fatty
acid, can be split from membrane lipids, in-
cluding DAG, by phospholipase A (— A9). Ara-
chidonic acid itself has some cellular effects
(e.g., on ion channels), but through the action
of cyclo-oxygenase can also be converted to
prostaglandins and thromboxan, which exert
their effect partly by activating adenylyl cy-
clase and guanylyl cyclase. Arachidonic acid
can also be converted to leukotrienes by lipoxy-
genase. Prostaglandins and leukotrienes are
especially important during inflammation
(— p.48ff.) and not only serve as intracellular
messengers, but also as extracellular media-
tors (—p.296). Lipoxygenase inhibitors and
cyclo-oxygenase inhibitors, frequently used
therapeutically (e.g., as inhibitors of inflam-
mation and platelet aggregation), inhibit the
formation of leukotrienes and prostaglandins.

Insulin and numerous growth factors acti-
vate tyrosine kinases (— A10), which transmit
cellular effects via other kinases, enzymes, and
transport proteins. The tyrosine kinases can
themselves be part of the receptor, or can at-
tach themselves to the receptor on activation.
Kinases frequently act by phosphorylating
other kinases and thereby trigger a kinase cas-
cade. Thus, the mitogen-activated protein
kinase (MAP kinase) is activated by another
kinase (MAP kinase kinase). This “snowball
effect” results in an avalanche-like increase of
the cellular signal. The p-38 kinase and the Jun
kinase that regulate gene expression via tran-
scription factors are also activated via such
cascades.

Other signaling molecules, such as the small
G proteins (p,,Ras) or transcription factors (e.g.,
c-Jun, c-Fos, c-Myc, NF,B, AP-1), are important
for signal transduction of growth factors
(- p.14) and in apoptosis (— p.12).

Mutations of the (proto-onco)genes of re-
ceptors for growth factors, of tyrosine kinases,
of Ras, Jun, or Myc to oncogenes can promote
autonomous cell proliferation, i.e., the devel-
opment of tumor cells (— p.14).

Some mediators (e.g., the tumor necrosis
factor [TNF] and CD95 [Fas/Apo1] ligand) acti-
vate acid sphingomyelinase, which forms cer-
amide from sphingomyelin (— A11). Ceramide
triggers a series of cellular effects, such as acti-
vation of small G proteins (e.g., Ras), of kinases,
phosphatases, and caspases, i.e. proteases
which cleave proteins at cystein-aspartate
sites. The effects of ceramide are especially im-
portant in signal transduction of apoptotic cell
death (—p.12).

Steroid hormones (e.g., aldosterone) do not
usually act via receptors on the cell membrane,
but rather pass easily through the cell mem-
brane due to their solubility in lipids, and
then bind to intracellular (cytosolic or nuclear)
receptor proteins (— A12). The hormone-re-
ceptor complex attaches itself to the DNA of
the cell nucleus and in this way regulates pro-
tein synthesis.
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Necrotic Cell Death

The survival of the cell is dependent on the
maintenance of cell volume and the intracellu-
lar milieu (— A). As the cell membrane is high-
ly permeable to water and water follows the
osmotic gradient (— A1), the cell depends on
osmotic equilibrium to maintain its volume.
In order to counterbalance the high intracellu-
lar concentration of proteins, amino acids, and
other organic substrates, the cell lowers the
cytosolic ionic concentration. This is done by
Na*/K*-ATPase, which pumps Na* out of the
cell in exchange for K* (— A2). Normally the
cell membrane is only slightly permeable for
Na* (— A3), but highly permeable for K*, so
that K* diffuses out again (— A4). This K*-ef-
flux creates an inside negative potential
(= A5) which drives CI~ out of the cell (—
A®6). In this ionic shift, which uses up adeno-
sine 5’-triphosphate (ATP), reduction of the cy-
tosolic concentration of Na* and Cl~ (adding
up to ca. 230 mosm/L) is much greater than
the rise in cytosolic K* concentration (ca.
140 mosm/L).

Reduction in intracellular Na* concentra-
tion by Na*/K*-ATPase is necessary not only to
avoid cell swelling, but also because the steep
electrochemical gradient for Na* is utilized for
a series of transport processes. The Na*/H* ex-
changer (— A9) eliminates one H* for one Na*,
while the 3 Na*/Ca?* exchanger (— A8) elimi-
nates one Ca?* for 3 Na*. Na*-bound transport
processes also allow the (secondarily) active
uptake of amino acids, glucose, etc. into the
cell (— A7). Lastly, depolarization achieved by
opening the Na* channels (— A10) serves to
regulate the function of excitable cells, e.g. the
signal processing and transmission in the ner-
vous system and the triggering of muscle con-
tractions.

As the activity of Na*-transporting carriers
and channels continuously brings Na* into the
cell, survival of the cell requires the continu-
ous activity of Na*/K*-ATPase. This intracellu-
lar Na* homeostasis may be disrupted if the
activity of Na*/K*-ATPase is impaired by ATP
deficiency (ischemia, hypoxia, hypoglycemia).
The intracellular K* decreases as a result, ex-
tracellular K* rises, and the cell membrane is
depolarized. As a consequence, Cl~ enters the
cell and the cell swells up (— B). These events

also occur when the energy supply is compro-
mised, or when Na* entry exceeds the maxi-
mal transport capacity of the Na*/K*-ATPase.
Numerous endogenous substances (e.g., the
neurotransmitter glutamate) and exogenous
poisons (e.g., oxidants) increase the entry of
Na* and/or Ca?* via the activation of the re-
spective channels (— B).

The increase in intracellular Na* concentra-
tion not only leads to cell swelling, but also, via
impairment of the 3Na*/Ca?* exchanger, to an
increase in cytosolic Ca?* concentration. Ca’*
produces a series of cellular effects (— p. 6ff.);
among others it penetrates into the mitochon-
dria and, via inhibition of mitochondrial res-
piration, leads to ATP deficiency (— B).

If there is a lack of O,, energy metabolism
switches to anaerobic glycolysis. The forma-
tion of lactic acid, which dissociates into lac-
tate and H*, causes cytosolic acidosis that in-
terferes with the functions of the intracellular
enzymes, thus resulting in the inhibition of the
glycolysis so that this last source of ATP dries
up (—B).

If an energy deficiency arises, the cell is
more likely to be exposed to oxidative damage,
because the cellular protective mechanisms
against oxidants (O, radicals) are ATP-depen-
dent (—B). There is then a risk of the cell
membrane being destroyed (lipid peroxida-
tion) and intracellular macromolecules being
released in the intracellular space. As the im-
mune system is not normally exposed to intra-
cellular macromolecules, there is no immune
tolerance to them. The immune system is acti-
vated and inflammation occurs, resulting in
further cell damage.

The time-span before necrotic cell death oc-
curs due to interruption of energy supply de-
pends on the extent of Na* entry, thus, for ex-
ample, on the activity of excitable cells or the
transport rate of epithelial cells. As the volt-
age-gated Na* channels of excitable cells are
activated by depolarization of the cell mem-
brane, depolarization can accelerate cell death.

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— A. Homeostasis of Volume and Electrolytes in the Cell

H,O Na*
Y
l Na'/K*-ATPase

=

Na
K+

Amino acids, = 4
glucose, etc. K' ——t—>
@ @ 5 In nerve and
= muscle cells:
Cl _’ Na* channels

Na*

1Ca% H*
Metabolism | i | i
3Na"
Amino amds,
glucose, etc. K*

K ——
=D
ety >

— B. Necrosis

Endogenous substances
(e.g. glutamate)

Poisoning
(e.g. oxidants)

Hypoglycemia Hypoxia, ischemia
\ :
O

Phospho-
Glucose O, deficiency lipase A, 1

:
i
I
1
£
deficiency ‘l' \ i
Lactate 1 :
i
H' v

Mitochondrial * et Ca2+ f

respiration

Cell activity
(excitation,
transport)

Anaerobic glycolysis

i LC_L Na't @,

Oxidants 4 =====~ > H,0 Depolarization

Macromolecules ‘1’ @ @
Crf «——

Membrane destruction —>
Cell swelling
Inflammation

Cell death

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 1.5 Necrosis

n



1 Fundamentals

12

Apoptotic Cell Death

Every day hundreds of billions of cells in our
body are eliminated and replaced by division
of existing cells (— p.2ff.). Apoptosis, as op-
posed to necrosis (— p.10), is a programmed
cell death and, like cell division (— p. 2ff., 14),
is a finely regulated physiological mechanism.
It serves to adapt the tissue to changing de-
mands, to eliminate superfluous cells during
embryonic development and to remove harmful
cells such as tumor cells, virus-infected cells, or
immune-competent cells that react against
the body’s own antigens.

Apoptosis is mediated by a signaling cas-
cade (— A): protein-cleaving caspases activate
sphingomyelinase that releases ceramide from
sphingomyelin. One of the consequences is ac-
tivation of the small G proteins Ras and Rac,
superoxide formation and destruction of the
mitochondria together with liberation of cyto-
chrome c. By activating tyrosine kinases, cer-
amide inhibits K* channels, activates Cl~ chan-
nels, and acidifies the cells. MAP kinase cas-
cades and the cytosolic concentration of Ca**
are also important in apoptosis.

Apoptosis can be encouraged by certain
genes (e.g., bax) or inhibited by others (e.g.,
bcl2). Ultimately, activation of an endonuclease
leads to DNA fragmentation, the cell loses
electrolytes and organic osmolytes, proteins
are broken down and the cell finally shrinks
and disintegrates into small particles that are
easily taken up by macrophages. In this way
the cell disappears without intracellular mac-
romolecules being released and, therefore,
without causing inflammation.

Apoptosis is triggered (— A), for example,
by TNF-a, glucocorticoids, activation of the
CD95(Fas/Apo1) receptor or the withdrawal of
growth factors (GFs). DNA damage encourages
apoptosis via a p53-protein. In ischemia, for ex-
ample, the affected cells sometimes express
the CD95 receptor and thus become exposed
to apoptosis. In this way they “anticipate ne-
crotic cell death” and so at least prevent the re-
lease of intracellular macromolecules that
would cause inflammation (- p.10).

Pathologically increased apoptosis (— B)
can occur through the local formation of apo-
ptotically effective mediators, the (inappropri-
ate) expression of their receptors, or the recep-

tor-independent stimulation of signaling cas-
cades. These events can be caused by ischemia,
toxins, massive osmotic cell shrinkage, radia-
tion, or inflammation (infections, autoimmune
disease). This results in the inadequate death
of functionally essential cells, leading to organ
insufficiency (— B). In this way apoptosis will,
for example, bring about transplant rejection,
neuronal degeneration (e.g., Parkinson’s or Alz-
heimer’s disease, amyotrophic lateral sclerosis,
quadriplegia, multiple sclerosis) as well as
toxic, ischemic, and/or inflammatory death of
liver cells (liver failure), of B cells of the pancre-
atic islets (type 1 diabetes mellitus), of eryth-
ropoietic cells (aplastic anemia), or of lympho-
cytes (immunodeficiency, e.g., in HIV infec-
tion).

Pathologically reduced apoptosis leads to
an excess of affected cells (— C). Among the
causes are disorders of endocrine or paracrine
regulation, genetic defects, or viral infections
(e.g., with the Epstein-Barr virus). They pre-
vent physiological apoptosis by means of an
excess of antiapoptotically effective growth
factors, via increased expression, for example,
of Bcl2, or decreased expression of functioning
p53 or CD95 ligand. Absent apoptosis of virus-
infected cells can result in persistent infections.
Cells that escape apoptosis can develop into
tumor cells. Insufficient apoptosis of immuno-
competent cells, directed against the body’s
own cells, is a cause of autoimmune disease. In
addition, an excess of cells can cause functional
abnormalities, for example, persistent proges-
terone formation in the absence of apoptosis
of the corpus luteum cells. Lack of apoptosis
can also result in abnormal embryonic develop-
ment (e.g., syndactyly).
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Development of Tumor Cells

Cell division (mitosis) is normally precisely
adapted, via local release of growth factors, to
meet the specific requirement of cells (- p. 4).
The growth factors (GFs) stimulate receptors in
the cell membranes, which either themselves
show tyrosine kinase activity or stimulate it
(—A1). Through the mediation of adaptor pro-
teins (GRB,), the GDP/GTP exchange factor SOS
binds to certain phosphotyrosine residues and
then activates the small G protein Ras. The lat-
ter, via serine/threonine kinase Raf (—A2),
stimulates a cascade of kinases (mitogen-acti-
vated protein kinase cascade [MAPK cascade]),
and thus leads to the activation of transcrip-
tion factors which induce the expression of
genes essential for cell division. Transcription
factors which are important for cell division
include Fos, Jun, Myc, Myb, Rel, E2F and DP1.
Thyroid hormones bind to nuclear receptors
(ErbA; — A3), the hormone-receptor complex
then similarly promotes gene expression and
cell division.

Mechanisms that promote proliferation are
countered by growth-inhibiting factors that
normally stop excess cell division. They be-
come effective, for example, when the cell con-
tains damaged DNA and cell division would
lead to defective daughter cells being formed.
An example of a growth-inhibiting factor is
retinoblastoma protein (Rb), which binds to
transcription factors E2F and DP1, and thus in-
activates them (— A4). For its part Rb is kept
inactivated by the complex consisting of cyclin
E and the kinase CDK, (= E-CDK,) as well as the
complex of cyclin D and the kinase CDK, (=D-
CDK,). In this way E-CDK, and D-CDK, pro-
mote cell division, but their effect is canceled
by the p21-protein that is expressed under
the influence of transcription factor p53. The
latter therefore inhibits cell division (—A4).

Oncogenes can arise through mutations of
proliferation-relevant genes. Oncoproteins, the
products of oncogenes, are active even without
physiological stimulators and can thus trigger
mitosis independent of physiological growth
factors. Examples of oncoproteins (— A; violet
boxes) are:

- growth factors that are formed by tumor
cells and autocrinely stimulate their own
cell division (e.g., Sis, a fragment of the
PDGF)

- receptors for thyroid hormones (ErbA)

- receptors for growth factors (e.g., ErbB for
EGF and Fms for monocyte-colony-stimu-
lating factor)

- tyrosine kinases (e.g., Abl, Src, Fes)

- small G proteins (Ras)

- serine/threonine kinases (e.g., Raf, Mos)

- transcription factors
(Fos, Jun, Myc, Myb, Rel)

As an example, inactivation of Ras is acceler-

ated by a GTPase-activating protein (GAP)

(— B). Certain mutations of Ras cancel its sen-

sitivity to GAP, and Ras remains active.

However, mutations may also produce de-
fective proliferation-inhibiting proteins. Thus,
a loss of Rb or p53 promotes uncontrolled cell
division (— A5). Furthermore, a defect of p53
inhibits apoptosis (— p.13 A).

Mutations (— A, left) can be triggered by
chemical cancerogens or radiation, whereby
disorders of DNA repair favor the occurrence of
mutations. The cells are especially sensitive to
mutations during mitosis, i.e., proliferating tis-
sues are more frequently subject to mutation
than fully differentiated tissue. This is particu-
larly true for inflammations and tissue lesions,
as they stimulate cell division. Tumor-favoring
mutations can also be inherited. Lastly, viruses
can bring oncogenes into the host cells (— A6,
B1), or can encourage malignant degeneration
by inactivation (Rb, p53) or activation (e.g.
Bcl2) of host-specific proteins.

A single mutation is not sufficient for the
development of a tumor; several mutations
must occur (—C2) before the cell is trans-
formed into a tumor cell. Tumor promoters
(e.g., phorbol esters; — p. 6) promote the repli-
cation of mutated cells and thus the develop-
ment of tumors, without themselves causing
mutations (— C3).
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Effects of Tumors

If uncontrolled cell division occurs (— p.14),
cells undergo increasing dedifferentiation. If
this happens, the changed cells are often rec-
ognized and eliminated by the immune sys-
tem. Tumor cells can escape this development
by, for example, expressing the ligand for the
CD95 receptor (— A1) on their surface and
thus driving the lymphocytes to apoptosis
(=p.12). A compromized immune response
(e.g., HIV infection; — p.58) also helps tumor
cells to survive.

If the tumor cell proliferates, a tumor devel-
ops that may have severe consequences
through its local extension alone. Thus, a brain
tumor can displace neighboring neurons and
may thus cause, for example, epilepsy (— A2
and p. 338). As the bony nature of the cranium
prevents any significant increase in brain vol-
ume, a brain tumor ultimately leads to a life-
threatening increase in intracranial pressure
(— p. 358). Abronchial carcinoma can interrupt
the supply of air to the related alveoli and thus
provoke their collapse (atelectasis; — p.72).

Markedly dedifferentiated tumors gain the
capacity to migrate to other tissues (metasta-
sis; — A3). For this to occur, the tumor cell
must free itself from the bonds to its neigh-
bour cells, intrude into blood vessels, leave
the bloodstream on reaching another organ,
and form new colonies there. Leaving the orig-
inal site of the cell requires the ability to mi-
grate, and the breakdown of tissue boundaries.
The latter is achieved by releasing proteolytic
enzymes, or by suppressing expression or ac-
tion of proteinase inhibitors. Once the tumor
cells have entered a blood vessel they get stuck
in the next capillary. To leave the bloodstream
they must dock onto specific adhesion mole-
cules of the endothelium and break through
the vessel wall.

The increase in size of the tumor or its
metastases requires the appropriate capillari-
zation, so that the tumor is supplied with O,
and substrates. Angiogenesis is stimulated
through the release of mediators and can be
inhibited by angiogenesis inhibitors (e.g. an-
giostatin, endostatin). If the tumor is very
large, the necessary additional blood flow
through the tumor increases the circulatory
load (cardiac output T; — B).

The energy requirement of the tumor cells
is frequently met by anaerobic glycolysis, even
if the O, supply is adequate, although the ener-
gy yield per mol glucose is only 5% of the oxi-
dative glucose breakdown. The result is hypo-
glycemia and acidosis (— B). The hypoglycemia
stimulates the release of glucagon, epineph-
rine, and glucocorticoids that promote the
breakdown of fat and protein. Ultimately, pa-
tients will lose weight (tumor cachexia; — B).
Sometimes tumor cells can activate hemosta-
sis and/or fibrinolysis so that blood clotting or
blood loss may occur. Hemorrhage, the high
iron requirement of tumor cells and tumor ca-
chexia commonly lead to anemia (— p.38).

Tumors often cause abnormalities by a
marked increase of tissue-specific activities, or
by taking on new, non-tissue-specific activ-
ities. Thus, plasma-cell tumors frequently
form large amounts of abnormal antibodies
that damage organs, for example, the kidneys
(= p.102). Through their dedifferentiation, tu-
mor cells also express proteins, against which
antibodies can be formed. Antibodies that
have been formed by or against tumor cells
can, among other effects, block ionic channels
and receptors and thus for example cause
myasthenia (— p.304).

Even small tumors of endocrine tissues and
dedifferentiated tumors of non-endocrine tis-
sues (in particular small-cell bronchial carci-
noma) frequently cause massive hormonal ab-
normalities (— B). The increased release of hor-
mones can result in numerous abnormalities
(— chap. 9), for example, raised blood pressure,
hypotonic hyperhydration, catabolism, acro-
megaly, hypoglycemia, bone breakdown, hy-
percalcemia and renal stones, polycythemia,
hyperthyroidism, virilization, galactorrhea,
diarrhea, and peptic ulcers. On the other hand,
hormones are used as diagnostic tumor mark-
ers, e.g. calcitonin (medullary thyroid carcino-
ma), choriongonadotropin (testicular carcino-
ma among others) and ACTH (lung tumors).

Death of tumor cells, through the release of
cellular K*, results in hyperkalemia, and the
breakdown of nucleic acid leads to hyperurice-
mia (— B and p. 250).
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Aging and Life Expectancy

Aging is a normal, inevitable process that ends
with death. While the mean life expectancy of
anewborn is estimated to have been a mere 10
years 50 000 years ago and ca. 25 years in an-
cient Rome (— A1), it is nowadays between 38
(in Sierra Leone) and 80 years (Japan). It is
mainly due to decreased infant mortality and
the effective treatment of infections (especial-
ly in children) that life expectancy in the in-
dustrial nations has increased markedly in the
past 100 years (e.g., in the USA from 42 to 72
years in men and to 79 in women). As a result,
diseases of the elderly are the most common
causes of death: ca. 50% are diseases of the
cardiovascular system; 25% are tumors.

These are largely diseases that prevent a
maximal life-span being reached, which, now
as then, is about 100 years (—A1). Thus, of
those aged 98 years, only 10% will still be alive
three years later and after 10 years only 0.005%
(—A2). The world record set by the French
woman Jeanne Calment (122 years) is thus an
extremely rare exception.

The causes of aging are unclear. Even indi-
vidual cultured cells will “age”, i.e., after a cer-
tain number of cycles they stop dividing (fetal
pulmonary fibroblasts after ca. 60 divisions;
—B). Only a few cells are “immortal” (unlim-
ited proliferation, e.g., germinal, tumor, and
hemopoietic stem cells). Life-span and age are
in part genetically determined. Thus, mutation
of the gene age-1 of the nematode can double
its life-span, and the human gene that codes
for DNA-helicase can cause premature aging
(progeria of the adult=Werner’'s syndrome).
Recently a gene (MORF4) was discovered
whose exclusion by mutation makes cultured
cells immortal: if the normal MORF4 gene is
passed to (immortal) cancer cells, it stops their
proliferation. In “old” cells, MORF4 is up-regu-
lated; in proliferating cells it is down-regu-
lated. The age-1 mutation produces, among
other effects, an increased resistance against
free radicals. That oxidative damage is impor-
tant for aging, is also suggested by the fact that
membrane lipids, DNA, and proteins damaged
by 0, radicals accumulate with age, while at
the same time the activity of enzymes that
guard against oxidation is reduced. On the
other hand, defects of the helicase gene result

in the accumulation of harmful somatic DNA
mutations and in a decreasing telomer length,
which limits the ability of the cell to divide.

Many inherited diseases and (often polyge-
netically) inherited risk factors, have a second-
ary effect on life-span, e.g. in favoring the de-
velopment of certain tumors. Studies of mono-
zygotic (uniovular) twins have, however,
shown that at least two thirds of variability of
life-span is not genetically determined.

As one gets older, a reduction of bodily func-
tions (—C) occurs as, for example, of maxi-
mum breathing capacity, cardiac output (CO),
maximal O, uptake, and glomerular filtration
rate (GFR). Muscle and bone mass decrease,
while the amount of fat increases, largely due
to endocrine factors (— D). For these reasons it
is their frailty that is the limiting factor for
most (otherwise healthy) very old persons.
This weakness of old age is characterized by
diminished muscle power, slowed reflexes,
impaired mobility and balance, and reduced
stamina. The result is falls, fractures, reduced
daily physical activity, and loss of indepen-
dence. Muscle weakness is not only caused by
physiological aging processes (— D) and wear
and tear (e.g., damage to joints), but also by
lack of movement, leading to a vicious circle.

Purely age-related problems with memory
(especially problems of orientation in an unac-
customed environment) seem to be caused by
a disturbed long-term potentiation in the cor-
tex and hippocampus (reduced density of glu-
tamate receptors, type NMDA, in the dentate
gyrus). It is now doubted whether a significant
loss of neurons, such as occurs in Alzheimer’s
disease or atherosclerosis-induced reduction
in cerebral blood flow, is part of the normal
process of aging.
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Fever

The aim of thermoregulation is to maintain the
actual core temperature of the body at the set
level of about 37°C (with diurnal variations).
In contrast to passive hyperthermia (- p. 22),
the set level is raised in fever, and the thermo-
regulatory mechanisms are thus responsible
for maintaining the raised temperature
(—AS5, green line). This becomes noticeable
when the fever rises: because the actual level
deviates from the suddenly raised set level,
heat loss is reduced by a decrease in cutaneous
blood flow, resulting in cooling of the skin (feel-
ing cold). Additionally, heat production is in-
creased by shivering (tremor). This lasts until
the actual level (— A5, red line) has approach-
ed the new set level (plateau). When the fever
falls, the set level again falls, so that now the
actual level is too high and cutaneous blood
flow increases, resulting in the person feeling
hot and sweating profusely (— A5).

Fever is particularly common with infec-
tions in the course of the acute-phase reaction
(- p.49ff.) in which fever-inducing sub-
stances (pyrogens) cause a change in the set
point. Exogenous pyrogens are constituents of
pathogens, among which the lipopolysaccha-
ride complexes (endotoxins) of gram-negative
bacteria are particularly effective. Such patho-
gens, or pyrogens, are opsonized by comple-
ment (— p. 42 ff.) and phagocytozed by macro-
phages, for example, Kupffer cells in the liver
(—A1). These release numerous cytokines,
among them the endogenous pyrogens inter-
leukin 1a, 1B, 6, 8, and 11, interferon o, and v,
the tumor necrosis factors TNFo (cachectin)
and TNFp (lymphotoxin), the macrophage-in-
flammatory protein MIP 1 and many others. It
is thought that these cytokines (M,=ca. 15—
30kDa) reach the circumventricular organs of
the brain which do not possess a blood-brain-
barrier. The cytokines, therefore, can cause the
fever reaction at these organs or nearby in the
area preoptica and the organum vasculosum of
the lamina terminalis (OVLT) by means of pros-
taglandin PGE, (— A2). Fever-reducing drugs
(antipyretics) are effective here. Thus, acetyl-
salicylic acid, e.g., inhibits the enzymes that
form PGE, from arachidonic acid (cyclo-oxy-
genases 1 and 2).

S. Silbernagl

As after i.v. injection of lipopolysaccharides
the above-mentioned cytokines are found only
30 minutes after the onset of the fever and
their appearance can be inhibited by sub-
diaphragmatic vagotomy, it seems that exo-
genous pyrogens activate the area preoptica
and the OVLT also via afferent fibers from the
abdomen. It is possible that signaling sub-
stances released from the hepatic Kupffer cells
(? cytokines, ? PGE,) activate nearby vagal af-
ferents that transmit the pyrogenic signal via
the nucleus solitarius to the norepinephrine
cell groups Al and A2. These in turn project
from the ventral norepinephrine tract to the
fever-regulating neurons in the area preoptica
and OVLT (— A3). Norepinephrine that has
been released there causes the formation of
PGE, and thus fever. This also brings about the
release of adiuretin (ADH; V, receptor effect),
o-melanocyte-stimulating hormone (a-MSH),
and the corticotropin-releasing hormone cor-
ticoliberin (CRH), which counteract the fever
by means of a negative feedback loop in the
form of endogenous antipyretics (—A4).

As a consequence of fever, heart rate is in-
creased (8-12min'/°C) and energy metabo-
lism raised, resulting in fatigue, joint aches
and headaches (see also p.49ff.), increase in
slow-wave sleep (which has a restorative func-
tion for the brain) as well as, in certain circum-
stances, disturbances of consciousness and of
the senses (fever delirium) and seizures (see
below).

The value of fever probably lies in its coun-
teracting infection. The raised temperature in-
hibits the replication of some pathogens, while
actually killing others. In addition, the plasma
concentration of essential metals for bacterial
reproduction, namely iron, zinc, and copper,
is reduced. Furthermore, cells damaged by
viruses are destroyed, so that viral replication
is inhibited. For these reasons antipyretics
should in general only be used if the fever
leads to febrile convulsions, common in infants
and young children, or rises so high (>39°C)
that the onset of seizures is to be feared.
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Hyperthermia, Heat Injuries

On severe physical effort (increased heat pro-
duction) and/or in a hot environment (de-
creased net heat loss) the thermoregulatory
mechanisms of the organism are overtasked,
especially when there is a lack of water and at
high ambient humidity. In contrast to the sit-
uation in fever (— p. 20), the body’s core tem-
perature can no longer be kept at the (un-
changed) set level of ca. 37°C and hyperther-
mia results (— A, top). On standing upright,
heat-induced vasodilation causes some of the
blood to pool in the legs, and the extracellular
volume is reduced by sweating. As a result,
cardiac output (CO) and blood pressure fall,
particularly because vasodilation in the skin
reduces peripheral vascular resistance. Even
at a core temperature below 39°C, weakness,
dizziness, nausea, and loss of consciousness
may occur as a consequence of reduced blood
pressure (heat collapse; — A1). Blood pressure
will again rise on lying down and after taking
fluids.

A much greater danger arises when the core
temperature reaches 40.5 °C, because the brain
cannot tolerate such temperatures. To protect
itself against heat stroke the brain can tem-
porarily be kept cooler than the rest of the
body because a rising core temperature causes
profuse sweating of the head (even with dehy-
dration), especially the face (— A2). Blood that
has been cooled in this way reaches the endo-
cranial venous system and the sinus caverno-
sus, where it lowers the temperature of the
neighboring arteries. This would seem to be
the only explanation for the fact that a mara-
thon runner in whom a transient rise in core
temperature to 41.9°C had been measured did
not suffer from heat stroke.

If there is a prolonged rise in core tempera-
ture to between 40.5 and 43 °C, the thermoreg-
ulatory center in the midbrain fails (— p.20)
and sweating ceases. Disorientation, apathy,
and loss of consciousness result (heat stroke).
Cerebral edema with accompanying damage to
the central nervous system will, without rapid
help, lead to death; children are especially at
risk because their surface area to body mass
ratio is larger than adults’, and they produce
less sweat. Treatment of heat stroke consists
of bringing the person into a cooler environ-

ment and/or submerging them into cool water.
However, the body surface must not be al-
lowed to get too cold, because the resulting va-
soconstriction would delay the reduction in
core temperature. Even successfully treated
heat stroke may leave lasting damage in the
thermoregulatory centers. This restricts future
tolerance to extreme ambient temperatures.

Malignant hyperthermia (— B) is the poten-
tially lethal result of heterogeneous genetic
defects of sarcoplasmic Ca?* transport, in
which the Ca?*-releasing channel (ryanodine
receptor) is affected. Some inhalation anes-
thetics (halothane, enflurane, isoflurane) and
depolarizing muscle relaxants (suxametho-
nium chloride) cause the sudden and excessive
release of Ca** from the sarcoplasmic reticu-
lum, so that generalized, uncoordinated mus-
cle twitches occur with high oxygen consump-
tion and enormous heat production. The result
is acidosis, hyperkalemia, tachycardia, ar-
rhythmia, and rapidly rising hyperthermia. If
recognized in time, malignant hyperthermia
can be successfully treated by discontinuing
the anesthetics and/or muscle relaxants, ad-
ministering dantrolene, which blocks Ca®* re-
lease in skeletal muscle cells, as well as cooling
the body.

Heat cramps occur with strenuous physical
work in high ambient temperature (e.g., at a
furnace) if only the loss of water, but not of
salt, is replaced.

Sun stroke must be distinguished from hy-
perthermia. It is caused by direct sun radiation
on head and neck and causes nausea, dizzi-
ness, severe headache, cerebral hyperemia,
and serous meningitis and may end fatally.

Contact or radiant heat may cause first de-
gree, second degree, or third degree burns
(reddening, blisters, or necroses, respectively)
to the skin. Frequent and intense exposure to
the sun also increases the risk of melanoma.
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Hypothermia, Cold Injury

If there is a danger of the core temperature
dropping, (counter)regulatory heat production
results (muscle tremor and movement) (— A).
Its narrow limits are usually not overstepped,
because the risk of cooling triggers behavioral
changes, depending on the underlying cause(s)
(protection against wind, added clothing, leav-
ing swimming pool, etc.). If this reaction does
not occur—either because it is not possible to
escape the situation for physical reasons, the
danger is not realized, or there are metabolic,
hormonal, or neurological abnormalities—hy-
pothermia develops, i.e., the core temperature
drops below 35°C (— A). Immersion in water
at 5-10°C can lead to hypothermia after only
10 minutes (depending on the amount of “pad-
ding”). Wearing wet clothing in a strong wind
and in an ambient temperature of 0°C can
bring about hypothermia in less than one
hour. Both the elderly (restricted thermoregu-
latory range) and infants (especially new-
borns), who have a relatively high body surface
area to mass ratio, low resting heat production,
and a thin subcutaneous fat layer are particu-
larly at risk. While unclad young adults can
maintain a constant core temperature even
when the ambient temperature drops to ca.
27°C because of their resting heat production,
hypothermia may develop in a newborn at an
ambient temperature of <34°C.

The acute sequelae and symptoms of hypo-
thermia can be divided into three stages (— A,
1-1):

Stage of excitement (mild hypothermia,
32-35°C): maximal muscle tremor, resulting
in a marked increase in resting metabolic rate,
all sources of glucose are utilized (hyperglyce-
mia), and O, consumption is increased up to
sixfold. Tachycardia and vasoconstriction
cause a rise in blood pressure; acral vasocon-
striction causes pain. The person is at first fully
awake, later confused and even apathetic, and
ultimately judgment becomes impaired.

Stage of exhaustion (moderate hypother-
mia, 32-28°C): the sources of glucose become
exhausted (hypoglycemia); bradycardia, ar-
rhythmia, and depressed breathing occur and
the person begins to hallucinate and to behave
perplexingly, soon losing consciousness and
no longer feeling pain.

Stage of paralysis (severe hypothermia, < ca.
28°C): coma; no pupillary reflexes (but no sign
of brain death); ultimately ventricular fibrilla-
tion, asystole, and apnea. The lower the tem-
perature until cerebral blood flow ceases, the
longer the brain will tolerate circulatory arrest
(30°C: 10-15 min; 18°C: 60-90 min). This is
why some persons have survived extreme hy-
pothermia (< 20°C). The long time of circula-
tory arrest tolerated at low temperature is
also of use in induced therapeutic hypothermia
(during open-heart surgery and preservation
of organs for transplantation).

Rewarming of hypothermic patients should
still be attempted even if the core temperature
has dropped below 20 °C. However, rewarming
may be associated with lethal complications,
especially if it is done externally and too rapid-
ly, i.e., more quickly than a few °C per hour
(—B).In stage I (> 32°C), warming is done pas-
sively and externally (warm room, blankets,
foil). In stage II, active warming must be under-
taken (electric blankets, warm infusions, pos-
sibly hemodialysis with heat exchanger) under
careful monitoring. In stage Il hypothermia
with circulatory arrest, active warming by
means of extracorporeal circulation (heart-
lung machine) is the most effective method of
rewarming.

Long-term sequelae of successfully treated
hypothermia include heart failure, liver and
kidney failure, abnormal erythropoiesis, myo-
cardial infarction, pancreatitis, and neurologi-
cal disorders.

Frostbite. Even with mild hypothermia and/
or low ambient temperature the perfusion of
skin and limbs is markedly reduced, with in-
termittent and brief increases (Lewis reaction:
about every 20min at a skin temperature
<10°C). None the less, frostbite may occur:
1st degree (at first pallor and loss of sensation;
swelling and pain after rewarming); 2nd de-
gree (blister formation after 12 -24 h followed
later by healing); 3rd degree (after days and
weeks: extensive tissue necrosis with healing
by scar).
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Obesity, Eating Disorders

Several regulatory circuits are considered to be
responsible for requlating body weight, each
governed by the hypothalamus, for example,
by its ventromedial nucleus as the “satiety cen-
ter” and by the lateral hypothalamus as the
“eating center”. The regulatory cycle that is
probably decisive in the long term is the lipo-
static mechanism: the body’s fat mass is recog-
nized on the basis of a substance that is secret-
ed by the fat cells (probably leptin, see below),
and a feedback loop keeps this fat mass con-
stant during changes in appetite and physical
activity (—A). Thus fat, even if surgically re-
moved, is rapidly replaced.

Obesity (adiposity, excess weight) is a risk
factor for hypertension, type 2 diabetes melli-
tus, hyperlipidemia, atherosclerosis as well as
renal stones and gallstones. More than 40% ex-
cess weight is associated with a twofold risk of
premature death. Obesity is partly of (poly)ge-
netic, partly of environmental origin. Its causes
are little known. Two defective genes have
been discovered, one in two male mouse
strains with extreme obesity and one in type
2 diabetes. If the ob[esity]-gene is defective,
the 16-kDa protein leptin, coded by the ob-
gene, is absent from plasma. Injection of leptin
into mice with homozygotic ob mutation
counteracts the symptoms of the gene defect.
Its administration to normal mice leads to
weight loss. But if the db-gene has mutated,
the leptin receptor in the hypothalamus (in
the arcuate nucleus, among other sites) is de-
fective. While high concentrations of leptin
circulate in plasma, the hypothalamus does
not respond to them. Some obese persons also
have a defective leptin gene, but in most others
the plasma leptin concentration is high. In this
case the feedback chain after leptin must have
been interrupted somewhere (— A, red X). Var-
ious possible defects have been postulated:

Leptin can no longer overcome the blood-
brain barrier (? defective transcytosis).

The inhibitory effect of leptin on the secre-
tion of neuropeptide Y (NPY) in the hypothal-
amus, which stimulates food intake and re-
duces energy consumption, is abnormal.

Leptin does not cause the release in the hy-
pothalamus of o-melanocortin (melanocyte-
stimulating hormone [o-MSH]), which acts

there via MCR-4 receptors and has the oppo-
site effect of NPY.

Quite recently a homozygotic leptin receptor
defect was found in three very obese sisters. As
they had never gone through puberty and the
secretion of both somatotropin hormone and
thyrotropin-releasing hormone had been re-
duced, it seems that leptin also plays a part in
other endocrine regulatory cycles.

In 90% of cases of eating disorders it is
young women who are affected, bulimia ner-
vosa (bouts of overeating followed by self-in-
duced vomiting and/or purgative abuse) being
more common than anorexia nervosa (self-in-
duced weight loss through very restrictive
diet). These eating disorders are characterized
by a distorted body self-image (the patients
feel “too fat” even though they have a normal
or below normal weight) and an abnormal at-
titude toward eating (association between the
sense of one’s own worth and body weight).
There is a genetic disposition (50% concordance
in monozygotic twins), without the primary
genetic defect being known. Psychological fac-
tors, such as disturbed family interaction
(overprotectiveness, avoidance of conflict, ri-
gidity) and sexual-pubertal conflicts as well
as socio-cultural influences (ideals of beauty,
social expectations) are probably significant.

The disorder in anorexia nervosa (— B)
ranges from eating a very restrictive diet to
complete refusal to eat, and often includes
purgative abuse. This results in marked weight
loss, even cachexia, which may require drip
feeding. It leads to severe autonomic-hormon-
al disorders, for example, increased cortisol
and diminished gonadotropin release (amen-
orrhea; loss of libido, and impotence in males),
and even hypothermia, bradycardia, hair loss,
etc. If the condition takes a prolonged course,
the mortality rate can be up to 20%.

Bulimia is characterized by eating binges fol-
lowed by self-induced vomiting; a reasonably
normal body weight may be maintained.
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Blood

Overview

Total blood volume correlates with the (fat-
free) body mass (— Table below) and averages
3.6L in women and 4.5 L in men. The blood’s
tasks include transporting various substances
(0,, CO,, nutrients, metabolic products, vita-
mins, electrolytes, etc.), the transport of heat
(heating, cooling), signal transmission (hor-
mones), and buffering as well as defense
against foreign materials and microorganisms.
The blood cells (— A and Table below) are in-
volved in this, the erythrocytes being responsi-
ble for O, and CO, transport and a part of pH
buffering. Among the leukocytes, the neutro-
phil granulocytes (neutrophils) are responsible
for nonspecific immune defenses, and the
monocytes and lymphocytes for specific im-
mune reactions. The thrombocytes (platelets)
are important for hemostasis. The ratio of
blood cell volume to total blood volume is
called hematocrit (Hct) (— p.31 A). More than
99% of the Hct is made up of erythrocytes.

In the fluid phase of blood, called plasma,
electrolytes, nutrients, metabolic products, vi-
tamins, gases and proteins are held in solution
(— Table). Among the tasks of the plasma pro-
teins are humoral immune defense, mainte-
nance of colloidal osmotic (oncotic) pressure,
which is responsible for maintaining a con-
stant blood volume, as well as the transport of
water-insoluble materials and the protection
of various substances against their breakdown
in blood, and their excretion by the kidneys
(e.g., heme). This protein-binding of small
molecules lowers their osmotic power, while
they can acquire an antigenic effect (— p.52f.)
as haptens. The coupling of hormones, drugs,
and toxins to plasma proteins reduces their
signaling, therapeutic, or toxic action, while at
the same time preventing their rapid excre-

S. Silbernagl

tion. Finally, numerous plasma proteins partic-
ipate in blood clotting and fibrinolysis. When
blood clots, the fibrinogen in plasma is used
up and serum is formed.

Formation of blood cells (— A). The hemato-
poietic tissue, i.e., red bone marrow in adults,
the spleen and liver in the fetus, contain pluri-
potent stem cells that, under the effect of he-
matopoietic growth factors (see below), differ-
entiate into myeloid, erythroid, and lymphoid
precursor cells. These stem cells reproduce in
such a way that their stock is maintained
throughout life (— p. 2 ff.). While the lympho-
cytes that originate from the lymphoid precur-
sors still require further maturation (partly in
the thymus, partly in the bone marrow) and
are later on formed in the spleen and the
lymph nodes (lymphopoiesis), all other precur-
sor cells proliferate and mature up to their fi-
nal stage in the bone marrow (myelopoiesis),
until they finally pass from there into the
blood (— A). Among other factors, two renal
hormones are involved in this, namely erythro-
poietin for the maturation and proliferation of
erythrocytes (—A and p.32), and thrombo-
poietin for megakaryocytes and thrombocytes,
respectively (— A). There are additional para-
crine factors that regulate blood cell formation
in the bone marrow. Because of their action in
cell culture, they are sometimes also called col-
ony-stimulating factors (CSFs). Other stem cell
growth factors are stem cell factor (SCF = steel
factor = c-kit ligand) and fit3 ligand (FL). They
trigger the release of synergistically active fac-
tors, such as CSF and interleukins (IL-3, IL-6,
IL-11, IL-12) and are inhibited, among others,
by transforming growth factor B (TGF-B) and
tumor necrosis factor o (TNF-c).

Total Blood Blood volume (L) 30.041 - kgKG +1.53; 2 0.047 - kgKG +0.86
Hematocrit (Leeys/Lbiood) 30.40-0.54; ©0.37-0.47
Erythrocytes Number (10"2/Lyjo0q = 109/ tlyio0a) S 4.6-6.2; ?4.2-5.4
Hemoglobin (g/Lyjeed) 3 140-180; ?120-160
Leukocytes Number (10°/Lyjo0q = 103/ lyiooq) 3 - 11 (of which 63% granuloc., 31% lymphoc., 6% monoc.)
Thrombocytes Number (10°/Ljo0q = 103/ tlpioq) 3 170-360; 2 180-400

Plasmaproteins (g/l Serum)

66 -85 (of which 55-64% albumin)
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Erythrocytes

Erythrocytes (red blood cells [RBCs]) are
formed in bone marrow from nucleus-contain-
ing erythroid precursor cells (— B and p.29 A)
and reach the bloodstream as nucleus-free and
mitochondria-free, disc-shaped cells (ca. 7.5 x
2 um). They can be severely deformed within
the blood capillaries, which greatly facilitates
both their passage and the exchange of sub-
stances and gases with the surrounding tis-
sues. RBCs that have recently entered the
blood will retain net-like residues of organ-
elles (reticulocytes) for another one or two
days. With a normal life-span of RBCs of about
110-120 days, the proportion of reticulocytes
is normally 1-2%.

Erythrocytes contain a large amount of he-
moglobin (Hb), their mean corpuscular hemo-
globin concentration (MCH) normally being
300-360 g per litre RBCs (— A). Since a normal
RBC has a volume (MCV) of 80-100fL, it con-
tains 26 - 35 pg Hb (MCH).

The high hemoglobin content largely con-
tributes to intracellular osmolality so that, to
avoid osmosis-induced entry of water, the in-
tracellular ion concentration has to be held at
a lower level than that in plasma. Na*-K*-AT-
Pase is essential for this, the required ATP
(adenosine 5’-triphosphate) in the RBCs (be-
cause of the absence of mitochondria) coming
from anaerobic glycolysis. Volume regulation it-
self happens indirectly, especially via the vol-
ume-sensitive ion transporters that can lower
the K* and CI~ content of RBCs (— p.10f.). If
ATP production ceases or the membrane is
damaged, the RBCs swell and thus have a
shorter survival time (premature hemolysis).

The RBCs regularly leave the arterioles in
the pulp of the spleen and reach the small
pores in the splenic sinuses. Old and abnor-
mally fragile erythrocytes are separated out
and destroyed in the region of these pores.
The fragments are phagocytized by the macro-
phages in the spleen, liver, bone marrow, etc.
and broken down (extravascular hemolysis in
the reticuloendothelial system [RES], or more
precisely, the mononuclear phagocytotic sys-
tem [MPS]; — p. 44). The liberated heme is bro-
ken down into bilirubin (— p.168), the liber-
ated iron is reused (— p.38). If there is intra-
vascular hemolysis, Hb that has been released

can to a certain extent be bound to haptoglobin
(—p.38). This reduces the glomerular filtra-
tion of Hb and thus its elimination (hemoglo-
binuria).

Erythropoiesis, Anemia

Anemia is the term given to the reduction in
the number of erythrocytes, in the concentration
of hemoglobin and/or in the hematocrit as long
as the total blood volume is normal. Shortly
after acute major blood loss, in dehydration,
or in hyperhydration the blood volume must
first be normalized before anemia can be diag-
nosed. Using the erythrocyte parameters mean
corpuscular volume (MCV) and mean corpus-
cular hemoglobin (MCH) (—A), anemias can
be classified according to cell volume (MCV:
microcytic, normocytic, or macrocytic) and ac-
cording to the ratio of Hb concentration/eryth-
rocyte count (MCH: hypochromic, normochro-
mic, or hyperchromic). Pathogenetic division
of the anemias reflects the individual steps of
erythropoiesis as well as the life-span of the
erythrocytes circulating in blood (hemolytic
anaemia; — B). Finally, acute or chronic blood
loss can also lead to anemia.

Disorders of erythropoiesis (— B) may occur
as a result of 1) lack or absence of differentia-
tion of pluripotent, hemopoietic stem cells
(aplastic anemia in panmyelopathy or acute
myeloid leukemia); 2) transient (viral infec-
tion) or chronic reduction of only the erythro-
cytic precursor cells (isolated aplastic anemia)
due to autoantibodies against erythropoietin
or against membrane proteins of the precursor
cells; 3) erythropoietin deficiency in renal fail-
ure (renal anemia); 4) chronic inflammation or
tumors that can activate, among others, eryth-
ropoiesis-inhibiting interleukins (secondary
anemia); 5) abnormal cell differentiation (inef-
fective erythropoiesis), which in addition to
gene defects may mainly be due to a deficiency
in folic acid or vitamin B,, (megaloblastic ane-
mia; — p.34); 6) abnormal Hb synthesis (mi-
crocytic hypochromic anemia; — p. 36 ff.).
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Erythrocyte Turnover: Abnormalities, Compensation, and Diagnosis

Proliferation and differentiation of the ery-
throid precursor cells up to the mature eryth-
rocytes takes barely a week. This time can be
shortened to a few days if erythropoiesis is
stimulated, for example, by an increase in cell
loss (hemolysis or bleeding). As the average
life-span of RBCs in peripheral blood is more
than 100 days, a brief disorder of cell forma-
tion is not detectable, but increased cell loss
quickly results in anemia. (With neutrophil
leukocytes, whose differentiation time is
roughly as long, the reverse is the case, be-
cause their life-span in peripheral blood is
only about 10 hours: neutropenia occurs if
there is an acute disorder of cell formation,
but not after cell loss.)

With a survival time of ca. 107 sec and a total
RBC count of ca. 1.6 x 10" in blood, the rate
of formation is 1.6 million erythrocytes per
second. If necessary, this production rate in-
creases up to tenfold without causing bone
marrow exhaustion. Life-long hemolytic ane-
mia, for example, can thus largely be compen-
sated.

Disorders of erythrocyte metabolism, be it
abnormal erythropoiesis in its various steps
(—A), a shortened life-span, or chronic blood
loss, can be differentiated by means of a num-
ber of diagnostic parameters:

Stem cells obtained by bone marrow punc-
ture can be stimulated to proliferate and differ-
entiate by erythropoietin in a cell culture. Col-
onies of more or less differentiated, hemoglo-
bin-containing cells (E) are formed in this way
(burst-forming units [BFU-E] or colony-forming
units [CFU-E]). Their number is decreased if
the anemia is caused by abnormal cell forma-
tion; it is increased if the cells are lost in a late
stage of differentiation (erythroblast, erythro-
cyte) (—A1).

Erythroblasts can be morphologically iden-
tified and quantified in a stained bone marrow
sample. They decrease in number in aplasia
and in defects of stem cell differentiation;
they increase if erythropoiesis is stimulated,
for example, by increased hemolysis (—A2).

The efficiency of the entire erythropoiesis can
be measured by determining the number of re-
ticulocytes (— p. 30). If the number of reticulo-
cytes is reduced, one must assume an abnor-

mality of cell formation (— A3) because the
second, theoretically possible cause, a prolon-
gation of RBC life-span, does not occur. On the
other hand, a longer lasting increase in reticu-
locyte numbers (reticulocytosis) is evidence for
a chronically shortened life-span in the circu-
lation on the part of the RBCs (chronic bleed-
ing or hemolysis). Transitory reticulocytosis is
a sign of stimulated erythropoiesis, for exam-
ple, after acute blood loss, after acute hemoly-
sis, or after correction of abnormal cell forma-
tion (with a high level of erythropoietin;
—B2,3).

When erythrocytes are broken down in
macrophages (- p. 30), bilirubin, formed from
liberated heme, is excreted in the bile after
conjugation in the liver. The concentration of
unconjugated (“indirect”) bilirubin in serum
is increased in hemolysis (— A4 and p.164ff.),
but in some circumstances also if hemoglobin
turnover is increased as a result of ineffective
erythropoiesis.

The life-span of RBCs (shortened in hemo-
lytic anemia; — A5) as well as their total vol-
ume can be measured by marking the eryth-
rocytes in vitro with radioactive >'Cr (binding
Cr to the Hb-B chain) and then re-infusing
them. As !Cr is released in hemolysis and
then excreted by the kidneys, the erythrocyte
life-span can be calculated from the loss of
radioactivity measured daily. Total erythrocyte
volume can be determined from the amount of
51Cr injected and the initial >'Cr concentration
in blood, using the principle of indicator dilu-
tion.

Measuring erythropoietin (— A6). Lowered
concentration of plasma erythropoietin sug-
gests the anemia is caused nephrogenically
(— B4). However, most anemias are associated
with a (compensatory) increase in erythro-
poietin concentration (— B2,3).
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Megaloblastic Anemia Due to Abnormalities in DNA Synthesis

Some acquired forms of anemia are due to ab-
normalities in the absorption or metabolism of
folate or cobalamine (vit. B,,) (— A). The result
is that DNA synthesis is inhibited and the cell
cycle is slowed down during erythropoiesis.
However, hemoglobin synthesis in the cyto-
plasm continues unchanged so that the eryth-
roblasts increase in size (megaloblasts) and
over-large, oval erythrocytes pass into the
blood (megalocytes: MCV > 100 fL). The forma-
tion of granulocytes and megakaryocytes is
also disturbed. In addition to the delay in pro-
liferation, the anemia is aggravated by the pre-
mature destruction of megaloblasts in bone
marrow (increased inefficient erythropoiesis;
— p.38) as well as by the shortened life-span
of the megalocytes that have passed into the
blood (premature hemolysis).

Folate. The folate metabolite N°, N'°-methy-
lene-tetrahydrofolate is necessary for the
synthesis of deoxythymidylate (—A3), the
only source of thymine, which is in turn neces-
sary for DNA synthesis. Thus, a folate deficien-
cy inhibits DNA synthesis. This particularly af-
fects the rate of formation of rapidly proliferat-
ing cells, for example, during erythropoiesis
and tumor formation. The folate requirement
for two to four months is stored in the liver. Fo-
late is largely present in food in the form of
pteroylpolyglutamate, from which excess glu-
tamate residues must be split off before it can
be absorbed in the form of pteroylmonogluta-
mate in the upper small intestine (— A1). N°-
methyltetrahydrofolate, the substrate for tet-
rahydrofolate formation (—AZ2), is then
formed in the intestinal mucosa. Methyl-co-
balamine is essential for this step (see below).
N3, N'°-methyltetrahydrofolate is formed from
tetrahydrofolate, the former together with
deoxyuridylate being metabolized through
the action of thymidylate synthase to deoxy-
thymidylate and 7,8-dihydrofolate. Finally, the
used up tetrahydrofolate is regenerated from
7,8-dihydrofolate (— A3).

The following disorders of folate absorption
or metabolism impair DNA synthesis, and thus
erythropoiesis:

Too little folate uptake with food (< 50 pug/d;
overcooking food destroys folate);

Increased requirement (pregnancy);

Malabsorption, for example, in diseases of
the small intestine, or inhibition of the folate
carrier caused by methotrexate (—A1);

Cobalamine deficiency (— A4);

Inhibition of thymidylate synthase by the
fluorouracil metabolite fluordeoxyuridylate;

Inhibition of dihydrofolate reductase by ami-
nopterin or methotrexate, whose affinity for
the enzyme is 100 times that of the natural
substrate 7,8-dihydrofolate (— A3).

As inhibition of folate metabolism also re-
tards tumor growth, the drugs fluorouracil,
methotrexate, and aminopterin are used as cy-
tostatic chemotherapeutics. Their side effect on
erythropoiesis is usually undesirable and
therefore often limits their dosage.

Cobalamine (vitamin B,,) must be taken up
by humans in their food (daily requirement:
3-5ug). About a thousand times this amount
is stored in the liver. Bound to different pro-
teins, it is transported inside the organism
from food to the site of its action where, in the
form of methylcobalamine, it serves as coen-
zyme in demethylating N°>-methyltetrahydro-
folate (— A2). Among possible causes of cobal-
amine deficiency are (— A4):

Too little uptake with food (e.g., a strict veg-
etarian diet);

Intrinsic factor (IF) deficiency (in atrophic
gastritis etc.; see p.142): IF is essential for the
binding and absorption of cobalamine. It is
freed from its binding to salivary proteins in
the lumen of the small intestine;

Competition for cobalamine and splitting of
IF from bacteria (blind-loop syndrome;
— p.148), or broad fish tapeworms in the in-
testinal lumen;

Absence (congenital, after resection) or in-
flammation of the terminal ileum, i.e., at the
site of absorption of cobalamine (— p.152f.);

Defective transcobalamine II (TCII), which is
responsible for cobalamine transport in plas-
ma and for its uptake into cells.

Because of the great store of cobalamine in
the liver, the symptoms of cobalamine defi-
ciency (pernicious anemia, neurological ab-
normalities) occur only after years of blocked

supply.
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Anemias Due to Disorders of Hemoglobin Synthesis

Erythrocytes (RBCs) serve to transport O, and
€O, and also as a buffer. Hemoglobin (Hb) is es-
sential for all three functions. It is composed of
four subunits (2, 2 in HbA; see below), each
of which is formed from three components:
protoporphyrin, iron (Fe?*) and globin (o or B).
When Fe?* is built into protoporphyrin, heme
is formed. If there is a deficiency or defect in
one of the components, Hb synthesis is im-
paired. In this case the RBCs are usually small
(MCV!) and their Hb content decreased
(MCH ) (microcytic hypochromic anemia).

Disorders of protoporphyrin synthesis are
due to inherited enzyme defects (— p.254), as
for example, in hereditary sideroblastic anemia,
in which the formation of §-aminolevulinic
acid (8-ALA) from glycine and succinyl-CoA is
reduced, and thus also heme synthesis
(—>A1). Heme inhibits 3-ALA synthase in a
negative feedback loop. If heme concentration
is now reduced, inhibition of the enzyme is re-
versed and, despite the defect, sufficient
amounts of heme are formed. Defects in sub-
sequent enzymes lead to an increase in the
concentration of intermediary products. While
the rate of heme production is thus increased,
these metabolites cause other disorders,
namely porphyrias (— p. 254).

Disorders of globin synthesis. Normally Hb
is made up of 2 o chains of 141 amino acids
each and 2B chains of 146 amino acids
(HbA, =HbAa,B,). Only 2-3% of Hb contains
so-called §-chains (HbA,=Hba,3,) instead of
the B-chains. Before birth a form of Hb is
formed that has a higher O, affinity (adapta-
tion to a lower Po, in the placenta). This fetal
Hb (HbF) contains so-called y-chains (Hbo,y,)
instead of the B-chains.

The properties of Hb (solubility, O, affinity,
oxidizability, etc.) are dependent upon the par-
ticular amino acid sequence. However, most of
the over 300 genetically-determined Hb var-
iants which have been indentified so far do
not signficantly impair function. On the other
hand, even a single “false” amino acid (valine
instead of glutamate in position 6 in the -
chain = HbS; — A2) can lead to extensive func-
tional disorders, as seen in sickle cell anemia,
which is caused by a homozygous gene defect.
In the deoxygenated form, HbS aggregates in a

way that results in sickle-shaped erythrocytes
(—A). These sickle cells cannot be further de-
formed and get stuck inside the capillaries,
causing occlusion of smaller blood vessels. Ag-
gregation of HbS takes a few minutes so that
it is especially those capillaries through which
the blood flows slowly which are affected
(spleen; vasa recta of the renal medulla;
— p.106). If blood flow is slowed in general
(shock) or if hypoxia occurs (at high altitude,
during a flight, anesthesia), the abnormalities
can spread to other organs (e.g., to the heart).
Occlusion of the blood vessels further slows
down blood supply in the affected regions and
the Po, is further reduced, so that a vicious cir-
cle results (crisis). Sickle cell anemia occurs
nearly exclusively in blacks who themselves,
or whose forbears, come from regions of Cen-
tral Africa with a high prevalence of malaria.
“Survival” of the defective gene in 40% of the
population in Central Africa, despite the fact
that until recently the disease was fatal in
homozygous children, can be explained by the
fact that heterozygous gene carriers are pro-
tected against the dangerous forms of malaria
(selective advantage).

In B-thalassemia the production of B-chains
is restricted, thus leading to a deficiency of
HDA. It can be only partly compensated by an
increased production of HbA, and HbF. The in-
corporation of Fe?* is diminished so that it re-
mains in the erythrocytes (sideroachresia) and
may accumulate excessively in the body (sec-
ondary hemochromatosis; — p. 252). Although
the RBCs’ osmotic resistance (— p.40) is actu-
ally increased, their mechanical vulnerability
is increased (rapid breakdown in the spleen,
early hemolysis). While the heterozygous
form (T. minor) causes few symptoms, the
homozygous form (T. major) may be fatal even
before puberty. The rare o-thalassemia usually
causes death of the fetus, because without o-
chains no HbF can be formed either. Hby,, pro-
duced in the fetus, and Hbp,, occurring postna-
tally, are apparently inadequate substitutes for
the normal Hb forms.
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Iron Deficiency Anemias

Of the iron (Fe) content in the body (2 g in fe-
males, 5 g in males) ca. % is bound to hemoglo-
bin (Hb), ' is stored iron (ferritin, hemosider-
in), the rest is iron with diverse functions (myo-
globin, Fe-containing enzymes). Loss of iron is
ca. 1mg/d in males and up to 2 mg/d in fe-
males (menstruation, pregnancy, birth). Of Fe
taken up in food, 3-15% is absorbed in the
duodenum (— A); in cases of Fe deficiency it
can be up to 25% (see below). Iron intake with
food should therefore be at least 10-20 mg/d
(women > children > men).

Iron absorption (— A1). Fe can be absorbed
relatively efficiently as heme-Fe?* (found in
meat and fish). The Fe (split off from heme)
gets into the blood or remains in the mucosa
as ferritin-Fe3* and returns to the lumen on
mucosal cell disintegration. Non-heme Fe can
be absorbed only in the form of Fe?*, which is
absorbed by a Fe?*-H*-symport carrier (DCT1)
(in competition with Mn?*, Co?*, Cd?*, etc.). A
low pH of the chyme is essential for absorption,
because it will 1) increase the H* gradient that
drives Fe?* into the cell via DCT1, and 2) re-
lease Fe from compounds in food. Non-heme
Fe3* in food must be reduced by ferrireductase
(+ascorbate) to Fe?* on the surface of the lumi-
nal mucosa (— A1, FR). Fe uptake by blood is
regulated by the intestinal mucosa: in Fe defi-
ciency mucosal ferritin translation is inhibited
by binding the Fe-regulating protein IRP1 to
ferritin-mRNA, so that more of the absorbed
Fe?* can reach the blood. There it is oxidized
by ceruloplasmin (+copper) to Fe3* and bound
to apotransferrin, which transports Fe in plas-
ma (—A). Transferrin (=apotransferrin with
2 Fe3*)is taken up, via transferrin receptors, en-
docytotically in erythroblasts and in hepatic,
placental, and other cells. After Fe has trans-
ferred to the target cells, apotransferrin again
becomes available for Fe absorption from the
intestine and macrophages (see below).

Iron storage (— A2). Ferritin (in the intes-
tinal mucosa, liver, bone marrow, erythrocytes,

and plasma), which has a “pocket” for
4500 Fe** ions, is a rapidly available iron re-
serve (ca. 600 mg), while Fe from hemosiderin
is more difficult to mobilize (250 mg Fe in
macrophages from liver and bone marrow).
Hb-Fe and heme-Fe, released from malformed
erythroblasts (so-called inefficient erythropoi-
esis) and hemolyzed erythroblasts, is bound to
haptoglobin and hemopexin respectively, and
taken up by the macrophages in bone marrow
or by liver and spleen by endocytosis, 97%
being reused.

Iron deficiency (serum Fe < 0.4 mg/L; serum
ferritin 1) inhibits Hb synthesis (— p.36) so
that hypochromic microcytic anemia devel-
ops: MCH < 26 pg, MCV <70fL, Hb < 110 g/L. Its
causes are (— A and Table):

Blood loss (gastrointestinal tract, increased
menstrual bleeding) in adults is the most com-
mon cause of iron deficiency (0.5 mg Fe lost
with each mL of blood).

Fe recycling is decreased; this form of ane-
mia (the second most common worldwide) oc-
curs with chronic infections. In this situation
the Fe regained by the macrophages is no lon-
ger adequately released and thus cannot be re-
used.

Fe uptake is too low (malnutrition, especial-
ly in the developing countries).

Fe absorption is reduced due to: 1) achlor-
hydria (atrophic gastritis, after gastrectomy;
—p.142, 148); and 2) malabsorption in dis-
eases of the upper small intestine or in the
presence of Fe-binding food components (phy-
tate in cereals and vegetables; tannic acid in
tea, oxalates, etc.).

There is increased Fe requirement (growth,
pregnancy, breast-feeding).

An apotransferrin defect (rare).

If Fe overloading occurs in the body, damage
is caused mainly to the liver, pancreas and
myocardium (hemochromatosis) (— p. 252).

Normal Fe deficiency Apotrans- Fe utilization Fe recycling
ferrin defect  defect defect
Serum Fe : Fe binding capacity 1mg/L:3.3mg/L :T Ll T normal il
Transferrin saturation ca.33% <10% 0 >50% >10%
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Hemolytic Anemias

Erythrocytes can only attain their normal life-
span when their flexibility, their ability to
withstand osmotic and mechanical stress,
their reductive potential, and their energy sup-
ply are normal (— p. 30). Defects in these prop-
erties lead to a shorter life-span (in some cases
to just a few days [corpuscular hemolytic ane-
mial]). There are, however, many other causes
that shorten the life-span of normal erythro-
cytes (extracorpuscular hemolytic anemia). A
common feature of these anemias is an in-
creased concentration of erythropoietin, which
provides compensatory stimulation of eryth-
ropoiesis (— p. 33, Aand B3).

Causes of corpuscular hemolytic anemia
(—A) are usually genetic defects:

One of the membrane diseases is hereditary
spherocytosis (spherocyte anemia). It is caused
by a functional abnormality (defective anky-
rin) or deficiency of spectrin, which, as an im-
portant constituent of the cytoskeleton, is es-
sential for its stability (— A1). The volume of
spherocytes is normal, but the defect in the cy-
toskeleton results in erythrocytes being spher-
ical, instead of having a normal flexible discoid
shape. The osmotic resistance of these cells is
reduced, i.e., they hemolyse when the hypoto-
nicity of the external medium is still low. As
they are prematurely segregated in the spleen,
splenectomy is therefore therapeutically effec-
tive.

Enzyme defects disturb the glucose metabo-
lism of erythrocytes (— A2): 1) if pyruvate ki-
nase is affected, ATP to Na*-K*-ATPase supply
is stopped, the cells swell up so that they be-
come vulnerable and hemolyse early; 2) defec-
tive glucose-6-phosphate dehydrogenase (gluc-
6-PDH; — A3) slows the pentose phosphate cy-
cle, so that oxidized glutathione (GSSG),
formed under oxidative stress, can no longer
be adequately regenerated to the reduced form
(GSH). As a result, free SH groups of enzymes
and membrane proteins as well as phospholip-
ids are no longer sufficiently protected against
oxidation, leading to premature hemolysis.
Eating horsebeans (vicia faba major, causing fa-
vism) or certain drugs (e.g., primaquin or sul-

fonamides) increase oxidative stress and thus
aggravate the situation; 3) a defect of hexoki-
nase results in a deficiency of both ATP and
GSH (—A2,3).

Sickle cell anemia and thalassemias (— p.36)
also have a hemolytic component (—A4).

In (acquired) paroxysmal nocturnal hemo-
globinuria (PNH) some of the erythrocytes (de-
rived from somatically mutated stem cells)
have increased complement sensitivity. It is
based on a defect of certain membrane pro-
teins that are involved in regulating the com-
plement system (especially the decay acceler-
ating factor [DAF]; — A5). Complement activa-
tion then leads to perforation of the erythro-
cyte membrane. It is not clear why this usually
occurs during sleep.

Examples of the causes of extracorpuscular
hemolytic anemia are:

Mechanical causes, such as damage to the
erythrocytes by collision with artificial heart
valves or vascular prostheses, especially if car-
diac output (CO) is raised;

Immunological causes, for example, in ABO
blood group transfusion mismatches, or Rh in-
compatibility between mother and fetus;

Toxins, for example, certain snake poisons.

In most hemolytic anemias the erythrocytes
will, as would occur normally, be phagocytized
and “digested” in bone marrow, the spleen and
liver (extravascular hemolysis), and Fe is reused
(= p. 38). Asmall amount of Hb released intra-
vascularly is bound to haptoglobin (— p.38).
In massive acute intravascular hemolysis
(— B) haptoglobin is, however, overloaded and
free Hb is filtered in the kidneys. This results
not only in hemoglobinuria, but can also
through tubular occlusion lead to acute renal
failure (— p.108). Chronic hemoglobinuria ad-
ditionally causes Fe deficiency anemia, cardiac
output rises and the resulting mechanical he-
molysis creates a vicious circle (— B). Finally,
the erythrocytic fragments produced in intra-
vascular hemolysis may cause thrombi and
emboli, which can result in ischemia in the
brain, cardiac muscle, kidneys, and other or-
gans.
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Immune Defense

The body possesses nonspecific, congenital, and
(interlinked) specific, acquired, or adaptive im-
mune defenses against microorganisms (bac-
teria, viruses, fungi, parasites) and against
macromolecules identified as being “foreign”.
Fragments of pathogens and large-molecular
foreign bodies represent antigens to which
the specific defense system reacts with the ac-
tivation and proliferation of monospecific Tand
B lymphocytes (T cells and B cells). B cells dif-
ferentiate to plasma cells which produce anti-
bodies (immunoglobulins, 1g, with the sub-
groups IgA, IgD, IgE, IgG, IgM). It is their task
to: 1) neutralize, 2) opsonize antigens, and 3)
activate the complement system (see below).
These highly specific mechanisms of the im-
mune defense serve to recognize the particular
antigens whose elimination is then accom-
plished in a relatively nonspecific way. In addi-
tion, the antigen (with B and T memory cells)
is held “in memory” (immunological memory).

At their maturation in the thymus (T cells)
and bone marrow (B cells), respectively, a rep-
ertoire of > 108 different monospecific lympho-
cyte types (each against a specific antigen) is
formed from lymphatic precursor cells that do
not possess any antigen receptors. Such as yet
naive lymphocytes circulate through the or-
ganism (blood and lymph — lymphatics —
blood and lymph). When they discover “their”
antigen, as usually happens in lymphatic tis-
sue, exactly this lymphocyte type proliferates
(clonal selection and proliferation), and nu-
merous monospecific daughter cells are
formed. These differentiate into armed T cells
and plasma cells, respectively, which are re-
sponsible for elimination of the antigen.

Lymphocytes with receptors against endog-
enous tissue are prematurely eliminated in the
thymus or bone marrow after recognizing
their antigen. This clonal deletion thus results
in (central) immunological tolerance. The im-
mune system learns around the time of birth
to distinguish between foreign and endoge-
nous antigens. Normally it continues to recog-
nize throughout life those that it came into
contact with at this time as endogenous; all
those that come later are recognized as being
foreign. If this distinction fails, autoimmune
disease occurs (— p. 56).

The nonspecific system is rarely able, for ex-
ample, when a measles infection occurs for the
first time, to single-handedly prevent the virus
replicating and spreading in the body, i.e., ill-
ness follows. The specific immune defense
with killer T cells (— B2; p.46f. B) and immu-
noglobulins (at first IgM, then IgG; — B5) goes
into action only slowly (primary response or
sensitization), but then manages to neutralize
the pathogen, i.e., the measles infection is con-
quered. If the infection reoccurs, antibody pro-
duction (especially IgG) sets in abruptly (sec-
ondary response), the virus is eliminated
straightaway, and a renewed infection fails to
occur (immunity). (A primary response with
ensuing immunity can also be achieved by im-
munization with pathogen antigen [active im-
munization)).

Nonspecific defense (— A) is served by dis-
solved or humoral defense substances, such
as lysozymes and complement factors (— A1)
as well as phagocytes, i.e., especially macro-
phages (formed in tissue from immigrating
monocytes) and neutrophil leukocytes, or neu-
trophils (—A2). The latter are formed, like
monocytes and eosinophil leukocytes, or eo-
sinophils, in bone marrow, pass through the
body and are finally attracted by chemokines
(chemotaxis) to sites of pathogens. There they
set in motion the inflammatory processes
through the release of mediators (— A2, 4 and
p.48ff.).

The phagocytes take up the pathogen (en-
docytosis), damage it (especially after its acti-
vation; see below and B6) by means of lyso-
zymes, oxidants such as hydrogen peroxide
(H,0,) and oxygen radicals (0,~, OH;, '0,), ni-
trogen monoxide (NO), etc. and “digest” the
pathogen with their lysosomal enzymes (lysis).
If the antigen is too large (as is the case with
worms, for example) the above-mentioned de-
fense substances are also exported (exocyto-
sis; in this case mainly from eosinophils). Nor-
mally the concentration of the above-men-
tioned oxidants is held at a low level by reduc-
ing enzymes, such as catalase and superoxide
dismutase. This “reining in” is given up when
the phagocytes are activated: the bactericidal
action of the oxidants can then take its full ef-
fect so that the phagocytes themselves and, in
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certain circumstances, even other endogenous
cells are unfavorably affected.

Phagocytosis and lysosomal digestion are
increased (and made possible in those bacteria
with polysaccharide capsules) when the anti-
gen surface is “larded” with IgM, IgG, or com-
plement component C3b (opsonification;
— A1, 2). Phagocytes have receptors for the an-
tigen-independent Fc part of the immunoglob-
ulins and for C3 b, through which they can at-
tach themselves to the opsonized antigen
(especially important for TI antigens; see be-
low). In this way the phagocytosis, which is ac-
tually nonspecific, participates in specific im-
mune defense. Furthermore, the mannose-
binding protein (MBP), which binds to mannan
groups (polymers of mannose) on the surface
of bacteria and some viruses, seems to have
an opsonizing effect as a “nonspecific anti-
body”.

In addition, pathogens that are opsonized
with Ig (so-called classical path), but also
those that are not opsonized (so-called alter-
native path) and possibly also MBP, set in mo-
tion the complement cascade (—A1). At the
end of this the membrane attack complex is
formed from the complement components
C5-C9. This complex perforates the outer
wall of (Gram-negative) bacteria, which
causes their death. At the same time, lysozyme
(also present in plasma, lymph, and secretions)
breaks down the wall of bacteria enzymatical-
ly (cytolysis; —A3).

The so-called natural killer cells (NK cells,
NKC) specialize in nonspecific defense, partic-
ularly against viruses, mycobacteria, and tumor
cells. They identify their “victims”, the patho-
gen, the virus infected cell or the tumor cell,
by their foreign surface (lack of own HLA
type; cf. below) or couple to their Fc receptors
on IgG-opsonized antigens on the surface of
the victim (antigen-dependent cell-mediated
cytotoxicity [ADCC]; — A3). In each case the
killer cells perforate the victim’s membrane
with exocytic perforins and thus cause the
death of the cell being attacked (cytolysis;
— A3). This takes away not only the invading
viruses’ ability to multiply (the cell’s enzyme
apparatus), but makes them (and also other in-
tracellular pathogens that are still alive) more
vulnerable to attack from other defense sys-
tems. The NK cells are activated by interferons

(IFN), namely by IFN-o. and IFN-B, which are re-
leased by leukocytes and fibroblasts, as well as
by IFN-y, which is released from activated T
cells and from the NK cells themselves. IFNs,
which are released especially from infected
cells, also induce increased virus resistance in
cells which have not yet been infected. Defen-
sins are peptides (with ca. 30 amino acids) that
are released by phagocytes and act (among
other methods, by forming ion channels in the
target cell membrane) in a nonspecific cyto-
toxic manner, even on pathogens that are re-
sistant to NK cells.

Macrophages are formed from monocytes
that have immigrated or stay at one site (but
move freely there), such as the liver sinuses
(Kupffer cells), pulmonary alveoli, splenic si-
nuses, peritoneal lining, lymph nodes, skin
(Langerhans cells), joints (synovial A cells),
brain (microglia), and epithelium (e.g., renal
glomeruli). Together they are referred to as
the mononuclear phagocytotic system (MPS) or
reticuloendothelial system (RES). Macrophages
can recognize relatively nonspecific carbohy-
drate components on the surface of bacteria
and thereupon phagocytize and digest them.
Macrophages have to be activated in order to
be able to deal with those pathogens that sur-
vive in the phagosomes (see below and B6).

The specific cellular immmune defense by
armed T effector cells that are activated rela-
tively slowly (taking days [delayed immune re-
sponse]) presupposes that the prepared anti-
gen (peptide fragments) is presented to the
passing naive T cells by “professional” anti-
gen-presenting cells (APC) (presentation;
—B1). As a result the antigen is built into
MHC class | and MHC class Il proteins, in hu-
mans also called HLA class | or Il, respectively
(HLA = human leukocyte antigen). (The appro-
priate gene locus is the major histocompatibil-
ity complex [MHC]). It is especially dendritic
cells, to be found mainly in lymphatic tissue,
which act as APCs. For presentation (—B1),
ICAM is bound on the APC surface to lympho-
cyte function-associated antigen 1 (LFA1) on
the T-cell membrane. When a T cell that is spe-
cific for the antigen docks, the binding is
strengthened and the T cell is activated by a
double signal that triggers clone selection
(—B1).The double signal consists of: 1) recog-
nition of the (HLA I-bound or HLA II-bound)

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



antigen by the T-cell receptor with its corecep-
tor (CD8 in cytotoxic T cells and CD4 in helper
T cells [see below]), and 2) the costimulation
signal, i.e., the binding of the B7 protein (on
the APC) to the CD28 protein of the T cell. (If
antigen binding occurs without costimulation
[e.g., in the liver, where there are usually no
APCs], the lymphocytes are actually inactivat-
ed, i.e., they become anergic [peripheral im-
mune tolerance]). The T cell can also obtain
the APC double signal from infected macro-
phages or from B cells that have taken up the
antigen with their receptors (e.g., insect or
snake poisons, allergens). The APC double sig-
nal starts the expression of interleukin 2 (IL-2)
in the T cell as well as the incorporation of the
appropriate IL receptor into the cell membrane.
IL-2 (or IL-4, IL-7, IL-15) is the actual (autocrine
and paracrine active) signal for clonal expan-
sion of these monospecific T cells. In this pro-
cess the T cells differentiate into three armed
types (killer T cells, Ty;-cells and Tj,-cells)
that no longer require costimulation and ex-
press new adhesion molecules (VLA-4 instead
of L-selectin), so that they are now “anchored”
on the endothelium of inflammatory tissue
portions (and not in lymphatic tissue as are
their naive mother cells). The importance of
the IL signal can also be judged from the fact
that highly effective immune suppression can
be achieved with IL inhibitors such as cyclo-
sporin A or rapamycin (e.g., in organ transplan-
tations).

Cytotoxic T cells (killer T cells) originate
from naive CD8 T cells after HLA [-associated
antigen presentation, HLA 1 having mostly
taken its antigen from the cytosol (viruses, cy-
tosolic proteins, endogenous antigen presenta-
tion). Through their CD8-associated T-cell re-
ceptors, the cytotoxic T cells then recognize
the corresponding HLA 1-bound antigen on
the surface of (virus) infected body cells, tu-
mor cells, and cells of transplanted organs,
and kill them (—B2). Perforins form pores
through which granzyme B (protease) reaches
the inner cell and cause both apoptosis and cy-
tolysis. Apoptosis is also caused by binding of
the CD95 ligand of the T cell to CD95 (= Fas) of
the target cell (— B2 and p.12).

After HLA II-associated presentation of the
antigen (from intracellular vesicles, e.g.,
phagocytized bacteria or proteins of the viral
membrane), the CD4-T cells change into im-
mature effector T cells (T,,). Through differen-
tiation these turn into helper T cells, either in-
flammatory T cells (T,,,), which activate macro-
phages by means of IFN-y (— B6), or Type 2
helper T cells (T,,), which are essential for B
cell activation (— B4). These two cell types in-
hibit each other (suppression), so that only one
type predominates once the course is set
(—>B6).

The specific humoral immune defense origi-
nates in B lymphocytes (— B 3). IgD and mono-
mers of [gM are anchored on their surface (dis-
solved IgM is present in the form of penta-
mere); several of which bind to the appropri-
ate antigen. The resulting antigen cross-linkage
causes internalization and processing of the an-
tigen-antibody complex. However, a second
signal is essential for the subsequent activa-
tion of the B cells. In the case of the so-called
thymus-independent (TI) antigens this can
come from the antigens themselves (e.g., bac-
terial polysaccharides); in the case of thymus-
dependent (TD) antigens it comes from Ty,
cells to which the B cells present the HLA II-as-
sociated TD antigen (— B4). Should the T-cell
receptor of the Ty, cell “recognize” the antigen,
it expresses the CD40 ligand (which binds to
the CD40 protein of the B cell) on the surface
and also secretes IL-4. CD40 ligand and IL-4
(later also IL-5 and IL-6) trigger clonal selection
of the B cells, secretion of monospecific IgM,
and differentiation to plasma cells. Depending
on recoding for the Fc region (class jump,
switch), these now produce IgA, IgG, or IgE in
such a way that all Ig originating from one
B cell clone is specific for the same antigen.
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Inflammation

Inflammation is a defense reaction of the or-
ganism and its tissues to injurious stimuli.
The aim is to repair the damage or at least to
limit it, and also to remove the cause, for ex-
ample, bacteria or foreign bodies.

Causes of an inflammation can be:

Microorganisms (—A), such as bacteria,
viruses, fungi, or parasites;

Foreign bodies (foreign protein, e.g., pollen;
asbestos or silicon crystals); or

Tissue destruction with formation of tissue
debris, for example, through mechanical dam-
age such as cuts, stabs, scratches or foreign
bodies, chemical compounds such as acids or
alkalis, physical influences such as cold, heat,
radiation (UV, X-rays, radioactivity), and en-
dogenous causes such as disintegrating tumor
cells, extravascular blood, autoimmune reac-
tions (- p.56), or crystals of substances pre-
cipitated in the body (uric acid, calcium oxa-
late, calcium phosphate, and cholesterol).

An acute inflammation expresses itself as a
local reaction associated with the symptoms,
known since antiquity, of pain (dolor), swelling
(tumor), reddening (rubor), and warmth (ca-
lor). In addition, there are general inflamma-
tory reactions (acute-phase response; see be-
low).

Rapid activation of mast cells (in tissue) or
their counterparts in blood, the basophil leuko-
cytes, or basophils, is an example of the occur-
rence of a very strong acute inflammatory re-
action (— A) on which especially type I hyper-
sensitivity reactions are based (— p. 52). If the
body has previously been in contact with an
antigen (=allergen in cases of hypersensitiv-
ity), for example, with bee-poison protein, B
cells will have been sensitized as a reaction to
it (cooperation with Ty, cells; — p. 47, B4). The
ensuing plasma cells produce IgE that binds to
the Fc, receptors of the mast cells. On renewed
contact with the antigen this is now bound to
the antigen-specific Fab-ends of IgE. It seems
to be important for further reactions of the
mast cells that the allergen is bound to several
IgE molecules (antibody cross-linking); large
antigens that can repeatedly act antigenically
with different molecular parts (polyvalence)
are especially effective (e.g., parasites with
several bound haptens).

Cross-linking of the antibodies by the anti-
gen sets free second messengers in the mast
cell (cGMP, inositol phosphate, Ca?*) that trig-
ger a rapid degranulation of the mast cells, i.e.,
exocytosis of the inflammation mediators and
chemokines stored within the granules (hista-
mine, interleukin 8[IL-8], eotaxin, neutrophilic
chemotactic factor [NCF], etc.). Ca?* also acti-
vates phospholipase A, that splits off arachi-
donic acid from the phospholipids in the cell
membrane. This is the starting substance for
other important inflammation mediators,
namely prostaglandins (E, etc.) and leuko-
trienes (C4, D4 and E4; together also called
slow reacting substance of anaphylaxis [SRS-
A], as well as B4). The ether phospholipid
platelet activating factor (PAF), another impor-
tant inflammation and hemostatic mediator, is
liberated from the cell membrane of mast
cells.

In the further course of inflammatory reac-
tion leukotrienes and PAF (platelet-activating
factor) are also released from eosinophils and
neutrophils, from macrophages as well as PAF
from thrombocytes. This contributes signifi-
cantly to strengthening the reaction and to
the inclusion of the hemostatic system. These
cells are attracted by chemotaxis. Eotaxin,
PAF, and leukotriene B4 act chemotactically
on eosinophils (and Ty, cells). As PAF also acti-
vates the mast cells, the two cell types coop-
erate. Neutrophils and monocytes are attract-
ed by leukotriene B4, C5 a (see below), NCF, tu-
mor necrosis factor (TNF-a), IL-1, IL-4, and sev-
eral chemokines, such as IL-8 (— A).

Histamine, PAF, and the leukotrienes C4, D4,
and E4 act together with other mediators
(prostaglandin E,, bradykinin) to cause: 1) va-
sodilation, 2) an increased paracellular perme-
ability of the endothelium, and 3) stimulation
of nociceptors (— A).

Vasodilation is the cause of the reddening
and warming at the site of inflammation (see
above) and of reduced blood flow velocity
which makes it possible for the chemotactical-
ly attracted leukocytes to swim to endothe-
lium-near regions. Endothelium that has been
activated in the inflammatory area by, among
others, IL-4 (from T,;,-lymphocytes) pushes se-
lectins out into the lumen. These selectins, in
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the guise of adhesion molecules, cause the leu-
kocytes to roll along the endothelium and thus
activate other adhesion molecules (integrins;
ICAM-1, VCAM). This enables the leukocytes
to adhere to the vessel wall (margination). The
increased endothelial permeability (loosening
of endothelial cell connections) allows the leu-
kocytes to slip through into the extravascular
space (diapedesis; —A). Furthermore, more
protein-rich fluid (inflammatory exudate)
reaches the interstitial spaces and leads to
edematous swelling. In extreme cases even
the erythrocytes leave the blood vessels (hem-
orrhagic inflammation). Finally, pain arises,
which brings the injury into consciousness
(changed behavior), and stimulates a reflex ac-
tion to nurse the inflammed region (e.g., a
limb).

The neutrophils that have migrated to the
site of inflammation and the macrophages
that have differentiated from the immigrant
monocytes now try to phagocytize the patho-
gens causing the inflammation and to digest
them by means of their lysosomes. Their “ap-
petite” is increased by opsonification with IgG
or C3b (— p.44).

The complement system is also activated by
the inflammation, in the classical way in the
presence of antigen-antibody complexes or in
the slower, so-called alternative way through
less specific binding to bacteria-infected or
virus-infected cells. In both cases complement
C3b is formed. It not only opsonizes antigens,
but also causes polymerization of other com-
ponents (C5-C9) on the cell membrane of the
attacking pathogen which forms the mem-
brane-attack complex and thus triggers lysis
of the pathogen (— p.44). The complement
system can, in addition, break up virus parti-
cles and antigen-antibody complexes. Side
products of the complement system (C3a,
C4a and C5a, so-called anaphylaxins) act che-
motactically and activate macrophages.

Macrophages are activated mainly by path-
ogen exotoxins and endotoxins and by anti-
gen-antibody complexes, C5a, crystals (see
above), and by phagocytosis, whereupon oxi-
dants like O,~, OH-, '0,, and H,0, are liberated
and damage the pathogens (— A). The macro-
phages also release inflammation mediators,
for example, PAF, leukotrienes, prostaglandins,
IL-1, IL-6, and TNF-c. The latter do not only act

locally and chemotactically, but also include

the entire organism in the inflammation reac-

tion (acute-phase response; — A). Mediated by

IL-1, IL-6, and TNF-q, the following occurs via

specific receptors:

- Sleep reactions are initiated in the brain
(fatigue, tiredness);

- The set point of the body temperature shift-
ed towards higher levels (fever; — p. 20);

- Bone marrow is stimulated to release
more leukocytes;

- The liver is stimulated to absorb more iron
(taking it from the bacteria in plasma) and
to produce so-called acute-phase proteins
(among them C reactive protein [CRP] and
serum amyloid A [SAA]);

- The immune system is stimulated
(e.g., antibodies are formed); and

- Lipolysis and catabolism are initiated
(weight loss).

Tissue repair. After transient formation of cell-
rich granulation tissue (macrophages etc.),
characterized by budding blood vessels, plate-
let-derived growth factor (PDGF) and other
mediators stimulate the proliferation and im-
migration of fibroblasts. They produce glycos-
amineglycans that swell and deposit them-
selves on collagen fibers. New collagen is also
formed; shrinking of this collagen closes the
wound margins.

Finally, the collagen fibers (scar) are re-
placed by normal tissue for that site (restitutio
ad integrum; — B). This latter event is, how-
ever, true only for small, noninfected tissue in-
juries. If the cause of the inflammation (e.g.,
foreign bodies or wound infection) cannot be
removed at once, wound healing is delayed
and the defense response by the phagocytes is
intensified. Much energy is expended in this
(increased warming), the synchronously
activated hemostatic system occludes vessels
in the surrounding area so that ATP also be-
comes deficient due to a lack of O,, and the
pH value falls (anerobic lactic acid formation).
The liberated oxidants also damage the body’s
own cells. When these die, lysosomal enzymes
are freed so that finally the leukocytes and
cells of the inflamed tissue themselves also
die. This tissue death (necrosis), which can pro-
gress to abscess formation (— B), is the price
paid for preventing the spread of inflamma-
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tion and usually results in a permanent scar.
This also occurs when the defect is too large
(e.g., a gaping wound).

A disorder of wound healing (— B) occurs
when the inflammatory and healing processes
balance each other out (chronic inflammation;
e.g., in smoker’s bronchitis, or liver damage
caused by alcohol). If particularly large
amounts of collagen are formed, the outcome
is fibrosing inflammation (e.g., liver cirrhosis;
— p.172ff.), while excessive formation of gran-
ulation tissue is characteristic of granuloma-
tous inflammation (e.g., in tuberculosis, foreign
bodies).

If the scar tissue is of inferior quality, for ex-
ample, when collagen synthesis is impaired by
corticoids or there is an abnormality of col-
lagen cross-linking in vitamin C deficiency, lo-

cal stress can cause a re-opening of the wound,
as in the much-feared abdominal dehiscence
after abdominal operations. Larger scars, espe-
cially in the face, can lead to cosmetic prob-
lems, especially in cases of excessive scarring
(keloid; — B). In some cases scars can lead to
significant functional disorders, for example,
on the cornea (visual impairment), on cardiac
valves (stenosis, regurgitation; — p.194ff.), or
in the abdomen (adhesions or strictures of the
gut; - p.156).

If it proves impossible to locally delimit a
pathogen-caused inflammation, it will spread
to the entire organism, usually via the lym-
phatic system and sepsis sets in. This also
occurs if, for example, the large area of the
peritoneum is acutely overwhelmed by patho-
gens (gut rupture, burst abscess).
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Hypersensitivity Reactions (Allergies)

An allergy is a specific overreaction of the im-
mune system to a substance that is foreign to
the body but otherwise harmless, i.e., an an-
tigen (— p.42), which now becomes an aller-
gen. By binding to small-molecule foreign
substances (so-called haptens), endogenous
proteins can have the same effect as an aller-
gen. While normally the increased immune
(secondary) reaction can act protectively on
repeated antigen contact (immunization;
— p.42ft.), in an allergy it will lead to the de-
struction of intact tissue via immune mecha-
nisms that are in principle quite similar. Thus,
the primary contact will have initiated an al-
lergizing process. However, similar destruction
can also occur when the immune system fails
to recognize endogenous proteins as being en-
dogenous and autoantibodies are formed
(—p.54). In each case it is inflammatory reac-
tions (— p. 48 ff.) that do the damage.
Hypersensitivity reactions are divided into
(sometimes overlapping) types I-1V. Type |
(immediate) reaction is common. It is preced-
ed by allergization: when B and Ty, cells coop-
erate, the allergen is presented, and, among
others, IL-4 and IL-5 are liberated. Under the
influence of IL-4, antigen-specific B cells pro-
liferate (— IgE formation; — p.47 B4), and eo-
sinophils in bone marrow are stimulated by
IL-5 to differentiate and then enter the blood-
stream (— p.49, top). On second contact, im-
mediate reaction (anaphylaxis) occurs within
seconds to minutes and may be followed in a
few hours by a late reaction. The immediate re-
action is based on rapid liberation and new
formation of vasoactive inflammation media-
tors from IgE-coupled mast cells, while the
late reaction is mediated by attracted eosino-
phil and neutrophils and IgG (— p.49, top).
A type | (immediate) reaction can, depend-
ing on allergen exposure, be local or to a vari-
able extent generalized. Allergens in the air
(e.g., pollen, mite dust, animal hair) precipitate
reactions in the respiratory tract, where muco-
sal edema with hypersecretion (e.g., hay fever)
and bronchospasm (asthma) may occur, while
food allergens (e.g., constituents of milk, fruit,
or fish) result, in the first instance, in gastroin-
testinal symptoms such as abdominal pain,
nausea, vomiting, and diarrhea. Nevertheless,

hypersecretion in the respiratory tract as well
as any vomiting or diarrhea actually help to
remove the allergen. The skin reacts to aller-
gens (e.g., to bee-poison protein) with itching,
swelling, urticaria, and atopic dermatitis. If the
allergen gains direct access into blood through
injection (e.g., serum or haptens such as pen-
icillin), a immediate systemic reaction occurs
and the resulting liberation of vasoactive
mediators can lead to a life-threatening drop
in blood pressure (anaphylactic shock;
— p.230ff.). It may also occur, although slight-
ly delayed, after strong gastrointestinal or re-
spiratory exposure to allergens. Similarly, urti-
caria may develop in cases of food allergy.

In type II, or cytotoxic hypersensitivity
(—A), the focus is usually on antigen-effective
cells or extracellular matrix proteins, in that ei-
ther haptens (e.g., drugs) bind to endogenous
(blood) cells, or foreign blood cells enter the
organism. After allergization on first contact
with the allergen, subsequent antigen expo-
sure results in large amounts of allergen-spe-
cific IgM and IgG being formed and being
densely bound (10%-10° per cell) to the aller-
genic cell surface (opsonification; — A). In this
way the complement system is activated
(—p.43, A1), and natural killer cells unfold
their cytotoxic action (antibody-dependent
cell-mediated cytotoxicity [ADDC]; — p.43,
A3). Both produce destruction of the allergenic
cell within a few hours (cytolysis; — A). Hapten
binding to endogenous erythrocytes thus re-
sults in hemolytic anemia (— p.40), and hap-
ten binding to thrombocytes results in throm-
bocytopenia. (The two cell types are especially
exposed to complement attack, because they
possess only a few complement-regulating
proteins; see also p.40). Foreign erythrocytes
(e.g., in ABO incompatibility) are agglutinated,
i.e,, they are bound together via IgM and are
quickly hemolyzed (acute transfusion acci-
dent; — p.41,B). In a basically similar (but not
as yet fully clarified) way, autoantibodies
against the basement membrane lead to tissue
destruction in the kidneys and lung (Goodpas-
ture’s syndrome). IgG is deposited along the
capillaries of the renal glomeruli, where they
cause a strong inflammatory reaction (rapidly
progressive glomerulonephritis with impend-
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ing renal failure [RPGN]; — p.102ff.), while
pulmonary involvement is characterized by
life-threatening bleeding.

Atype lll reaction (— B) is due to the forma-
tion and deposition of immune complexes (an-
tigen-antibody complexes), the antigens fre-
quently being connected to one another via
the participating immunoglobulins (IgM, IgG).
Such immune complexes not only activate the
complement system (—p.43,A1), but also
macrophages, granulocytes, and thrombocytes
(via their Fc receptors). It is especially when
the antigen is in excess that small, soluble im-
mune complexes circulate in blood for long pe-
riods (— B, curves) and are only slowly broken
down. They are mainly deposited in the capil-
laries of the glomeruli (granular) but can also
be found in joints, skin, and elsewhere. The
capillary wall will now be attacked by the
complement system as well as by phagocytes
that have been chemotactically attracted and
then activated. The phagocytes liberate pro-
teases, oxidants, and inflammation mediators,
so that (immune complex) glomerulonephri-
tis, joint pains, urticaria, lymphadenitis, and
fever develop. These are symptoms that used
to occur on passive immunization with vac-
cines made from animal serum (cattle, sheep,
horses) and were called serum sickness.

A type IIl reaction can also be caused by in-
fections, if the immune system is unable to
eliminate the pathogens completely (e.g.,
streptococci or certain malaria protozoa), but
enough antibodies are formed to maintain a
high concentration of immune complexes in
the blood. Systemic lupus erythematodes is a
type III reaction of unknown etiology.

A local type Ill reaction can develop in the
skin, for example, after vaccination (Arthus’
phenomenon), or it can occur in the lung after
small amounts of antigen have been repeated-
ly inhaled. On further contact, large amounts
of IgG are released (antigen excess) and com-
plexes are formed that are precipitated in the
lung (exogenous allergic alveolitis). Examples
are bird fancier’s lung (antigens in bird excreta)
and farmer’s lung (mold antigens in hay).

A type IV reaction (— C,D) is borne mainly
by T,, cells, killer T cells and macrophages,

reaching its maximum effect in two to four
days (delayed reaction type or delayed hyper-
sensitivity type [DHT]). It is triggered mainly
by proteins from pathogens (viruses, tuberculo-
sis, lepra, bilharziasis, leishmaniasis, listerio-
sis, fungal infections), other foreign proteins
(e.g., the wheat protein gliadin that causes ce-
liac disease), and haptens, for example, drugs,
metals (e.g., nickel; — D), cosmetics, plant con-
stituents (e.g., pentdekacatechol in poison ivy
[Rhus radicans], or poison oak [Rhus toxicoden-
dronl]). Primary rejection of transplanted organs
is also a type IV reaction.

The antigen is phagocytized by macro-
phages, processed and presented to the (DHT-)
Ty cells (— C). Sensitization takes more than
five days. On renewed contact, numerous
Tcells are activated into T, cells (— p.45ff.).
These stimulate monocyte formation in bone
marrow via IL-3 and granulocyte-macrophage
colony stimulating factor (GM-CSF), attract
monocytes and macrophages via chemokines,
e.g. MCPs (monocyte chemoattractant pro-
teins) and MIPs (macrophage inflammatory
proteins), activate them via interferon vy (IFN-
v) and with them (as well as with TNF-B) cause
a strong inflammatory reaction in which en-
dogenous or transplanted tissues may be ex-
tensively destroyed (tuberculosis, lepra, organ
rejection).

Often haptens on the skin are responsible
for a type IV reaction in the form of contact
dermatitis. Nickel in jewellery or watches can
get into the skin where, bound to endogenous
protein, it is phagocytized as an antigen by the
skin macrophages (Langerhans cells) and pro-
cessed (— D). Subsequently, the macrophages
migrate to the regional lymph nodes and there
(after transformation to dendritic, B7-positive
cells) present the antigen to antigen-specific T
cells from the blood and lymph. The latter pro-
liferate and differentiate (to killer T cells and
Ty, cells) and in this way reach the site of anti-
gen exposure in large number (mainly via the
blood; — C,D).

Type V reactions are caused by autoanti-
bodies against transmitter receptors or hor-
mone receptors (— p. 56).
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Autoimmune Diseases

When the immune system continuously forms
autoantibodies (AAB) or activates T cells
against endogenous antigens, this may cause
damage to tissues or organs (autoimmune dis-
ease [AID]). (The occurrence of AAB is by itself
no proof of AID, because AAB can be demon-
strated as a transient response to tissue dam-
age).

AID is normally prevented, because
- immature T cells, which recognize the most

common, ubiquitous autoantigens (AAG),

are subject to clonal deletion in the thymus

(—p.42);

- mature Tcells are clonally inactivated (aner-
gy; — p.45). The reason for this is that cells
in tissue do not give off any costimulation
signals (e.g., B7-protein; — p. 46, B1);

- AAG-specific T cells are not activated in cer-
tain circumstances, despite recognition (im-
munological ignorance; see below, point 3).

The etiology and pathogenesis of AID has not

been adequately clarified, yet the formation of

AAB and T cell activation are based on the

same mechanisms that operate in immune re-

actions to foreign bodies (— p. 42 ff. and 52 ff.).

The following causes may be fully or in part re-

sponsible for the development of AID (— A):
1. Genetic predisposition is due to certain

HLA-II alleles: carriers of the HLA-II allele

DR3 +DR4 are, for example, 500 times more

likely than carriers of DR2 +DR2 to develop

type I diabetes mellitus (— p. 286).

2. A sex linkage that is especially marked in
puberty points to hormonal influences. For ex-
ample, the female to male ratio in systemic lu-
pus erythematodes is 10: 1, while in ankylosing
spondylitis itis 1:3.

3. AAG from immunologically privileged re-
gions (brain, eye, testis, uterus) may leave
these (via blood vessels, but not via lymphat-
ics) and interact with T cells, but this does
usually not trigger AID, because AAGs are ac-
companied by TGF. This is probably responsi-
ble for Ty, cells being activated (instead of the
destructive Ty, cells). None the less, it is pre-
cisely from these regions that AAGs cause AID,
for example, myelin base protein (MBP) of the
brain causing multiple sclerosis, one of the
most common AIDs. It has been shown in ani-
mal experiments that MBP produces no toler-

ance or anergy of the T cells, but rather an im-
munological ignorance; this is transformed into
destruction of myelin when (e.g., with an in-
fection) MBP-specific, inflammatory Ty, cells
are activated elsewhere and then penetrate
into the brain. In a similar fashion proteins
may be released in an injury to the eye and
the immune response to it can endanger the
other, intact, eye (sympathetic ophthalmia).
Infertility due to sperm-AABs is another exam-
ple. Normally the embryo or fetus with its nu-
merous foreign antigens (inherited from the
father) is immunologically tolerated, since the
placenta induces anergy (— p.45) of maternal
lymphocytes. Inability of the placenta to do so
leads to abortion.

4. Infections may be involved in the devel-
opment of AID. For example, MBP-specific T
cells (see above) are activated when certain
bacteria are present (experimentally, for ex-
ample, by mycobacteria in Freund’s adjuvant).
These pathogens may elicit the missing co-
stimulation signal (see above). In addition, an-
tibodies against certain pathogen antigens or T
cells may cross-react with AAG (molecular
mimicry), such as antibodies against A strepto-
cocci with AAG in the heart (endocarditis),
joints (rheumatoid arthritis), and kidney (glo-
merulonephritis).

5. Faulty regulation of the immune system
of an unknown kind (absence of suppressive
CD8 cells that kill antigen-presenting CD4
cells?) may also be involved.

The immune mechanisms of AID corre-
spond to type II-V hypersensitivity reactions
(—p.52ff.). One also distinguishes systemic
AID (e.g., systemic lupus erythematodes [type
Il reaction]) from organ-specific and tissue-
specific AID (— B). Examples of type Il reactions
are autoimmune hemolytic anaemia and
Goodpasture’s syndrome; rheumatoid arthri-
tis, multiple sclerosis (?) and type I diabetes
mellitus (in which CD8-T cells destroy the
own pancreatic B cells; — p.286) are examples
of type IV reactions. Examples of type V reac-
tions are hormone receptor-activating
(Graves’ disease) or hormone receptor-block-
ing (myasthenia gravis) AAD.
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Immune Defects

Immune defects express themselves through
frequent, prolonged, and often life-threatening
infections (also caused by otherwise harmless
infectious agents) and through certain tumors.

Among defects of nonspecific defense are
those of the complement system (infection
with extracellular pathogens, e.g., the Neis-
seria), of the NK cells (infection with intra-
cellular pathogens, e.g., listeria or herpes vi-
rus) as well as of mannose-binding proteins
([MBP] — p. 44). Disorders of phagocytosis can
concern the cell number (e.g., leukopenia due
to G-CSF deficiency; agranulocytosis due to
radiotherapy or chemotherapeutic agents), or
may be functional. In leukocyte adhesion defect
(LAD), a defect of the integrin subunit (CD18)
prevents margination; in lazy leukocyte syn-
drome, migration is slowed down; in chronic
(or septic) granulomatosis oxidants are not
formed; and in Chediak-Higashi syndrome the
fusion of phagosomes with lysosomes is ab-
normal.

Humoral immune defects can be caused by
disorders of maturation, function, or activation
of B cells. Without antibodies the organism is
powerless, especially against pus-forming
pathogens, because their polysaccharide mem-
brane cannot be phagocytized without opson-
ification. Examples are 1) selective IgA defi-
ciency (very common, with an incidence of 1
in 700), in which a lack of mucosal protection
frequently leads to respiratory and gastro-
intestinal infections and to an increased inci-
dence of susceptibility to allergies; 2) congeni-
tal agammaglobulinemia, in which a (X-linked)
defect of Bruton-type tyrosine kinase hinders
the maturation of B cells; 3) hyper-IgM syn-
drome, in which IgM concentration is greatly
increased, but that of IgG and IgA is reduced
(no class jump due to defect of CD40 ligands;
— p.47, B4); and 4) so-called variable immune
defect (deficient stimulation of B cells by CD4-
Tcells).

Disturbances of cellular immune defense
occur in thymus aplasia (DiGeorge’s syndrome)
and in combination with humoral immune de-
fects. They extend from abnormal stem cell
differentiation (reticular dysgenesis) via defec-
tive HLA formation (naked lymphocytes syn-
drome) to the life-threatening combined B-

cell and T-cell disorder (severe combined im-
munodeficiency disease [SCID], e.g., due to a de-
ficiency of adenosine deaminase or purine nu-
cleoside phosphorylase).

AIDS (acquired immunodeficiency syn-
drome) is caused by HIV-1 or HIV-2 (HIV = hu-
man immunodeficiency virus) (— A). The ge-
nome of these retroviruses is coded in two al-
most identical molecules of a single-strand
RNA (ssRNA). Built into the virion (complete
virus particle) cover is the gp120-protein
(— A1) that docks simultaneously on CD4 and
on a chemokine receptor (= CCR5 at the begin-
ning of an infection; = CXCR4 at the final stage)
of the host cell membrane, thus eliciting mem-
brane fusion and virion endocytosis (—A2).
(People with a CCR5 defect are largely protect-
ed against an HIV infection). In addition to CD8
cells, it is mainly the CD4-T}, cells that are af-
fected. In the latter, ssSRNA is transcribed to
cDNA by a virion-endogenous reverse tran-
scriptase, finally being incorporated as a dou-
ble-strand dsDNA (provirus) into the host
cell's genome (latent stage). Activation of the
CD4 cells (at the onset of infection and the
late stage) triggers expression of the provirus.
The proteins that result from this, tat and rev
as well as NFxb from the host cell, take part in
the formation of new virions that are exocy-
tozed (viremia; — A3,4). The CD4 cell may be
destroyed during these stages (see photo-
graph), particularly as it is attacked by its own
immune defenses (anti-gp120-IgG + comple-
ment; viral peptide recognition by cytotoxic T
cells). Noninfected CD4 cells may also die
(HLA-independent apoptosis) so that in the
late stage a serious CD4 cell deficiency develops
(—A4). The changes in cytokine concentration
(— A5) decimate Ty, cells and cytotoxic T cells.
The body is now ever more helplessly exposed
to other, normally harmless, pathogens (e.g.,
fungi) and certain tumor cells (Kaposi’s sarco-
ma, lymphoma) (<500CD4 cells/uL blood:
ARC [=AIDS-related complex]; <200: full-
blown AIDS). Many years can pass from the
initial viremia (high p24-antigen level with
IgM formation) and the ARC with renewed vi-
remia (no more IgM) (— A4), during which the
proviruses survive in relatively few (10°), inac-
tive CD4 cells (mostly in lymph nodes).
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Hemostasis and Its Disorders

The hemostatic system protects the organism
against bleeding and blood loss. It involves
plasma factors, thrombocytes (platelets), and
the vessel wall. Their interaction locally guar-
antees the sealing of leaks in the vessel when
platelets temporarily “glue” it together (white
thrombus), and subsequently the plasma co-
agulation system forms a firm fibrin tangle
(red thrombus) and thus a stable closure is
formed. However, excessive clot formation
(thrombi) with consequent occlusion of larger
blood vessels (thrombosis) and the migration
of thrombi (emboli; — p. 240) must be avoided.
To keep this balance the hemostatic system,
if required, is rapidly activated locally (a mat-
ter of minutes), but an extension of hemostasis
is prevented by inhibitory factors (in part
through a feedback mechanism). The fibrinoly-
sis system is responsible for dissolving exces-
sive fibrin clots.

Thrombocytes (TCs or platelets; 170-
400 x 10%/uL blood) are nucleus-free cytoplas-
tic bud-like particles split off from the mega-
karyocytes in bone marrow (— p.28). Endo-
thelial damage leads, via the von Willebrand
factor (VWF) to immediate adhesion of TCs to
exposed collagen, which requires, among
other factors, glycoprotein Ib on the TC surface
(—F1). Adhesion activates the TCs, i.e., it
causes their aggregation (aided by thrombin),
changes their form and releases vasoconstric-
tive (PDGF, thromboxan A,) and aggregation-
promoting substances (fibronectin, VWF, fibrin-
ogen). In addition, thromboxan A,, together
with ADP (adenosine 5’-diphosphate) that has
also been released, and the inflammation
mediator PAF (— p.48) enhance TC activation.
When aggregating, TCs contract and greatly
change their shape (formation of microvilli),
during which the glycoproteins IIb/Illa (among
others) are exposed on the platelet surface.
This serves the adhesion on fibronectin of the
subendothelial matrix as well as of fibrinogen
that links the platelets together in a net-like
structure (— F).

The coagulation system is made up of nu-
merous factors. They include (— D):

- factor I (fibrinogen)
- factor II (prothrombin)
- factor III (tissue thromboplastin)

- factor IV (Ca?*)

- factors VII-XIII

- prekallikrein ([PKK]; Fletcher factor)
- high-molecular kininogen ([HMK];

Fitzgerald factor)

and the inhibitory factors (— E):

- antithrombin I1I

- a,-macroglobulin

- oy-antitrypsin

- protein CX, and

- protein S¥

With the exception of Ca?*, they are all globu-
lar proteins with a molecular mass between
54 kDa (a,-antitrypsin) and 2 000 kDa (factor
VIII), most of which are synthesized in the liver
(I, TIK, V, VIIX, IXK, XX, XIII, kininogen). Vitamin K
is essential for the formation of those factors
and proteins marked with a X. The vitamin is
important in the posttranslational y-carboxyla-
tion of a number of glutamyl residues at the N-
terminal of the peptide chains. These y-car-
boxyglutamyl groups are necessary for Ca*-
mediated fixing to phospholipids, for example,
of the thrombocyte membrane (formation of
complexes).

Coagulation (— D, E). Most coagulation fac-
tors are normally not active. They are activated
(Index a) by a cascade. Usually the particular
factor is converted from its inactive form
(= proenzyme =zymogen) to an active endo-
peptidase which in turn activates the subse-
quent factor in the same way. The cascade
starts in the environment of the endothelial
defect (negative charge of subendothelial col-
lagen and sulfatid groups) with contact activa-
tion of factor XII to Xlla (endogenous activa-
tion). Factor Xlla then activates PKK to kalli-
krein (KK), which enhances factor XII activa-
tion (contact phase with positive feedback for
enhancement). Factor Xlla activates Factor XI
to XIa, the latter activating IX to IXa etc., until
finally fibrin monomers are formed from fi-
brinogen (factor I), these monomers being
bound together covalently by factor XIII
(transamidase) into a fibrin net. If the injury is
large, tissue thrombokinase (factor III) comes
into contact with the blood and activates fac-
tor VII, which in a complex with Ca?* and
phospholipids in turn activates factor X (exog-
enous activation).
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A bleeding tendency (hemorrhagic diathe-
sis [HD]) may be caused by disorders of the
coagulation or fibrinolysis system (plasma
HD) as well as disorders of TC (thrombocytic
HD), or of vascular defects (vascular HD).
While in plasma disorders minimal mechani-
cal injury result in hematomas (bruises) and
bleeding into joints, thrombocytic and vascu-
lar HDs are characterized by punctuate, tiny
insect bite-like cutaneous bleedings (pete-
chiae; — A, photo).

The probable cause of a more serious HD
can be elucidated with a few simple clotting
tests (— B). In the Quick test, plasma is tran-
siently made incoagulable with substances
that form complexes with Ca?* (citrate, oxa-
late, or EDTA); an excessive amount of Ca**
and tissue thrombokinase are then added and
the resulting clotting time is compared with
serial dilutions of normal plasma. If, for exam-
ple, the test plasma coagulates after the same
time interval as 1:1 diluted normal plasma,
the Quick value is 50% (normal range: 70—
125%). Low Quick values denote that either
factor VII (exogenous system) or the cascade
initiated by factor X is abnormal or is influ-
enced by vitamin K antagonists (- B,C,D). To
measure partial thromboplastin time (PTT),
kephalin, kaolin (substitute for contact activa-
tion), and Ca?* are added to the citrated plas-
ma and the time until clotting (= PTT) is mea-
sured (normal: 25-38 ). If it is increased, the
disorder lies either in the endogenous activa-
tion or in the common final pathway from fac-
tor X onward (— B, C). To measure (plasma)
thrombin time, thrombin is added to the cit-
rated plasma and the clotting time determined
(normal: 18 -22 s); the result can reveal fibrin-
ogen deficiency (— B), or can be used to moni-
tor treatment with heparin, which enhances
the inhibitory action of antithrombin III on
thrombin (— E). An abnormality in the plate-
lets usually goes hand in hand with prolonged
bleeding time (bleeding >5 min after, e.g., a
prick into the ear lobe). A TC deficiency
(thrombocytopathy; <50 x 10°/uL blood) can
be distinguished from an abnormality of plate-
let function (thrombocytopathy) by means of a
platelet count (— C).

Plasma hemorrhagic diathesis (coagulo-
pathies) are caused by congenital or acquired
clotting factor deficiency. The hereditary co-

agulopathies (—D1) can affect practically
each of the plasma factors, but deficiency of
some of the factors may produce relatively
few symptoms (e.g., factors of the contact
phase, factor XI). The most common (one of
10000 newborn boys) of the the X-chromo-
somal recessive forms is classical hemophilia
(Type A). This was, for example, inherited
from Queen Victoria by numerous male de-
scendants of European royal houses (women
are carriers). The most common bleeding sites
are the muscles and the large joints of the leg,
the latter becoming markedly deformed with
time (hemophilic arthropathy). Hemophilia A
is due to the absence, reduced formation, or
defect of factor VIII. The fivefold rarer hemo-
philia B (factor IX deficiency) is similar in its
mode of inheritance and symptoms to hemo-
philia A. The rare homozygous hereditary defi-
ciency of factor I (afibrinogenemia), of factor II
(hypoprothrombinaemia), of factors V, VII, and
X leads especially to marked bleeding after se-
vere injury or operations. Homozygous defi-
ciency of o,-antiplasmin, an important inhibi-
tor of fibrinolysis (— D3) also results in a he-
mophilia-like bleeding tendency. Factor XIII
deficiency is characterized by fibrin instability
so that bleedings occur only after a long inter-
val (up to 1% days). The routine clotting tests
are usually normal in factor XIII deficiency, be-
cause actual clotting is unchanged.

Acquired coagulopathies (—D2) occur
when formation of the various factors is re-
duced, when they are inhibited (e.g., by ad-
ministration of heparin [— E] or by immune
coagulopathies, e.g., factor VIII antibodies), or
if their consumption is high (consumption
coagulopathy). As most of the clotting factors
are formed in the liver, liver damage (in partic-
ular liver cirrhosis; — p.172ff.) results in clot-
ting disorders. Simultaneously occurring por-
tal hypertension further increases the risk of
hemorrhages (mainly from esophageal vari-
ces; — p.170ff.) because platelets are seques-
tered in the enlarged spleen, resulting in
thrombocytopenia (see below). As several
clotting factors are vitamin K-dependent (see
above), a coagulopathy can also be caused by
deficiency or inhibition of vitamin K (—D2).
Causes of vitamin K deficiency are:

- obstructive jaundice, in which fat-soluble
vitamins (e.g., vitamin K, from green plants
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or synthetic vitamin Kj;) fail to be absorbed

due to the lack of bile salts (— p.168);

- generalized malabsorption (— p.152ff.);

- destruction by antibiotics of the intestinal
flora, which through its synthesizing vita-
min K, contributes significantly to supply-
ing the body with this substance.

The inhibition of the vitamin K effect by cou-

marin derivatives (phenprocoumon, warfarin,

acenocumarol) is used for oral prophylaxis of
thrombosis (anticoagulant treatment).

Consumption coagulopathy (=disseminated
intravascular coagulation; — D2) is a coagula-
tion disorder caused by acute or chronic acti-
vation of thrombin with clot formation and
platelet activation that secondarily results in
hyperfibrinolysis. It is caused by large
amounts of tissue thromboplastin entering
the bloodstream, for example, in amniotic
fluid embolism, extensive brain injury, malig-
nant disease (e.g., leukemia), or sepsis (e.g.,
petechiae in meningococcal septicemia [Wa-
terhouse-Friedrichsen syndrome]). Vascular
causes are seen, for example, in aortic aneu-
rysm (— p.236ft.), or in vascular malforma-
tions as well as in ABO blood group mis-
matches, and due to enzyme action with cer-
tain snake poisons.

The two groups of hemorrhagic diathesis
caused by platelet abnormalities are thrombo-
cytopenias and thrombocytopathies. Acquired
thrombocytopenias (TCPs) are the most com-
mon HD. TCP is due to diminished platelet for-
mation (aplastic TCP, e.g., in bone marrow tu-
mors, radiation damage, or cobalamine or fo-
late deficiency), to increased platelet destruc-
tion (thrombocytoclastic TCP), or platelet se-
questration in an enlarged spleen. Markedly
increased bleeding tendency occurs when the
number of platelets falls below 20 x 10%/uL.
Idiopathic TCP (Werlhof’s disease) is relatively
frequent, its acute form developing one to
three weeks after a viral infection (shortened

platelet survival time due to immune com-

plexes). The chronic form occurs as an autoim-

mune disease. Drug allergy can produce TCP
through the action of drugs (e.g., quinine or
sulfonamides) as haptens (— p.52). Acquired
thrombocytopathies occur in uremia and dys-
proteinemia (platelet coating). They can also
be caused by such drugs as acetylsalicylic acid
via their inhibitory effect on cyclo-oxygenase,
an effect that is used in thrombosis prophylaxis.

Congenital thrombocytic HDs are the auto-
somal-dominant and autosomal-recessive he-
reditary thrombocytopenias (abnormal plate-
let production) with the following functional
disorders:

- Membrane defects such as 1) deficiency of
platelet glycoprotein Ib (— F1) that disturb
adhesion (Bernard-Soulier syndrome); 2)
deficiency of glycoprotein complex Ila/Illb
(—F2), which inhibits aggregation and ad-
hesion (Glanzmann-Naegeli thrombasthe-
nia);

- Diverse defects of storage or secretion, for ex-
ample, deficiency of cyclo-oxygenase and
thromboxane synthetase, in which ADP re-
lease is reduced (storage pool deficiency);
(—F3).

Among the forms of HD of vascular cause are

the different kinds of hereditary von Wille-

brand’s (VW) disease, a defect of vascular en-
dothelium in which the vW factor is reduced
or defective (— F4). This weakens platelet ad-
hesion and secondarily leads to factor VIII defi-
ciency, because the vW factor acts as a kind of
carrier for this factor (complex formation).

Finally, there are a number of functional disor-

ders and tissue changes in the vascular wall

and connective tisue that are either congenital

(purpura simplex; Osler-Weber-Rendu dis-

ease; Schonlein-Henoch disease), or acquired

(scurvy in vitamin C deficiency; drug-medi-

ated immune reactions).

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— E. Inhibition of Blood Clotting System

Heparin Exogenous Endogenous

\l/ activation activation

| 5| PL-Ca™*-Vlla XI
l | —>| Xlla y "
X £
Q
\% Xla y 2
— X o

= PL-Ca*- [Xa-Vllla
e} @
O
P s
= g
- Y — Vv Negative o
< —f———| PL-Ca"-Xa-Va feed-back T

Prothrombin l—; Thrombin

Thrombomodulin |
O
o, macroglobulin =
0, antitrypsin 2
Fibrinopeptides <—2—2 Fibrin o

— F. Causes of Thrombocytic and Vascular Bleeding Tendency

Defects of storage
and secretion

lib/1lla reduced { l

!

Thromboxan synthetase and
cyclooxygenase deficiency

Aggregation ¥ > Storage pool
Adhesion * % deficiency
Glanzmann-Naegeli Endotieltm

thrombasthenia
Extracellular
matrix

3
®
3
E
()
T
5
s
Fibronectin 'é
VWF reduced
Adhesion § Causes:
Bernard-Soulier ‘l’ :l el
syndrome Thrombocyte adhesion ¥ —— |:| vascular
F VIl deficiency % c;iseea':z = [ various

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 3.19 Hemostasis Il

65



4 Respiration, Acid-Base Balance

66

Overview

Breathing through the lungs has two func-
tions: firstly, to supply O, to the blood and,
secondly, to regulate the acid-base balance
via the CO, concentration in the blood. The
mechanics of breathing serve to ventilate the
alveoli, through whose walls O, can diffuse
into the blood and CO, can diffuse out. Respira-
tory gases in the blood are largely transported
in bound form. The amount transported de-
pends, among other factors, on the concentra-
tion in blood and on pulmonary blood flow
(perfusion). It is the task of respiratory regula-
tion to adapt ventilation to the specific re-
quirements.

A number of disorders can affect breathing
in such a manner that ultimately sufficient O,
uptake and CO, release can no longer be guar-
anteed.

In obstructive lung disease (— p.76) flow
resistance in the respiratory tract is raised and
ventilation of the alveoli is thus impaired
(—>A1). The primary consequence is hypo-
ventilation in some alveoli (abnormal distri-
bution; — p.72) or of all alveoli (global hypo-
ventilation). If alveolar ventilation ceases
completely, a functional arteriovenous shunt
occurs. However, hypoxia leads to constriction
of the supplying vessels, thus diminishing
blood flow to the underventilated alveoli.

In restrictive lung disease (— p. 74) the loss
of functioning lung tissue reduces the area of
diffusion and in this way impairs gaseous ex-
change. There is also a reduced area of diffu-
sion in emphysema (— p. 78), a condition char-
acterized by alveoli that have a large lumen
but are also diminished in number. Disorders

Table 1 Terms for Various Breathing Activities

Hyperpnea increased breathing movement
Eupnea normal breathing movements
Hypopnea decreased breathing movements
Apnea arrested breathing
Bradypnea decreased rate of breathing
Tachypnea increased rate of breathing
Dyspnea labored breathing

(subjective feeling)
Asphyxia inability to breathe
Orthopnea labored breathing, except in

the sitting or upright position

F. Lang

of diffusion can also be caused by an increased
distance between alveoli and blood capillaries
(= A2; —p.70,80). If alveoli and capillaries
are completely separated from one another,
this results in both a functional dead space
(nonperfused alveoli) and an arteriovenous
shunt.

Restrictive and obstructive lung disease as
well as cardiovascular disease may affect lung
perfusion (—»A3; —p.80). Decreased perfu-
sion results in a reduced amount of gases
being transported in blood, despite adequate
0, saturation and CO, removal in the alveoli. If
flow resistance is increased, severe conse-
quences for the circulation are possible, be-
cause the entire cardiac output (CO) must
pass through the lungs (- p. 80).

Breathing is also impaired in dysfunction of
the respiratory neurons (— p. 82) as well as of
the motoneurons, nerves, and muscles that are
controlled by them (— p.68). The changes in
breathing movement that occur when the
breathing regulation is abnormal (— Table 1)
do not, however, necessarily lead to corre-
sponding changes of alveolar ventilation.

Consequences of inadequate breathing can
be hypoxemia (— A5; — p. 84), hypercapnia or
hypocapnia (increased or decreased CO, con-
tent, respectively; — A4; — p. 86 ff.) in arterial-
ized blood. The supply of O, to the cells as well
as the removal of CO, from the periphery do
not only depend on adequate respiration but
also on unimpaired oxygen transport in the
blood (—chap.3) and on intact circulation
(—chap.7).

Table 2 Definition of Some Parameters
of Ventilation

Tidal volume (V5) volume of normal inspira-

tion and expiration
volume of maximal
expiration after maximal
inspiration

Vital capacity (VC)

Maximal breathing
capacity (Vi)

maximal ventilation (L/min)
achieved in a short period
of time (usually 10's)
Compliance (C) lung distensibility

Forced expiration volume maximal volume expired

(FEV,) in 1 second
Functional residual total residual volume
capacity (FRC) after normal expiration
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Ventilation, Perfusion

To reach the alveoli, inspired air must pass
through those respiratory pathways in which
no gaseous exchange takes place (dead space),
i.e,, normally the mouth, pharynx and larynx,
trachea, bronchi and bronchioles. On its way
the air will be warmed, saturated with water
vapor, and cleansed.

The tidal volume (VT) contains, in addition
to the volume of air that reaches the alveoli
(VA), the volume of air that remains in the
dead space (VD). If tidal volume is less than V,,
(normally ca. 150 ml), the alveoli are not venti-
lated with fresh air (— A, right). When tidal
volume is greater than Vp, the proportion of al-
veolar ventilation rises with increasing VT. Al-
veolar ventilation may even be reduced during
hyperpnea, if the depth of each breath, i.e., VT,
is low and mainly fills the dead space.

Increased ventilation can occur as a result of
either physiologically (e.g., during work) or
pathophysiologically (e.g., in metabolic acido-
sis; — p. 88) increased demand, or due to an
inappropriate hyperactivity of the respiratory
neurons (— p. 82).

Decreased ventilation can occur not only
when the demand is reduced, but also when
the respiratory cells are damaged, or when
neural or neuromuscular transmission is ab-
normal. Further causes include diseases of the
respiratory muscles, decreased thoracic mobi-
lity (e.g., deformity, inflammation of the
joints), enlargement of the pleural space by
pleural effusion or pneumothorax (— p. 74) as
well as restrictive or obstructive lung disease
(— p. 74ff.).

Changes in alveolar ventilation do not have
the same effect on O, uptake into the blood
and CO, release into the alveoli. Because of
the sigmoid shape of the O, dissociation curve,
0, uptake in the lungs is largely independent
of alveolar partial pressure (PAy). If there is
only minor hypoventilation, the partial pres-
sure of O, in the alveoli and thus in blood is re-
duced, but the O, dissociation is at the flat part
of the curve, so that the degree of hemoglobin
saturation and thus O, uptake in blood is prac-
tically unchanged (— B, right). On the other
hand, the simultaneous increase in CO, partial
pressure in the alveoli and blood leads to a no-
ticeable impairment of CO, release (— B, left).

Massive hypoventilation lowers the O, partial
pressure in the alveoli and blood, so that oxy-
gen is at the steep part of the O, binding curve
of hemoglobin and O, uptake is therefore im-
paired much more than CO, release is. Hyper-
ventilation increases the O, partial pressure in
the alveoli and blood, but cannot significantly
raise the level of O, uptake into the blood be-
cause the hemoglobin is already saturated.
However, hyperventilation boosts CO, release.

Lung perfusion is increased, for example,
during physical work. It can be reduced by
heart or circulatory failure (— p.224), or by
constriction or occlusion of pulmonary vessels
(—p.80).

A moderate increase in lung perfusion while
ventilation remains unchanged increases O,
uptake virtually in proportion to the amount
of blood flow (— C, right). Even though the al-
veolar O, partial pressure falls slightly because
of the increased O, uptake from the alveoli into
the blood, this has little influence on O, satura-
tion in the blood (see above). It is only when
the alveolar partial pressure of O, falls into
the steep part of the O, dissociation curve that
a decrease of alveolar O, partial pressure sig-
nificantly affects O, uptake into blood. At those
0, partial pressures a further increase in lung
perfusion only slightly increases O, uptake.
Furthermore, at very high lung perfusion flow,
the contact time in the alveoli is not sufficient
to guarantee that partial O, pressure in blood
approaches that in the alveoli (— p.70). If
lung perfusion is reduced, O, uptake is propor-
tionally decreased.

€O, removal from blood is dependent on
lung perfusion (— C, left) to a lesser extent
than O, uptake. In case of reduced lung perfu-
sion (but constant ventilation and venous CO,
concentration) the CO, partial pressure in the
alveoli falls and thus favors the removal of
CO, from the blood. This, in turn, attenuates
the effect of the reduction in perfusion. At
raised lung perfusion an increase of alveolar
CO, concentration prevents a proportional
rise in CO, release.
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Diffusion Abnormalities

0, has to diffuse from the alveoli to hemoglo-
bin in the erythrocytes, and CO, from the
erythrocytes into the alveoli. The amount of
gas (M) that diffuses across the diffusion barri-
er between alveoli and blood per unit time is
proportional to the diffusion area (F) and the
difference in partial pressure between alveolar
gas (PA) and blood (Pblood), and inversely pro-
portional to the length of the diffusion path-
way (d):

M =K x F (PA - Pblood)/d.

Krogh's diffusion coefficient K is about 20
times greater for CO, than for O,. The diffusion
capacity D (= Kx F/d) is about 230 mL x min~" x
kPa™' (1.75L x min™' x mmHg™") in a healthy
person.

A diffusion abnormality exists when the ra-
tio of diffusion capacity to lung perfusion (or
cardiac output) is reduced.

The diffusion capacity may be reduced by
increased distance (—A). When a pulmonary
edema occurs (— p.80), raised intravascular
pressure means plasma water is exuded into
the interstitial pulmonary tissue or into the al-
veoli, and thus increases the diffusion dis-
tance. Inflammation causes a widening of the
space between alveoli and blood capillaries as
aresult of edema and the formation of connec-
tive tissue. In interstitial lung fibrosis (—
p.74), the connective tissue forces alveoli and
blood capillaries apart. It is the distance be-
tween hemoglobin and alveolar gas which
matters. Thus, the distance can also be slightly
increased by vessel dilation (inflammation) or
anemia.

A diminished diffusion capacity may also be
caused by a reduction of the diffusion area
(—A), as after unilateral lung resection, loss of
alveolar septa (pulmonary emphysema;
—p.78), or in loss of alveoli in pneumonia,
pulmonary tuberculosis, or pulmonary fibrosis
(see above). The diffusion area can also be re-
duced by alveolar collapse (atelectasis;
— p.72), pulmonary edema, or pulmonary in-
farction (— p. 80).

Diffusion abnormalities become obvious
when cardiac output is large (—A), blood
flows rapidly through the lungs, and the con-
tact time of blood in the alveoli is thus quite

brief. In effect, diminution of the diffusion
area (e.g., after unilateral lung resection) also
means a shorter contact time in the remaining
lung tissue, because the same amount of blood
will now pass through a reduced amount of
lung tissue per unit of time. An increased O,
demand during physical exercise forces an in-
crease in cardiac output and can thus reveal a
diffusion abnormality.

Abnormal diffusion primarily affects O,
transport. In order for the same amount of gas
to diffuse per time, the O, gradient must be
twenty times greater than the CO, gradient.
Should the diffusion capacity in an alveolus
be diminished while ventilation remains con-
stant, O, partial pressure will fall in the blood
leaving the alveolus. If all alveoli are similarly
affected, O, partial pressure will fall in the pul-
monary venous (and thus systemic arterial)
blood. If O, consumption remains constant, O,
partial pressure will necessarily be lower also
in deoxygenated (systemic venous) blood
(—B2). For this reason patients with a diffu-
sion abnormality get blue lips on physical ex-
ertion (central cyanosis; — p. 84). The primary
effects of abnormal diffusion on CO, transport
and acid-base metabolism are much less
marked. Hypoxia stimulates the respiratory
neurons, and the resulting increase in ventila-
tion can produce hypocapnia. However, the hy-
poxemia due to abnormal diffusion can only be
slightly improved by hyperventilation. In the
example given (— B3), doubling of the alveolar
ventilation at unchanged O, consumption in-
creases alveolar O, partial pressure by only
4 kPa to 17 kPa (30 mmHg to 129 mmHg), but
the increased O, gradient does not normalize
the O, saturation of the blood. At the same
time, respiratory alkalosis develops, despite
the abnormal diffusion, because of the in-
creased CO, removal (— p.86). Hypoxemia
due to abnormal diffusion can be neutralized
with O,-enriched inspiratory air (— B4). The
degree of hypoxemia can be lessened by de-
creasing O, consumption.
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Distribution Abnormalities

The concentration of O, and CO, in an alveolar
space and the related capillary are dependent
on the ratio of ventilation (VA) to perfusion
(Q). In the ideal case this relationship (Va/Q)
and thus the 0, and CO, concentration is iden-
tical in all alveoli. Pulmonary vessels contract
in hypoxia and thus normally guarantee exten-
sive adaptation of perfusion to ventilation of
individual alveoli. In an upright position venti-
lation and perfusion in the basal lung seg-
ments are greater than in the apical ones. Per-
fusion is more strongly affected and VA/Q is
thus normally slightly higher apically than ba-
sally.

The term “abnormal distribution” describes
the condition when the ratio of ventilation to
perfusion in individual alveoli deviates to a
functionally significant extent from that in the
whole lung. In principle there are two possibil-
ities:

Impaired perfusion of individual alveoli in
relation to perfusion occurs in vascular occlu-
sion, for example, in pulmonary embolism
(— p.80). In addition, capillaries can be sepa-
rated from their related alveoli by proliferating
connective tissue, as is the case in pulmonary
fibrosis (— p. 70,74). Lastly, capillary supply to
the alveoli may also fade away if the alveolar
septa are destroyed, as is the case in pulmo-
nary emphysema (— p. 78).

The impaired perfusion of ventilated alveoli
increases the functional dead space, because the
air in these alveoli no longer takes part in the
gaseous exchange. This condition can be com-
pensated by deeper breathing (increased VT).
If a large proportion of alveoli are not perfused,
the diffusion area also decreases (— p.70), and
this can no longer be compensated by deeper
breathing.

In impaired ventilation of perfused alveoli
(—=A) the blood is no longer adequately satu-
rated with O, and rid of CO,. In an extreme
case a functional arteriovenous shunt devel-
ops. In obstructive lung disease, such as asth-
ma and chronic bronchitis (— p.76), some of
the bronchi are narrowed and preclude normal
ventilation of their alveoli. Ventilation of indi-
vidual bronchi (or bronchioles) can also be
prevented by occlusion through tumor. The
opening up and therefore ventilation of parts

of the lung can be prevented by local scarring
such as pleural thickening. Diaphragmatic
paralysis has the same effect by preventing
expansion of basal lung segments. Functional
arteriovenous shunts can also occur in pulmo-
nary fibrosis.

Perfusion of inadequately ventilated alveoli
leads to an admixture of nonarterialized blood
with pulmonary venous blood. This results in
hypoxemia (— A; PA= partial pressure in alveo-
lar gas mixture), which cannot be compensat-
ed by hyperventilation of “intact” alveoli (this
is because O, uptake by the blood that passes
along ventilated alveoli can be increased only
minimally by hyperventilation; — p.68). On
the other hand, hypercapnia hardly ever oc-
curs because the reduced CO, release from un-
derventilated alveoli (— A, right) can be well
compensated by increased release into hyper-
ventilated alveoli (— A, left). On the contrary,
the hypoxemia frequently leads to excess hy-
perventilation, and the development of hypo-
capnia. If considerable venous admixture oc-
curs, the arterial hypoxemia cannot be stopped
even by breathing pure O,.

If the supplying airway is completely oc-
cluded, the alveoli collapse (atelectasis). Nor-
mally more O, is taken up in tissue than CO,
is released, so that there is a greater decrease
in O, partial pressure than increase in CO, par-
tial pressure (— B1). The blood therefore takes
more O, from the alveoli than it adds CO,, re-
sulting in a decrease of the alveolar volume.
As a consequence N, in the alveoli is concen-
trated and, following its gradient, also diffuses
into the blood. Eventually, the entire alveolar
volume is reabsorbed. The process is delayed
by a fall in alveolar O, concentration and sub-
sequent vascular contraction (see above). Ven-
tilation with O, can favor the development of
atelectases (— B2), because O, uptake is in-
creased by the high alveolar O, partial pres-
sure and there is no constriction of the supply-
ing vessels.
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Restrictive Lung Disease

Restrictive lung disease is a term given to an
anatomical or functional loss of gaseous ex-
change area.

An anatomical loss occurs after removal (re-
section) or displacement (e.g., by a tumor) of
lung tissue. Atelectasis (— p. 72) may also lead
to a decrease in diffusion area.

A functional decrease in exchange area oc-
curs if plasma water is exuded into alveoli, for
example, in pulmonary edema (— p.80) or in
inflammation (increased vascular permeabil-
ity, e.g., in pneumonia). In pulmonary fibrosis
proliferating connective tissue displaces intact
pulmonary parenchyma (decrease in diffusion
area), infiltrates between capillaries and al-
veoli (increase in distance), and prevents the
normal expansion of the lung (impairment of
alveolar air exchange). Pulmonary fibrosis can
be caused by inflammatory reaction against
connective tissue (so-called collagen disease)
or by inhalation of dust which contains silicate
or asbestos. Sometimes no cause is found
(idiopathic pulmonary fibrosis [Hamman-
Rich syndrome]). Local or generalized impair-
ment of lung expansion can also occur in tho-
racic deformities, diaphragmatic paralysis, or
adhesion of both pleural layers (as a result of in-
flammation [pleural fibrosis]).

Pneumothorax is also a restrictive lung dis-
ease (— B). If there is an open connection be-
tween the pleural space and outside air (tho-
racic injury; — B, top) or the alveoli (torn al-
veolar wall due to overdistension), air enters
and the ipsilateral lung collapses. Breathing is
also impaired in the other lung, because the
pleural pressure on the healthy side falls on in-
spiration and as a result the mediastinum is
displaced to the healthy side. On expiration
the pressure rises and the mediastinum moves
toward the collapsed side. This mediastinal
flutter reduces the breathing excursion (VT) of
the healthy lung. If a valve-like mechanism de-
velops on the injured side, allowing air into the
pleural space but not out of it, tension pneumo-
thorax develops (— B, bottom). It is especially
the burst alveoli that often act like valves: the
collapsed lung expands on inspiration, allow-
ing air to enter the pleural space through the
damaged alveolus, but when lung and alveolus
collapse during expiration the escape of air is

prevented. The mediastinum is massively dis-
placed by the increasing pressure toward the
healthy side and breathing correspondingly
impaired. The increase in intrathoracic pres-
sure also reduces the venous return and thus
right ventricular filling, as a consequence of
which cardiac output falls.

In whole-body plethysmography the air in
the pleura is indistinguishable from that in
the alveoli, because both are equally reduced
on expiration. However, inspired test gas is
distributed only throughout the lung. In pneu-
mothorax, the intrathoracic volume measured
by whole-body plethysmography is thus great-
er than the alveolar volume obtained with a
test gas.

Restrictive pulmonary disease causes a fall
in compliance (C), vital capacity (VC), func-
tional residual capacity (FRC), and diffusion
capacity (— p. 66). The latter leads to diffusion
abnormality (— p.70) and thus to hypoxemia
(—A; Sp,=0xygen saturation of blood). Maxi-
mum breathing capacity (V,,.,) and forced ex-
piration volume in 1 second (FEV,) are usually
reduced, but relative forced expiration volume
(normally 80% of VC) is generally normal. To
inspire a certain volume, greater negative
pressure than normal is required in the pleural
space (P ) and more energy thus has to be ex-
pended during breathing (increased work of
breathing; — A; V = ventilation flow). Reduc-
tion of the vascular bed by removing lung tis-
sue or by compressing blood vessels increases
vascular resistance. Greater pressure is re-
quired to pump the blood through the pul-
monary vascular bed, pressure which must be
generated by the right heart. The consequence
is a raised load on the right ventricle (cor pul-
monale; — p.214).

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— A. Causes and Effects of Restrictive Lung Diseases

1
Fibrosis } 7

Impaired
thoracic motion

O Pleural
O eural scar
O

Pulmonary edema,

. 0 ' 1
pneumonia O ] i

Atelectasis O ) &
Carcinoma \
off

| Restrictive lung diseases

Lung resection

Vascular cross

Diffusion surface ¥ Loss of parenchyma sectional area ¥
Diffusion abnormality Compliance § Vascular resistance
Work of
breathing f
0.5

So, Pulmonary hypertension

F’o2

Hypoxemia

— B. Pneumothorax

Mediastinal Open pneumothorax

flutter
* l Hole with
a1 Hi e valve-like effect

Normal

Tension pneumothorax

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 4.5 Restrictive Lung Disease

75



4 Respiration, Acid-Base Balance

76

Obstructive Lung Disease

In order to reach the alveoli air must pass
through the respiratory tract or airways
(— p.68), which present a resistance to the
flow. This resistance is determined by the lu-
men in the tract. In particular the narrow lu-
men of the bronchioles can be further nar-
rowed by mucus and the contraction of the
bronchial musculature. Mucus is secreted in
order to trap pathogens and dirt particles. It is
transported toward the mouth by the cilia of
the lining epithelium and then swallowed. As
the cilia cannot propel very sticky mucus, an
electrolyte solution is usually secreted that
lifts the mucus from the cilia, so that mucus
moves toward the mouth on a thin fluid layer.
The lumen can be narrowed by the action of
the bronchial muscles, which increases the
likelihood of pathogens being caught in the
mucus. The disadvantage, however, is that nar-
rowing raises flow resistance. Obstructive lung
diseases are characterized by an increased flow
resistance.

Intrathoracic increase in resistance is usual-
ly due to a narrowing or obstruction of the
bronchi, by either external compression, con-
traction of bronchial muscles, thickening of
the lining mucus layer, or obstruction of the lu-
men by mucus. Most of these changes are the
result of asthma or chronic bronchitis. In asth-
ma there is an allergy to inhaled antigens
(e.g., pollen). These antigens cause an inflam-
mation of the bronchial mucosa leading to the
release of histamine and leukotrienes (called
slow reacting substances in anaphylaxis
[SRSA]). The bronchial muscles contract and
mucus secretion as well as vessel permeability
(mucosal edema) are increased (— A, top) un-
der the influence of these mediators. In addi-
tion to the inhaled antigens, microorganisms
in the mucosa may also act as antigens (infec-
tious-allergic asthma). Here there is no clear-
cut distinction between asthma and bronchi-
tis. Obstructive lung disease can also be the re-
sult of cystic fibrosis (CF). As the result of an au-
tosomal recessive genetic defect of the CF
transmembrane regulator (CFTR; —p.162)
there is decreased secretion and hyperreab-
sorption of fluid, and mucus can no longer be
cleared from the airways. The result is obstruc-
tive lung disease. The lung’s reduced ability to

retract (flaccid lung, —p.78) can also lead to
obstructive lung disease, because reduced
elastic recoil (increased compliance) of the
lung requires an increase in pressure during
expiration, resulting in compression of the in-
trathoracic airways (see below).

Extrathoracic increase in resistance occurs,
for example, in paralysis of the vocal chords,
edema of the glottis, and external tracheal
compression (e.g., by tumor or goitre; —
p.282ff.). In tracheomalacia the tracheal wall
is softened and collapses on inspiration.

The effect of obstructive lung disease is re-
duced ventilation. If extrathoracic obstruction
occurs, it is mainly inspiration that is affected
(inspiratory stridor), because during expira-
tion the pressure rise in the prestenotic lumen
widens the narrowed portion. Intrathoracic ob-
struction mainly impairs expiration, because
the falling intrathoracic pressure during in-
spiration widens the airways. The ratio of the
duration of expiration to that of inspiration is
increased. Obstructed expiration distends the
alveolar ductules (centrilobular emphysema;
— p. 78), lung recoil decreases (compliance in-
creases), and the midposition of breathing is
shifted toward inspiration (barrel chest; —
p.78). This raises the functional residual ca-
pacity. Greater intrathoracic pressure is neces-
sary for expiration because compliance and
resistance are increased. This causes compres-
sion of the bronchioles so that the airway pres-
sure increases further. While the effort re-
quired to overcome the elastic lung resistance
is normal or actually decreased, the effort re-
quired to overcome the viscous lung resistance
and thus the total effort of breathing is greatly
increased (— A, middle). The obstruction re-
duces maximum breathing capacity (V)
and FEV, (— table 2 on p.66), and the differing
ventilation of various alveoli results in abnor-
mal distribution (— p.72). The hypoxia of un-
derventilated alveoli leads to vasoconstriction,
increased pulmonary vascular resistance, pul-
monary hypertension, and an increased right
ventricular load (cor pulmonale; — p.214).
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Pulmonary Emphysema

Emphysema is characterized by an increase in
the volume of the airways distal to the bron-
chioles. Centrilobular emphysema, with pre-
dominant distension of the alveolar ducts and
respiratory bronchioles, is distinguished from
panlobular emphysema, in which the terminal
alveoli in particular are distended (—A). In
flaccid lung there is merely a loss of elastic re-
coil. The disease can affect a circumscribed
area (local emphysema), or the entire lung
(generalized emphysema). Emphysema is one
of the most frequent causes of death.

Centrilobular emphysema is caused mainly
by obstructive lung disease: in flaccid lung
there is a loss of connective tissue of unknown
cause; in panlobular emphysema there is addi-
tional loss of alveolar septa. In the elderly an
increase in alveolar volume in relation to al-
veolar surface regularly occurs. In some pa-
tients (ca. 2%) there is a deficiency in o,-pro-
teinase inhibitor (o,-antitrypsin), which nor-
mally inhibits the action of proteinases (e.g.,
leukocyte elastase). This enzyme is produced
in the liver; its mutation can affect its secre-
tion and/or function. In either case decreased
inhibition of the proteinases leads to a break-
down and thus a loss of lung tissue elasticity.
If secretion is disturbed, the accumulation of
the defective protein in the liver cells can addi-
tionally lead to liver damage. Finally, a lack of
proteinase inhibition can also affect other tis-
sues, for example, renal glomeruli and the
pancreas may be damaged. o;-antitrypsin is
oxidized and thus inhibited by smoking, which
thus promotes the development of emphyse-
ma even in someone without a genetic predis-
position.

In addition to a lack of inhibitors, increased
elastase production may be a cause of emphy-
sema (e.g., of a serine elastase from granulo-
cytes, a metalloelastase from alveolar macro-
phages, and various proteinases from patho-
gens). The excess of elastases in chronic in-
flammatory disease leads, for example, to a
breakdown of elastic fibers in the lung.

When considering the effects of pulmonary
emphysema, the consequences of reduced elas-
tic recoil are important. In the end the lung’s
elastic recoil generates the positive pressure
in the alveoli in comparison to ambient air

necessary for normal expiration. Although
positive pressure in the alveoli can also be pro-
duced by external compression, i.e., by con-
traction of the expiratory muscles, this will
also compress the bronchioles and thus bring
about a massive increase in flow resistance.
Maximal expiratory flow rate (V,,,,) is thus a
function of the ratio between elastic recoil (K)
and resistance (RL) (— A, right). Reduced elas-
tic recoil can thus have the same effect as ob-
structive lung disease (— p. 76). Elastic recoil
can be raised by increasing the inspiratory
volume (— A, right), eventually leading to a
shift in the resting position toward inspiration
(barrel chest; —B). If tidal volume remains
constant, both the functional residual capacity
and the residual volume are increased, some-
times also the dead space. However, vital ca-
pacity is diminished because of the reduced
expiratory volume. The loss of alveolar walls
leads to a diminished diffusion area (— p.70);
the loss of pulmonary capillaries to an increase
in functional dead space as well as increased
pulmonary artery pressure and vascular resis-
tance with the development of cor pulmonale
(= p. 214). In centrilobular, but not panlobular,
emphysema a distribution abnormality devel-
ops, too (—p.72), because of differing resis-
tances in different bronchioles. The abnormal
distribution results in hypoxemia. Patients
with centrilobular emphysema due to obstruc-
tive lung disease are called “blue bloaters”
(—A). In contrast, patients with panlobular
emphysema at rest are called “pink puffers”,
because enlargement of the functional dead
space forces them to breathe more deeply. It
is only when diffusion capacity is greatly re-
duced or oxygen consumption is increased
(e.g., during physical work) that diffusion ab-
normality will result in hypoxemia (- p.70).
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Pulmonary Edema

In pulmonary capillaries, as in systemic capil-
laries, filtration is determined by the effective
filtration pressure, i.e., the difference between
the hydrostatic and oncotic pressure gradients.
An increase in effective filtration pressure in
the pulmonary vessels leads to pulmonary
congestion, filtration of plasma water into the
interstitial space results in interstitial pulmo-
nary edema, and the passage of plasma water
into alveoli causes alveolar pulmonary edema
(— A, middle).

A rise in hydrostatic pressure in the pul-
monary capillaries occurs when the left ventri-
cle’s forward pumping action is inadequate
(—>A, right). Causes are reduced myocardial
power or excess demand on it (heart failure;
— p.224), mitral valve stenosis or regurgita-
tion (— p. 194 ff.). The resulting increase in left
atrial pressure is transmitted backward into
the pulmonary vessels.

The development of pulmonary edema is fa-
cilitated by abnormal lymphatic drainage
(— A, left). Normally, an excess of filtered fluid
is removed via the lymphatics. However, the
capacity of the pulmonary lymphatic system
is low even under physiological conditions. If
right heart failure occurs together with left
heart failure, the systemic venous pressure
rises and thus also the pressure at the point of
drainage of the lymphatic vessels into the
veins at the venous angle, so impairing lym-
phatic drainage.

The oncotic pressure in the capillaries is re-
duced by hypoproteinemia (— A, left), favoring
the development of pulmonary edema. Hypo-
proteinemia is usually the result of hyperhy-
dration, for example, an inappropriately high
supply of fluids to patients with reduced renal
excretion (e.g., due to renal failure; —
p.110ff.). A reduction in plasma protein forma-
tion in the liver (liver failure; — p.174) or loss
of plasma proteins, for example, via the kid-
neys (nephrotic syndrome; — p.104), also de-
creases plasma protein concentration.

Finally, increased capillary permeability can
result in pulmonary edema (— A, right). In-
creased permeability of the capillary wall for
proteins reduces the oncotic pressure gradient
and thus increases the effective filtration pres-
sure. Capillary permeability is increased by, for

example, inhalation of corrosive gases or pro-
longed inspiration of pure O, (— p. 84).

Effects of pulmonary congestion are re-
duced pulmonary perfusion, and thus im-
paired maximal O, uptake. The distension of
the congested vessels prevents enlargement
of the alveoli and decreases lung compliance.
In addition, the bronchi are narrowed by the
distended vessels and resistance to breathing
increases (— p. 76), discernable through dim-
inution of the maximal breathing capacity
and of FEV, (— table 2 on p. 66).

In interstitial pulmonary edema the inter-
stitial space between capillary and alveolus is
increased. As a result, diffusion is disturbed
with impairment mainly of O, uptake (—
p.70). If, due to physical activity, O, consump-
tion rises, O, concentration in blood falls (hyp-
oxemia, cyanosis; — A, bottom).

Any further pressure increase and damage
to the alveolar wall causes the passage of fil-
trate into the alveolar space. The fluid-filled
alveoli are no longer involved in breathing
(gaseous exchange) and a functional venoar-
terial (pulmonary arterial to pulmonary ve-
nous) shunt occurs along with a decrease in
0, in the systemic arterial blood (central cya-
nosis). Fluid enters the airways and thus also
increases airway resistance. Increased filtra-
tion of fluid into the pleural space (pleural ef-
fusion) also impairs breathing.

Pulmonary edemas force the patient to
breathe in the upright position (orthopnea).
On sitting or standing up after being recum-
bent (orthostasis) venous return from the low-
er part of the body falls (even more in the fully
upright position), and thus right atrial pres-
sure and the right cardiac output decrease.
Less blood flows through the lungs, causing a
fall in hydrostatic pressure in the pulmonary
capillaries at the same time that pulmonary
venous flow from the upper parts of the lung
is increased. Moreover, the decrease of central
venous pressure facilitates lymphatic drainage
from the lung. As a result, pulmonary conges-
tion as well as interstitial and alveolar edemas
regress.
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Pathophysiology of Breathing Regulation

Numerous factors influence the respiratory
neurons in the medulla oblongata (— A):

Ventilation is increased by acidosis, hyper-
capnia, hypoxia, and a decrease of Ca?* and
Mg?* in cerebrospinal fluid (CSF). Pain, inten-
sive cold or heat stimuli to the skin, an increase
or moderate fall in body temperature, a drop in
blood pressure, and muscular activity (joint in-
nervation) all increase ventilation. Other stim-
ulating factors are epinephrine and norepi-
nephrine in the blood, histamine, acetylcho-
line and prostaglandins in the central nervous
system (CNS), progesterone, testosterone, and
corticotropin.

Conversely, ventilation is reduced by alkalo-
sis, hypocapnia, peripheral hyperoxia, and Ca2*
and Mg?* increase in the CSF. Hypoxia in the
CNS, deep hypothermia, rise in blood pressure,
ganglion blockers as well as high concentra-
tions of atropine, catecholamines, endorphins
and glycine in the CNS also diminish ventila-
tion.

Normally the pH around the respiratory
neurons or the pH in the CSF has a decisive in-
fluence on ventilation. A shift in pH in the
brain following rapid changes in P, is accen-
tuated by the low buffering power of CSF (low
protein concentration). Because CO,, but not
HCO;~ or H*, quickly passes through the
blood-CSF and blood-brain barriers, changes
in CO, concentration in the blood result in
very rapid adaptation of ventilation, while
adaptation after changes in blood pH or blood
HCO;™ occurs only after a delay of several days.
If sudden metabolic acidosis occurs (— B, top;
see also p.88ff.), respiratory compensation
will thus occur only slowly. Conversely, treat-
ment of a partly compensated respiratory
acidosis, for example, by infusion of HCO;™, of-
ten leaves behind respiratory alkalosis (— B,
bottom). Also, with a sudden fall of O, partial
pressure in inspiratory air (at high altitude)
ventilation is not immediately and adequately
raised. The onset of hyperventilation leads to
hypocapnia, and the resulting intracerebral al-
kalosis will then transiently inhibit any further
rise in ventilation. Complete adaptation of
breathing to a reduced O, supply requires an
increase in renal HCO;~ excretion with subse-

quent decrease in HCO,;~ concentration in
plasma and (after a delay) in CSF.

Barbiturates (soporific drugs) and chronic
respiratory failure decrease the sensitivity of
the respiratory neurons to pH or CO, in CSF.
Lack of 0, thus becomes the most important
stimulus to breathing. In both cases the supply
of O,-enriched air leads to hypoventilation and
respiratory acidosis (— p. 88 ff.). This response
is increased by, for example, uremia (—
p.110ff.) or sleep. Because O, uptake varies
within a wide range independently of alveolar
ventilation (— p.68), breathing is stimulated
only when there is a marked diminution in al-
veolar O, partial pressure and a fall in O, sat-
uration in the blood. The resulting increase in
ventilation will again cease as soon as O, sat-
uration in the blood is normal; breathing is
therefore irregular.

The reduced sensitivity of the respiratory
neurons to CO, can also result in sleep apnea,
an arrest of breathing during sleep lasting a
few seconds. It is more likely in the presence
of a metabolic alkalosis.

Damage or massive stimulation of the re-
spiratory neurons can cause pathological
breathing (- C):

Kussmaul breathing (— C1) is an adequate
response of the respiratory neurons to
metabolic acidosis. The depth of the individual
breaths is greatly increased but breathing is
regular.

Cheyne-Stokes breathing (— C2) is irregu-
lar. The depth of breathing periodically be-
comes gradually deeper and then gradually
more shallow. It is caused by a delayed re-
sponse of respiratory neurons to changes in
blood gases resulting in an overshooting reac-
tion. It occurs when there is hypoperfusion of
the brain, or when breathing is regulated by a
lack of oxygen (see above).

Blot breathing (— C3) consists of a series of
normal breaths interrupted by long pauses. It
is an expression of damage to respiratory neu-
rons. Gasping (—C4) also signifies a marked
disorder in the regulation of breathing.
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Hypoxia and Hyperoxia

Hypoxia occurs when O, transport from ambi-
ent air to the cell is impaired. There may be
several causes: (— A):

Hypoventilation reduces the diffusion gra-
dient to venous blood and thus impairs O, up-
take. However, ventilation has to be markedly
reduced before O, uptake is noticeably de-
creased (— p. 68).

Reduced diffusing capacity (— p.70) pre-
vents equilibration of gas concentrations in al-
veoli and capillary blood.

Reduced O, uptake capacity of the blood
occurs in anemia (— p.30ff.) or can be caused
by the inability of hemoglobin to bind or re-
lease O,. Carbon monoxide (CO), for example,
binds to hemoglobin with an affinity that ex-
ceeds that of O, by a factor of 200. CO bound
to one heme group raises the affinity of the
other three heme groups of the affected hemo-
globin molecule so that it not only binds less
0, but is also less ready to release the oxygen
bound to it. Increased O, affinity with reduced
peripheral O, release also occurs in a deficien-
cy of 2,3-bisphosphoglycerate (2,3-BPG) or al-
kalosis.

Circulatory failure (—p.224) impairs O,
transport in the cardiovascular system.

Tissue diffusion is impaired if the distance
between a cell and its nearest capillary is in-
creased, as in tissue hypertrophy without ac-
companying increased capillary formation, or
edema. The diffusion distance is also increased
when the precapillary sphincter of the nearest
capillary contracts, because the O, supply
must then come from the second nearest
capillary.

Several poisons of the respiratory chain can
inhibit O, utilization.

The most important effect of all the above-
mentioned causes is the impairment of the
cells’ aerobic energy supply.

If the O, supply is deficient, some cells are
able to meet their energy needs by breaking
down glucose into lactic acid. However, the en-
ergy gain from this is small (2 molecules of ATP
per molecule of glucose compared with 36
ATPs in oxidative metabolism), and the disso-
ciation of lactic acid results in metabolic (not
respiratory) acidosis (— p. 88). The lack of en-
ergy at first causes a reversible impairment of

function, but ultimately leads to irreversible
cell damage.

Hypoventilation, abnormal pulmonary dif-
fusion, and circulatory failure cause cyanosis
(blue discoloration of the skin and mucous
membranes) if the average concentration of
deoxygenated hemoglobin in the capillaries is
lower than ca. 0.7 mmol/L (5g/100 mL) (— A).
In hypoventilation and disorders of pulmonary
diffusion the arterialized blood is hypoxic
(central cyanosis). It must be stressed that cya-
nosis is not always due to O, deficiency. If the
hemoglobin concentration in blood is in-
creased, cyanosis may occur even though there
is no lack of O, (pseudocyanosis). Conversely,
an O, deficiency may occur in hemoglobin de-
ficiency (anemia), without the concentration
of deoxygenated hemoglobin reaching the
level required for cyanosis.

The organism can be damaged not only in
hypoxia but also in hyperoxia, the latter as a
result of the reactibility of O, (— B). Hyperoxia,
for example, produced by hyperbaric ventila-
tion with a breathing apparatus during diving
or by inhalation of pure O, over many days,
can inhibit the cellular oxidation of glucose.
High O, partial pressure lowers cardiac output
and blood flow through the kidneys and brain,
the latter resulting in dizziness and cramps. In
the lung, irritation of the airway can cause
coughing and pain, while oxidative damage to
the alveolar epithelium and endothelium lead
to increased permeability, and to the develop-
ment of pulmonary edemas (— p.80). Oxida-
tion can inactivate surfactant, the fluid that
normally reduces surface tension in the alveoli
and ensures they unfold evenly. The lack of
surfactant may lead to different sizes of alveoli
with subsequent abnormal distribution of
ventilation (—p.72). Artificial ventilation
with 0, also facilitates the collapse of alveoli
(atelectasis; —p.72). In neonates mixtures
containing over 40% O, lead to the develop-
ment of hyaline membranes in the lung and
thus impair gaseous exchange. In the vitreous
body and cornea, vascular and connective tis-
sue proliferates, possibly leading to blindness
(retrolental fibroplasia).
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Development of Alkalosis
The pH of blood depends on the ratio of HCO;~
to CO, concentration:

HCO,
0,

pH = pK + log

pK contains the dissociation constant of H,CO,
and the reaction constant of CO, to H,CO;. Al-
kalosis (pH>7.44) thus occurs either when
the CO, concentration in blood is too low (hy-
pocapnia, respiratory alkalosis), or that of
HCO,™ is too high (metabolic alkalosis).

Respiratory alkalosis occurs in hyperventi-
lation (— A3 and p. 82). Causes include emo-
tional excitement, salicylate poisoning, or
damage to the respiratory neurons (e.g., by in-
flammation, injury, or liver failure). Occasion-
ally a lack of O, supply in the inspiratory air
(e.g., at high altitude) causes increased ventila-
tion resulting in an increased amount of CO,
being expired.

Numerous disorders can lead to metabolic
(i.e., non-respiratory) alkalosis:

In hypokalemia the chemical gradient for K*
across all cell membranes is increased. In some
cells this leads to hyperpolarization, which
drives more negatively charged HCO;~ from
the cell. Hyperpolarization, for example, raises
HCO;™ efflux from the proximal (renal) tubule
cell via Na*(HCO;™); cotransport (— A4). The
resulting intracellular acidosis stimulates the
luminal Na*/H* exchange and thus promotes
H* secretion as well as HCO;~ production in
the proximal tubule cell. Ultimately both pro-
cesses lead to (extracellular) alkalosis.

In vomiting of stomach contents the body
loses H* (—A6). What is left behind is the
HCO;~ produced when HCl is secreted in the
parietal cells. Normally the HCO;~ formed in
the stomach is reused in the duodenum to
neutralize the acidic stomach contents and
only transiently leads to (weak) alkalosis.

Vomiting also reduces the blood volume.
Edemas as well as extrarenal and renal loss of
fluid can similarly result in volume depletion
(—A4; see also p.122). Reduced blood volume
stimulates Na*/H* exchange in the proximal
tubules and forces increased HCO;™ reabsorp-
tion by the kidneys even in alkalosis. In addi-
tion, aldosterone is released in hypovolemia,
stimulating H* secretion in the distal nephron

(— A5). Thus, the kidneys ability to eliminate
HCO;™ is compromised and the result is vol-
ume depletion alkalosis. Hyperaldosteronism
can lead to alkalosis without volume deple-
tion.

Parathyroid hormone (PTH) normally inhib-
its HCO;~ absorption in the proximal tubules.
Hypoparathyroidism can thus lead to alkalosis.

The liver forms either glutamine or urea
from the NH,* generated by amino acid ca-
tabolism. The formation of urea requires, in
addition to two NH,*, the input of two HCO5~
that are lost when urea is excreted. (However,
NH,* is split off from glutamine in the kidney
and then excreted as such). In liver failure he-
patic production of urea is decreased (— A7),
the liver uses up less HCO;™, and alkalosis de-
velops. However, in liver failure respiratory al-
kalosis often predominates as a result of dam-
age to the respiratory neurons (see above).

An increased supply of alkaline salts or mo-
bilization of alkaline salts from bone (—A2),
for example, during immobilization, can cause
alkalosis.

Metabolic activity may cause the accumu-
lation of organic acids, such as lactic acid and
fatty acids. These acids are practically
completely dissociated at blood pH, i.e., one
H* is produced per acid. If these acids are me-
tabolized, H* disappears again (—A1). Con-
sumption of the acids can thus cause alkalosis.

The breakdown of cysteine and methionine
usually produces SO,2~ +2 H*, the breakdown
of arginine and lysine produces H*. Reduced
protein breakdown (e.g., as a result of a pro-
tein-deficient diet; —A8), reduces the
metabolic formation of H* and thus favors the
development of an alkalosis.

The extent to which the blood’s pH is
changed depends, among other factors, on the
buffering capacity of blood, which is reduced
when the plasma protein concentration is low-
ered.
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Development of Acidosis

The pH of blood is a function of the concentra-
tions of HCO;™ and CO, (— p.86). An acidosis
(pH < 7.36) is caused by too high a concentra-
tion of CO, (hypercapnia, respiratory acidosis)
or too low a concentration of HCO;~ (metabolic
acidosis) in blood.

Many primary or secondary diseases of the
respiratory system (— p. 66 - 80) as well as ab-
normal regulation of breathing (— p.82) can
lead to respiratory acidosis (— A3). This can
also be caused by inhibition of erythrocytic
carbonic anhydrase, because it slows the for-
mation of CO, from HCO;™ in the lung and
thus impairs the expiratory elimination of CO,
from the lungs.

There are several causes of metabolic aci-
dosis:

In hyperkalemia (— A4) the chemical gradi-
ent across the cell membrane is reduced. The
resulting depolarization diminishes the elec-
trical driving force for the electrogenic HCO;~
transport out of the cell. It slows down the ef-
flux of HCO;~ in the proximal tubules via
Na*(HCO;™); cotransport. The resulting intra-
cellular alkalosis inhibits the luminal Na*/H*
exchange and thus impairs H* secretion as
well as HCO5~ production in the proximal tu-
bule cells. Ultimately these processes lead to
(extracellular) acidosis.

Other causes of reduced renal excretion of
H* and HCO;~ production are renal failure
(— p.110ff.), transport defects in the renal
tubules (— p.96ff.), and hypoaldosteronism
(= AS5). (Normally aldosterone stimulates H*
secretion in the distal tubules; — p. 270).

PTH inhibits HCO;™ absorption in the proxi-
mal tubules; thus in hyperparathyroidism renal
excretion of HCO;~ is raised. As PTH simulta-
neously promotes the mobilization of alkaline
minerals from bone (— p.132), an acidosis
only rarely results. Massive renal loss of
HCO;~ occurs if carbonic anhydrase is inhib-
ited, because its activity is a precondition for
HCO,~ absorption in the proximal tubules.

Loss of bicarbonate from the gut (— A6) oc-
curs in vomiting of intestinal contents, diar-
rhea, or fistulas (open connections from the
gut or from excretory ducts of glands). Large
amounts of alkaline pancreatic juice, for exam-
ple, can be lost from a pancreatic duct fistula.

As the liver needs two HCO;™ ions when in-
corporating two molecules of NH4*; in the for-
mation of urea (— p.86), increased urea pro-
duction can lead to acidosis. In this way the
supply of NH,Cl can cause acidosis (—A7).

In certain circumstances the infusion of
large amounts of NaCl solution can lead to an
acidosis, because extracellular HCO;™ is “dilut-
ed” in this way. In addition, expansion of the
extracellular space inhibits Na*/H* exchange
in the proximal tubules as a result of which
not only Na* absorption in the proximal tu-
bules but also H* secretion and HCO;~ absorp-
tion is impaired.

Infusion of CaCl, results in the deposition of
Ca?* in bone in the form of alkaline salts (cal-
cium phosphate, calcium carbonate). H* ions,
formed when bicarbonate and phosphate dis-
sociate, can cause acidosis.

Mineralization of bone, even without CaCl,,
favors the development of acidosis (—A2).

Acidosis can also develop when there is in-
creased formation or decreased breakdown of
organic acids (— A1). These acids are practi-
cally fully dissociated at the blood pH, i.e., one
H* is formed per molecule of acid. Lactic acid is
produced whenever the energy supply is pro-
vided from anaerobic glycolysis, for example,
in O, deficiency (— p.84), circulatory failure
(—p.224), severe physical exercise, fever
(- p.20ff.), or tumors (— p.14ff.). The elimi-
nation of lactic acid by gluconeogenesis or de-
gradation is impaired in liver failure and some
enzyme defects. Fatty acids, 8-hydroxybutyric
acid and acetoacetic acid accumulate in cer-
tain enzyme defects but especially in in-
creased fat mobilization, for example, in star-
vation, diabetes mellitus (— p. 286 ff), and hy-
perthyroidism.

A protein-rich diet promotes the develop-
ment of metabolic acidosis, because when
amino acids containing sulfur are broken
down (methionine, cystine, cysteine), SO~ +
2 H* are generated; when lysine and arginine
are broken down H* is produced (— A8).

The extent of acidosis depends, among
other factors, on the blood’s buffering capac-

ity.
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Effects of Acidosis and Alkalosis

It is through changes in breathing and renal
functions that the body tries to compensate
for abnormalities of acid-base metabolism,
thus to keep blood pH constant. Changes in
pH as well as HCO;™ and CO, concentrations
in blood, when acid-base balance is abnormal,
and how they are compensated can be demon-
strated in graphs. HCO;~ concentration, for ex-
ample, is plotted as a function of P, (— A, left)
or the logarithm of P, is plotted as a function
of pH (— A, right; Siggaard-Andersen nomo-
gram: gray lines=CO, equilibration lines).
These graphs illustrate the following abnor-
malities and mechanisms for compensating
them:

Respiratory alkalosis (— A1) is compensat-
ed by decreased reabsorption of HCO;™ in the
kidneys.

Metabolic alkalosis (— A2) can theoretically
be compensated by hypoventilation. But the
need to take up sufficient O, sets narrow limits
to this form of compensation.

Respiratory acidosis (— A4) is compensated
by increased renal excretion of acids (or
through forming HCO;~). The increased plas-
ma HCO;~ results in more HCO;~ being filtered
at the glomeruli. The kidney must therefore
continually reabsorb an increased amount of
filtered HCO;™ if renal loss of HCO;™ is to be
avoided.

Metabolic acidosis (— A3) can be compen-
sated by respiratory reduction in plasma CO,
concentration. However, the lower the plasma
CO, concentration the less CO, is given off with
each breath. Thus, in order to exhale the par-
ticular amount of CO,, hyperventilation must
be maintained until the plasma HCO;™~ concen-
tration is again normal, either through raised
renal excretion of acid or through the break-
down of organic acids (— p. 86).

The effect of alkalosis is usually hypokale-
mia, because the cells release less HCO;™, de-
polarize less, and thus lose less K*. If H* is re-
moved from the cell by Na*/H* exchange, Na*
gains access to the cell, but is again pumped
out of the cell in exchange for K* (—B).

In addition, more Ca?* is bound to plasma
proteins in alkalosis (— B, right). As a result,
there is a fall in the concentration of ionized
Ca?* in plasma. As part of Ca?* in plasma is

also bound to HCO;™, the concentration of free
Ca?* falls more in metabolic than in respiratory
alkalosis. Effects, especially of respiratory al-
kalosis (hypocapnia), include among others
raised neuromuscular excitability with cramps,
in part due to reduced plasma Ca?* concentra-
tion, but is in the first instance the result of
constriction of the cerebral vessels and thus
hypoperfusion of the brain. Intracellular alka-
losis can inhibit neuromuscular excitability by
activating the K* channels. Hypocapnia also
stimulates contraction of the bronchial muscu-
lature and thus increases airway resistance. Al-
kalosis inhibits gluconeogenesis and promotes
glycolysis so that hypoglycemia and lactacide-
mia may occur. Finally, intracellular alkalosis
favors cell division.

The effects of respiratory and metabolic
acidosis (— B, red arrows) are largely similar.
In extracellular acidosis the cells lose HCO;™;
through depolarization they also lose K*. In ad-
dition, acidosis inhibits Na*/K*-ATPase. Hyper-
kalemia develops (—p.124). On the other
hand, acidosis stimulates Na*/H* exchange.
The result is not only Na* uptake but also cell
swelling.

Furthermore, intracellular acidosis inhibits
K* channels and has a negative inotropic effect
as well as (by blocking the intercellular con-
nections) a negative dromotropic effect on the
cardiac muscle (— B, right). Hypercapnia in-
duces vasodilation (fall in blood pressure, rise
in intracerebral pressure) and relaxation of the
bronchial musculature. Intracellular acidosis
inhibits the pacemaker enzymes of glycolysis
and hyperglycemia occurs. Prolonged acidosis
promotes demineralization of bone (— B, right),
because alkaline bone salts are dissolved by
acids (- p.132). In intracellular acidosis H* is
taken up by the mitochondria in exchange for
Ca*. H* also inhibits adenylylcyclase and thus
impairs hormonal effects. Finally, cellular
acidosis inhibits cell division and favors apo-
ptotic cell death.
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Overview

Renal damage can impair renal perfusion as
well as glomerular and/or tubular functions
(—=A). In addition, abnormal urine composi-
tion can lead to precipitations (urolithiasis)
that inhibit the free flow of urine. Abnormal
renal function can be caused by reduced renal
excretion of useless or harmful substances
(e.g., uric acid, urea, creatinine, vanadate
[VnO,], foreign substances [xenobiotics], and
so-called uremic toxins) whose plasma con-
centration then rises correspondingly (— A3).
Conversely, a defective glomerular filter can
lead to renal loss of protein, while impaired
tubular reabsorption can result in the in-
creased excretion of substances which are im-
portant for the body (electrolytes, minerals, bi-
carbonate, glucose, amino acids). Reduced re-
nal excretory function affects the kidney’s de-
cisive contribution to the regulation of the me-
tabolism of water, electrolytes, minerals, and
acid-base balance (— p.122ff.). Through its
regulation of water and electrolyte metabo-
lism the kidney is also important for long-
term blood pressure regulation (— p.208ff.).

The capacity of the kidney to regulate the
composition of extracellular fluid is a function
of volume, which, per unit time, is under the
control of its epithelia. For substances that are
not secreted by tubular cells, the controlled
volume corresponds to the glomerular filtra-
tion rate (GFR). All substances that are dis-
solved in the filtrate can either be reabsorbed
or excreted by the tubular epithelium. For sub-
stances that are secreted by the tubular epi-
thelium (e.g., potassium), the controlled vol-
ume is ultimately the entire blood plasma
that flows through the kidney (renal plasma
flow [RPF]).

Renal excretion is regulated or governed by
hormones (e.g., antidiuretic hormone [ADH] or
[arginine] vasopressin [AVP], aldosterone, atri-
al natriuretic factor [ANF), parathyroid hor-
mone [PTH], calcitriol [1,25(0H),D,], calcito-
nin, cortisol, prostaglandin E,, insulin, proges-
togens, estrogens, thyroxine, somatotropin)
and is thus adapted to requirements. Thus, dis-
orders of hormone release also impair renal
excretory functions.

F. Lang

Normally the amount of filtered water and
solutes is a multiple of what is actually excret-
ed: all of the plasma water passes across the
renal epithelia within 20 minutes; the total ex-
tracellular volume within three hours. The ex-
cretory capacity of the kidney is thus by no
means exhausted. For this reason GFR, i.e., the
volume controlled by the kidney, can be great-
ly impaired without there being any harmful
effect on the body. However, a reduction in
GFR will from the very beginning go hand in
hand with a diminished regulatory range that
will become apparent when there is an in-
creased load.

The kidney is not only the target organ for
hormones, but also, by forming hormones, it
influences its own function as well as extrare-
nal elements of mineral metabolism (calci-
triol) and blood pressure regulation (renin/an-
giotensin) (— A2). The prostaglandins and ki-
nins formed in the kidney primarily serve to
regulate renal function. If the kidney is dam-
aged, the effects of abnormal renal excretory
function are added to those of abnormal renal
excretion of hormones. The hormone erythro-
poietin, formed in the kidney, regulates eryth-
ropoiesis; its absence thus causes anemia
(—p.32).

Lastly, the kidney fulfills metabolic tasks
(—A1). Thus, for example, in acidosis it splits
ammonia from glutamate (ammonia is excret-
ed as NH,*; — p.86) and forms glucose from
the carbohydrate skeleton (gluconeogenesis).
Glucose is also formed in the proximal tubules
from absorbed lactate, and additionally fatty
acids are broken down in the tubules. The kid-
ney plays an important role in the inactivation
of hormones. About 40% of insulin inactivation
takes place in the kidney, which also breaks
down steroid hormones. Filtered oligopeptides
(e.g., hormones) are broken down in the tubu-
lar lumen and the amino acids are reabsorbed.
Reduction of functional renal tissue necessari-
ly impairs the above-mentioned metabolic
tasks.
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Abnormalities of Renal Excretion

The elimination of a given substance is im-
paired if filtration and tubular secretion are re-
duced; conversely, it is increased when tubular
reabsorption is decreased and/or tubular se-
cretion is increased. This can change the plas-
ma concentration of the substance, although
the latter depends on extrarenal factors (— A),
such as production or breakdown, enteric ab-
sorption or extrarenal excretion (e.g., via gut
or sweat), deposition or mobilization. The
amount of substance that results per unit
time from the sum of extrarenal processes is
the so-called prerenal load.

The right interpretation of changed plasma
concentrations presupposes a knowledge of
the quantitative correlation between plasma
concentration and renal excretion (— B).

This correlation is simple with substances
that are filtered but not significantly secreted
or reabsorbed (e.g., creatinine). The excreted
amount (M,) is identical to the filtered amount
(My) and thus equal to the product of plasma
concentration (P) and the GFR: M,=M;=P-
GFR (- B1, green line). The clearance (M,/P) is
identical to the GFR and thus independent of
the plasma concentration (— B2, green line).
If the production of creatinine is constant, a re-
duction in GFR transiently leads to a reduction
in creatinine excretion (— B3a). The amount
produced is thus greater than that excreted,
so that the plasma concentration and also the
excreted amount of creatinine per unit time
rises (— B3b) until as much creatinine is ex-
creted as is produced by the body. In equilib-
rium, the renal excretion mirrors the prerenal
load. With substances which are filtered but
neither reabsorbed nor secreted there is a line-
ar correlation between plasma concentration
and renal excretion and thus between prerenal
load and plasma concentration (— B4, green
line).

In reabsorption by transport processes with
high affinity (e.g., glucose, most amino acids,
phosphate, sulfate) practically the entire fil-
tered amount is reabsorbed and nothing elimi-
nated, as long as the plasma concentration is
low (—B1, blue curve). If the filtered amount
exceeds the maximal transport rate, the whole
of the excess filtered amount is excreted. The
plasma concentration at which the filtered

amount and the transport maximum are the
same is called the renal threshold (— B1, red
portion of the blue curve).

In transport processes with low affinity
(e.g., uric acid, glycine) not everything is reab-
sorbed even at low plasma concentration, so
that both the reabsorption rate and the renal
excretion increase with increasing plasma
concentration (— B1, yellow curve).

In secretion (e.g., of p-aminohippuric acid
[PAH]) not only the filtered by also the secret-
ed substance is excreted (—B1, violet curve).
In high affinity of the transport system and
low plasma concentration, the entire amount
reaching the kidney will be excreted. Renal
clearance thus corresponds to renal plasma
flow, ie., the amount of plasma flowing
through the kidney per unit of time. If the
amount of substance that is presented exceeds
the maximal transport rate, excretion can be
raised only by an increase in the amount fil-
tered, and renal clearance is reduced (— B2).

An abnormality of prerenal factors can, de-
spite unimpaired tubular transport, raise the
excretion of the affected substance via an in-
crease in its plasma concentration and the
amount filtered. Thus, glycosuria may occur
even when renal transport of glucose is nor-
mal, if the plasma concentration of glucose is
higher than its renal threshold, as is the case
in diabetes mellitus (overflow glycosuria).
Similarly, impaired breakdown of amino acids
leads to overflow aminoaciduria. Conversely, a
change in plasma concentration in the pres-
ence of an abnormal renal transport can be
prevented by extrarenal regulatory mecha-
nisms (— A). Thus, hypocalcemia due to im-
paired renal reabsorption of Ca?* is prevented
by the release of PTH which mobilizes Ca%*
from bone and increases enteric absorption of
Ca?* via the release of calcitriol (— p.128). The
result is hypercalciuria but not hypocalcemia.
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Pathophysiology of Renal Transport Processes

Genetic or toxic causes, drugs, or hormonal ab-
normalities can impair tubular transport pro-
cesses.

At least two luminal transporters are re-
sponsible for the reabsorption of glucose in
the proximal tubules. A genetic defect of the
renal and intestinal Na*-glucose/galactose
transporter (— A1) results in glucose-galac-
tose malabsorption. A defect of the second re-
nal glucose transporter leads to classical renal
glycosuria in which either the maximal trans-
port rate (type A) or the affinity (type B) is im-
paired (— D3). If in type A plasma concentra-
tion exceeds the lowered renal threshold, this
results in the quantitative excretion of the ad-
ditionally filtered glucose; if the plasma con-
centration is below the renal threshold, all of
the glucose is reabsorbed. However, in type B
renal glycosuria, glucose is excreted even at
low plasma concentrations.

The Na*-phosphate cotransporter (—A2)
can be impaired if there is a genetic defect (re-
nal phosphate diabetes) or a deficiency of cal-
citriol. The reduced renal phosphate reabsorp-
tion causes demineralization of bone via a defi-
ciency of phosphate (rickets; — p.132). Raised
renal phosphate reabsorption in PTH deficien-
cy (hypoparathyroidism) or abnormal PTH ac-
tion (pseudohypoparathyroidism), for example,
leads to hyperphosphatemia (— p.130).

A defect of Na* cotransport of certain neu-
tral amino acids (— A3) in kidney and gut re-
sults in Hartnup disease, in which increased
amino acid excretion occurs. As tryptophan is
necessary for nicotinic acid synthesis, nicotinic
acid deficiency, and thus damage to the ner-
vous system and the skin may occur.

A defect of the amino acid exchanger for
neutral and dibasic amino acids (—A4) in-
creases the excretion of ornithine, lysine, argi-
nine, and cystine (cystinuria). The poorly solu-
ble cystine is precipitated and forms urinary
stones (— p.120). In familial protein intoler-
ance the reabsorption of dibasic amino acids
is abnormal.

A defect of the Na* cotransporter for acidic
amino acids (—A5) leads to harmless acid
aminoaciduria; a defect of the carrier for cyclic
amino acids such as proline, results in harm-
less iminoglycinuria (— A6).

Decreased activity of the Na*/H* exchanger
(—>A7), of the Na*-3HCO,~ cotransporter
(—A8), or inhibition of carbonic anhydrase
(CA) results in proximal-tubular acidosis
(— p.88ff.). As the reduced HCO,~ reabsorp-
tion in the proximal tubules cannot be com-
pensated by the (normally small) distal-tubu-
lar transport capacity, bicarbonate is excreted
in the urine even when the HCO,~ load is nor-
mal (— E2). Nevertheless, if the plasma con-
centration of HCO,~ is reduced, the proximal
tubules can reabsorb the bulk of filtered bicar-
bonate, and the distal tubules will then pro-
duce urine of normal acidity.

Na*-3HCO," cotransport is largely depen-
dent on the membrane potential, and thus on
K* flux via K* channels (— A15), and on extra-
cellular K* concentration. Hyperkalemia depo-
larizes the cell membrane and inhibits HCO,;~
reabsorption in the proximal tubules, while
HCO,™ reabsorption is increased by hypokale-
mia. The renal excretion of H* and thus the
acid-base metabolism is thus a function of
the extracellular K* concentration (— p. 86ff.).

Dehydration stimulates the activity of the
Na*/H* exchanger (— A7) and thus proximal
tubular HCO,™ reabsorption. This results in a
volume depletion alkalosis. Inhibition of the
Na*/H* exchanger or of carbonic anhydrase in-
creases salt excretion (natriuresis). The inhibi-
tion of proximal tubular Na* reabsorption is,
however, largely compensated by its increased
reabsorption in more distal nephron segments,
especially in the loop of Henle.

In Fanconi’s syndrome, caused by genetic or
acquired (e.g., lead poisoning) factors, several
Na*-coupled transport processes are impaired
(—A1-7), resulting in glycosuria, aminoacid-
uria, phosphaturia, proximal tubular acidosis,
and hypokalemia (see below).

Increased proximal Na* and water reab-
sorption concentrates the luminal uric acid
and thus promotes uric acid reabsorption via
luminal and basolateral anion exchangers and
channels (—A9). This causes hyperuricemia
with deposition of poorly soluble uric acid in
some joints (gout; — p. 250).

If an energy deficiency occurs (e.g., inade-
quate perfusion) Na*|K*-ATPase (— ABC10) is
impaired, electrolyte reabsorption is reduced
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(salt-losing kidney), cellular swelling and cell
death occurs.

The Ca?* reabsorption is accomplished in the
proximal tubules and loop of Henle, in part by
paracellular transport (— AB11), by Ca?* chan-
nels in the luminal membrane (— AC12), and
by 3Nat*/Ca?* exchangers in the peritubular
membrane (— AC13). Increased intracellular
Na* concentration reduces the Na* gradient
for the 3Na*/Ca?* exchanger (— A13) and thus
impairs Ca?* reabsorption. Parathyroid hor-
mone (PTH) stimulates Ca?* reabsorption; con-
versely, hypoparathyroidism results in hyper-
calciuria. The paracellular shunt (—B11) is
blocked by a high Ca?* concentration (hypercal-
cemia). This impairs not only the reabsorption
of Ca?* but also of Mg?* (loss of magnesium)
and of Na* (natriuresis, impaired urinary con-
centration; — p.100). Hypercalciuria leads not
only to Ca?* deficiency, but also to calcium salts
precipitating in the urine (- p.120).

Inhibition of Na*-K*-2Cl~ cotransporter
(—B14) by loop diuretics stops NaCl reabsorp-
tion in the loop of Henle and thus urinary con-
centration (— p.100). This results in massive
natriuresis and diuresis. Distal tubules and
collecting ducts are overwhelmed by Na* and
reabsorb Na* in exchange for K* (see below),
leading to kaliuresis and hypokalemia. The
Na*-K*-2 Cl~ cotransport needs K* as sub-
strate, which must recirculate via K* channels
(ROMK; —B15). In K* deficiency or hypokale-
mia the K* channel is closed off and NaCl reab-
sorption in the loop of Henle is impaired. A ge-
netic defect in the Na*-K*-2 Cl~ cotransporter,
Cl~ or K* channel are causes of Bartter’s syn-
drome which gives rise to impaired urinary
concentration, natriuresis, hypokalemia (ex-
cept in defects of ROMK), and lowered blood
pressure, despite increased renin, angiotensin
and aldosterone formation (— p.114). Because
of the abnormal Na* reabsorption, the kidney
produces large amounts of prostaglandins
that inhibit Na*-reabsorption in more distal
nephron segments and thus aggravate NaCl
loss. Furthermore they cause life-threatening
peripheral vasodilation.

Finally, the reabsorption of salt in the loop
of Henle is reduced in hypercalcemia, for ex-
ample, by blockage of the paracellular shunt
(see above) as well as the activation of a Ca?*
receptor (— B16).

Sodium chloride is reabsorbed in the early
distal tubules via a Na*-Cl~ cotransporter
(—€17). Thiazides cause renal loss of sodium
and potassium by inhibiting the carrier (see
above). They increase the gradient for the
3Na*/Ca?* exchanger by reducing the intracel-
lular Na* concentration and in this way pro-
mote the renal reabsorption of Ca?* (see above
and — D1). A genetic defect of the transporter
results in Gitelman’s syndrome, a mild variant
of Bartter’s syndrome.

Na* is reabsorbed in the late distal tubules
and the collecting ducts via luminal Na* chan-
nels (—C18) and the basolateral Na*/K*-AT-
Pase. The influx of Na* depolarizes the luminal
cell membrane and thus promotes the secre-
tion of K* via luminal K* channels. If Na* reab-
sorption in the proximal tubules, loop of
Henle, or early distal tubules is inhibited,
more Na* reaches the late distal parts of the
nephron and it is reabsorbed there in exchange
for K*. The result is renal loss of K* (see above).
Na* channels and Na*/K*-ATPase are activated
by aldosterone (— D 1). Deficiency of aldoste-
rone (hypoaldosteronism) or its reduced effec-
tiveness (pseudohypoaldosteronism, e.g., due
to a defective Na* channel) results in the renal
loss of Na*, decreased extracellular volume,
and low blood pressure. Distal diuretics act by
blocking the aldosterone receptors (aldoste-
rone antagonists) or by directly inhibiting the
Na* channel. They cause mild natriuresis and
renal K* retention. Conversely, a hyperactive
Na* channel (Liddle’s syndrome) leads to Na*
retention and hypertension.

H* secretion in the late distal tubules and in
the collecting duct is achieved by H*-ATPases
(—€19) and H*/K*-ATPases (— €20). A defect
results in distal-tubular acidosis (— D2,E4).
The affected person can produce only moder-
ately acidic urine even when the plasma con-
centration of HCO,™ is low. Furthermore, they
suffer from CaHPO, stones because phosphate
is readily precipitated in alkaline urine
(= p.120).

Water can be reabsorbed in the entire neph-
ron, except the ascending loop of Henle. How-
ever, water reabsorption in the distal tubules
and the collecting ducts requires ADH. A lack
of ADH or decreased sensitivity of the nephron
to ADH causes diabetes insipidus (— p.100).

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— D. Mechanisms of Renal K" Loss

¥

[
Proximal diuretics Na'4
Loop diuretics / b
Thiazides Distal

1

“Lumen

2 P e

4—@\ A4(:0, < co,

« diuretics / e Q
\ Aldosterone //—_)' K
[ \
Flow rate f \4/

Cell
Blood
3 Glycosuria
B Type A
2
c
.9
©
g | al i
3 ycosuria
2 Type B
Q \
o
_:
-
0 0 _—‘—
Y Plasma concentration

— E. Renal Tubular Acidoses

mmol HCO;, or H'/L GFR

1 o8 2
25 3 28
- HCO; HCO: 5
< H* * 05 21
\%
t o8 “
: o : -
h h
" | 05 ' 2
Normal \ Proximal tubular
acid excretion ) pH 5 acidosis ) pH 8
3 4
20 20
3
1T %3 b 0;8
\ N A N
ol A &
3 3
Y Y
Proximal tubular acidosis | 05 . 0.2
in reduced ) Distal tubular ) <
plasma bicarbonate pH 5 acidosis pH7

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 5.4 Renal Transport Processes Il

99



5 Kidney, Salt and Water Balance

100

Abnormalities of Urinary Concentration

Depending on requirements, the kidney can
normally excrete hypotonic (< 100 mosm/L) or
hypertonic (> 1200 mosmol/L) urine. Concen-
tration and dilution of urine are in the first in-
stance the result of processes in the thick as-
cending loop of Henle (pars ascendens) which
transports NaCl (— A, red arrow) to the inter-
stitial space of the renal medulla (see also
p.96) without water (blue arrow) being able
to follow. The tubular fluid becomes hypotonic
(50-100 mosmol/L) by the time it passes the
ascending part, while the interstitial space be-
comes hypertonic. The hyperosmolar intersti-
tial space takes more water (blue arrow) than
electrolytes (red arrow) from the descending
part of the loop of Henle so that osmolality
rises in the descending tubular fluid on its
way to the apex of the loop.

The arrangement of the renal medullary
vessels (vasa recta) in the loop prevents dilu-
tion of the medullary hyperosmolality.

Urea (violet arrow) only partly follows the
reabsorbed water in the proximal and distal
tubules and the loop of Henle, so that the lumi-
nal urea concentration increases up to the col-
lecting duct. The medullary collecting duct is
highly permeable to urea, which diffuses into
the interstitial space. The high urea concentra-
tions in the renal medulla draw water out of
the descending part of the loop of Henle.
Some of the urea diffuses into the tubular lu-
men and reaches the collecting duct via the
loop of Henle and the distal tubule.

ADH stimulates the insertion of water chan-
nels (aquaporins) into the apical cell mem-
brane in the distal tubule and collecting duct,
and thus allows water reabsorption following
the osmotic gradient. The tubular fluid in the
distal tubule is at first hypotonic (see above),
but toward the end of the distal tubule it at-
tains the osmolality of the blood. More water
is taken from the collecting duct in the renal
medulla, until the osmolality of the luminal
fluid in the collecting duct approaches that in
the renal medulla.

In ADH deficiency (central diabetes insipi-
dus) or in insensitivity of the distal nephron
and the collecting duct for ADH (renal diabetes
insipidus) the water permeability of the distal
tubule and the collecting duct is low (—AT1).

Up to 20 L of hypotonic urine are excreted per
day. The excretion of Na* and urea can also be
increased.

If reabsorption in the loop of Henle is inhib-
ited, the hyperosmolality of the renal medulla
dissipates. Therapeutic loop diuretics inhibit
Na*-K*-2 CI~ cotransport. Hypercalcemia in-
hibits the reabsorption via a Ca?* receptor at
the tubule and by inhibiting paracellular reab-
sorption. Hypokalemia or defective K* chan-
nels (ROMK, an inward rectifier K* channel) in-
hibit the recirculation of K* and thus indirectly
Na*-K*-2 CI~ cotransport (— p. 97 B).

Raised perfusion through the renal medulla
washes out medullary hyperosmolality
(= A3). Mediators (e.g., kinins, prostaglan-
dins) released during inflammation therefore
lower medullary osmolality and thus reduce
urinary concentration. Caffeine, too, acts as a
dilator of the vasa recta. Raised blood pressure
can also increase perfusion of the vasa recta
and thus wash out the medulla (pressure di-
uresis).

The reabsorption of water can also be re-
duced if tubular fluid contains poorly absorb-
able or nonabsorbable substances. These sub-
stances are then concentrated by fluid reab-
sorption and hold back water (— A4). Osmotic
diuresis occurs. Secondarily, the impaired wa-
ter reabsorption leads to reduced reabsorption
of NaCl and urea. As a result, osmolality in the
renal medulla is reduced and urinary concen-
tration compromized. Osmotic diuresis is trig-
gered therapeutically with mannitol, a poorly
absorbed sugar. Furthermore, osmotic diuresis
also occurs when increased amounts of glu-
cose, bicarbonate, urea, and phosphate are ex-
creted.

A protein-low diet impairs the concentrat-
ing ability of the kidney because of reduced
contribution of urea to the concentrating
mechanism (— A5).

Impaired concentrating ability becomes ap-
parent through nocturnal diuresis (nycturia),
thirst, and large, unconcentrated volumes of
urine.
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Abnormalities of Glomerular Function

The function of the glomeruli is to produce an
adequate GFR, i.e., the volume of plasma water
that is controlled by the renal epithelium. The
selective permeability of this filter (— p.104)
ensures the formation of a nearly protein-free
filtrate. As all of the blood flowing through the
kidney must pass through the glomerular ves-
sels, the resistance of these vessels also deter-
mines RPF.

The GFR is determined by the effective fil-
tration pressure (P,), the hydraulic conductiv-
ity (K;), and the filtering surface (F): GFR=
K- F-P.. The effective filtration pressure is
made up of the hydrostatic (AP) and the oncot-
ic (Am) pressure gradients across the filter
(—A): Py =AP - Am. Even if the filter is defec-
tive, & within the capsular space of the glomer-
ulus can be ignored, i.e., An practically equals
the plasma oncotic pressure (m,,). As a result
of glomerular filtration, the protein concentra-
tion in plasma is increased and =, as a rule
comes close to the hydrostatic pressure gradi-
ent toward the end of the glomerular capillary
loops (filtration equilibrium).

Reduced hydraulic conductivity (—A2)or a
reduced filtration surface decreases the GFR.
No filtration equilibrium can be achieved; as a
result of the reduced increase in m,,, P, ulti-
mately rises. But this does not compensate for
the reduced conductivity.

Constriction of the vas afferens (—A3)
when systemic blood pressure remains con-
stant reduces the filtration pressure and thus
the proportion of filtered plasma water (filtra-
tion fraction = GFR/RPF). At the same time the
renal blood flow and the GFR fall because of
the increased resistance.

Constriction of the vas efferens (—A4)
raises the effective filtration pressure and
thus also GFR/RPF. Simultaneously it reduces
glomerular perfusion and thus GFR at any giv-
en filtration fraction. The constriction of the
vas efferens (e.g., on infusion of angiotensin II)
or obstruction of venous flow (e.g., by renal
vein thrombosis) can thus ultimately reduce
GFR.

The glomeruli can be damaged by inflam-
matory disease (glomerulonephritis; — B).
Among possible causes are soluble antigen-
antibody complexes that become entangled in

the glomeruli and, via complement activation,
produce local inflammation (— p.48ff.). This
results in obstruction of the glomerular capil-
laries and destroys the filtering function (im-
mune complex nephritis). Numerous drugs, al-
lergens, and pathogens can act as antigens.
Streptococci (group A, type 12) are very often
responsible. Antibodies include IgG, IgM, and
commonly IgA (IgA nephritis).

Masugi’s nephritis, caused by autoanti-
bodies against the basement membrane, is
much less common than immune complex ne-
phritis. The local inflammation initially results
in hyperemia, accumulation of neutrophils
(exudative phase), and damage to the often
markedly thickened basement membrane. It
is common for endothelial, mesangial, or cap-
sular epithelial cells to proliferate and ulti-
mately for excess mesangial matrix to form
(sclerosing).

The glomeruli may also be damaged with-
out any local inflammation, for example, by
deposition of amyloid in amyloidosis, by a
high concentration of filtrable proteins in plas-
ma (e.g., in multiple myeloma), by high pres-
sure in the glomerular capillaries (e.g., in arte-
rial hypertension, renal vein thrombosis, ve-
nous back pressure in right heart failure, or hy-
perfiltration in diabetic nephropathy) as well
as by reduced perfusion (e.g., in atherosclero-
sis, arteriosclerosis).

In glomerulonephritis, resistance in the
vasa afferentia and efferentia is increased and
the RPF is reduced despite filtration pressure
usually being high. The reduced hydraulic con-
ductivity prevents filtration equilibrium being
achieved and lowers GFR. The reduced renal
perfusion stimulates the release of renin
which, via angiotensin and aldosterone, raises
blood pressure. In addition, the development
of hypertension is aided by reduced excretion
of NaCl and H,0, brought about by the de-
crease in GFR (— p.114).

Selective permeability is lost by damage to
the glomerular filter, thus leading to protein-
uria and edema (— p.104).

Damage to the kidney can, for example, de-
stroy erythropoietin-producing cells and thus
result in the development of anemia.
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Disorders of Glomerular Permselectivity, Nephrotic Syndrome

The glomerular filter (fenestrated endothe-
lium, basement membrane, slit membrane be-
tween podocytes) is not equally permeable for
all blood constituents (selective permeability
or permselectivity). Molecules larger in dia-
meter than the pores do not pass the filter at
all. Molecules of clearly smaller diameter will
in practice pass through, as will water, i.e.,
their concentration in the filtrate is approxi-
mately the same as that in plasma water. If
these substances are not reabsorbed or secret-
ed in the kidney, their clearance (C) is identical
to the GFR, and the fractional excretion (C/
GFR) is 1.0. If molecules are only slightly smal-
ler in diameter than the diameter of the pores,
only some of them can follow water through
the pores, so that their concentration in the fil-
trate is lower than in plasma (—A1).

However, permeability is determined not
only by the size, but also by the charge of the
molecule. Normally, negatively-charged mole-
cules can pass through much less easily than
neutral or positively-charged molecules
(—A1). This is due to negative fixed charges
that make the passage of negatively-charged
particles difficult.

In glomerulonephritis (— p.102) the integ-
rity of the glomerular filter may be impaired,
and plasma proteins and even erythrocytes
can gain access to the capsular space (—A2).
This results in proteinuria and hematuria.
Close observation of proteinuria indicates that
it is especially the permeability for negatively-
charged proteins that is increased. This be-
havior can be demonstrated most impressively
by infusing differently charged polysaccha-
rides, because polysaccharides—in contrast to
proteins—are hardly reabsorbed by the tu-
bules. Negatively-charged (-) dextrans are
normally less well filtered than neutral (n) or
cationic (+) dextrans. This selectivity is lost in
glomerulonephritis and filtration of negative-
ly-charged dextrans is massively increased
(—A2). One of the causes of this is a break-
down of negatively-charged proteoglycans, for
example, by lysosomal enzymes from inflam-
matory cells that split glycosaminoglycan. As
has been shown by electrophoresis, it is espe-
cially the relatively small, markedly negative-
ly-charged albumins that pass across the

membrane (— A3). Even an intact glomerulus
is permeable to a number of proteins that are
then reabsorbed in the proximal tubules. The
transport capacity is limited, though, and can-
not cope with the excessive load of filtered
protein at a defective glomerular filter. If tubu-
lar protein reabsorption is defective especially
small proteins appear in the final urine (tubu-
lar proteinuria).

Renal loss of proteins leads to hypopro-
teinemia. Serum electrophoresis demonstrates
that it is largely due to a loss of albumin
(—A4), while the concentration of larger pro-
teins actually tends to increase. This is because
the reduced oncotic pressure in the vascular
system leads to increased filtration of plasma
water in the periphery and thus to a concen-
tration of the other blood constituents. Filtra-
tion in the peripheral capillaries is facilitated
not only by the reduced oncotic pressure, but
also by damage to the capillary wall that may
also be subject to inflammatory changes. As a
result of protein filtration in the periphery,
protein concentration and oncotic pressure
rise in the interstitial spaces, so that the filtra-
tion balance shifts in favor of the interstitial
space (—A5). If the removal of proteins via
the lymphatics is inadequate, edemas form
(—>A7).

If proteinuria, hypoproteinemia, and pe-
ripheral edema occur together, this is termed
nephrotic syndrome. As the lipoproteins are
not filtered even if the filter is damaged, but
hypoproteinemia stimulates the formation of
lipoproteins in the liver, hyperlipidemia re-
sults and thus also hypercholesterolemia
(— A6). It remains debatable whether a loss of
glomerular lipoprotein lipase contributes to
the effect.

Hypoproteinemia favours peripheral filtra-
tion, the loss of plasma water into the intersti-
tial space leads to hypovolemia which triggers
thirst, release of ADH and, via renin and angio-
tensin, of aldosterone (— p.122). Increased wa-
ter intake and increased reabsorption of so-
dium chloride and water provide what is need-
ed to maintain the edemas. As aldosterone
promotes renal excretion of K* and H*
(—p.98), hypokalemia and alkalosis develop.
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Interstitial Nephritis

The term interstitial nephritis is applied to in-
flammatory changes in the kidney if the in-
flammation does not originate in the glomeru-
li. Renal tissue is infiltrated by inflammatory
cells (especially granulocytes) and the inflam-
mation can lead to local destruction of renal
tissue.

The most common form of interstitial ne-
phritis is that caused by bacteria (pyelonephri-
tis). Most often the infection originates in the
urinary tract (bladder — ureter — kidney [as-
cending pyelonephritis]); less often in the blood
(descending pyelonephritis) (— A1). The renal
medulla is practically always affected first, be-
cause its high acidity, tonicity, and ammonia
concentration weaken the body’s defense
mechanisms. Flushing out the renal medulla
thus lowers the danger of infection. Infection
is promoted by an obstruction to urinary flow
(urinary tract stone [— p.120], pregnancy [—
p.116], prostatic hypertrophy, tumor) and by
reduced immune defenses (e.g., diabetes mel-
litus [— p.290]).

An interstitial nephritis can also cause the
deposition of concrements (calcium salts, uric
acid) in the renal medulla without any infec-
tion (— A2). Uric acid deposits in the kidney
are principally caused by an excessive dietary
intake of purines, which are broken down in
the body into uric acid, as well as by a massive
increase of endogenous uric acid production,
as occurs in the leukemias and in rare cases of
enzyme defects of uric acid metabolism
(—p.250). Calcium deposits are the conse-
quence of hypercalciuria that occurs when in-
testinal absorption of calcium is increased
(e.g., in hypervitaminosis D) as well as with in-
creased mobilization of calcium from bone
(e.g., by tumors, immobilization; — p.132).

Lastly, interstitial nephritis can result from
toxic (e.g., phenacetin) or allergic (e.g., penicil-
lin) factors, from radiation or as a rejection re-
action in a transplanted kidney. The renal me-
dulla is especially prone to hypoxia because O,
diffuses from the descending to the ascending
limb of the vasa recta. In sickle cell anemia
(—p.36) deoxygenation therefore leads to
precipitation of hemoglobin, especially in the
renal medulla, and thus to vascular occlusion.

Massive administration of prostaglandin-
synthesis inhibitors can damage the renal me-
dulla by causing ischemia. In normal circum-
stances renal medullary perfusion at low per-
fusion pressure is maintained by the release
of vasodilating prostaglandins. Inhibition of
prostaglandin synthesis stops this protective
mechanism, however.

In accordance with the site of the inflamma-
tory processes, the first effects are caused by
lesions in the segment of the nephron that
lies within the renal medulla (loop of Henle
and collecting duct). A relatively early occur-
rence is reduced urinary concentration, caused
by damage to the ascending part, by flushing
out of the medulla as a result of inflammatory
hyperemia as well as by a lack of sensitivity of
the damaged distal nephron to ADH. The in-
creased urine volume causes nocturnal di-
uresis (nycturia). The decreased K* secretion
into the collecting duct can cause hyperkale-
mia, while reduced Na* reabsorption can re-
sult in hypovolemia (— A3). However, the re-
duced Na* reabsorption in the loop of Henle
can also result in an increased distal K* secre-
tion with accompanying hypokalemia, espe-
cially when more aldosterone is released as
the result of hypovolemia (— p. 266).

Renal acid excretion can be impaired, re-
sulting in an alkaline urine being formed and
also in systemic acidosis.

Various functions of the proximal tubules
(reabsorption of glucose and amino acids, se-
cretion of PAH) and the glomeruli (GFR) are af-
fected only in advanced pyelonephritis.

Infection by urea-splitting pathogens leads
to a breakdown of urea into ammonia in the
urine. As ammonia binds hydrogen ions
(—A4), an alkaline urine will result. This pro-
motes the precipitation of phosphate-contain-
ing concrements (— p.120) that in turn can
cause obstruction to urinary flow and thus the
development of ascending pyelonephritis, i.e.,
a vicious circle is established.
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Acute Renal Failure

Numerous and diverse disorders can lead to
more or less sudden impairment of renal func-
tion (- A1):

Obstruction of the urinary tract, for exam-
ple, by urinary stones (— p.120) can stop uri-
nary excretion, even though the kidney re-
mains intact—at least at first.

In hemolysis and in the destruction of mus-
cle cells (myolysis) hemoglobin or myoglobin,
respectively, is filtered through the glomeruli
and precipitated in the acidic tubular lumen,
especially because their tubular concentration
is increased by fluid absorption. The resulting
obstruction leads to urine formation being in-
terrupted.

Renal function can also cease as a result of
rapidly progressing renal diseases (e.g., glo-
merulonephritis; — p.102) or toxic damage to
the kidney.

Loss of blood and fluid impairs renal perfu-
sion and glomerular filtration because in cen-
tralization of the circulation (— p.230) the
kidney is treated like a peripheral organ, i.e.,
sympathetic activation produces renal vascu-
lar constriction via a-adrenoceptors. The re-
sult is acute ischemic renal failure.

Several pathophysiological mechanisms can
prevent the recovery of GFR or restoration of
normal excretion of substances filtered by the
glomeruli, even after the state of shock has
been overcome and blood pressure has been
normalized (—A1):

Constriction of the vasa afferentia:

- Energy deficiency impairs Na*/K*-ATPase;
the resulting increase in intracellular con-
centration of Na* also causes, via the 3Na*/
Ca2* exchanger, a rise in intracellular Caz*
concentration (—p.10,12) and thus vaso-
constriction.

- The ischemia promotes the release of renin
both primarily and via an increased NaCl
supply in the macula densa (reduced Na*
absorption in the ascending tubules) and
thus the intrarenal formation of angioten-
sin I, which has a vasoconstrictor action.

- Ifthere is a lack of energy supply, adenosine
is freed from ATP. It acts on the kidney—in
contrast to the other organs—as a marked
vasoconstrictor.

Obstruction of the glomerular filter by fi-
brin and erythrocyte aggregates.

Seeping away of filtered fluid in the dam-
aged tubules.

Obstruction of the tubular lumen by des-
quamated tubular cells, by crystals, or due to
swelling of the tubular cells.

Intravascular stasis (“sludge”) that cannot
be flushed out of the network between renal
medulla and cortex, even if the perfusion pres-
sure rises.

In the first three days of acute renal failure
no urine (anuria) or only a little volume of
poorly concentrated urine (oliguria) is excret-
ed as a rule (oliguric phase; — A2). However,
urinary volume alone is a very poor indicator
of the functional capacity of the kidney in
acute renal failure, because the tubular trans-
port processes are severely restricted and the
reabsorption of filtered fluid is thus reduced.
Despite normal-looking urine volume, renal
excretion of all those substances that must
normally be excreted in the urine may be
markedly impaired. In this case determination
of the plasma and urine creatinine concentra-
tion provides information on the true func-
tional state of the kidneys.

Recovery after the oliguric phase will lead
to a polyuric phase characterized by the grad-
ual increase of the GFR while the reabsorption
function of the epithelial nephron is still im-
paired (salt-losing kidney; — A3). If the renal
tubules are damaged (e.g., by heavy metals),
polyuric renal failure occurs as a primary re-
sponse, i.e., large volumes of urine are excreted
despite a markedly decreased GFR.

The dangers of acute renal failure lie in the
inability of the kidney to regulate the water
and electrolyte balance. The main threat in
the oliguric phase is hyperhydration (especial-
ly with infusion of large volumes of fluid) and
hyperkalemia (especially with the simulta-
neous release of intracellular K*, as in burns,
contusions, hemolysis, etc.). In the polyuric
phase the loss of Na*, water, HCO,~, and espe-
cially of K* may be so large as to be life-threat-
ening.
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Chronic Renal Failure: Abnormal Functions

A number of renal diseases can ultimately lead
to the destruction of renal tissue (— p.102ff.,
114). If the residual renal tissue is not in a posi-
tion to adequately fulfill its tasks, the picture
of renal failure evolves.

Reduced renal excretion is particularly sig-
nificant. The decreased GFR leads to an in-
versely proportional rise in the plasma level
of creatinine (— A, top; see also p.94). The
plasma concentration of reabsorbed sub-
stances also rises, but less markedly, because
renal tubular reabsorption is impaired in renal
failure. The reabsorption of Na* and water is
inhibited in renal failure by a variety of factors,
such as natriuretic hormone, PTH, and van-
adate (— p.112). The reduced reabsorption of
Na™ in the proximal tubules also directly or in-
directly decreases the reabsorption of other
substances, such as phosphate, uric acid,
HCO;~, Ca?*, urea, glucose, and amino acids.
The reabsorption of phosphate is also inhibited
by PTH.

Reduced NaCl reabsorption in the ascending
limb compromises the concentrating mecha-
nism (— p.100). The large supply of volume
and NaCl from parts of the proximal nephron
promotes the reabsorption of Na* distally and
aids in the secretion of K* and H* in the distal
nephron and in the collecting duct. As a result,
the plasma concentration of electrolytes can
remain practically normal even if GFR is mark-
edly reduced (compensated renal insufficien-
cy). Disorders occur only once GFR has fallen
to less than a quarter of the normal level. How-
ever, this compensation is carried out at the
cost of the regulatory range, in that the dam-
aged kidney is unable adequately to increase
the excretion of water, Nat, K*, H*, phosphate,
etc. (e.g., if oral intake is increased).

It is probably the disruption in renal water
and electrolyte excretion that is responsible,
at least partially, for the development of most
of symptoms of chronic renal failure. Excess
volume and the changed electrolyte concentra-
tions lead to edemas, hypertension, osteoma-
lacia, acidosis, pruritus, and arthritis, either di-
rectly or via the activation of hormones
(= p.112). Also, abnormalities of the excitato-
ry cells (polyneuropathy, confusion, coma, sei-
zures, cerebral edemas), of gastrointestinal

function (nausea, peptic ulcer, diarrhea), and
of blood cells (hemolysis, abnormal leukocyte
function, abnormal blood clotting) are due to
this.

While uric acid can be precipitated at high
concentrations, especially in the joints, and
thus cause gout (— p.250), sufficiently high
concentrations of uric acid are only rarely
achieved in renal failure. The role of reduced
elimination of so-called uremia toxins (e.g.,
acetone, 2,3-butyleneglycol, guanidinosuccin-
ic acid, methylguanidine, indoles, phenols,
aliphatic and aromatic amines, etc.) as well as
of so-called middle molecules (lipids or pep-
tides with a molecular weight of 300-
2000 Da) in producing the symptoms of renal
failure remains the subject of considerable de-
bate. High concentrations of urea can destabi-
lize proteins and bring about cell shrinkage.
But its effect is partly canceled by the cellular
uptake of stabilizing osmolytes (especially be-
taine, glycerophosphorylcholine).

The impaired renal production of erythro-
poietin leads to the development of renal ane-
mia (— p.30ff.), while the reduced formation
of calcitriol contributes to abnormalities of
mineral metabolism (— p.112). Depending on
the cause and course of the disease, the intra-
renal formation of renin and of prostaglandins
can be raised (— p.114) or reduced (death of
renin- or prostaglandin-producing cells). In-
creased formation of renin promotes, while its
reduced formation inhibits, the development
of hypertension, a frequent occurrence in renal
failure (— p.112ff.). Prostaglandins, on the
other hand, are more likely to cause vasodila-
tion and a fall in blood pressure (— p.296).
The loss of renal inactivation of hormones
(= p. 92) may slow down hormonal regulatory
cycles. It is not clear, however, what the role of
these changes is in the development of symp-
toms.

The reduced consumption of fatty acids by
the kidney contributes to hyperlipidemia,
while reduced gluconeogenesis favors the de-
velopment of hypoglycemia.
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Chronic Renal Failure: Abnormal Regulation

Reduced renal elimination of water and elec-
trolytes is particularly important in the devel-
opment of symptoms of renal failure (see also
p.110). The extracellular volume expands if
there is an excess of NaCl and water (— A),
and hypervolemia as well as edemas develop
(—p.122); pulmonary edema being the most
dangerous complication (— p. 80). If it is pre-
dominantly water which is in excess, the os-
motically driven entry of water increases the
intracellular volume (— A) and there is a dan-
ger of cerebral edema (— p.358).

The hypervolemia results in the release of
atrial natriuretic factor (ANF) and probably
also of ouabain. The latter inhibits Na*/K*-
ATPase (—AT1). Vanadate (VNO,), which is
largely excreted by the kidney, has a similar ef-
fect. Its clearance is about the same as GFR and
its plasma level is markedly raised in renal fail-
ure.

Inhibition of Na*|K*-ATPase causes reduced
Na*reabsorption in the kidney. Additionally,
the intracellular K* concentration falls in cells
from diverse tissues and the cells depolarize.
The intracellular concentration of Na* rises.
This impairs 3Na*/Ca?* exchange (— A2), and
thus the intracellular concentration of Ca**
also increases. The consequences of depolar-
ization are abnormal neuromuscular excitabil-
ity, cellular accumulation of Cl~, and cell swel-
ling (—A; see also p.10). The increased Ca?*
concentration causes vasoconstriction as well
as increased release of hormones (e.g., gastrin,
insulin) and increased hormonal effects (e.g.,
epinephrine).

Abnormalities of mineral metabolism also
contribute greatly to the symptoms of renal
failure (— B). If the GFR is reduced to less than
20% of normal rate, less phosphate is filtered
than is absorbed through the gut. Even if the
entire amount of filtered phosphate is elimi-
nated, i.e., there is no reabsorption, renal elim-
ination cannot keep up with intestinal absorp-
tion, and the plasma concentration of phos-
phate rises. When the solubility is exceeded,
phosphate combines with Ca?* to form poorly
soluble calcium phosphate. The precipitated
calcium phosphate is deposited in the joints
and skin (causing joint pains or pruritus, re-
spectively).

When Ca?* forms a complex with phos-
phate, the concentration of Ca%* is lowered.
The hypocalcemia stimulates the release of
PTH from the parathyroid gland, mobilizing
calcium phosphate from bone (— B). The result
is demineralization of bone (osteomalacia).
Normally PTH makes it possible, by simulta-
neous inhibition of renal reabsorption of phos-
phate, for the plasma concentration of phos-
phate to fall so that, despite mobilization of
calcium phosphate from bone, the solubility
product in plasma is not exceeded and Ca?*
concentration can increase. In renal insuffi-
ciency, however, renal excretion cannot be en-
hanced, plasma phosphate concentration in-
creases, CaHPO, is precipitated, and plasma
Ca** concentration remains low. The stimulus
for PTH release therefore continues. Under
this persisting secretory stimulus the para-
thyroid glands hypertrophy and, in a vicious
circle, release ever larger amounts of PTH.

As the receptors for PTH are, in addition to
those in the kidney and bones, in many other
organs (nervous system, stomach, blood cells,
gonads) it is assumed that PTH plays a role in
the development of abnormalities in these or-
gans. In fact, removal of the parathyroid glands
is thought to significantly improve numerous
symptoms of renal failure.

The formation of calcitriol is reduced in re-
nal failure, which also plays a part in causing
the abnormalities of mineral metabolism. Nor-
mally this hormone stimulates the absorption
of calcium and phosphate in the gut (— B). Al-
though calcitriol deficiency reduces the intes-
tinal absorption of phosphate, it aggravates
the hypocalcemia. There are receptors for cal-
citriol in various organs. Calcitriol substitution
does not necessarily improve the symptoms
and endangers the patient with renal failure
by stimulating the intestinal absorption of
phosphate.
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Renal Hypertension

Most renal diseases can cause hypertension;
about 7% of all forms of hypertension can be
traced back to renal disease. In addition, the
kidneys play a significant role in the genesis
and course of hypertensive disease, even
when there is no primary renal disease
(— p. 208ff.).

Renal ischemia is an important cause of hy-
pertension brought about by renal disease. Re-
duction of renal perfusion pressure also leads
to hypertension in animal experiments (Gold-
blatt kidney). This happens regardless of the
site. where renal blood flow is decreased,
whether intrarenally in the course of renal
disease (e.g., glomerulonephritis [— p.102].
pyelonephritis [— p.106]), in the renal artery
(renal artery stenosis), or in the aorta above
the origin of the renal arteries (aortic coarcta-
tion) (- A1).

Reduced perfusion of the kidney results in
hypertension via stimulation of the renin-an-
giotensin mechanism (— A2), in which renin
is released in the juxtaglomerular apparatus,
for example, by renal ischemia, and splits off
angiotensin I from angiotensinogen, a plasma
protein originating in the liver. Angiotensin I
is then changed into angiotensin II through
the mediation of a converting enzyme that is
present in many tissues. Angiotensin Il has a
strong vasoconstrictor action which causes a
rise in blood pressure. At the same time angio-
tensin II stimulates the release of aldosterone
and ADH, which bring about the retention of
NaCl and of water through the activation of
Na* channels and water channels, respectively
(—>A3).

The plasma concentration of the angioten-
sinogen formed in the liver does not saturate
renin, i.e., an increase in angiotensinogen con-
centration can raise the blood pressure further.
Thus, overexpression of angiotensinogen fa-
vors the development of hypertension as does
overexpression of renin.

Hypertension is caused by the retention of
sodium and water even without the renin-an-
giotensin mechanism. A primary increase in
aldosterone release (hyperaldosteronism;
—p.266) leads to hypertension just as an
overactive Na* channel does (Liddle’s syn-
drome; — p.98) and—in those who are “salt-

sensitive”—an excessive supply of Na*. It is
possible that hypervolemia promotes the re-
lease of ouabain, which increases vascular
smooth muscle tone through the inhibition of
Na*/K*-ATPase and the subsequent increase in
intracellular Na* concentration, reversal of the
3Na*/Ca?* exchanger, and a rise in cytosolic
Ca?* concentration (— p.112). This hypothesis
has not, however, been definitively proved.
Nevertheless, hypervolemia regularly results
in hypertension (— p. 208 ff.).

Other diseases can also bring about hyper-
tension without the above-mentioned primary
causes being involved. Thus, for example, a re-
nin-producing renal tumor or a polycystic kid-
ney can (in an unknown manner) lead to hy-
perreninism and thus hypertension without
ischemia.

Lack of renal production of vasodilating
prostaglandins (—p.296) probably plays a
subordinate role in the development of renal
hypertension.

The effects of hypertension are, primarily,
damage to heart and vessels (— A, bottom). Ev-
ery form of hypertension leads to damage to
the kidney. Longer lasting hypertension dam-
ages the renal arterioles (— p.208ff.) and the
glomeruli (nephrosclerosis) and in due course
leads to renal ischemia. Thus, primary extrare-
nal hypertension can develop into renal hyper-
tension through the development of nephro-
sclerosis. All this results in a vicious circle in
which the renal ischemia and hypertension
mutually reinforce one another. A kidney with
renal arterial stenosis or both kidneys in aortic
coarctation are unaffected by this vicious cir-
cle, because there is a normal or even reduced
blood pressure distal to the stenosis, prevent-
ing arteriolar damage. A special case arises
when the development of hypertension due to
renal artery stenosis damages the contralater-
al, originally healthy, kidney. After removal of
the stenosis, the hypertension due to en-
hanced renin production of the contralateral
kidney may persist.
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Kidney Disease in Pregnancy

In a normal pregnancy (—A) the placenta
forms vasodilating prostaglandins (especially
PGE,) and possibly other substances that re-
duce the reactivity of vessels to vasoconstric-
tor stimuli. As a result, the peripheral vascular
resistance (R) is decreased and blood pressure
falls. In the kidney, too, the vascular resistance,
the RPF, and the GFR rise markedly.

Na* reabsorption in the proximal tubules
does not keep in step with a high GFR. In addi-
tion, estrogens inhibit the K* channel in the
proximal tubules (IsK). The resulting depolar-
ization retains HCO,™ in the cell, and the intra-
cellular acidosis inhibits the Na*/H* exchanger
(- p.97A). The depolarization also inhibits
the electrogenic transport processes for glu-
cose, amino acids, etc. Due to the reduced re-
absorption of Na* and fluid, uric acid is less
concentrated within the lumen and thus also
less of it is reabsorbed. Among the conse-
quences of reduced proximal tubular reab-
sorption are a fall in the renal threshold for
glucose (tendency toward glycosuria) and for
bicarbonate (fall in plasma bicarbonate con-
centration).

It is possible that the release of renin is
stimulated by the increased supply of NaCl to
the macula densa. The plasma level of renin
and thus also of angiotensin Il and aldosterone
are raised. Aldosterone increases the distal re-
absorption of Na*. All in all, NaCl and water are
retained in pregnancy, despite a rise in GFR,
and extracellular and plasma volumes in-
crease. However, because of the low reactivity
of peripheral vessels to vasoconstrictor stimu-
li, no hypertension develops, despite the high
angiotensin level and hypervolemia.

Edema, proteinuria, and hypertension (EPH)
occur in ca. 5% of all pregnant women (pre-
eclampsia, toxemia of pregnancy, or EPH-ges-
tosis). The symptoms point to renal damage,
hence the term nephropathy of pregnancy
(—B). The pathogenesis of toxemia of preg-
nancy with EPH is still not adequately known.

Release of thrombokinase in the placenta
may be a pathophysiologically relevant factor.
Stimulation of blood clotting (— B 1) causes fi-
brin to be desposited, for example, in the glo-
meruli, leading to thickening of the basement
membrane and injury to the endothelial cells.

Damage to the glomeruli could explain the
proteinuria. Corresponding damage to the pe-
ripheral vessels leads to the development of
edemas at the expense of the plasma volume,
which is reduced.

The placenta of patients with preeclampsia
also has a reduced ability to form vasodilating
prostaglandins (and other vasodilators?)
(—B2). The sensitivity of the vessels to vaso-
constrictor influences (e.g., angiotensin II) is
therefore markedly increased. This leads, on
the one hand, to peripheral vasoconstriction
and hypertension and, on the other hand, to
an increase in the resistance of renal vessels
(—B3); RPF and GFR are reduced. As a conse-
quence of volume deficiency an increased
amount of Na* is reabsorbed in the proximal
tubules, luminal flow is reduced, the contact
time with the reabsorbing epithelium is pro-
longed, and reabsorption of uric acid is thus
raised. The plasma level of uric acid is in-
creased, providing a valuable diagnostic indi-
cation.

It is not quite clear whether or not the plas-
ma concentration of renin and angiotensin II is
increased in preeclampsia. Stimulation of re-
nin secretion in the kidney could be explained
by the reduction in renal perfusion. In any
case, the vasoconstrictor action of angiotensin
Il is greatly increased in preeclampsia by the
raised vascular reactivity (see above). In addi-
tion to an increase in peripheral resistance, the
raised vascular reactivity also leads to the de-
velopment of local vascular spasms. These are
thought to occur in various organs (including
the brain), where in a few cases they can cause
convulsions and coma (eclampsia). Occasion-
ally, vascular narrowing can be seen in the
ocular fundi even a few days before the onset
of eclampsia.
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Hepatorenal Syndrome

Renal ischemia and ultimately oliguric renal
failure, a disease combination called hepatore-
nal syndrome, occurs relatively frequently in
patients with cirrhosis of the liver. Several fac-
tors contribute to the development of this syn-
drome, but it has not as yet been agreed which
of the factors are most significant or whether
there are others which are important, too.

In liver cirrhosis, congestion in the portal
venous system due to narrowing of the vascu-
lar bed within the liver (— p.170) occurs ini-
tially. The hydrostatic pressure in the capillar-
ies rises and excessive amounts of fluid are fil-
tered into the abdominal cavity (ascites,
— p.170). Because of the high protein perme-
ability of the liver sinusoid, plasma proteins
are also lost into the extracellular space. In ad-
dition, fewer plasma proteins are produced in
the liver parenchyma. The resulting hypopro-
teinemia results in the increased filtration of
plasma water and thus in the development of
peripheral edemas. The formation of ascites
and peripheral edemas occurs at the expense
of the circulating plasma volume. The result is
hypovolemia.

In the further course of the disease periph-
eral vasodilation occurs. Vasodilating media-
tors (e.g., substance P) produced in the gut
and endotoxins released by bacteria are nor-
mally detoxified in the liver. In liver cirrhosis
the loss of liver parenchyma and the increased
amount of blood passing from the portal circu-
lation directly into the systemic circulation,
short-circuiting the liver (—p.170), brings
those substances into the systemic circulation
unhindered. The mediators have a direct vaso-
dilator effect, while the endotoxins exert a va-
sodilator effect by stimulating the expression
of nitric oxide synthase (iNOS). This may lead
to a fall in blood pressure, causing massive
sympathetic stimulation. This, together with
the hypovolemia, results in diminished renal
perfusion and thus a fall in GFR. The reduced
renal blood flow promotes the release of renin
and thus the formation of angiotensin II, ADH,
and aldosterone (— p.266). ADH and aldoste-
rone increase the tubular reabsorption of wa-
ter and sodium chloride (loss of potassium;
—p.124), and the kidney excretes small vol-
umes of highly concentrated urine (oliguria).

Incomplete hepatic inactivation of media-
tors that have a direct vasoconstrictor effect
on the kidney (e.g., leukotrienes) also contrib-
utes to renal vasoconstriction.

Renal ischemia normally stimulates the re-
lease of vasodilating prostaglandins that pre-
vent further reduction in renal perfusion
(— p.296). If there is insufficient formation of
prostaglandins (e.g., due to administration of
prostaglandin synthesis inhibitors), this pro-
tective mechanism is abolished and the devel-
opment of renal failure accelerated. A de-
creased ability to synthesize prostaglandins
(lack of precursors?) has in fact been found in
patients with the hepatorenal syndrome.

Renal vasoconstriction can possibly also be
elicited by hepatic encephalopathy (— p.174).
The reduced metabolic activity of the liver
leads to a change in amino acid concentration
and a rise in NH,* concentration in blood and
brain. This causes swelling of the glial cells
and a profound disturbance of transmitter me-
tabolism in the brain that, via activation of the
sympathetic nervous system, causes renal vas-
cular constriction.

Due to the impaired synthesizing activity of
the liver, less kininogen is formed, and there-
fore too few vasodilating kinins (e.g., bradyki-
nin), facilitating renal vasoconstriction.

Lastly, an abnormal fat metabolism may
contribute to kidney damage in liver failure.
Among other consequences, the liver forms
less lecithin-cholesterol  acyltransferase
(LCAT), an enzyme that esterifies cholesterol
with fatty acids (— p. 246) and plays an impor-
tant part in breaking down or transforming li-
poproteins. In familial LCAT deficiency (due to
an enzyme defect) renal failure regularly oc-
curs, probably through lipid deposition in the
kidney.
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Urolithiasis

Concrement-forming substances (—A1) can
reach concentrations in the urine that lie
above their solubility threshold. In the so-
called metastable range the formation of crys-
tals may not occur at all, or only slowly, despite
supersaturation of the solution. However,
when the concentrations rise beyond the
metastable range, crystallization occurs. Dis-
solving already formed crystals is possible
only by reducing the concentration to below
the metastable range.

The most frequently found components in
kidney stones are calcium oxalate (ca. 70%),
calcium phosphate or magnesium-ammonium
phosphate (ca. 30%), uric acid or urate (ca.
30%) as well as xanthine or cystine (< 5%). Sev-
eral substances may be contained in one stone,
because crystals that have already formed act
as nuclei for crystallization and facilitate the
deposition of other metastably dissolved sub-
stances (hence the total is > 100%).

Certain substances that form complexes,
such as citrate, pyrophosphate, and (acid)
phosphate, can bind Ca?* and, by reducing the
Ca?* concentration, are able to prevent calcium
phosphate and calcium oxalate from precipi-
tating.

Causes of stone formation. The raised con-
centration of stone-forming substances can be
the result of prerenal, renal, and postrenal fac-
tors:

Prerenal causes produce the increased filtra-
tion and excretion of stone-producing sub-
stances via a raised plasma concentration
(—p.94). Thus, prerenal hypercalciuria and
phosphaturia are the result of raised intestinal
absorption or mobilization from bone, for ex-
ample, if there is an excess of PTH or calcitriol
(—A2). Hyperoxalemia can be brought about
by a metabolic defect in amino acid break-
down or by increased intestinal absorption
(—A3). Hyperuricemia occurs as a result of
an excessive supply, increased new synthesis,
or increased breakdown of purines (—A3).
Xanthine stones may occur when the forma-
tion of purines is greatly increased and the
breakdown of xanthines to uric acid is inhib-
ited. However, xanthine is much more soluble
than uric acid and xanthine stones are there-
fore much less common.

Abnormal renal reabsorption is a frequent
cause of increased renal excretion in hypercal-
ciuria and an invariable cause in cystinuria
(= p.96). The Ca** concentration in blood is
then maintained by the intestinal absorption
and mobilization of bone minerals, while the
cystine concentration is maintained by a re-
duced breakdown.

Release of ADH (in volume depletion, stress,
etc.; — p. 260) leads to a raised concentration
of stone-forming substances via enhanced
urine concentration (— A4).

The solubility of some substances depends
on the pH of urine. Phosphates are easily dis-
solved in an acidic urine, but poorly in an alka-
line one. Phosphate stones are therefore, as a
rule, only found in alkaline urine. Conversely,
uric acid (urate) is more soluble when dissoci-
ated than undissociated, and uric acid stones
are formed more readily in acidic urine. If the
formation of NH; is reduced, the urine has to
be more acidic for acid to be eliminated, and
this promotes the formation of urate stones.

A significant factor is also how long crystals
that have already formed actually remain in
the supersaturated urine. The length of time
depends on the diuresis and the flow condi-
tions in the lower urinary tract that can, for ex-
ample, lead to crystals getting caught (postre-
nal cause).

The effect of urolithiasis is that it blocks the
lower urinary tract (—Ab5). In addition,
stretching of the ureteric muscles elicits very
painful contractions (renal colic). Obstruction
to flow leads to ureteral dilation and hydrone-
phrosis with cessation of excretion. Even after
removal of a stone, damage to the kidney may
persist. The urinary obstruction also promotes
growth of pathogens (urinary tract infection;
pyelonephritis; — p.106). Urea-splitting patho-
gens form NH; from urea, thus alkalinizing the
urine. This in turn, in a vicious circle, favors the
formation of phosphate stones. Even without
bacterial colonization, intrarenal deposition of
uric acid (gouty kidney) or of calcium salts
(nephrocalcinosis) can result in inflammation
and destruction of renal tissue.
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Disorders of Water and Salt Balance

By decreasing osmolality (receptors in the liv-
er and brain) and via hypervolemia (stretch
receptors in the right atrium) an excess of wa-
ter normally inhibits ADH release and thus
triggers diuresis (— p.100). The blood pres-
sure, raised by the hypervolemia, inhibits the
renin-angiotensin-aldosterone system. At the
same time the release of ANF and possibly also
of ouabain is stimulated. The result is natriu-
resis which, after some delay, brings about the
correction of the plasma volume and osmolal-
ity. Excess NaCl increases ADH release via hy-
perosmolality and thus leads to antidiuresis
and also an adjustment of osmolality.

An excess of water and NaCl (— A) occurs,
for example, when fluid with greater osmolal-
ity than that of urine is ingested (e.g., ship-
wrecked people drinking sea-water). The renal
excretion of water and NaCl is also reduced in
impaired renal function (GFR ). Uncontrolled
infusion of isotonic NaCl solution can then
lead to an excess of NaCl and water, while infu-
sion of isotonic glucose solution results in an
excess of water that remains in the body after
glucose has been metabolized. Even when kid-
ney function is intact, there will be an excess of
water or NaCl if the release of mineralocorti-
coids or ADH is inappropriately increased (e.g.,
by hormone-producing tumors, — p.260,
266). If the filtration balance in the peripheral
vasculature is tipped, edemas occur at the ex-
pense of plasma volume (— p.234). This re-
sults in a decreased plasma volume, which
stops the release of natriuretic factors (Atrial
natriuretic factor, ouabain) and stimulates
that of ADH, renin, angiotensin, and aldoste-
rone. The renal retention of NaCl then leads to
the correction of plasma volume, and thus to
an increase in extracellular volume.

Alack of water and NaCl (— B) can be the re-
sult of external fluid loss as is the case, for ex-
ample, with excessive sweating (fever, heat),
in diarrhea, blood loss, burns or salt-losing
kidney (— p.108). Renal water loss can occur
in ADH deficiency (central diabetes insipidus;
— p.260) and in lack of responsiveness of the
kidney to ADH (renal diabetes insipidus;
— p.100). Even when the external balance is
kept, dangerous “internal losses” can occur,
such as a shift of plasma volume into the in-

testinal lumen (in ileus; — p.156), into the ab-
dominal cavity (ascites; — p.170) or in the pe-
riphery (edema; — p. 234).

An excess of water (hyperhydration) neces-
sarily leads to the enlargement of one body
compartment (— C). If there is NaCl excess at
the same time (isotonic or hypertonic hyper-
hydration), the extracellular space is in-
creased. In hypertonic hyperhydration the ex-
tracellular space is increased, partly by osmot-
ic withdrawal of water from the cells. If the
NaCl content is normal or reduced (hypotonic
hyperhydration), it is mainly the intracellular
space that is enlarged.

In lack of water (dehydration) the extracel-
lular space is reduced, especially when there is
a simultaneous lack of NaCl (isotonic or hypo-
tonic dehydration). In isolated lack of water
the intracellular space is reduced (hypertonic
dehydration), while it is increased in isolated
lack of NaCl (hypotonic dehydration).

Any reduction in extracellular space is espe-
cially dangerous because of the decrease in
plasma volume (hypovolemia). Signs of this
are reduced central venous pressure, tachycar-
dia, and a tendency to faint. If there is a drop in
blood pressure, renal function is impaired and
the release of ADH and aldosterone leads to
oliguria (danger of urolithiasis). Conversely,
an enlargement of extracellular volume leads to
a rise in blood pressure when a part of the
volume remains in the intravascular space
(— p.114). On the other hand, the dilution of
intravascular proteins promotes filtration in
the peripheral capillaries and edema forma-
tion (— p.234) and, in the worst case, pulmo-
nary edema (— p. 80).

If the intracellular volume is enlarged, there
is a particular danger that cerebral edemas
will develop (- p.358). Reduction in the intra-
cellular volume also leads mainly to disorders
of the central nervous system that can pro-
gress to loss of consciousness and even death.
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Abnormalities of Potassium Balance

An abnormal potassium level is the result of a
disorder of K* balance or of its distribution be-
tween the intracellular and extracellular space.
An abnormal potassium balance occurs, for
example, if potassium supply is inadequate
(—A1). As intravenous infusion of K* initially
passes into a compartment, namely plasma,
that has a relatively low potassium content;
too rapid K* administration can lead to a dan-
gerous level of hyperkalemia even if there is a
K* deficiency. The secretion of K* in exchange
for Na* in the distal tubules and collecting
duct is the decisive step in the renal elimina-
tion of K* (— A2; see also p.96ff.). Renal loss
of K* occurs, for example, in hyperaldosteron-
ism (— p.266) or if there is an increased avail-
ability of Na* in the distal tubules (— p.98 D).
Conversely, renal K* elimination is decreased
if: 1) Na* reabsorption is impaired in the distal
tubules, as in hypoaldosteronism; 2) diuretics
acting on the connecting tubule and collecting
duct have been administered; or 3) there is a
decreased supply of Na* (e.g., in renal failure).
In alkalosis fewer H* ions are secreted in the
connecting tubule and collecting duct and
more K* is lost, while conversely acidosis de-
creases K* secretion in the distal nephron. K*
may also be lost via the gut (— A3). If there is
an increased supply of Na* or in hyperaldoste-
ronism, an increased amount of Na* is similar-
ly absorbed in the colon in exchange for K*.
Even minor shifts of K* between intracellu-
lar and extracellular fluid lead to massive chan-
ges in plasma K* concentration, because the K*
contentin cells is more than 30 times thatin the
extracellular space. Cellular loss of K* and hy-
perkalemia occur, for example, in case of cellu-
lar energy deficiency (—A4), during severe
physical work (K* loss via the muscles), cell
death (e.g., in hemolysis, myolysis), and in
transfusion of blood which has been stored for
some time (loss of K* from erythrocytes). Fur-
thermore, hemolysis at the time of blood-tak-
ing can increase the K* concentration in the
plasma and be mistaken for hyperkalemia.
In (extracellular) alkalosis the cells release
H* in exchange for Na* (Na*/H* exchangers)
and pump the Na* out again in exchange for
K* (Na*/K*-ATPase) (— A5). This K* uptake by
the cells causes hypokalemia. Conversely,

acidosis leads to hyperkalemia. Glucose stimu-
lates the release of insulin that, by activating
Na*/H* exchangers, Na*-K*-2 Cl~ cotransport-
ers and Na*/K*-ATPase, stimulates the uptake
of K* by the cells. In insulin deficiency or hypo-
glycemia (when fasting), the cells lose K*. The
administration of insulin in diabetic hypergly-
cemia (— p. 286 ff.) or food intake by a starving
person may lead to dangerous hypokalemia
because the cells will be taking up K*.

Catecholamines promote the uptake of K*
by the cells via B-receptors and the cellular re-
lease of K* from the cells via o-receptors.

The effects of changed plasma K* concen-
tration are in part mediated by changes in the
membrane potential. Hypokalemia hyperpo-
larizes, while hyperkalemia depolarizes the K*
equilibrium potential, and thus the membrane
potential of selective cells. In this way hypo-
kalemia reduces the excitability of nerve cells
(hyporeflexia), skeletal muscles (adynamia),
and smooth muscles (gut, bladder, etc.)
(— A6). Conversely, hyperkalemia can increase
the excitability of the nervous system (hyper-
reflexia), smooth muscles (— A7), and skeletal
muscles (— p.306).

In contrast, a decrease in K* concentration
reduces the conductance of the K* channels,
thus decreasing the hyperpolarizing effect of
K* on the membrane potential. This promotes
the heterotopic automaticity of the heart that
may even trigger ventricular fibrillation
(— p.188ff.). The reduction of K* conductance
is also responsible for delayed repolarization
of the Purkinje fibers. Hypokalemia often pro-
duces a prominent U wave in the electrocar-
diogram (ECG) (— A6). Conversely, hyperkale-
mia increases the K* conductance, the action
potential is shortened, and correspondingly
also the ST segment in the ECG (- A7).

Lack of potassium promotes the cellular re-
tention of H* and its secretion in the distal tu-
bules. This results in an alkalosis (— p.86).
Conversely, K* excess leads to acidosis
(—p. 88). Hypokalemia also causes polyuria
(—p.100) and can ultimately lead to irrevers-
ible tubular cell damage. Lastly, the release of
a number of hormones is abnormal in K* defi-
ciency (especially insulin [— p. 286] and aldo-
sterone [— p.266]).
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Abnormalities of Magnesium Balance

Half of the body’s magnesium is bound in
bone, almost one half is intracellular. Mg?*
concentration in extracellular fluid is relative-
ly low (=1 mmol/L). Mg?* is essential for the
activity of numerous enzymes. In many func-
tions it acts antagonistically to Ca?*, which it
can displace from its binding to proteins. In
this way Mg?* can inhibit the release of trans-
mitters in synapses of the nervous system and
can thus inhibit synaptic transmission. It is as
true for Mg?* as it has been shown for K* that
the plasma concentration measured in a blood
sample is an unreliable indicator of its real
concentration.

Magnesium deficiency occurs when there is
an inadequate supply or a loss via the gut (mal-
absorption; — A1; see also p. 152 ff.) or the kid-
neys. In the kidneys magnesium is mainly re-
absorbed in the ascending part of the loop of
Henle (— p.96). Its reabsorption takes place
paracellularly through the tight junctions,
driven by the transepithelial potential that is
indirectly created by NaCl reabsorption
(—A2). The permeability of the tight junctions
is reduced in hypercalcemia and alkalosis. This
results, for example, in magnesuria. In a rare
genetic disease, the protein allowing for para-
cellular transport (paracellin) is defective. The
most prominent disorder of those patients is
magnesuria. Furthermore, Ca?* inhibits, via a
Ca?* receptor, Na*-K*-2 CI~ cotransport, caus-
ing a decrease in the transepithelial potential
and thus of Mg?* reabsorption. A genetic de-
fect of the Na*-K*-2 CI~ cotransporter, of the
CI~ channel or of the luminal K* channel (Bart-
ter’s syndrome) similarly leads to magnesuria.

NaCl reabsorption and thus the transepithe-
lial potential in the ascending limb are in-
creased by ADH. ADH release ceases in alcohol-
ism, and the reabsorption of NaCl and Mg?*
falls.

The reabsorption of Mg?* is also reduced in
salt-losing nephropathy, in osmotic diuresis
(e.g., glycosuria in diabetes mellitus), and due
to the effect of loop diuretics. Renal loss of
Mg?* also occurs in hyperaldosteronism, prob-
ably via volume expansion, which causes re-
duced Na* and Mg?* reabsorption in the prox-
imal tubules and the ascending limb (—A2).

Even when the Mg?* balance is in equilib-
rium shifts of Mg?* between the intracellular
and extracellular spaces can change the plas-
ma concentration of Mg?*. As insulin stimu-
lates the cellular uptake of both K* (— p.124)
and Mg?* (— A3,A7), loss of Mg?* may occur
in diabetes mellitus or prolonged fasting. Sub-
stitution of insulin or resumption of food in-
take may then bring about hypomagnesemia.

A decrease in ionized Mg?* may occur in
acute pancreatitis (— A4). Activated lipases
from the damaged pancreas split triglycerides
(TGs) in the fat tissue, and the liberated fatty
acids (FAs) together with Mg?* form insoluble
complexes (Mg[FA],).

The effects of Mg?* deficiency are an in-
creased neuromuscular excitability, hyperre-
flexia, and cramps (—A5). These cramps
sometimes resemble those after damage to
the basal ganglia (— p.312ff.). Cardiovascular
signs can be tachycardia and arrhythmias,
even ventricular fibrillation, and a rise in blood
pressure. These symptoms are accentuated (if
not in fact caused by) hypercalcemia that may
occur as a result of a decreased release of PTH
(Mg?* stimulates the release of PTH). Usually
Mg?* deficiency coexists with K* deficiency
(common causes; — p.124) so that the symp-
toms of hypokalemia are accentuated.

Mg?* excess is caused by renal failure
(— A®6). If the glomerular filtration rate is re-
duced (GFR{), Mg2?* excretion can at first be
maintained by a reduction in reabsorption.
Only if GFR drops below ca. 30 mL/min can a
decrease of filtration no longer be compensat-
ed by the tubules. Hypermagnesemia (without
excess Mg?*) can also occur in diabetes mellitus
(— A7). Lastly, excessive supply of Mg** (Mg?*-
containing infusions, parenteral feeding, or
therapeutic Mg?* administration to reduce
neuromuscular excitability) can cause hyper-
magnesemia.

The effects of Mg?* excess are impaired
neuromuscular excitability (hyporeflexia) that
may even lead to respiratory arrest, disorders
of cardiac action potential generation and
propagation, vomiting, and constipation (—
A8).
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Abnormalities of Calcium Balance

Ca?*, as “intracellular transmitter”, mediates
electromechanical coupling. It stimulates the
release of neurotransmitters (synaptic trans-
mitters) and hormones, the secretory activity
of exocrine glands and of a number of enzymes
(e.g., glycogenolysis, phospholipase A, adeny-
lylcyclase, phosphodiesterases). Ca?* activates
some K* channels, for example, in the heart,
where Ca?*-sensitive K* channels take part in
the process of repolarization. Extracellular
Ca?* stabilizes Na* channels, reduces the per-
meability of the basement membranes and
the tight junctions, and plays a role in blood
clotting.

The regulation of the extracellular Ca?* con-
centration is, in the first instance, the task of
PTH. It is normally released in hypocalcemia
and its action increases the plasma concentra-
tion of Ca?* (—»A1,A2). PTH stimulates the
mobilization of calcium phosphate from bone,
decreases the plasma concentration of phos-
phate by inhibiting its renal reabsorption, and
stimulates the formation of calcitriol, which
promotes the enteric absorption of Ca?* and
phosphate, and thus aids in the mineralization
of the bones.

Hypocalcemia (— A1) can be the result of
reduced PTH release (hypoparathyroidism) or
effect (pseudohypoparathyroidism). In addi-
tion, vitamin D deficiency can lead to hypocal-
cemia via a diminished formation of calcitriol.
In renal failure phosphate elimination by the
kidney is reduced, the plasma phosphate level
rises, and calcium phosphate is deposited in
the body (— p.110). One of the consequences
is hypocalcemia. Mg?* deficiency also leads to
hypocalcemia, especially if there is no stimula-
tion of PTH release.

Even when the total Ca?* concentration in
blood is normal, the concentration of the effec-
tive ionized Ca?** may be reduced because of
increased formation of complexes with proteins
(in alkalosis), bicarbonate (in metabolic alka-
losis), phosphate (in renal failure, see above),
and fatty acids (in acute pancreatitis;
—p.126,158) (—A3).

Hypercalcemia (— A2) occurs in hyperpara-
thyroidism and vitamin D excess. Malignant tu-
mors with bone metastases lead to an in-
creased mobilization of calcium phosphate

from bone and thus to hypercalcemia. Occa-
sionally malignant tumors will, even in the ab-
sence of skeletal metastases, produce bone-
mobilizing hormones such as osteoclast-acti-
vating factor (OAF). Lastly, minerals in bone
will be mobilized on acute immobilization as-
sociated with atrophy of inactivity. Increased
enteric Ca?* absorption is brought about by an
excessive supply of Ca?* and alkaline sub-
stances (milk-alkali syndrome).

The clinically most significant effect of hy-
pocalcemia is an increased excitability of mus-
cles and nerves with the occurrence of invol-
untary muscle spasms (tetany) and paresthe-
sias (— A4). The increased excitability is prob-
ably due to the lowered threshold of Na* chan-
nels in hypocalcemia. In severe cases epileptic
seizures may occur (— p.338). Hypocalcemia
triggers a lengthening of the action potential
in the heart because of the delayed activation
of the K* channels, resulting in prolongation
of the ST segment and QT interval in the ECG.

The effects of hypercalcemia (the condition
is often asymptomatic) may include gastroin-
testinal symptoms (peptic ulcers due to stimu-
lation of gastrin release and inhibition of pan-
creatic HCO, -secretion by the Ca?* receptor,
nausea, vomiting, constipation), polyuria (in-
hibition of renal reabsorption due to closure
of tight junctions and activation of the Ca?* re-
ceptor), increased thirst with polydipsia, and
psychogenic disorders (— A5). If present for
long, nephrolithiasis may result. If total plasma
Ca?* concentration is above 3.5 mmol/L (so-
called hypercalcemia syndrome), coma, cardi-
ac arrhythmias, and renal failure (mainly due
to Ca?* deposition in renal tissue) occur. An
important indication of the presence of hyper-
calcemia syndrome is precipitation of calcium
phosphate in the locally alkaline cornea
(through loss of CO,; cataract; “keratitis”). In
the ECG the ST segment is shortened in line
with accelerated activation of the repolarizing
K* channels. Of great clinical significance in
hypercalcemia is the increased sensitivity of
the heart to digitalis, as this effect is normally
mediated via an increased cytosolic Ca?* con-
centration (— p.182).
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Abnormalities of Phosphate Balance

Phosphate is a constituent of a wide variety of
compounds, for example, nucleotides (ATP,
cAMP, cGMP, etc.), nucleic acids, creatine phos-
phate, intermediary substrates of carbohy-
drate metabolism (e.g., glucose phosphate),
and phospholipids. Phosphate activates or in-
activates many enzymes and is an essential
buffer in cells and in urine. It also plays a sig-
nificant role in the mineralization of bone.

PTH and calcitriol are essential for the regu-
lation of phosphate balance. When kidney
function is normal, PTH reduces the plasma
phosphate level by inhibiting renal reabsorp-
tion, but at the same time it promotes the mo-
bilization of phosphate in bone. Calcitriol
raises the plasma phosphate level by stimulat-
ing its enteric absorption and renal reabsorp-
tion.

Abnormal phosphate metabolism can be
caused by an uneven external balance or by
changes in distribution within the body (intra-
cellular and extracellular spaces; bone). The
external balance is determined by the rela-
tionship between enteric absorption and renal
excretion.

Phosphate deficiency can be the result of re-
duced enteric absorption, for example, the re-
sult of inadequate supply in food (common in
alcoholics), due to malabsorption, vitamin D
deficiency, or chronic intake of phosphate-
binding aluminum hydroxide (— A1). Renal
loss of phosphate occurs in hyperparathyroid-
ism, vitamin D deficiency, certain transport
defects in the proximal tubules (phosphate
diabetes, Fanconi’s syndrome; — p.96), and,
to a lesser extent, in salt-losing nephritis, in
expansion of the extracellular space, during
diuretic treatment, and under the influence of
glucocorticoids.

Phosphate excess can be caused by a large
oral intake of phosphate as well as by vitamin
D intoxication (— A2). The renal elimination of
phosphate is impaired in reduced filtration
(renal failure) or if renal tubular reabsorption
is raised (hypoparathyroidism).

The phosphate concentration is markedly
higher in the cells than in the extracellular
space (see also potassium; — p.124). For this
reason shifts between intracellular and extra-
cellular space play an important role in deter-

mining the plasma phosphate level. Uptake of
phosphate by the cells occurs when phosphate
is incorporated into the body’s metabolism, for
example, the formation of glucose phosphate
from free glucose. A dramatically increased
uptake occurs after food intake by starving
people and alcoholics, after insulin adminis-
tration in diabetic coma, and in severe alkalo-
sis (— A3). This results in, at times marked, hy-
pophosphatemia. Conversely, phosphate is re-
leased from cells in acidosis, diabetic coma,
and cell damage (— A4).

Lastly, an excess of phosphate can occur as a
result of its mobilization from bone (e.g., by tu-
mor, skeletal immobilization, hyperparathy-
roidism), unless its renal elimination is stimu-
lated at the same time. In renal failure, skeletal
demineralization, stimulated by hyperpara-
thyroidism, contributes to the development of
hyperphosphatemia (— p.132).

The clinical effects of hypophosphatemia
depend on the duration and extent of the ab-
normality. If the serum phosphate level is be-
low 0.3 mmol/L, myopathy (muscular weak-
ness, myolysis), heart failure, hemolysis, and
nervous system dysfunction (convulsions,
coma) will occur. The abnormalities are ex-
plained mainly by a reduced energy metabo-
lism in the cells (ATP). The decrease of 2,3-bis-
phosphoglycerate (2,3-BPG) in erythrocytes
leads to a decreased oxygen release to the tis-
sues. Skeletal demineralization occurs in pro-
longed hypophosphatemia (osteomalacia;
—p.132).

Effects of hyperphosphatemia include pre-
cipitation of calcium phosphate with the de-
velopment of soft-tissue calcifications in tis-
sues of low metabolic turnover (e.g., mucous
bursae, joints, skin). Corresponding symptoms
are itching (pruritus), joint pain (arthritis), etc.
The plasma Ca?* concentration falls and the re-
lease of PTH is stimulated. In renal failure a vi-
cious circle develops (— p.110ff.).
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Pathophysiology of Bone

Bone consists of connective tissue or bone ma-
trix (sulfate-containing proteoglycans, glyco-
proteins and hydroxyproline-containing col-
lagen fibers) and the bone minerals (alkaline
salts of Ca?*, phosphate, Na*, CO,%~, Mg?*, K*,
and F).

Construction and mineralization. Formation
of the bone matrix is promoted, among others,
by insulin and inhibited by glucocorticoids.

Bone mineralization is inhibited by pyro-
phosphate (two esterified phosphoric acids).
It is probably initiated through splitting of py-
rophosphate by alkaline phosphatase. The plas-
ma concentration of this enzyme, produced by
osteoblasts, is a measure of osteoblast activity.
The mineralization is fostered by increase of
Ca?* and phosphate plasma concentration—an
effect of calcitriol. The formation of calcitriol
(1,25-[OH],-D;) occurs in several steps
(= A1): under the influence of ultraviolet light
vitamin D, is formed in the skin from 7-dehy-
drocholesterol. Vitamin D, is converted in the
liver to 25-OH,-D, under the influence of es-
trogens, and in the kidney to 1,25-(OH),-D, un-
der the influence of PTH. The building up of
bone and mineralization are additionally stim-
ulated by mechanical use of the bone.

The breaking down of the bone matrix leads
to the increased renal excretion of hydroxypro-
line (— A2), while demineralization leads to
increased renal excretion of Ca** and phos-
phate (urolithiasis; —A3).

The breakdown of bone is, among other fac-
tors, due to lacking mechanical stress (immo-
bilization). Localized breakdown of bone can
be caused by osteoclast activating factor
(OAF), which in tumors results in demineral-
ization of bone.

The most important abnormalities of bone
are osteopenia (or osteoporosis) and osteoma-
lacia (or rickets in children). Osteopenia is de-
fined as reduction of bone mass below the
norm for age, race, and sex, caused by prolong-
ed imbalance between buildup and break-
down of bone. Osteoporosis is defined as the
clinical state resulting from reduced bone
mass (— A4). Causes include excess glucocor-
ticoids, lack of estrogen (postmenopausal), in-
sulin deficiency (diabetes mellitus), and inac-
tivity (rigid cast, tetraplegia, microgravity).

However, most often the cause remains un-
known (primary osteoporosis).

Effects of osteoporosis include skeletal pain
even at rest, intervertebral disc prolapse, lower
arm or femoral neck fractures. Hypercalcemia
may be present in extreme cases. Depending
on its cause, the osteoporosis may be localized
(e.g., under a rigid cast) or generalized (e.g.,
due to excess glucocorticoids).

In osteomalacia and rickets the mineraliza-
tion of the bone matrix (osteoid) or of the
growth plate is disturbed (— A5). Before longi-
tudinal growth is concluded and before epiph-
yseal fusion has occurred, the abnormality
mostly leads to rickets (widening of the growth
plates and distorted growth). After longitudi-
nal growth has ceased the decreased minerali-
zation of the newly formed osteoid (formed in
the course of normal bone remodeling), leads
to osteomalacia. Both rickets and osteomalacia
can be caused by a reduced formation of calci-
triol, for example, in lack of ultraviolet light
and of vitamin D, by estrogen deficiency (post-
menopausal), or by renal failure (— p.110ff.).
Even without calcitriol deficiency, hypophos-
phatemia (phosphate diabetes, Fanconi’s syn-
drome; — p. 96, 110ff.) or chronic renal tubular
acidosis can result in osteomalacia. Osteoma-
lacia can occur in dialyzed patients who suffer
from aluminum intoxication. Lastly, a rickets-
like or osteomalacia-like clinical syndrome oc-
curs in the rare, genetic deficiency of alkaline
phosphatase (hypophosphatasia).

The effects of rickets are retarded growth,
bow-legs or knock-knees, vertebral column
deformities, prominence of the costochondral
junctions (rachitic rosary) as well as thin and
soft cranial, particularly occipital, bones (cra-
niotabes). Osteomalacia leads to bone pain
(pain on movement), translucent bands of de-
mineralization in bone (pseudofractures or
Looser’s zones), and muscular weakness (Ca%*
deficiency).
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S. Silbernagl

Function of the Gastrointestinal Tract

To cover the material and energy demands of
the organism food must be swallowed, pro-
cessed and broken down (digestion) as well
as taken up (absorption) by the intestine.
Solid foods are chewed by the teeth, each
bite being mixed with saliva from the sali-
vary glands. Saliva contains mucin, a lubri-
cant, and antibodies as well as a-amylase to
digest polysaccharides. It is the task of the
esophagus to rapidly transport the food
from the throat to the stomach. The lower
esophageal sphincter briefly opens, but
otherwise prevents reflux of the potentially
harmful gastric juice. The proximal stomach
primarily serves to store food taken up dur-
ing a meal. Its muscle tone determines the
supply to the distal stomach, where the food
is processed (broken up further and emulsi-
fied). Proteins are denatured and broken
down by the gastric acid and pepsins, and li-
pases begin fat digestion. The distal stomach
also has the task of apportioning chyme. In
addition, the stomach secretes the intrinsic
factor that is essential for the absorption of
cobalamines (vitamin B;,).

The breakdown of food particles is com-
pleted in the small intestine by means of en-
zymes from the pancreas and the mucosa of
the small intestine. The HCO,~ ions of the
pancreatic juice are needed to neutralize the
acidic chyme. Fat digestion in addition re-
quires bile salts supplied in bile. The pro-
ducts of digestion (monosaccharides, amino
acids, dipeptides, monoglycerides, and free
fatty acids) as well as water, minerals, and vi-
tamins are absorbed in the small intestine.

Together with the bile secreted by the liv-
er, excretory products (e.g., bilirubin) reach
the stool. The liver has numerous additional
metabolic functions: it is the obligatory in-
termediate station for almost all substances
absorbed from the small intestine, and it is
able to detoxify numerous foreign substances
and metabolic end-products and to bring
about their excretion.

The large intestine is the last station for
water and ion absorption. It is colonized by
bacteria with physiological functions. The
large intestine, especially the caecum and

rectum, are also storage places for the feces,
so that defecation is necessary relatively rare-
ly, despite frequent food intake.

The two plexuses in the wall of the esopha-
gus, stomach, and intestine serve to control
motility and secretion, with superregional
reflexes and modulating influences of the
central nervous system transmitted via the
autononomic nervous system and visceral-af-
ferent nerve tracts. In addition, the gastroin-
testinal tract secretes numerous peptide hor-
mones and transmitters that participate in
controlling and regulating the gastrointesti-
nal tract and its accessory glands.

There are many nonspecific and specific
mechanisms which defend against patho-
genic organisms on the inner surface (ca.
100 m?) of the gastrointestinal tract. Begin-
ning at the mouth, components in saliva,
such as mucins, immunoglobulin A (IgA), and
lysozyme, inhibit microorganisms invading.
Hydrochloric acid and pepsins have a bacteri-
cidal effect, and Peyer’s patches in the gas-
trointestinal tract are its own immunocom-
petent lymph tissue. Special M cells (“mem-
branous cells”) of the mucosa provide lumi-
nal antigens with access to Peyer’s patches,
which can respond with release of IgA (oral
immunization or, as an abnormal process, al-
lergization). IgA is combined in the intestinal
epithelium with the secretory component
which protects the secreted IgA against di-
gestive enzymes. Macrophages in the intes-
tinal wall and in the sinusoids of the liver
(Kupffer cells) form a further barrier against
invading pathogenic organisms.
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Esophagus

The musculature in the upper third of the
esophageal wall is partly made up of striated
muscle, partly of smooth muscle. On swal-
lowing (deglutition) the upper esophageal
sphincter opens reflexly and a (primary) peri-
staltic reflex wave moves the bolus of food
into the esophagus. Here the dilation by the
bolus initiates further (secondary) peristaltic
waves that continue until the bolus has
reached the stomach. The lower esophageal
sphincter is opened by a vagovagal reflex at
the beginning of the swallowing action. This
receptive relaxation reflex is mediated by the
inhibitory noncholinergic nonadrenergic
(NCNA) neurones of the myenteric plexus
(—>A).

Esophageal motility, for example, the pro-
gression of the peristaltic wave, is usually
tested by pressure measurements in the var-
ious segments of the esophagus (—A1,2).
The resting pressure within the lower esoph-
ageal sphincter is ca. 20-25 mmHg. During
receptive relaxation the pressure falls to the
few mmHg that prevail in the proximal
stomach (— A3), indicating opening of the
sphincter.

The lower esophageal sphincter is usually
closed, just like its upper counterpart. This
barrier against reflux of the harmful gastric
juice (pepsin and HCl) is strengthened when
the sphincter pressure is raised (— B), for ex-
ample, by the action of acetylcholine liber-
ated from the ganglion cells of the myenteric
plexus, or by adrenergic agonists, by hor-
mones, such as gastrin (reflux protection dur-
ing digestive gastric motility), motilin (reflux
protection during interdigestive motility),
somatostatin, and substance P, by paracrine
action (histamine, PGF,,), by protein-rich
food, or by high intra-abdominal pressure
(contraction of abdominal muscles, obesity,
ascites). This pressure would tear open the
sphincter but for the fact that part of the 3 -
4cm long lower esophageal sphincter lies
within the abdominal space. As a conse-
quence, the sphincter pressure is increased
(from outside) in proportion to the increase
in intra-abdominal pressure. Furthermore,
parts of the diaphragm surround the lower
esophageal sphincter (left and right crux) in

a scissor-like manner, so that the sphincter
is automatically clamped when the dia-
phragm contracts. An intact phrenico-esoph-
ageal ligament (— E1) and a relatively acute
angle of His between the end of the esopha-
gus and the stomach are also important in
providing reflux protection during swallow-
ing.

Factors that lower sphincter pressure will
promote reflux. Among these are vasoactive
intestinal polypeptide (VIP) and ATP, the
transmitters of the inhibitory NCNA neurones
as well as dopamine and B-adrenergic ago-
nists, hormones such as secretin, cholecysto-
kinine (CCK), progesterone, and glucose-de-
pendent insulinotropic peptide (GIP = for-
merly: gastric inhibitory polypeptide), para-
crine substances (NO, PGl,, PGE,), a progester-
one effect during pregnancy, food with a high
fat content, and many others.

Sporadic reflux of gastric juice is an every-
day physiological event, either from unex-
pected pressure on a full stomach, or during
swallowing (opening of sphincter for a few
seconds; — BS5, right), or during transient
openings of the sphincter (— B5, left) that
last up to half a minute and are triggered by
marked dilation of the stomach wall and not
by the act of swallowing. These transient
sphincter openings are probably part of the
expulsion reflex through which swallowed
air and CO, can be expelled from the stom-
ach. The fact that significant reflux occurs as
a consequence can be concluded from the
marked drop in pH in the distal esophagus
(—>B4).

Three mechanisms are responsible for
protecting the esophageal mucosa after re-
flux:

Volume clearance, i.e., the rapid replace-
ment of reflux volume into the stomach by
the esophageal peristalsis reflex. Reflux vol-
ume of 15mlL, except for a small residual
amount, normally remains in the esophagus
for only five to 10 seconds (—B1).

pH clearance. Residual gastric juice, left
behind by the volume clearance, has an un-
changed, low pH. It only rises, step by step
(—B2), with each act of swallowing (— B3),
i.e., the swallowed saliva buffers the residual
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reflux volume. pH clearance is dependent on
the amount and buffering capacity of saliva.

The wall of the esophagus contains epi-
thelium with barrier properties. Of its 25-
30 cell layers (—E, right) it is particularly
the stratum corneum (ca. 10 layers) located
at the luminal aspect that is especially dense.
This largely prevents the invasion of the
harmful components of gastric juice (H*
ions, pepsin, and sometimes bile salts). Addi-
tionally, as in the gastric mucosa (— p.144),
H* ions that have penetrated into the cells
are very efficiently removed to the outside
(Na*/H* exchange carrier), and also a small
number of HCO,~ ions are secreted.

The most important functional disorders
of the esophagus are caused by abnormal
esophageal contraction (hypermotility or hy-
pomotility, disordered coordination) or fail-
ure of the protective mechanisms to cope
with reflux (gastroesophageal reflux dis-
ease).

Hypermotility may be caused by a thick-
ened muscular layer, an increased sensitivity
of the muscle toward excitatory transmitters
(acetylcholine), or hormones (e.g., gastrin),
or a reduced sensitivity toward inhibitory
transmitters (e.g., VIP). Hypermotility may
also be due to increased neuronal activity of
cholinergic neurones or diminished activity
of inhibitory NCNA neurones. The latter is
true of achalasia (— C). This is caused by a re-
duction in the number of intramural NCNA
neurones as well as diminished reactivity of
these neurones to preganglionically liber-
ated acetylcholine. As a result of this disor-
der, patients with achalasia have a greatly
elevated resting pressure in the lower esopha-
geal sphincter, receptive relaxation sets in
late and, most importantly, is too weak, so
that during the reflex phase the pressure in
the sphincter is markedly higher than that
in the stomach (—C, bottom). As a result,
swallowed food collects in the esophagus,
causing a pressure rise throughout and un-
der certain circumstances leading to an enor-
mous dilation of the esophagus (— C). Fur-
thermore, propagation of the peristaltic
wave ceases (see also A1,2 and C, right).
Thus, the symptoms of achalasia are dyspha-
gia (trouble swallowing), regurgitation of
food (not vomiting), retrosternal pain, and

weight loss. Serious complications of achala-

sia are esophagitis and pneumonia, caused by

aspiration of esophageal contents (contain-
ing bacteria).

Hypomotility of the esophagus is caused
by factors that are the opposite of those de-
scribed above. In scleroderma (— D), an au-
toimmune disease, hypomotility in its early
stages is due to neuronal defects that later
result in atrophy of the smooth muscles of
the esophagus, so that peristalsis in the distal
portion ultimately ceases altogether. Con-
trary to achalasia, the lower sphincter pres-
sure is reduced, so that gastroesophageal re-
flux disease develops.

Gastroesophageal reflux disease (— E). Re-
flux of gastric juice into the esophagus is to
some extent a physiological phenomenon
(see above); heart burn indicates reflux
esophagitis. This can be caused by:

- factors that diminish the pressure in the
lower esophageal sphincter (— B, D);

- increased frequency of transient sphincter
opening (swallowing air, drinks contain-
ing CO,);

- decreased volume clearance (abnormal
distal esophageal peristalsis);

- slowed pH clearance, for example, due to
decreased salivary flow (sleep, chronic
saliva deficiency [xerostomia]), or de-
creased buffering capacity of the saliva
(smoking cigarettes);

- hiatus hernia, in which the abdominal
part of the esophagus is displaced into
the thorax, so that an important mecha-
nism of sphincter closure, increased in-
tra-abdominal pressure, is absent;

- direct irritation and damage to the esoph-
ageal mucosa, for example, by citrus fruits,
tomato-based foods, hot spices, high-
proof alcohol, and nonsteroid anti-inflam-
matory drugs (NSAIDs; — p.142).

The result of chronic esophageal reflux is

epithelial metaplasia (— p.4) in the distal

esophagus that, as a precancerous condition,
can develop into cancer.
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Nausea and Vomiting

Vomiting, with its precursor warning signs of
nausea and retching, is mainly a protective
reflex, but also an important symptom.
Chronic vomiting causes severe disorders.

The vomiting center, located in the me-
dulla oblongata (— A, top), is reached, among
others, via chemoreceptors of the area po-
strema on the bottom of the 4th ventricle
(chemoreceptor trigger zone [CTZ]), where
the blood-brain barrier is less tight. CTZ is
activated by dopamine agonists such as apo-
morphine (therapeutic emetic), by numer-
ous drugs or toxins, for example, digitalis
glycosides, nicotine, staphylococcal entero-
toxins as well as hypoxia, uremia, and dia-
betes mellitus. The CTZ cells also contain re-
ceptors for neurotransmitters (e.g., epineph-
rine, serotonin, GABA, substance P), allowing
neurons access to the CTZ.

However, the vomiting center can also be
activated without mediation by the CTZ,
such as during unphysiological stimulation
of the organs of balance (kinesia [motion
sickness]). In addition, diseases of the inner
ear (vestibule), such as Méniére’s disease,
cause nausea and vomiting.

The vomiting center is activated from the
gastrointestinal tract via vagal afferents:

- on overstretching of the stomach or dam-
age to the gastric mucosa, for example, by
alcohol;

- by delayed gastric emptying, brought
about by autonomic nervous efferents
(also from the vomiting center itself), by
food which is difficult to digest as well as
by blockage of the gastric exit (pyloric ste-
nosis, tumor), or of the intestine (atresia,
Hirschsprung’s disease, ileus) (— p.156);

- by overdistension and inflammation of the
peritoneum, biliary tract, pancreas, and
intestine.

Finally, visceral afferents from the heart may

also cause nausea and vomiting, for example,

in coronary ischemia. Nausea and vomiting
are common during the first trimester of
pregnancy (vomitus matutinus). Exceptional
disturbances (see below) due to the vomiting
may occur (hyperemesis gravidarum). Psy-
chogenic vomiting occurs mostly in (non-
pregnant) young women, brought about by

sexual conflicts, problems in the home envi-
ronment, loss of parental attention, etc. Vom-
iting can be precipitated deliberately by put-
ting a finger into the throat (afferent nerves
from touch sensors in the pharynx). It may
occasionally provide relief, but frequent
vomiting by patients with bulemia (— p.26)
may lead to serious consequences (see be-
low).

Finally, exposure to radiation (e.g., in the
treatment of malignancy) and raised intra-
cranial pressure (intracranial bleeding, tu-
mors) are important clinical factors in pre-
cipitating nausea and vomiting.

The consequences of chronic vomiting
(— A, bottom) are brought about by dimin-
ished food intake (malnutrition) and by loss
of gastric juice, together with the loss of
swallowed saliva, drinks, and sometimes
also of small-intestinal secretions. The result
is hypovolemia. Release of ADH, initiated by
the vomiting center, favors retention of wa-
ter; the excessive loss of NaCl and relatively
small loss of H,0 leads to hyponatremia
which is exacerbated by increased excretion
of NaHCO,. The latter is a response to a non-
respiratory alkalosis. This results from the
parietal cells of the stomach passing one
HCO,~ ion for each H* ion secreted into the
lumen. While the H* ions (10-100 mmol/L
gastric juice) are lost with the vomit, and
therefore do not use up any HCO;~ to buffer
them in the duodenum, HCO,~ accumulates
in the organism. The alkalosis is made worse
by hypokalemia; K* is lost both with the
vomit (food, saliva, and gastric juice) and
the urine. The hypovolemia leads to hyperal-
dosteronism, during which K* excretion in-
creases in the course of increased absorption
of Na* [— p. 98 and 122 ff]).

The act of vomiting and the vomit cause
further damage, namely gastric rupture, tears
in the esophageal wall (Mallory-Weiss syn-
drome), dental caries (due to acid), inflam-
mation of the oral mucosa, and aspiration
pneumonia are the most important potential
consequences.
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Gastritis

Simplifying the situation somewhat, one can
differentiate three main types of gastritis:
- erosive and hemorrhagic gastritis

- nonerosive, chronic active gastritis

- atrophic (fundal gland) gastritis

(As complete inflammatory reaction is often

absent in many cases of gastritis, the term

gastropathy is now often used).

Erosive and hemorrhagic gastritis (- A1)
can have many causes, for example:

- intake of nonsteroidal anti-inflammatory

drugs (NSAIDs), whose local and systemic

mucosa-damaging effect is described in

greater detail on p. 146;

- ischemia (e.g., vasculitis or while running
a marathon);

- stress (multi-organ failure, burns, surgery,
central nervous system trauma), in which
the gastritis is probably in part caused by
ischemia;

- alcohol abuse, corrosive chemicals;

- trauma (gastroscope, swallowed foreign
body, retching, vomiting, etc.);

- radiation trauma.

This type of gastritis can quickly produce an

acute ulcer (e.g., through stress or NSAIDs;

— p.146), with the risk of massive gastric

bleeding or perforation of the stomach wall

(—>A1).

Nonerosive, chronic active gastritis (type
B; — A2) is usually restricted to the antrum.
It has become increasingly clear in the last
decade that its determining cause is a bacte-
rial colonization of the antrum with Helico-
bacter pylori, which can be effectively treat-
ed with antibiotics (see also ulcer;
— p.144ff). Helicobacter colonization not
only diminishes mucosal protection, but can
also stimulate antral gastrin liberation and
thus gastric juice secretion in the fundus, a
constellation that favors the development of
chronic ulcer.

A fourth type, reactive gastritis, (—A4)
occurs in the surroundings of erosive gastri-
tis (see above), of ulcers or of operative
wounds. The latter may partly be caused
after operations on the antrum or pylorus by
enterogastric reflux (reflux gastritis), result-
ing in pancreatic and intestinal enzymes and
bile salts attacking the gastric mucosa. On

the other hand, the alkaline milieu of the
intestinal juice counteracts gastrin release
and is also a hostile medium for Helicobacter
pylori. (For similar reasons, Helicobacter col-
onization is diminished in atrophic gastritis.)

Atrophic (fundal gland) gastritis (type A;
— A3), most often limited to the fundus, has
completely different causes. In this condition
the gastric juice and plasma usually contain
autoantibodies (mainly immunoglobulin G,
infiltrates of plasma cells, and B lympho-
cytes) against parts and products of parietal
cells (— A, upper right), such as microsomal
lipoproteins, gastrin receptors, carboanhy-
drase, H*/K*-ATPase, and intrinsic factor
(IF). As a result, the parietal cells atrophy
with the effect that acid and IF secretion falls
markedly (achlorhydria). IF antibodies also
block the binding of cobalamines to IF or the
uptake of IF-cobalamine complexes by cells
in the ileum, ultimately resulting in cobala-
mine deficiency with pernicious anemia
(—blood, p.34). In atrophic gastritis more
gastrin is liberated in response to this, and
the gastrin-forming cells hypertrophy. Hyper-
plasia of the enterochromaffin-like (ECL) cells
occurs, probably as a consequence of the
high level of gastin. These cells carry gastrin
receptors and are responsible for producing
histamine in the gastric wall. This ECL cell
hyperplasia can sometimes progress to a car-
cinoid. However, the main danger in atrophic
gastritis is extensive metaplasia of the muco-
sa which, as a precancerous condition, may
lead to carcinoma of the stomach.

Except for Helicobacter pylori, gastritis is
only rarely caused by a specific microorgan-
ism such as Mycobacterium tuberculosis, cy-
tomegalovirus, or herpes virus, or by fungi
(e.g., Candida albicans). However, these gas-
tritides are not uncommon in immunocom-
promised patients (AIDS, immunosuppres-
sion with organ transplantation, etc.).

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— A. Gastritis

NSAIDs,
alcohol

Multi-organ
failure,
burns

Trauma

/
A

7

Erosive and

hemorrhagic
gastritis

Acute ulcer

.

Bleeding Y
Perforation

Gastrin 4

\

v

Chronic active
antral gastritis
(Type B)

2
Acid secretion

normal or
increased

(Chronic)
gastric and
duodenal ulcer

Reactive gastritis

{Awod ]

Parietal
cell

Gastrin
receptor;

>

Atrophic fundal
gland gastritis
(Type A)
3 l
Pepsinogen{
Acid
secretion H secretion "
q Cobalamine
Gastrin absorption ¥
L -
G-cell te?‘rr]v?
hyperplasia
ECL-cell Cobalamine
hyperplasia deficiency
/ (

Epithelial

metaplasia

|

Carcinoma

o %

Pernicious
anemia

Carcinoid

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 6.5 Gastritis

143



6 Stomach, Intestines, Liver

144

Ulcer

The H* ions in gastric juice are secreted by
the parietal cells that contain H*/K*-ATPase
in their luminal membrane, while the chief
cells enrich the glandular secretion with pep-
sinogen (— A). The high concentration of H*
(pH 1.0-2.0) denatures the food proteins
and activates pepsinogens into pepsins which
are endopeptidases and split certain peptide
bindings in food proteins.

The regulation of gastric secretion (—A1)
is achieved through neural, endocrine, para-
crine, and autocrine mechanisms. Stimula-
tion is provided by acetylcholine, the post-
ganglionic transmitter of vagal parasympa-
thetic fibers (muscarinic M, receptors and
via neurons stimulating gastrin release by
gastrin-releasing peptide [GRP)), gastrin (en-
docrine) originating from the G cells of the
antrum, and histamine (paracrine, H, recep-
tor), secreted by the ECL cells and mast cells
of the gastric wall. Inhibitors are secretin (en-
docrine) from the small intestine, somato-
statin (SIH; paracrine) as well as prostaglan-
dins (especially E, and 1,), transforming
growth factor o (TGF-a) and adenosine (all
paracrines and autocrines). The inhibition of
gastric secretion by a high concentration of
H* ions in the gastric lumen is also an impor-
tant regulatory mechanism (negative feed-
back; — A1, left).

Protection of the gastric and duodenal
mucosa. Because the acid-pepsin mixture of
gastric secretion denatures and digests pro-
tein, the protein-containing wall of the stom-
ach and duodenum has to be protected from
the harmful action of gastric juice. The fol-
lowing mechanisms are involved in this
(—>A2):

a A gel-like mucus film, 0.1-0.5mm thick,
protects the surface of the gastric epithe-
lium. The mucus is secreted by epithelial
cells (and depolymerized by the pepsins so
that it can then be dissolved).

b The epithelium secretes HCO,™ ions that
are enriched not only in the liquid layer di-
rectly over the epithelium, but also diffuse
into the mucus film, where they buffer H*
ions that have penetrated from the gastric lu-
men. Prostaglandins are important stimu-
lants of this HCO,~ secretion.

c In addition, the epithelium itself (apical
cell membrane, tight junctions) has barrier
properties that largely prevent the penetra-
tion of H* ions or can very effectively remove
those H* ions that have already penetrated
(Na*/H* exchange carrier only basolaterally).
These properties are regulated, among oth-
ers, by the epidermal growth factor (EGF) con-
tained in saliva and bound to receptors of the
apical epithelial membrane. Glutathione-de-
pendent, antioxidative mechanisms are also
part of this cytoprotection.

d Finally, good mucosal blood flow serves as
the last “line of defense” that, among other
actions, quickly removes H* ions and pro-
vides a supply of HCO,~ and substrates of en-
ergy metabolism.

Epithelial repair and wound healing. The
following mechanisms repair epithelial de-
fects that occur despite the protective factors
listed above (— B, bottom left):

The epithelial cells adjoining the defect
are flattened and close the gap through side-
ward migration (—p.4) along the basal
membrane. This restitution takes about 30
minutes.

Closing the gap by cell growth takes long-
er (proliferation; — p. 4). EGF, TGF-q, insulin-
like growth factor (IGF-1), gastrin-releasing
peptide (GRP), and gastrin stimulate this
process. When the epithelium is damaged,
especially those cell types proliferate rapidly
that secrete an EGF-like growth factor.

If ultimately the basement membrane is
also destroyed, acute wound healing pro-
cesses are initiated: attraction of leukocytes
and macrophages; phagocytosis of necrotic
cell residua; revascularization (angiogen-
esis); regeneration of extracellular matrix as
well as, after repair of the basement mem-
brane, epithelial closure by restitution and
cell division.

The danger of epithelial arrosion and sub-
sequent ulcer formation exists whenever the
protective and reparative mechanisms are
weakened and/or the chemical attack by the
acid-pepsin mixture is too strong and per-
sists for too long (— A3 and B, top). Gastric
and duodenal ulcers may thus have quite dif-
ferent causes.
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Infection with Helicobacter pylori (H. py-
lori) is the most common cause of ulcer. As a
consequence, administration of antibiotics
has been shown to be the most efficacious
treatment in most ulcer patients not receiv-
ing nonsteroidal anti-inflammatory drugs
(NSAIDs; see below). H. pylori probably sur-
vives the acidic environment of the mucus
layer because it possesses a special urease.
The bacterium uses this to produce CO, and
NH,, and HCO,~ and NH,", respectively, and
can thus itself buffer H* ions in the surround-
ings. H. pylori is transmitted from person to
person, causing inflammation of the gastric
mucosa (gastritis, especially in the antrum;
— p.142). A gastic or duodenal ulcer is ten
times more likely to develop in such cases
than if a person does not suffer from gastritis
of this kind. The primary cause of such an ul-
cer is a disorder in the epithelium’s barrier
function, brought about by the infection
(—B).

It is likely that, together with this ulcer
formation due to the infection, there is also
an increased chemical attack, as by oxygen
radicals that are formed by the bacteria
themselves, as well as by the leukocytes and
macrophages taking part in the immune re-
sponse, or by pepsins, because H. pylori stim-
ulates pepsinogen secretion.

The fact that infection of the gastric an-
trum also frequently leads to duodenal ulcer
is probably related to gastrin secretion being
increased by the infection. As a result, acid
and pepsinogen liberation is raised and the
duodenal epithelium is exposed to an in-
creased chemical attack. This causes meta-
plasia of the epithelium, which in turn favors
the embedding of H. pylori, leading to duode-
nitis and increased metaplasia, etc.

A further common cause of ulcer is the in-
take of NSAIDs, for example, indomethacin,
diclofenac, aspirin (especially in high doses).
Their anti-inflammatory and analgesic action
is based mainly on their inhibitory effect on
cyclo-oxygenase, thus blocking prostaglandin
synthesis (from arachidonic acid). An unde-
sirable effect of NSAIDs is that they systemi-
cally block prostaglandin synthesis also in
gastric and duodenal epithelia. This de-
creases HCO,~ secretion, on the one hand
(weakened mucosal protection; —B, top

left), and stops inhibition of acid secretion, on
the other (—A1). In addition, these drugs
damage the mucosa locally by nonionic dif-
fusion into the mucosal cells (pH of gastric
juice « pK,’ of the NSAIDs). During intake of
NSAIDs an acute ulcer may thus develop
after days or weeks, the inhibitory action of
these drugs on platelet aggregation raising
the danger of bleeding from the ulcer.

Acute ulcers also occur if there is very se-
vere stress on the organism (stress ulcer), as
after major surgery, extensive burns, and
multi-organ failure (“shock”). The main
cause here is probably impaired blood flow
through the mucosa correlated with high
plasma concentrations of cortisol.

Often psychogenic factors favor ulcer de-
velopment. Strong emotional stress without
an outward “safety valve” (high cortisol lev-
els) and/or disturbed ability to cope with
“normal” stress, for example, in one’s job,
are the usual causes. Psychogenically raised
secretion of gastric acid and pepsinogen, as
well as stress-related bad habits (heavy
smoking, antiheadache tablets [NSAIDs],
high-proof alcohol) often play a part.

Smoking is a risk factor for ulcer develop-
ment. A whole series of moderately effective
single factors seem to add up here (— B). Al-
cohol in large quantities or in high concen-
tration damages the mucosa, while moderate
drinking of wine and beer increases gastric
secretion through their nonalcoholic compo-
nents.

Rare causes of ulcer are tumors that auto-
nomically secrete gastrin (gastrinoma, Zol-
linger-Ellison syndrome), systemic mastocy-
tosis, or basophilia with a high plasma hista-
mine concentration.

Apart from antibiotics (see above) and
(rarely necessary) surgical intervention, the
treatment of ulcer consists of lowering acid
and pepsinogen secretion by blocking H,
and M, receptors (—A1) and/or of H*/K*-
ATPase. Treatment with antacids acts partly
by buffering the pH in the lumen, but also
has further, as yet not fully understood, ef-
fects on the mucosa.
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Disorders After Stomach Surgery

Gastric tumors are treated surgically by re-
moving the stomach (gastrectomy [GE]) and
replacing it with jejunal loops, or by gastric
resection (Billroth I or II, or Roux). Treat-
ment-resistant gastric ulcers have also been
treated with selective vagotomy (VT). Non-
selective VT is often unavoidable in tumor
operations or when bleeding occurs. These
procedures may result in undesirable func-
tional disorders (— A):

Surgical reduction of gastric volume and
disordered accommodation and receptive re-
laxation reflexes after VT increase gastric
wall tension when ingesting a normal meal;
this leads to feeling full, nausea, and vomiting
as well as premature satiety. A serious conse-
quence is too rapid gastric emptying. This is
due to: 1) an absent accommodation reflex
that raises the pressure gradient from stom-
ach to small intestine; 2) the “apportioning”
antrum and pylorus are absent; and 3) gas-
tric emptying into the small intestine is no
longer inhibited. The latter is especially true
in VT (no vagovagal reflex) and in gastric re-
section after Billroth II or Roux, in which
chyme circumvents the duodenal chemore-
ceptors.

Consequences of too rapid gastric empty-
ing are (— A, bottom):

Too high a chyme volume per unit time
distends the intestinal wall and, via hor-
mones and neurotransmitters, brings about
nausea, vomiting, cramps, and pain as well as
vasomotor reactions with cutaneous vascu-
lar dilation (flush), tachycardia, palpitations,
and abnormal orthostatic regulation. This
early dumping syndrome (occurring 30-
60 min after food intake) is also in part due
to:

Hypertonicity of chyme that is emptied
too quickly. Via osmotically obliged water se-
cretion into the intestinal lumen, this chyme
also: 1) increases intestinal distension; 2) re-
sults in diarrhea; and 3) leads to further car-
diovascular reactions that are initiated by the
resulting hypovolemia.

Furthermore, the secreted water dilutes
the enzymes and bile salts in the intestinal lu-
men. This dilution can be critical, for exam-
ple, for the liberation of heme-iron from he-

moglobin in food or for absorption of fat in-
cluding the fat-soluble vitamin D (see below).

High concentrations of carbohydrate and
especially sugar (e.g., marmelade) in chyme
also cause symptoms because the rapid ab-
sorption of glucose causes a high hyperglyce-
mia peak that 90 - 180 minutes after food in-
take followed by reactive hypoglycemia due
to the release of insulin (confusion, loss of
consciousness), the so-called late dumping
syndrome.

Rapid gastric emptying also exceeds the
digestive capacity of the upper small intes-
tine. Moreover, VT results in a halving of pan-
creatic secretion, and in Billroth II the upper
duodenum does not receive the flow of
chyme, so that there is no physiological stim-
ulus for secretin and CCK secretions. As a re-
sult, the distal small intestine takes part in
the digestion and absorption of nutrients. Its
chemoreceptors are intensively involved in
initiating reflexes and hormonal signals that
bring about the feeling of premature satiety
(see above), so that these patients eat too lit-
tle and lose weight. Deficient chyme prep-
aration is partly responsible for the distal
shift of digestion and absorption. After distal
gastric resection, the pieces of food leaving
the stomach are too large (>2 mm). As one
third of iron in food comes from hemoglobin
(in meat), incomplete digestion of oversized
food particles diminishes the availability of
heme-iron.

Billroth II (but not Roux-Y) gastrectomy
can lead to the blind loop syndrome (- p.34
and 152).

Reduced H* secretion in the stomach de-
creases the liberation of iron in food and the
absorption of Fe(Il). Loss of the sources of
iron will ultimately lead to iron-deficiency
anaemia (— p.38).

Additionally, when the number and activ-
ity of the parietal cells is diminished, the se-
cretion of intrinsic factor is also reduced. If it
falls below 10% of ist normal value, cobala-
min absorption is affected so that (long-
term) cobalamin deficiency can arise and
the anemia is further aggravated (— p.34).
Osteomalacia will ultimately result from
Ca?* and vitamin D deficiency (— p.132).
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Diarrhea

The term diarrhea is used if stool has lost its
normal firm consistency. This is usually asso-
ciated with an increase in its weight (in
males > 235; in females > 175 g/d) and its fre-
quency (> 2 per day). Diarrhea can have var-
ious causes:

Osmotic diarrhea results from the intake
of a large number of substances that are
poorly absorbable even normally, or in mal-
absorption (— p.152ff.). Among the first
group are sorbitol (in “sugar-free” medica-
tions and sweets or certain fruits), fructose
(in lemonades, diverse fruits, honey), magne-
sium salts (antacids, laxatives) as well as
poorly absorbed anions such as sulfate, phos-
phate, or citrate.

Nonabsorbed substances are osmotically
active in the small intestine and therefore
“suck” water into the lumen. (H,O secretion;
— B, left). Table A illustrates this in a simulat-
ed experiment. Intake of, for example,
150 mmol of a nonabsorbable substance (in
this example, polyethyleneglycol, PEG) in
250 mL water (PEG concentration =[PEG]=
600 mmol/L) starts osmotic water secretion
in the duodenum so that the volume is in-
creased to 750 mL ([PEG] falls to 200 mmol/
L). The osmolality has adjusted to that of plas-
ma (290 mosm/L), 90 mosm/L now being
contributed by Na*, K* and the accompanying
anions (ion secretion into the lumen because
of the high chemical gradients). The volume
in the middle of the small intestine has risen
to 1000 mL. [PEG] has fallen to 150 mmol/L,
and the entering ions contribute 140 mosm/
L. Because of the high active absorption, espe-
cially of Na* (plus anions ~) in ileum and colon
(denser epithelium than in the jejunum), the
osmolality contributed by the ions falls to 90
and 40 mosmy/L, respectively. The main cation
instoolis K* (marked Na* absorption in ileum
and colon). The result is that given 150 mmol
PEG in 250 mL H,0, the volume of diarrhea
will be 600 mL. Without ion absorption in
the ileum and colon (e.g., after resection, dis-
ease), the volume of diarrhea could even rise
to 1000 mL. (PEG is, e.g., given to cleanse the
gut before a coloscopy).

In malabsorption of carbohydrates (— B,
right and p.152ff.) the reduced Na* absorp-

tion in the upper small intestine (diminished
Na* symport with glucose and galactose)
leads to reduced water absorption. The os-
motic activity of the nonabsorbed carbohy-
drates additionally results in water secretion.
However, bacteria in the large intestine can
metabolize up to 80g/d (divided over four
meals) of nonabsorbed carbohydrates into
organic acids useful for providing energy
that together with water are absorbed in the
colon (— B). It is only the large amounts of
marked gas produced (flatulence) that pro-
vide evidence of carbohydrate malabsorp-
tion. However, if >80g/d (i.e., >’ of normal
carbohydrate supply) is not absorbed or the
intestinal bacteria are decimated by antibi-
otics, diarrhea occurs.

Secretory diarrhea (in the narrow sense)
occurs when Cl~ secretion of the small intes-
tinal mucosa is activated (— C). Within the
mucosal cells Cl~ is secondarily actively en-
riched by a basolateral Na*-K*-2 CI~ symport
carrier and is secreted via luminal Cl~ chan-
nels. These open more frequently when the
intracellular concentration of cAMP rises.
cAMP is formed in greater amounts in the
presence of, for example, certain laxatives
and bacterial toxins (Clostridium difficile,
Vibrio cholerae). Cholera toxin causes mas-
sive diarrhea (up to 1000 mL/h) that can ra-
pidly become life-threatening because of the
loss of water, K*, and HCO,~ (hypovolemic
shock, hypokalemia, nonrespiratory acidosis).

Overproduction of VIP (vasoactive intes-
tinal peptide) by pancreatic islet cell tumors
also causes high cAMP levels in intestinal
mucosa cells leading to copious, life threat-
ening diarrhea: pancreatic “cholera” or wa-
tery diarrhea syndrome.

There are several reasons why diarrhea oc-
curs after resection of the ileum and of part of
the colon (— D). Bile salts, normally absorbed
in the ileum, cause accelerated passage
through the colon (reduced water absorption).
In addition, the nonabsorbed bile salts are de-
hydroxylated by the bacteria in the colon. The
resulting bile salt metabolites stimulate the
secretion of NaCl and H,0 in the colon. Finally,
there is also a lack of active absorption of Na*
in the resected intestinal segments.
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— A. Osmotic Diarrhea
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Maldigestion and Malabsorption

A defect in the processing and enzymatic
splitting within the gastrointestinal tract is
called maldigestion; a disorder of absorption
is called malabsorption. As both of them are
closely intertwined, they are grouped to-
gether here as malabsorption (in the wider
sense).

Malabsorption may affect the three ener-
gy carriers of food, i.e., fats, proteins, and car-
bohydrates, as well as vitamins, iron, cal-
cium, magnesium, and trace elements, for
example, zinc (— C). Malabsorption of the
enterohepatically circulating bile salts is
also clinically significant (— D). The respec-
tive site of absorption (—A) of these sub-
stances is determined by: 1) the number
and duration of preceding steps of proces-
sing and splitting; and 2) the provision in
the intestinal segments of specific mecha-
nisms of absorption.

Thus, monosaccharides such as glucose
and galactose can be absorbed at the begin-
ning of the duodenum; disaccharides must
first be split by the enzymes of the brush bor-
der; polysaccharides (just like proteins and
fats) must first come into contact with pan-
creatic juice, with the result that they may
not be absorbed until they reach the jejunum
(—A) Rapid emptying of the stomach can
mean that the place of absorption is moved
distally (—p.148), ie. intestinal segments
which lie further downstream can take over
absorption that, in the long term, can lead to
a change in the mucosa. The ileum, for exam-
ple, may take on jejunum-like properties.
This is not possible with substances for
which only the terminal ileum possesses
specific absorption mechanisms (cobala-
mine, bile salts).

Normal digestion and absorption consists
of the following serial steps (— B):

1. Mechanical processing of food

(chewing, distal gastric peristalsis);

2. Luminal digestion (gastric, intestinal,
and pancreatic juices; bile);
3. Mucosal digestion by enzymes of

the brush border;

4. Absorption by the mucosal epithelium;
. Processing in the mucosal cell;

w

6. Transportation into blood and lymph,
through which the absorbed substances
reach the liver and the systemic circula-
tion, respectively.

The causes of malabsorption can affect all

these steps (— C, D):

After gastric resection and/or vagotomy
(see also p.148), the stimulation of enteral
hormone secretion (CCK, e.g.) is reduced and
the synchronization of chyme apportioning
with pancreatic secretion, gallbladder emp-
tying, and choleresis is disturbed. Further-
more, passage through the small intestine is
accelerated and the pH in the duodenal lu-
men is too acidic, so that the digestive pro-
cess may be greatly disturbed (enzyme inac-
tivation, bile salt precipitation). A gastrino-
ma (Zollinger-Ellison syndrome) can cause
malabsorption for the same reason.

Pancreatic diseases, for example, chronic
pancreatitis (— p.160), carcinoma of the
pancreas, cystic fibrosis (— p.162), or resec-
tion of the pancreas may lead to malabsorp-
tion due to a lack of important enzymes (li-
pase, colipase, trypsin, chymotrypsin, amy-
lase, etc.) as well as of HCO,~ which is neces-
sary for buffering acidic chyme.

Atrophic gastritis with achlorhydria
(— p.142) will firstly diminish gastric diges-
tion and secondly favor colonization of the
small intestine with bacteria. This may also
be caused by stasis in the small intestine
due to diverticulosis or a small-intestine
shunt (blind loop syndrome, — p.148). The
bacteria deconjugate bile salts (— D) and
split the binding between cobalamine and
intrinsic factor. The resulting cobalamine
malabsorption leads to cobalamine deficien-
cy, as does a reduced intake (strictly vegetar-
ian diet; it is true also for breastfed infants of
such mothers, because their milk also lacks
cobalamine), intrinsic factor deficiency
(achlorhydria; see also p.142), lack of enzy-
matic liberation of cobalamine from its bind-
ing with other proteins (high gastric pH,
trypsin deficiency), or resection of the termi-
nal ileum, the site of absorption of the cobal-
amine-intrinsic factor complex.
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Lack of brush-border disaccharidase
causes malabsorption of the corresponding
disaccharide. A lack of lactase, which splits
lactose into glucose and galactose, is com-
mon. Lactase deficiency, which goes hand in
hand with intolerance to milk and lactose-
containing foods, is rarely congenital, but of-
ten develops after weaning. There are
marked ethnic differences.

Defects of specific mucosal carriers cause
specific malabsorption. In Hartnup disease,
for example, there is a specific carrier defect
for certain neutral amino acids; in cystinuria
for cationic (basic) amino acids and cystine.
(The uptake of the affected amino acids as di-
peptides is undisturbed, because the mucosa
has its own carrier for dipeptides).

Global defects of mucosal digestion and
absorption occur in diffuse mucosal diseases,
such as celiac disease, tropical sprue, Crohn’s
disease, Whipple’s disease, AIDS, infections
(e.g., with Salmonella), radiation enteritis,
and after resection of large portions of the
small intestine.

In addition to alcohol (pancreatic insuffi-
ciency, chronic liver disease), a number of
drugs cause malabsorption: colchicine (in-
hibits division of crypt cells and disacchari-
dases), neomycin and similar antibiotics (in-
hibit division of crypt cells and disacchari-
dases; precipitate bile salts and micellar fat-
ty acids), methotrexate (inhibits folate ab-
sorption), cholestyramine (binds bile salts),
certain laxatives, biguanides, etc.

Especially in fat absorption, processing
within the mucosal cells (formation of chylo-
microns) is an important partial step whose
disturbance in abetalipoproteinemia (—
p.247) results in fat malabsorption (— D).
Another cause is lymphatic blockage (lymph-
angiectasia, lymphoma, etc.).

Finally, malabsorption naturally occurs if
blood flow through the intestine is disturbed
(ischemia, e.g., in vasculitis).

The consequences of malabsorption are
dependent on the kind of malabsorbed sub-
stance:

Malabsorption of proteins (— C) can lead
to muscular atrophy and weight loss, while
any resulting hypoproteinemia will result in
edema (see also p.235).

Malabsorption of carbohydrates in the
small intestine (— C) means that some of
them are metabolized to short-chain fatty
acids and to gases (CO,, H,) resulting in dis-
tension and flatulence. If more than 80g/d
of carbohydrates fail to be absorbed, os-
mosis-induced watery diarrhea occurs
(—p.150).

Malabsorption of fats (— D) is character-
ized by fatty stools (steotorrhea) and leads
to weight loss from a lack of these high-calo-
rie components of food. Malabsorption of the
fat-soluble vitamins A, D, E, and K occurs
especially if fat malabsorption is caused by a
lack of bile salts or by other reasons of abnor-
mal formation of micelles (— D). This is be-
cause these vitamins can only reach the ab-
sorbing mucosa in an uninterrupted lipo-
philic milieu for which micelles are essential.
If vitamin K deficiency occurs, the glutamyl
residues of prothrombin and other blood
clotting factors cannot be y-carboxylated in
the liver, and thus bleeding may occur. Vita-
min D deficiency causes rickets in children
and osteomalacia in adults. In vitamin A defi-
ciency hyperkeratosis and night blindness de-
velops.

Malabsorption of the water-soluble vita-
min cobalamine (B,,) (for causes, see above)
and folate (e.g., in global malabsorption or
methotrexate administration) leads to mac-
rocytic anemia (— p.34), termed pernicious
anemia if there is a cobalamine deficiency,
to glossitis and aphthous ulcers as well as
neurological defects (nerve degeneration) if
there is a cobalamine deficiency.

Iron malabsorption (see also p.38) leads
to hypochromic anemia.
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Constipation and (Pseudo-)Obstruction

The symptom of constipation may signify
different things in individual cases, depend-
ing on what is considered to be “normal”:
too little, too hard or rare a stool, difficult
defecation, or the sensation of incomplete
emptying. Constipation is often harmless,
but it can be a sign of numerous diseases.

The causes of constipation are:

Low-fiber diet, as intestinal motility de-
pends on the volume of intestinal contents.
The larger the volume the greater the motili-
ty.

Reflex and/or psychogenic disorders.
These include: 1) anal fissure that is painful
and reflexly raises the tone of the anal
sphincter, thus increasing the pain, and so
on; 2) so-called anismus (outlet obstruction),
i.e., contraction (rather than the normal re-
laxation) of the pelvic floor when the rectum
is stretched. Such a “false” reflex is commonly
found in women who were abused as chil-
dren, but also in patients with Parkinson’s
disease; 3) paralytic ileus (acute pseudo-ob-
struction) that may be caused reflexly by op-
erations (particularly in the abdomen), trau-
ma, or peritonitis, and may persist in the co-
lon for several days.

Functional disorders of transport, wheth-
er of neurogenic, myogenic, reflex (see
above), medicinal (e.g., opiates), or ischemic
cause (e.g., trauma or arteriosclerosis of the
mesenteric arteries). Functional intestinal
obstruction is called pseudo-obstruction.

Neurogenic causes. Congenital absence of
ganglion cells near the anus (aganglionosis
in Hirschsprung’s disease), resulting in per-
sisting spasm of the affected segment due to
failure of receptive relaxation (— A, bottom
right) and absence of anorectal inhibitory re-
flexes (internal anal sphincter fails to open
when rectum fills). In Chagas’ disease the
causative organism (Trypanosoma cruci) de-
nervates the intestinal ganglia, thus produc-
ing dilation of the colon (megacolon; see
below). In addition, systemic nervous diseases
(Parkinson’s disease, diabetic polyneuropa-
thy, viral neuritis, tabes dorsalis, multiple
sclerosis) or nerve and spinal cord lesions
that, among other effects, interrupt intestinal

distance reflexes, can cause pseudo-obstruc-
tion.

Myogenic causes. Muscular dystrophies,
scleroderma (see also Plate 6.3), dermato-
myositis, and systemic lupus erythematosus.

Mechanical obstruction in the intestinal
lumen (e.g., foreign bodies, roundworms [As-
caris], gallstones), in the intestinal wall (e.g.,
tumor, diverticulum, stenosis, stricture, he-
matoma, infection) or from outside (e.g.,
pregnancy, adhesion, hernia, volvulus, tu-
mor, cyst). The result is mechanical intestinal
occlusion (obstruction).

Finally, in some patients constipation (al-
ternating with diarrhea) may occur without
any of the above causes being identified.
Emotional or physical stress is often the pre-
cipitating factor in what is called irritable co-
lon.

Effects of obstruction and pseudo-ob-
struction. Complete occlusion leads to a
proximal accumulation of gases and fluid
and dilates the intestine, which initially con-
tracts painfully every few minutes. Especially
if the proximal small intestine is affected, the
advancing dilation impairs blood flow, causes
vomiting and results in dehydration (hypo-
volemia). This can progress rapidly because
increased amounts of fluid can be secreted
in the intestine. As well as dilation, bacteria
ascending from the large to the small intes-
tine also cause this; their endotoxins result
in the liberation of VIP, PGI,, and PGF,. In-
flammation caused by bacteria along with
edema formation in the intestinal wall and
peritonitis as well as possibly resulting is-
chemia (see above) can quickly become life-
threatening. If the (pseudo-)obstruction is
located far toward the anus, megacolon may
develop (— A). It may occur acutely in case of
fulminant colitis, volvulus, or without recog-
nizable cause (Ogilvie syndrome). Distinc-
tion between this and paralytic ileus (see
above) is largely made from the patient’s his-
tory.
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— A. Causes and Consequences of Constipation and (Pseudo-) Obstruction
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Acute Pancreatitis

Most pancreatic enzymes are activated by
enteropeptidase only when they reach the
intestinal lumen. The activation of trypsino-
gen to trypsin is a key feature in this, because
trypsin activates other enzymes. If it is
activated in the acinar cells, the pancreatic
trypsin inhibitor-protein is responsible for
trypsin not being effective there. However, if
this protective mechanism does not keep up
with the trypsin activation, or trypsin be-
comes active in the lumen of the pancreatic
duct, self-digestion of the pancreas occurs,
i.e., acute pancreatitis.

Even though there is a history of high alco-
hol consumption and gallstones in 80% of
cases, the pathogenetic mechanism is not
quite clear. The following possibilities are
being discussed as playing a part, either in
combination or separately depending on the
case:

Increased pressure in the pancreatic duct
(flow resistance and/or flow too high) can
play a part in the development of acute pan-
creatitis (— A1). Occlusion of the duct after
the merging of the bile duct (e.g., by a gall-
stone;— A2) also leads to reflux of bile into
the pancreas, where it damages the duct epi-
thelium and accelerates fat digestion.

While it is unclear, in relation to the above
points, how trypsin is activated, if duodeno-
pancreatic reflux occurs (e.g., when the duo-
denum is obstructed distally), the enzymes
activated in the duodenum pass back into
the pancreas (—A3).

Alcohol, acetylsalicylic acid, histamine,
etc. increase the permeability of the pancre-
atic duct epithelium, so that larger molecules
can pass through it. Enzymes secreted by the
acinar cells thus diffuse into periductal inter-
stitial tissue and damage it (— A4). In addi-
tion, alcohol in the duct system seems to pre-
cipitate proteins, causing a rise in upstream
pressure (—A4).

Research on animal models with acute
pancreatitis indicates that under some cir-
cumstances pancreatic enzymes may also be
activated intracellularly. The process of sort-
ing out lysosomal enzymes and H*-ATPase,
on the one hand, and the pancreatic proen-
zymes to be secreted, on the other, as nor-

mally occurs in the Golgi apparatus, seems
to be disturbed (— A5). Thus, the proen-
zymes together with the lysosomal proteases
will be incorporated into the same vesicles,
so that trypsin will be activated there. Trace
amounts are enough for this, because trypsin
can activate itself autocatalytically.

Trypsin activates other enzymes (phos-
pholipase A,, elastase, etc.), clotting factors
(prothrombin to thrombin), tissue hormones
(bradykinin and kallidin are activated via
kallikrein), and cytotoxic proteins (comple-
ment system). In the pancreas (—A6; P in
the computed tomogram) there is at first
generalized cell swelling (pancreatic edema;
— A7, P+E). Activated elastase, in particular,
causes vessel arrosion with bleeding (hemor-
rhagic pancreatitis) and ischemic zones in
the organ. These ischemic areas are further
enlarged by the formation of thrombi
brought about by thrombin activation, the
result being necrosis. The endocrine islet
cells are also destroyed, causing insulin defi-
ciency and thus hyperglycemia. Fat necrosis
develops around the pancreas with accom-
panying soap formation, a process that uses
up Ca?* (Ca?* sequestration) and also causes
hypocalcemia (see below). Mg?* ions in the
plasma binding to the liberated fatty acids
cause hypomagnesemia (— p.126). All this
damage can spread to neighboring retroperi-
toneal organs, i.e., spleen, mesentery, omen-
tum, duodenum, etc.

As the activated enzymes appear in plas-
ma, where their presence is of diagnostic sig-
nificance, hypoalbuminemia develops with
resulting hypocalcemia, as well as systemic
vasodilation and plasma exudation (trig-
gered by bradykinin and kallidin), ultimately
ending in circulatory shock. Phospholipase
A, and free fatty acids (due to increased li-
polysis) in plasma destroy the surfactant on
the alveolar epithelium, causing arterial hyp-
oxia. Finally, the kidneys will also be dam-
aged (danger of anuria).
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— A. Causes and Consequences of Acute Pancreatitis
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Chronic Pancreatitis

Chronic pancreatitis is an inflammatory pro-
cess that destroys the exocrine and endo-
crine tissues and leads to fibrosis of the or-
gan. There are several forms of chronic pan-
creatitis:

Chronic calcifying pancreatitis (— A, left)
is the most common form (70 -80% of cases),
caused by chronic alcohol abuse (>80g/d
over many years) and is characterized by ir-
regularly distributed tissue lesions with in-
traductal protein plugs and stones as well as
atrophy and stenosis of the ductal system.
Three mechanisms play a role in its patho-
genesis:

1. While normally, in parallel with the
stimulation of the acini (enzyme-rich secre-
tion), there is greater secretion in the ducts
(HCO,~, water), it is reduced in chronic pan-
creatitis. As a result, protein concentration
in the pancreatic juice is increased, especial-
ly when acinar secretion is stimulated. This
leads to protein precipitation in the ductal
lumens and protein plugs and deposits are
thus formed.

2. Calcium salts are deposited on the pre-
cipitated protein, resulting in the formation
of stones in the lumen of small ducts, and
concentric calcium deposits on the walls of
the larger ducts. The cause of all this may be
that two components of pancreatic juice are
diminished in chronic pancreatitis, namely
those that normally prevent the precipita-
tion of calcium salts from pancreatic juice.
One of these components is citrate, which
binds calcium complexly, the other is the
14kDa protein, lithostatin (= pancreatic
stone protein [PSP]), which holds calcium
salts in solution during (physiological) hy-
persaturation.

3. Similar to acute pancreatitis (— p.158),
intraductal activation of trypsin occurs. This
not only contributes to the autodigestion of
pancreatic tissue, but also activates other ag-
gressive enzymes, such as elastase and phos-
pholipase A,, in the ductal system and, in
some circumstances, also interstitially. It is
thought that the cause of the premature en-
zyme activation is that impaired drainage
has increased intraductal pressure, resulting
in epithelial lesions, together with raised

proenzyme content (while the concentration
of trypsin inhibitor-protein remains un-
changed; — p.158).

The rarer chronic-obstructive pancreatitis
(— A, right) is caused by occlusion of the main
excretory duct(s) by tumors, scar stricture, or
stenosis of the papilla, among others. There
is no calcification, but the ductal system is
markedly dilated upstream of the stenosis
(—A; endoscopic retrograde pancreatogra-
phy [ERP], in which contrast media are in-
jected for radiological visualization). If the
obstruction is removed in time, this form of
chronic pancreatitis (in contrast to the calci-
fying form) is reversible.

Other forms of chronic pancreatitis in-
clude the idiopathic, nonalcoholic form in
malnourished juveniles in the tropics, and
the form seen in hypercalcemia due to hyper-
parathyroidism.

Acute exacerbation of chronic pancreatitis
is usually difficult to distinguish from acute
pancreatitis, especially when there is a his-
tory of high alcoholic intake. In both cases
the premature activation of pancreatic en-
zymes is a prominent feature (see above and
p.158). It can lead, via pancreatic edema, to
pancreatic hemorrhage and necrosis as well
as to acute pseudocysts, abscess, and/or im-
pairment of neighboring organs such as duo-
denum, antrum, choledochal duct, and colon.

The results of chronic pancreatitis are tis-
sue atrophy, ductal stenosis, and periductal
fibrosis with scarring. This gradually leads
to loss of parenchyma, which will cause exo-
crine and later also endocrine pancreatic in-
sufficiency. Intermittent or continuous pain,
malabsorption (— p.152ff.), diarrhea (—
p.150), and weight loss as well as diabetes
mellitus (— p.286ff.) and damage to neigh-
boring organs (pancreatic ascites, portal and
splenic vein thrombosis, obstructive jaun-
dice, etc.) are associated with this.
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Cystic Fibrosis

Cystic fibrosis (CF) is a genetic syndrome in
which the epithelial secretion, for example,
in the lungs, pancreas, liver, genital tract, in-
testine, nasal mucosa, and sweat glands are
affected. Among Caucasians CF is the most
frequent lethal (after a mean of 40 years)
gene defect (1 per 2 500 births).

The defect is autosomal recessive (— A1)
and affects the epithelial transport protein
CFTR (cystic fibrosis transmembrane con-
ductance regulator). CFTR in healthy people
consists of 1480 amino acids that form 12
transmembrane domains, two nucleotide-
binding domains (NBD,, NBD,), and a regula-
tor domain. At the latter, CFTR is regulated by
a cAMP-dependent protein kinase A (—A2;
CFTR is shown opened up frontally). CFTR is
probably a chloride channel that opens
when the intracellular cAMP concentration
is raised and, in addition, ATP is bound to
NBD; (and split?). Furthermore, intact but
not defective CFTR inhibits certain Na* chan-
nels (type ENaC). The fact that more of them
open in CF results in increased absorption of
Na*and water, for example, at the bronchial
epithelium, from the mucus secreted into
the lumen, so that the latter is thickened
(see below).

Patients with cystic fibrosis have various
mutations of CFTR, but the serious forms are
most frequently caused by two defects on the
NBD, (— A3): either the amino acid 508, phe-
nylalanine (= F; mutation AF508), is missing,
or glycine (= G) in position 551 is replaced by
aspartate (= D) (mutation G551 D).

CFTR is incorporated into the apical (lumi-
nal) cell membrane of many epithelial cells.
CFTR has an important function in the excre-
tory ducts of the pancreas, in that it is in-
volved in secretion of a liquid rich in NaHCO,.
HCO,™ is exchanged for CI~ in these cells via
an antiport carrier (— A4). The opening of
CFTR—for example, by secretin, which in-
creases intracellular cAMP concentration—
allows the CI~ that has entered the cell to be
recycled, so that chloride is again available
for the secretion of HCO,", followed by Na*
and water. If the concentration of cAMP de-
creases, CFTR is closed and secretion dries

up.

In patients with CF, CFTR does not open up
even when cAMP concentration is high. As a
result, especially when acinar secretion is
stimulated, the small pancreatic ducts con-
tain a protein-rich, viscous secretion that oc-
cludes the transporting ducts and thus leads
to chronic pancreatitis with its consequences
(e.g., malabsorption due to lack of pancreatic
enzymes and HCO,” in the duodenum;
— p.160).

Among other effects, abnormal CFTR af-
fects the intestinal epithelium so that neona-
tal meconium becomes viscous and sticky
and thus cannot, as usual, pass out of the
ileum after birth (meconium ileus).

As in the pancreas, the bile ducts may be-
come obstructed and neonatal jaundice may
thus be prolonged. The CFTR defect in the
male genital organs may cause infertility (ob-
struction of the vas deferens); in the female
genital organs it causes decreased fertility.
The consequences of abnormal secretion in
the nasal mucosa are polyps and chronic in-
flammation of the nasal sinuses. In the sweat
glands the defect increases sweat secretion
that during fever or high ambient tempera-
ture can lead to hypovolemia and even circu-
latory shock. In addition, electrolyte concen-
tration is increased in sweat and the concen-
tration of Na* is higher than that of Cl~ (the
reverse of normal), a fact that is used in the
diagnosis of CF (sweat test).

Morbidity and life-threatening complica-
tions of CF are mainly due to its effects on
the bronchial epithelium. Its superficial mu-
cus is normally thinned by fluid secretion.
The CTFR defect causes (in addition to in-
creased mucus secretion) the reabsorption
instead of secretion of fluid. This results in a
highly viscous and protein-rich layer of mu-
cus that not only hinders breathing, but also
forms a fertile soil for infections, especially
with Pseudomonas aeruginosa and Staphylo-
coccus aureus. Chronic bronchitis, pneumo-
nia, bronchiectasis, and secondary cardiovas-
cular disorders are the result.
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Gallstone Disease (Cholelithiasis)

In about 75% of patients, gallstones consist of
cholesterol (more women than men are af-
fected in this way), the rest are so-called pig-
ment stones that contain unconjugated bili-
rubin in the main. What the two types of
stone components have in common is that
they are poorly soluble in water.

Cholesterol (Ch) is normally not precipi-
tated in bile, because it contains sufficient
conjugated bile salts (BS) and phosphatidyl-
choline (Pch = lecithin) for it to be in a micel-
lar solution (— A4, green area). If the concen-
tration ratio [Ch]/[BS + Pch] increases, Ch will
remain, within a small range, in a “supersat-
urated” micellar solution (— A4, orange
area). This apparent supersaturation is prob-
ably based on the liver also secreting choles-
terol in a highly concentrated form within
the “nucleus” of a unilamellar vesicle in the
gallbladder (—A2) in such a way that Pch
makes up the solution-aiding “peel” of this
vesicle, 50-100 nm in diameter. If the rela-
tive cholesterol content increases further,
multimicellar vesicles are formed (up to
1000 nm). They are less stable and give up
cholesterol that is then precipitated in the
aqueous environment in the form of choles-
terol crystals (— A2; — A4, red area). These
crystals are the precursors of gallstones.

Important causes of an increased [Ch]/
[BS + Pch] ratio are:

Increased cholesterol secretion (—A2).
This will occur because there is either an in-
creased cholesterol synthesis (raised activity
of 3-hydroxy-3-methylglutaryl [HMG]-CoA-
cholesterol reductase), or an inhibition of
cholesterol esterification, for example, by pro-
gesterone during pregnancy (inhibition of
acetyl-CoA-cholesterol-acetyl  transferase
[ACAT]).

Reduced bile salt secretion (— A1). This is
due to either a decrease in the bile salt pool, as
in Crohn’s disease or after gut resection, or a
prolonged sequestration of bile salts in the
gallbladder, as in fasting (possibly even if
only overnight) or parenteral nutrition. The
latter decreases the enterohepatic circula-
tion of bile salts so that their secretion into
the bile is reduced. As cholesterol secretion
is not linearly related to bile salt secretion

(— B, right), the [Ch]/[BS + Pch] ratio increas-
es when bile salt secretion is low. This ratio
rises further under the influence of estrogens,
because they cause an increase in the con-
centration ratio of cholate to chenodeoxy-
cholate (activation of 12a-hydroxylase; — B,
left), so that more cholesterol is secreted per
mol bile salts (— B; compare the two curves).

A reduced secretion of phosphatidylcho-
line as a cause of cholesterol stones has been
found in Chilean women who live almost ex-
clusively on vegetables.

Pigment stones (— C) consist to a large ex-
tent (ca. 50%) of calcium bilirubinate, which
gives them their black or brown color. The
black stones additionally contain calcium car-
bonate and phosphate, while the brown
stones also contain stearate, palmitate, and
cholesterol. A raised amount of unconjugat-
ed bilirubin in the bile, which “dissolves”
only in micelles, is the main cause of pigment
stone formation; normally bile contains only
1-2%. The causes of an increased concentra-
tion of unconjugated bilirubin are (— C):

Increased liberation of hemoglobin, for
example, in hemolytic anaemia, in which
there is so much bilirubin that the glucuroni-
dase-mediated process of conjugation in the
liver does not meet demand (— p.169);

Reduced conjugating capacity in the liver,
for example, in liver cirrhosis (— p.172);

Nonenzymatic deconjugation of (especially
monoglucuronated) bilirubin in bile;

Enzymatic deconjugation (B-glucosidase)
by bacteria.

The latter is almost always the cause of
brown pigment stones. The bacteria also en-
zymatically deconjugate the bile salts (de-
creased micellar formation with cholesterol
precipitation) and additionally liberate, by
means of its phospholipase A,, palmitate
and stearate (from phophatidylcholine)
which precipitate as calcium salts. Black
stones, mainly formed by the first three of
the above mechanisms, contain in addition
to other compounds, calcium carbonate and
phosphate, these latter presumed to be
formed by the gallbladder’s decreased capac-
ity to acidify.
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The gallbladder, in which the specific bile
components (Ch, BS, Pch) are concentrated
many times over by withdrawal of water,
also plays an important part (— D) in the for-
mation of gallstones (cholelithiasis after cho-
lecystectomy is rare). Disorders of gallblad-
der emptying can be among the causes, ei-
ther due to insufficient CCK being liberated
(lack of free fatty acid [FFA] release in the lu-
men in pancreatic insufficiency), so that the
main stimulus for gallbladder contraction is
weakened, or because after nonselective va-
gotomy the second most important contrac-
tion signal, acetylcholine, is absent. Gallblad-
der contraction is also weakened in pregnan-
cy. This means that not only occasional or ab-
sent emptying (see above) but also incom-
plete emptying increases the duration for
which bile remains in the gallbladder. As a re-
sult, there is enough time for the precipitated
crystals to form large concrements. A raised
mucus secretion (stimulated by prostaglan-
dins) can thus lead to an increased number
of nuclei of crystallization.

Possible consequences of cholelithiasis
are (—»E):

Colic. When the cystic duct or the com-
mon bile duct is transiently blocked by a
stone, pressure rises in the bile ducts and in-
creased peristaltic contraction in the region
of the blockage causes severe visceral pain
in the epigastric area, possibly with radiation
into the back, as well as vomiting (— p.140).

In acute cholecystitis fever and leukocyto-
sis are added to the symptoms listed above.
Important causes are trauma to the gallblad-
der epithelium caused by stones. Prostaglan-
dins are liberated from the gallbladder epi-
thelium in addition to phospholipase A,. The
latter splits phosphatidylcholine to lysoleci-
thin (i.e., removal of the fatty acid at C2),
which in turn brings about acute cholecysti-
tis. In some circumstances it may lead to
gallbladder perforation.

Bacterial cholangitis usually occurs when
bile flow is stopped because of cholelithiasis.
A rise in pressure with dilation of the bile
ducts is the result, and posthepatic cholesta-
sis and biliary pancreatitis may also develop.

In relatively rare cases gallbladder cancer
develops on the basis of gallstone disease.
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Jaundice (Icterus)

Bilirubin, largely originating from hemoglo-
bin breakdown (ca. 230 mg/d), is taken up
by the liver cells and coupled by glucuronyl
transferase to form bilirubin-monoglucuro-
nide and bilirubin-diglucuronide. This wa-
ter-soluble conjugated (direct reacting) bili-
rubin is secreted into the bile canaliculi and
85% is excreted in the stool. The remaining
15% is deglucuronated and absorbed in the
intestine for enterohepatic recirculation.

The normal plasma concentration of biliru-
bin is maximally 17 umol/L (1 mg/dL). If it
rises to more than 30 umol/L, the sclera be-
come yellow; if the concentration rises fur-
ther, the skin turns yellow as well (jaundice
[icterus]). Several forms can be distin-
guished:

Prehepatic jaundice is the result of in-
creased bilirubin production, for example, in
hemolysis (hemolytic anemia, toxins), inade-
quate erythropoiesis (e.g., megaloblastic an-
emia), massive transfusion (transfused ery-
throcytes are short-lived), or absorption of
large hematomas. In all these conditions un-
conjugated (indirect reacting) bilirubin in
plasma is increased.

Intrahepatic jaundice is caused by a
specific defect of bilirubin uptake in the liver
cells (Gilbert syndrome Meulengracht), con-
jugation (neonatal jaundice, Crigler-Najjar
syndrome), or secretion of bilirubin in the
bile canaliculi (Dubin-Johnson syndrome,
Rotor syndrome).

In the first two defects it is mainly the un-
conjugated plasma bilirubin thatis increased;
in the secretion type it is the conjugated bili-
rubin that is increased. All three steps may be
affected in liver diseases and disorders, for ex-
ample, in viral hepatitis, alcohol abuse, drug
side effects (e.g., isoniazid, phenytoin, halo-
thane), liver congestion (e.g., right heart fail-
ure), sepsis (endotoxins), or poisoning (e.g.,
the Amanita phalloides mushroom).

In posthepatic jaundice the extrahepatic
bile ducts are blocked, in particular by gall-
stones (— p.164ff.), tumors (e.g., carcinoma
of the head of the pancreas), or in cholangitis
or pancreatitis (— p.158). In these conditions
it is particularly conjugated bilirubin that is
increased.

Cholestasis

Cholestasis (— A, B), i.e., blockage of bile flow,
is due to either intrahepatic disorders, for ex-
ample, cystic fibrosis (— p.162), granuloma-
tosis, drug side effects (e.g., allopurinol, sul-
fonamides), high estrogen concentration
(pregnancy, contraceptive pill), graft versus
host-reaction after transplantation, or, sec-
ondarily, extrahepatic bile duct occlusion
(see above).

In cholestasis the bile canaliculi are en-
larged, the fluidity of the canalicular cell
membrane is decreased (cholesterol embed-
ding, bile salt effect), their brush border is
deformed (or totally absent) and the function
of the cytoskeleton, including canalicular
motility, is disrupted. In addition, one of the
two ATP-driven bile salt carriers, which are
meant for the canalicular membrane, is
falsely incorporated in the basolateral mem-
brane in cholestasis. In turn, retained bile
salts increase the permeability of the tight
junctions and reduce mitochondrial ATP syn-
thesis. However, it is difficult to define which
of these abnormalities is the cause and
which the consequence of cholestasis. Some
drugs (e.g., cyclosporin A) have a cholestatic
action by inhibiting the bile salt carrier, and
estradiol, because it inhibits Na*-K*-ATPase
and reduces membrane fluidity.

Most of the consequences of cholestasis
(— B) are a result of retention of bile compo-
nents: bilirubin leads to jaundice (in neo-
nates there is a danger of kernicterus), cho-
lesterol to cholesterol deposition in skin folds
and tendons, as well as in the cell mem-
branes of liver, kidneys, and erythrocytes
(echinocytes, akanthocytes). The distressing
pruritus (itching) is thought to be caused by
retained endorphins and/or bile salts. The ab-
sence of bile in the intestine results in fatty
stools and malabsorption (— p.152ff.). Final-
ly, infection of accumulated bile leads to
cholangitis, which has its own cholestatic ef-
fect.
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Portal Hypertension

Venous blood from stomach, intestines,
spleen, pancreas, and gallbladder passes via
the portal vein to the liver where, in the sinu-
soids after mixture with oxygen-rich blood of
the hepatic artery, it comes into close contact
with the hepatocytes (—A1). About 15% of
cardiac output flows through the liver, yet
its resistance to flow is so low that the nor-
mal portal vein pressure is only 4-8 mmHg.

If the cross-sectional area of the liver’s
vascular bed is restricted, portal vein pres-
sure rises and portal hypertension develops.
Its causes can be an increased resistance in
the following vascular areas, although strict
separation into three forms of intrahepatic
obstructions is not always present or possi-
ble:

Prehepatic:
(= A2);

Posthepatic: right heart failure, constric-
tive pericarditis, etc. (— A2 and p. 228);

Intrahepatic (—A1):

- presinusoidal: chronic hepatitis, primary
biliary cirrhosis, granuloma in schistoso-
miasis, tuberculosis, leukemia, etc.

- sinusoidal: acute hepatitis, damage from
alcohol (fatty liver, cirrhosis), toxins, amy-
loidosis, etc.

- postsinusoidal: venous occlusive disease
of the venules and small veins; Budd-
Chiari syndrome (obstruction of the large
hepatic veins).

Enlargement of the hepatocytes (fat deposi-
tion, cell swelling, hyperplasia) and in-
creased production of extracellular matrix
(— p.172) both contribute to sinusoidal ob-
struction. As the extracellular matrix also
impairs the exchange of substances and gas-
es between sinusoids and hepatocytes, cell
swelling is further increased. Amyloid deposi-
tions can have a similar obstructive effect. Fi-
nally, in acute hepatitis and acute liver ne-
crosis the sinusoidal space can also be ob-
structed by cell debris.

Consequences of portal hypertension.
Wherever the site of obstruction, an in-
creased portal vein pressure will lead to dis-
orders in the preceding organs (malabsorp-
tion, splenomegaly with anemia and throm-
bocytopenia) as well as to blood flowing

portal vein thrombosis

from abdominal organs via vascular channels
that bypass the liver. These portal bypass cir-
cuits (— A3) use collateral vessels that are
normally thin-walled but are now greatly di-
lated (formation of varices; “haemorrhoids”
of the rectal venous plexus; caput medusae
at the paraumbilical veins). The enlarged
esophageal veins are particularly in danger
of rupturing. This fact, especially together
with thrombocytopenia (see above) and a de-
ficiency in clotting factors (reduced synthesis
in a damaged liver), can lead to massive
bleeding that can be acutely life-threatening.

The vasodilators liberated in portal hyper-
tension (glucagon, VIP, substance P, prostacy-
clins, NO, etc.) also lead to a fall in systemic
blood pressure. This will cause a compensa-
tory rise in cardiac output, resulting in hyper-
perfusion of the abdominal organs and the
collateral (bypass) circuits.

Liver function is usually unimpaired in
prehepatic and presinusoidal obstruction,
because blood supply is assured through a
compensatory increase in flow from the he-
patic artery. Still, in sinusoidal, postsinusoi-
dal, and posthepatic obstruction liver dam-
age is usually the cause and then in part also
the result of the obstruction. As a conse-
quence, drainage of protein-rich hepatic
lymph is impaired and the increased portal
pressure, sometimes in synergy with a re-
duction in the plasma’s osmotic pressure
due to liver damage (hypoalbuminemia),
pushes a protein-rich fluid into the abdomi-
nal cavity, i.e., ascites develops. This causes
secondary hyperaldosteronism (— p.174) that
results in an increase in extracellular vol-
ume.

As blood from the intestine bypasses the
liver, toxic substances (NH,, biogenic amines,
short-chain fatty acids, etc.) that are normal-
ly extracted from portal blood by the liver
cells reach the central nervous system,
among other organs, so that portalsystemic
(“hepatic”) encephalopathy develops (—
p.174).
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Fibrosis and Cirrhosis of the Liver

Liver cirrhosis is a disease in which necrosis,
inflammation, fibrosis, nodular regeneration,
and formation of vascular anastomoses de-
velop more or less simultaneously. It is
usually caused by the long-term action of
noxious factors, especially alcohol abuse,
which is the cause in 50% of cases world-
wide. While the probability of cirrhosis de-
veloping after a cumulative uptake of 13 kg
ethanol/kg body weight is only about 20%, it
rises to over 90% after 40 kg. The substance
that is most responsible for the development
of fibrosis, and thus cirrhosis, is the ethanol
metabolite acetaldehyde. Cirrhosis can also
be the final stage of viral hepatitis (20-40%
of cirrhosis cases in Europe). In acute fulmi-
nant disease it may develop in a matter of
weeks; in chronic recurrent disease after
months or years. It can also occur after an ob-
struction to blood outflow (congestive liver;
— p.170) or after other liver damage, for ex-
ample, as final stage of a storage disease (he-
mochromatosis, Wilson’s disease; — p.252)
or genetically determined enzyme defi-
ciency.
Factors involved in liver-cell damage are:
- ATP deficiency due to abnormal cellular
energy metabolism;
- increased formation of highly reactive
oxygen metabolites (-0,~, -HO,, H,0,) with
- concomitant deficiency of antioxidants
(e.g., glutathione) and/or damage of pro-
tective enzymes (glutathione peroxidase,
superoxide dismutase).
The O, metabolites react with, for example,
unsaturated fatty acids in phospholipids (lip-
id peroxidation). This contributes to damage
of plasma membranes and cell organelles
(lysosomes, endoplasmic reticulum). As a re-
sult, cytosolic Ca?* concentration rises, acti-
vating proteases and other enzymes so that
the cells are ultimately irreversibly damaged.
Fibrosis of the liver develops in several
steps (—A). When damaged hepatocytes
die, lysosomal enzymes, among others, leak
out and release cytokines from the extracel-
lular matrix. These cytokines and the debris
of the dead cells activate the Kupffer cells in
the liver sinusoids (— A, center) and attract
inflammatory cells (granulocytes, lympho-

cytes, and monocytes). Diverse growth fac-
tors and cytokines are then liberated from
the Kupffer cells and the recruited inflamma-
tory cells. These growth factors and cytokines
now
- transform the fat-storing Ito cells of the
liver into myofibroblasts
- transform the imigrated monocytes into
active macrophages
- trigger the proliferation of fibroblasts
The chemotactic action of transforming
growth factor § (TGF-B) and monocyte che-
motactic protein 1 (MCP-1), whose release
from the Ito cells (stimulated by tumor ne-
crosis factor o [TNF-a], platelet-derived
growth factor [PDGF], and interleukins)
strengthens these processes, as do a number
of other signaling substances. As a result of
these numerous interactions (the details of
which are not yet entirely understood), the
production of the extracellular matrix is in-
creased by myofibroblasts and fibroblasts,
i.e,, leading to an increased deposition of col-
lagens (Types I, IIl, and IV), proteoglycans
(decorin, biglycan, lumican, aggrecan), and
glycoproteins (fibronectin, laminin, tenascin,
undulin) in the Dissé space. Fibrosis of the
latter impairs the exchange of substances be-
tween sinusoid blood and hepatocytes, and
increases the flow resistance in the sinusoids
(—p.170).

The excess amount of matrix can be bro-
ken down (by metalloproteases, in the first
instance), and the hepatocytes may regener-
ate. If the necroses are limited to the centers
of the liver lobules (— A, top left), full restitu-
tion of the liver’s structure is possible. How-
ever, if the necroses have broken through the
peripheral parenchyma of the liver lobules,
connective tissue septa are formed (—A,
bottom). As a result, full functional regenera-
tion is no longer possible and nodules are
formed (cirrhosis). The consequence of this
is cholestasis (— p.168), portal hypertension
(—»p.170), and metabolic liver failure
(—p.174).
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Liver Failure (see also p.170ff.)

Causes of acute liver failure (— A) are poison-
ing and inflammation, for example, fulminant
cholangitis or viral hepatitis (especially in
hepatitis B and E). The causes of chronic liver
failure that is accompanied by fibrosis (cir-

rhosis) of the liver (— p.172) are (- A):

- inflammation, for example, chronic per-
sistent viral hepatitis;

- alcohol abuse, the most common cause;

- in susceptible patients, side effects of
drugs, for example, folic acid antagonists,
phenylbutazone;

- Cardiovascular causes of impairment of ve-
nous return, for example, in right heart
failure (— p.170)

- anumber of inherited diseases (— chap. 8),
for example, glycogen storage diseases,
Wilson’s disease, galactosemia, hemo-
chromatosis, o,-antitrypsin deficiency;

- intrahepatic or posthepatic cholestasis
(—p.168) for prolonged periods, for ex-
ample, in cystic fibrosis (— p.162), a stone
in the common bile duct (— p.164ff.), or
tumors.

The most serious consequences of liver fail-

ure are:

Protein synthesis in the liver is reduced.
This can lead to hypoalbuminemia that may
result in ascites, i.e., an accumulation of ex-
tracellular fluid in the abdominal cavity, and
other forms of edema (— p. 234). Plasma vol-
ume is reduced as a result, secondary hyper-
aldosteronism develops causing hypokalemia,
which in turn encourages alkalosis (—A,
left). In addition, the reduced ability of the
liver to synthesize causes a fall in the plasma
concentration of clotting factors.

Cholestasis occurs (— p.168), producing
not only liver damage but also aggravating
any bleeding tendency, because the lack of
bile salts decreases micellar formation and
with it the absorption of vitamin K from the
intestine, so that y-carboxylation of the vita-
min K-dependent clotting factors prothrom-
bin (II), VII, IX, and X is reduced.

Portal hypertension develops (— p.170)
and may make the ascites worse because of
lymphatic flow impairment. It may cause
thrombocytopenia resulting from spleno-
megaly, and may lead to the development of

esophageal varices. The deficiency in active
clotting factors, thrombocytopenia, and vari-
ces are likely to cause severe bleeding. Final-
ly, portal hypertension can cause an exuda-
tive enteropathy. This will increase the as-
cites due to loss of albumin from the plasma,
while at the same time favoring bacteria in
the large intestine being “fed” with proteins
that have passed into the intestinal lumen,
and thus increasing the liberation of ammo-
nium, which is toxic to the brain.

The hyperammonemia, which is partly re-
sponsible for the encephalopathy (apathy,
memory gaps, tremor, and ultimately liver
coma) is increased because
- gastrointestinal bleeding also contributes

to an increased supply of proteins to the

colon;

- the failing liver is no longer sufficiently
able to convert ammonium (NH;  NH,*)
to urea;

- the above-mentioned hypokalemia causes
an intracellular acidosis which activates
ammonium formation in the cells of the
proximal tubules and at the same time
causes a systemic alkalosis. A respiratory
component is added to the latter if the pa-
tient hyperventilates due to the encepha-
lopathy.

Further substances that are toxic to the brain

bypass the liver in portal hypertension and

are therefore not extracted by it as would
normally be the case. Those substances,
such as amines, phenols, and short-chain fatty
acids, are also involved in the encephalopa-
thy. Lastly, the brain produces “false trans-
mitters” (e.g., serotonin) from the aromatic
amino acids, of which there are increased
amounts in plasma when liver failure occurs.

These transmitters probably play a part in

the development of the encephalopathy.

Kidney function is impaired, giving rise to
the hepatorenal syndrome (— p.118).
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Overview

The left ventricle (LV) of the heart pumps the
blood through the arterial vessels of the sys-
temic circulation into the capillaries through-
out the body. Blood returns to the heart via
the veins and is then pumped by the right ven-
tricle (RV) into the pulmonary circulation and
thus returns to the left heart (— A).

The total blood volume is about 4.5-5.5L
(ca. 7% of fat-free body mass; — p.28), of
which about 80% is held in the so-called low
pressure system, i.e., the veins, right heart, and
the pulmonary circulation (— A). Because of its
high compliance and large capacity, the low
pressure system serves as a blood store. If the
normal blood volume is increased, e.g., by
blood transfusion, more than 98% of the in-
fused volume goes to the low pressure and
less than 2% to the high pressure system. Con-
versely, if the blood volume is decreased, it is
almost exclusively the low pressure system
that is reduced. When cardiac and pulmonary
function is normal, the central venous pres-
sure (normally 4-12 cm H,0) is a good mea-
sure of the blood volume.

Cardiac output (CO) is the product of heart
rate and stroke volume and at rest amounts to
ca. 70[min"']-0.08[L], i.e. ca. 5.6L/min
(more precisely, a mean of 3.4 L/min per m?
body surface area, a value called cardiac index
(). CO can be increased many times over by a
rise in heart rate and/or stroke volume (SV).

CO is distributed among the organs that are
arranged in parallel within the systemic circu-
lation (— A, Q values), their share being depen-
dent on how vital they are, on the one hand,
and on the momentary demands, on the other.
Maintenance of an adequate blood supply to
the brain takes priority (ca. 13% of resting CO),
as this is not only a vital organ, but also be-
cause it reacts especially sensitively to oxygen
deficiency, and nerve cells, once destroyed,
cannot usually be replaced (— p.2f.). Blood
flow through the coronary arteries of the heart
muscle (at rest ca. 4% of CO; — p. 216) must not
fall, because the resulting abnormal pump
function can impair the entire circulation. The
kidneys receive ca. 20-25% of CO. This propor-
tion, very high in relation to their weight (only
0.5% of body weight) largely serves their con-

S. Silbernagl

trol and excretory functions. If there is a risk of
imminent circulatory shock (— p.231), renal
blood supply may be temporarily reduced in
favor of the heart and brain. When physical
work is markedly increased, blood flow
through the skeletal muscles is raised to ca. %
of the (now greater) CO. During digestion the
gastrointestinal tract receives a relatively large
proportion of CO. It is obvious that these two
groups of organs cannot both have maximal
blood perfusion at the same time. Blood flow
through the skin (ca. 10% of CO at rest) serves,
in the first instance, to remove heat. It is there-
fore raised during increased heat production
(physical exercise) and/or at high ambient
temperature (— p. 20ff.), but can, on the other
hand, be reduced in favor of vital organs (pal-
lor, e.g., in shock; — p. 230 ff).

The entire CO flows through the pulmonary
circulation, since it is connected in series with
the systemic circulation (— A). Via the pulmo-
nary artery low-oxygen (“venous”) blood
reaches the lungs, where it is enriched with
oxygen (“arterialized”). In addition, a relatively
small volume of arterialized blood from the
systemic circulation reaches the lung via the
bronchial arteries that supply the lung tissue
itself. Both supplies then drain into the left
atrium (LA) via the pulmonary veins.

Flow resistance in the pulmonary circula-
tion is only % of total peripheral resistance
(TPR), so that the mean pressure that has to be
generated by the RV in the pulmonal artery
(ca. 15mmHg = 2 kPa) is much less than that
which needs to be generated by the LV in the
aorta (100 mmHg = 13.3 kPa). The main resis-
tance in the systemic circulation is due to the
small arteries and arterioles (— A, upper right),
which for this reason are called resistance ves-
sels.
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Phases of Cardiac Action (Cardiac Cycle)

Resting heart rate is ca. 70 beats per minute.
The four periods of ventricular action thus
take place within less than one second (— A):
the iso(volu)metric (I) and ejection (II) periods
of the systole, and the iso(volu)metric relaxa-
tion (III) and filling (IV) periods of the diastole,
at the end of which the atria contract. These
mechanical periods of cardiac activity are pre-
ceded by the electrical excitation of the ventri-
cles and atria, respectively.

The cardiac valves determine the direction
of blood flow in the heart, namely from the
atria into the ventricles (period IV) and from
the latter into the aorta and pulmonary artery
(period II), respectively. During periods I and
III all valves are closed. Opening and closing of
the valves is determined by direction of the
pressure gradient between the two sides of
the valves.

Cardiac cycle. At the end of the diastole
(period IVc), the sinus node passes on its ac-
tion potential to atrial muscle (P wave in the
electrocardiogram [ECG]; — A1), the atria con-
tract, and immediately thereafter the ventri-
cles are stimulated (QRS complex in the ECG).
The ventricular pressure starts to rise and
when it exceeds that in the atria the atrioven-
tricular (tricuspid and mitral) valves close.
This ends diastole, the end-diastolic volume
(EDV) in the ventricle averaging ca. 120 mL
(—A4), or 70 mL/m? body surface area (b.s.a.)
at rest.

There follows the iso(volu)metric period of
the systole (I) during which the ventricular
myocardium contracts without change in the
volume of the ventricular cavity (all valves are
closed [iso(volu)metric contraction; first heart
sound]; —A6) so that the intraventricular
pressure rapidly rises. The left ventricular
pressure will exceed the aortic pressure when
it reaches about 80 mmHg (10.7 kPa), while
the right ventricular pressure will exceeed
that in the pulmonary artery at about
10 mmHg. At this moment the semilunar (aor-
tic and pulmonary) valves open (— A).

This starts the ejection period (II), during
which the left ventricular and aortic pressures
reach a maximum of ca. 120 mmHg (16 kPa).
The largest proportion of the stroke volumen
(SV) is rapidly ejected during the early phase

(ITa; — A4), flow velocity in the aorta rising to
its maximum (— A5). The ventricular pressure
then begins to fall (remainder of the SV is
ejected more slowly, IIb), finally to below that
in the aorta and pulmonary artery, when the
semilunar valves close (second heart sound).
The average SV is 80 mL (47 mL/m?b.s.a.), so
that the ejection fraction (= SV/EDV) is about
0.67 at rest. Thus, a residual volume of ca.
40 mL remains in the ventricle (endsystolic vol-
ume [ESV]; — A4).

Diastole now begins with the iso(volu)met-
ric relaxation period (III). In the meantime the
atria have filled again, a process to which the
suction effect produced by the lowering of the
valve level (momentarily enlarging atrial vol-
ume) during the ejection period has contribut-
ed the most (drop in the central venous pres-
sure [CVP] from c to x; — A3). Ventricular pres-
sure falls steeply (— A2), while atrial pressure
has risen in the meantime (inflow of blood: v
wave in CVP), so that the leaflets of the tricus-
pid and mitral valves open again.

The filling period (IV) begins. Blood rapidly
flows from the atria into the ventricles (drop
in pressure y in CVP) so that, at normal heart
rate, they are filled to 80% in only a quarter of
the duration of diastole (rapid filling phase
[IVa]; — A4). Filling then slows down ([IVb];
a-wave of CVP; — A2 and A3). At normal heart
rates, atrial contraction contributes ca. 15% of
total ventricular filling. At higher heart rates,
the duration of the cardiac cycle is shortened,
especially that of the diastole, so that the con-
tribution of atrial contraction to ventricular
filling becomes more important.

The third and fourth heart sounds (produced
by the inflow of blood and by atrial contraction
during early diastole, respectively) occur nor-
mally in children, but in adults they are abnor-
mal (— p.197f.).

The intermittent cardiac activity produces a
pulse wave that spreads along the arterial sys-
tem at pulse wave velocity (aorta: 3-5 m/s; ra-
dial artery: 5-10my/s). This is much higher
than the flow velocity (in aorta: maximally
1 m/s) and is faster the thicker and more rigid
the vessel wall is (increase in hypertension and
with advancing age) and the smaller the vessel
radius.
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Origin and Spread of Excitation in the Heart

The heart contains muscle cells (fibers) that
produce and distribute excitation impulses
(conducting system), as well as working myo-
cardium, which responds to the excitation by
contracting. Contrary to the situation in skele-
tal muscle, excitation originates within the or-
gan (autorhythmicity or autonomy of the
heart). Atrial and ventricular myocardium
each consists functionally of a syncytium, i.e.,
the cells are not insulated from one another
but connected through gap junctions. A stimu-
lus that originates somewhere within the atria
or ventricles thus always leads to complete
contraction of both atria or of both ventricles,
respectively (all-or-nothing contraction).

Normal excitation of the heart originates
within the sinus node, the heart’s pacemaker.
Excitation (— A) spreads from there through
both atria to the atrioventricular node (AV
node) and from there, via the His bundle and
its two (Tawara) branches, reaches the Pur-
kinje fibers, which transmit the excitation to
the ventricular myocardium. Within the myo-
cardium the excitation spreads from inside to
outside (endocardium toward epicardium)
and from apex toward the base, a process that
can be followed—even in the intact organism—
by means of the ECG (— p.184; — C).

The potential in the cells of the sinus node is
a pacemaker potential (— B1, bottom). It has
no constant resting potential, but rises after
each repolarization. The most negative value
of the latter is called maximal diastolic poten-
tial ((MDP] ca. - 70 mV). It rises steadily until
the threshold potential ([TP] ca. -40 mV) is
reached once more and an action potential
(AP) is again triggered.

The following changes in ionic conductance
(g) of the plasma membrane and thus of ionic
currents (I) cause these potentials (— B1, top):
Beginning with the MDP, nonselective conduc-
tance is increased and influx (I;; f=funny) of
cations into the cell leads to slow depolariza-
tion (prepotential = PP). Once the TP has been
reached, g., now rises relatively rapidly, the
potential rising more steeply so that an in-
creased influx of Ca?* (I.,) produces the up-
stroke of the AP. While the potential over-
shoots to positive values, leading to an out-

ward K* flux I, the pacemaker cell is again re-

polarized to the MDP.

Each AP in the sinus node normally results
in a heart beat, i.e., the impulse frequency of
the pacemaker determines the rate of the
heart beat. The rate is lower if
- the rise of the slow depolarization becomes

less steep (— B3a),

- the TP becomes less negative (— B3b),

- the MDP becomes more negative so that
spontaneous depolarization begins at a
lower level (— B3 c), or

- repolarization in an AP starts later or is
slower.

What the first three processes have in common

is that the threshold is reached later than be-

fore.

All parts of the excitation/conduction sys-
tem have the capacity of spontaneous depolar-
ization, but the sinus node plays the leading
role in normal cardiac excitation (sinus
rhythm is ca. 70-80 beats per minute). The
reason for this is that the other parts of the
conduction system have a lower intrinsic fre-
quency than the sinus node (—Table in C;
causes are that slow depolarization and repo-
larization are flatter; see above). Excitation
starting from the sinus node will thus arrive
at more distal parts of the conducting system,
before their spontaneous depolarization has
reached the TP. However, if conduction of the
sinus impulse is interrupted (— p.186ff.), the
intrinsic frequency of more distal parts of the
conduction system take over and the heart
then beats in AV rhythm (40-60 beats per
minute) or, in certain circumstances, at the
even lower rate of the so-called tertiary
(ventricular) pacemakers (20-40 beats per
minute).

In contrast to the sinus and AV nodes with
their relatively slowly rising AP, due largely to
an influx of Ca?* (— A), there are in the work-
ing myocardium so-called rapid, voltage-gated
Na* channels that at the beginning of the AP
briefly cause a high Na* influx and therefore,
compared with the pacemaker potential, a re-
latively rapid rise in the upstroke of the AP
(= A). The relatively long duration (compared
with skeletal muscle) of myocardial AP, giving
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it the shape of a plateau, has an important
function in that it prevents circles of myocar-
dial excitation (reentry; — p.186ff.). This also
holds true for very high and low heart rates,
because the duration of AP adapts to the heart
rate (— B2).

The AP results in Ca?* being taken up from
the extracellular space via voltage-gated Ca?*
channels that are sensitive to dihydropyridine.
In consequence, the cytosolic Ca?* concentra-
tion rises locally (Ca?* “spark”), whereupon
the ligand-gated and ryanodine-sensitive Ca*
channels of the sarcoplasmic reticulum, acting
as Ca?* store, open up (so-called trigger effect).
Ca?*, which enters from there into the cytosol,
finally triggers the electromechanical coupling
of cardiac contraction. The cytosolic concen-
tration of Ca?* is also determined by the Ca?*
uptake into the Ca?* stores (via Ca?*-ATPase)
as well as by Ca?* transport into the extracellu-
lar space. The latter is brought about both by a
Ca**-ATPase (exchanges 1 Ca?* for 2 H*) and by
a 3 Nat*/Ca?* exchange carrier that is driven by
the electrochemical Na* gradient, thus indi-
rectly by Na*-K*-ATPase, across the cell mem-
brane.

Although the heart beats autonomously,
adaptation of cardiac activity to changing de-
mands is mostly effected through efferent car-
diac nerves. The following qualitites of cardiac
activity can be modified by nerves:

- Rate of impulse formation of the pacemaker
and thus of the heart beat (chronotropism);

- Velocity of impulse conduction, especially in
the AV node (dromotropism);

- The force of myocardial contraction at a giv-
en distension, i.e., the heart’s contractility
(inotropism);

- Excitability of the heart in the sense of
changing its excitability threshold (bath-
motropism).

These changes in cardiac activity are caused by

parasympathetic fibers of the vagus nerve and

by sympathetic fibers. Heart rate is increased
by the activity of sympathetic fibers to the si-
nus node (positive inotropic effect via p,-re-
ceptors) and decreased by parasympathetic,
muscarinic fibers (negative chronotropic ef-
fect). This is due to changes in the slow depo-
larization rise and altered MDP in the sinus
node (—B3a and B3, respectively). Flatten-
ing of the slow depolarization and the more

negative MDP under vagus action are based
on an increased g,, while the increased steep-
ness of slow depolarization under sympathetic
action or adrenalin influence is based on an in-
crease in gq, and, in certain circumstances, a
decrease in gy. The more subordinate (more
peripheral) parts of the conduction system are
acted on chronotropically only by sympathetic
fibers, which gives the latter a decisive influ-
ence in any possible takeover of pacemaker
function by the AV node or tertiary pacemak-
ers (see above).

The parasympathetic fibers of the left vagus
slow down while the sympathetic fibers accel-
erate impulse transmission in the AV node
(negative or positive dromotropic action, re-
spectively). The main influence is on the MDP
and the steepness of the AP upstroke (—B3c
and B4). Changes in g and g, play an impor-
tant role here as well.

In contrast to chronotropism and dromo-
tropism, the sympathetic nervous system, by
being positively inotropic, has a direct effect
on the working myocardium. The increased
contractility is due to an increase in Ca®* influx,
mediated by B,-adrenergic-receptors, from
outside the cell that allows an increase in the
Ca?* concentration in the cytosol of the myo-
cardial cells. This Ca?* influx can be inhibited
pharmacologically by blocking the Ca** chan-
nels (so-called Ca?* antagonists).

Contractility is also increased by prolonging
the AP (and as a result lengthening Ca%* in-
flux), as well as inhibiting Na*-K*-ATPase, for
example, by means of the cardiac glycosides di-
goxin and digitoxin (smaller Na* gradient
across the cell membrane — lower efficiency
of 3 Na*/Ca?* exchange — decreased Ca?* ex-
trusion — increased cytosolic Ca?* concentra-
tion).

At a lower heart rate the Ca?* influx over
time is low (few APs), so that there is a rela-
tively long period in which Ca?* outflux can
take place between APs. Thus, the mean cyto-
solic concentration of Ca?* becomes lower and
contractility is held low as a result. The vagus
nerve can also act via this mechanism; how-
ever, it does so indirectly through negative
inotropy (frequency inotropism). The converse
is true for sympathetic stimulation.
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The Electrocardiogram (ECG)

The ECG is a recording of potential differences
(in mV) that are generated by the excitation
within the heart. It can provide information
about the position of the heart and its rate
and rhythm as well as the origin and spread of
the action potential, but not about the contrac-
tion and pumping action of the heart.

The ECG potentials originate at the border
between excited and nonexcited parts of the
myocardium. Nonexcited or completely excited
(i.e., depolarized) myocardium does not pro-
duce any potentials which are visible in the
ECG. During the propagation of the excitation
front through the myocardium, manifold po-
tentials occur, differing in size and direction.
These vectors can be represented by arrows,
their length representing the magnitude of the
potential, their direction indicating the direc-
tion of the potential (arrow head: +). The many
individual vectors, added together, become a
summated or integral vector (— A, red arrow).
This changes in size and direction during exci-
tation of the heart, i.e., the arrow head of the
summated vector describes a loop-shaped
path (— A) that can be recorded oscillographi-
cally in the vectorcardiogram.

The limb and precordial leads of the ECG re-
cord the temporal course of the summated
vectors, projected onto the respective plane
(in relation to the body) of the given lead. A
lead parallel to the summated vector shows
the full deflection, while one at a right angle
to it shows none. The Einthoven (or standard
limb) leads I, II, and IIl are bipolar (—C1,2)
and lie in the frontal plane. For the unipolar
Goldberger (limb) leads, aVL, aVR, and aVF
(a=augmented) (—C3), one limb electrode
(e.g., the left arm in aVL) is connected to the
junction of the two other limb electrodes.
These leads, too, lie in the frontal plane. The
unipolar precordial leads V,-V (Wilson leads;
—C4) lie approximately in the horizontal
plane (of the upright body). They mainly re-
cord those vectors that are directed posterior-
ly. As the mean QRS vector (see below) mainly
points downward to the left and posteriorly,
the thoracic cage is divided into a positive and
a negative half by a plane which is vertical to
this vector. As a result, the QRS vector is usual-
ly negative in V,-V,, positive in V-V,

An ECG tracing (— B and p. 183 C) has waves,
intervals, and segments (deflection upward +,
downward -). The P wave (normally < 0.25 mV,
<0.1s) records depolarization of the two atria.
Their repolarization is not visible, because it is
submerged in the following deflections. The Q
wave (mV <’ ofR), the R and S waves (R+S
>0.6 mV) are together called the QRS complex
(<0.1s), even when one of the components is
missing. It records the depolarization of the
ventricles; the T wave records their repolariza-
tion. Although the two processes are opposites,
the T wave is normally in the same direction as
that of the QRS complex (usually + in most
leads), i.e., the sequence of the spread of excita-
tion and of repolarization differs: the APs in the
initially excited fibers (near the endocardium)
last longer than those excited last (near the
epicardium). The PQ segment (fully depolar-
ized atria) and the ST segment (fully depolar-
ized ventricles) are approximately at the zero
mV level (isoelectric line). The PQ interval
(<0.2s; —B) is also called (atrioventricular)
transmission time. The QT interval (—B) de-
pends on heart rate. It is normally 0.35-0.40
seconds at 75 beats per minute (time taken for
ventricular depolarization and repolarization).

The six frontal limb leads (standard and
augmented) are included in the Cabrera circle
(—€3). The simultaneous summated vector
in the frontal plane, for example, the mean
QRS vector, can be determined by using the
Einthoven triangle or the Cabrera circle
(— €2, red arrow). When the spread of excita-
tion is normal, its position corresponds ap-
proximately to the anatomic longitudinal axis
of the heart (electrical axis of the heart). The
potential of the mean QRS vector is calculated
(taking the positivity and negativity of the de-
flections into account) from the height of the
Q, R, and S deflections. The normal positional
type of the electrical axis extends from ca.
+90° to ca. - 30° (for arrangement of degrees
—€3). Abnormal positional types are marked
right axis deviation (> +120°) , for example, in
right ventricular hypertrophy, and marked left
axis deviation (more negative than - 30°), for
example, in left ventricular hypertrophy. Ex-
tensive myocardial infarcts can also change
the electrical axis.
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Abnormalities of Cardiac Rhythm

Disorders of rhythm (arrhythmias or dysrhyth-
mias) are changes in the formation and/or
spread of excitation that result in a changed
sequence of atrial or ventricular excitation or
of atrioventricular transmission. They can af-
fect rate, regularity, or site of action potential
formation.

Action potential formation in the sinus
node occurs at a rate of 60-100 per minute
(usually 70-80 per minute at rest; —AT1).
During sleep and in trained athletes at rest (va-
gotonia) and also in hypothyroidism, the rate
can drop below 60 per minute (sinus bradycar-
dia), while during physical exercise, excite-
ment, fever (— p.20), or hyperthyroidism it
may rise to well above 100 per minute (sinus
tachycardia; — A2). In both cases the rhythm
is regular, while the rate varies in sinus ar-
rhythmia. This arrhythmia is normal in juve-
niles and varies with respiration, the rate ac-
celerating in inspiration, slowing in expiration.

Tachycardia of ectopic origin. Even when
the stimulus formation in the sinus node is
normal (—A), abnormal ectopic excitations
can start from a focus in an atrium (atrial), the
AV node (nodal), or a ventricle (ventricular).
High-frequency ectopic atrial depolarizations
(saw-toothed base line instead of regular P
waves in the ECG) cause atrial tachycardia, to
which the human ventricles can respond to
up to a rate of ca. 200 per minute. At higher
rates, only every second or third excitation
may be transmitted, as the intervening im-
pulses fall into the refractory period of the
more distal conduction system, the conduc-
tion component with the longest AP being the
determining factor. This is usually the Purkinje
fibers (— C, middle row), which act as frequen-
cy filters, because their long action potential
stays refractory the longest, so that at a certain
rate further transmission of the stimulus is
blocked (in Table C between 212 and 229 per
minute; recorded in a dog). At higher rates of
discharge of the atrial focus (up to 350 per
minute = atrial flutter; up to 500 per min-
ute = atrial fibrillation), the action potential is
transmitted only intermittently. Ventricular
excitation is therefore completely irregular
(absolutely arrhythmic). Ventricular tachycar-
dia is characterized by a rapid succession of

ventricular depolarizations. It usually has its
onset with an extrasystole ([ES] see below;
— B3, second ES). Ventricular filling and ejec-
tion are reduced and ventricular fibrillation oc-
cur (high-frequency and uncoordinated
twitchings of the myocardium; — B4). If no
countermeasures are taken, this condition is
just as fatal as cardiac arrest, because of the
lack of blood flow.

Extrasystoles (ES). When an action potential
from a supraventricular ectopic focus is trans-
mitted to the ventricles (atrial or nodal extra-
systole), it can disturb their regular (sinus)
rhythm (supraventricular arrhythmia). An atri-
al ES can be identified in the ECG by a distorted
(and premature) P wave followed by a normal
QRS complex. If the action potential originates
in the AV node (nodal ES), the atria are de-
polarized retrogradely, the P wave therefore
being negative in some leads and hidden
within the QRS complex or following it (—B1,
blue frame; see also A). Because the sinus node
is also often depolarized by a supraventricular
ES, the interval between the R wave of the ES
(=Rgs) and the next normal R wave is frequent-
ly prolonged by the time of transmission from
ectopic focus to the sinus node (postextrasys-
tolic pause). The intervals between R waves
are thus: Ri-R>R-R and (R-Ry+Rp—R)<
2R-R (—B1). An ectopic stimulus may also
occur in a ventricle (ventricular extrasystole;
—B2,3). In this case the QRS of the ES is dis-
torted. If the sinus rate is low, the next sinus
impulse may be normally transmitted to the
ventricles (interposed ES; — B2). At a higher si-
nus rate the next (normal) sinus node action
potential may arrive when the myocardium is
still refractory, so that only the next but one si-
nus node impulse becomes effective (compen-
satory pause). The R-R intervals are: R-Rys+
Res—-R=2 R-R. (For causes of ES, see below).

Conduction disorders in the AV node (AV
block) or His bundle can also cause arrhyth-
mias. First degree (1°) AV block is character-
ized by an abnormally prolonged AV transmis-
sion (PQ interval >0.2s); second degree (2°)
AV block by intermittent AV transmission (ev-
ery second or third P wave); and third degree
(3°) AV block by completely blocked AV trans-
mission (— B5). In the latter case the heart will
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temporarily stop (Adams-Stokes attack), but
ventricular (tertiary) pacemakers then take
over excitation of the ventricles (ventricular
bradycardia with normal atrial rate). Partial or
complete temporal independence of the QRS
complexes from the P waves is the result
(—B5). The heart (i.e., ventricular) rate will
fall to 40-60 per minute if the AV node takes
over as pacemaker (— B), or to 20 - 40 per min-
ute when a tertiary pacemaker (in the ventri-
cle) initiates ventricular depolarization. This
could be an indication for employing, if neces-
sary implanting, an artificial (electronic) pace-
maker. Complete bundle branch block (left or
right bundle) causes marked QRS deformation
in the ECG, because the affected part of the
myocardium will have an abnormal pattern of
depolarization via pathways from the healthy
side.

Changes in cell potential. Important prereq-
uisites for normal excitation of both atrial and
ventricular myocardium are: 1) a normal and
stable level of the resting potential (- 80 to
-90mV); 2) a steep upstroke (dV/dt= 200-
1000V/s); and 3) an adequately long duration
of the AP.

These three properties are partly indepen-
dent of one another. Thus the “rapid” Na*
channels (— p.180) cannot be activated if the
resting potential is less negative than about
-55mV (—H9). This is caused mainly by a
raised or markedly lowered extracellular con-
centration of K* (— H8), hypoxia, acidosis, or
drugs such as digitalis. If there is no rapid Na*
current, the deplorization is dependent on the
slow Ca?* influx (L type Ca?* channel; block-
able by verapamil, diltiazem or nifedipine).
The Ca?* influx has an activation threshold of
-30 to - 40 mV, and it now generates an AP of
its own, whose shape resembles the pacemak-
er potential of the sinus node. Its rising gradi-
ent dV/dt is only 1-10V/s, the amplitude is
lower, and the plateau has largely disappeared
(—H1). (In addition, spontaneous depolariza-
tion may occur in certain conditions, i.e., it be-
comes a source of extrasystoles; see below).
Those APs that are produced by an influx of
Ca?* are amplified by norepinephrine and cell
stretching. They occur predominantly in dam-
aged myocardium, in whose environment the
concentrations of both norepinephrine and ex-
tracellular K* are raised, and also in dilated

atrial myocardium. Similar AP changes also oc-
cur if, for example, an ectopic stimulus or elec-
tric shock falls into the relative refractory peri-
od of the preceding AP (—E). This phase of
myocardial excitation is also called the vulner-
able period. It is synchronous with the rising
limb of the T wave in the ECG.

Causes of ESs (— H4) include:

- A less negative diastolic membrane potential
(see above) in the cells of the conduction
system or myocardium. This is because de-
polarization also results in the potential los-
ing its stability and depolarizing sponta-
neously (- H1);

- Depolarizing after-potentials (DAPs). In this
case an ES is triggered. DAPs can occur dur-
ing repolarization (“early”) or after its end
(“late”).

Early DAPs occur when the AP duration is
markedly prolonged (—H2), which registers
in the ECG as a prolonged QT interval (long QT
syndrome). Causes of early DAPs are bradycar-
dia (e.g., in hypothyroidism, 1° and 2° AV
block), hypokalemia, hypomagnesemia (loop
diuretics), and certain drugs such as the Na*
channel blockers quinidine, procainamide,
and disopyramide, as well as the Ca** channel
blockers verapamil and diltiazem. Certain ge-
netic defects in the Na* channels or in one of
the K* channels (HERG, KV, or min K* chan-
nel) lead to early DAPs due to a lengthening of
the QT interval. If such early DAPs occur in the
Purkinje cells, they trigger ventricular ES in the
more distal myocardium (the myocardium has
a shorter AP than the Purkinje fibers and is
therefore already repolarized when the DAP
reaches it). This may be followed by burst-like
repetitions of the DAP with tachycardia (see
above). If, thereby, the amplitude of the (wid-
ened) QRS complex regularly increases and de-
creases, a spindle-like ECG tracing results (tor-
sades de pointes).

The late DAPs are usually preceded by post-
hyperpolarization that changes into postdepo-
larization. If the amplitude of the latter
reaches the threshold potential, a new AP is
triggered. (— H3). Such large late DAPs occur
mainly at high heart rate, digitalis intoxication,
and increased extracellular Ca?* concentra-
tion. Oscillations of the cytosolic Ca?* concen-
tration seem to play a causative role in this.
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Consequences of an ES. When the mem-
brane potential of the Purkinje fibers is normal
(frequency filter; see above), there will be only
the one ES, or a burst of ESs with tachycardia
follows (— H#6,7). If, however, the Purkinje fi-
bers are depolarized (anoxia, hypokalemia, hy-
perkalemia, digitalis; —H8), the rapid Na*
channel cannot be activated (—H9) and as a
consequence dV/dt of the upstroke and there-
fore the conduction velocity decreases sharply
(= H10) and ventricular fibrillation sets in as a
result of reentry (— H11).

Reentry in the myocardium. A decrease in
dV/dt leads to slow propagation of excitation
(9), and a shortening of the AP means a shorter
refractory period (tz). Both are important
causes of reentry, i.e., of circular excitation.
When the action potential spreads from the
Purkinje fibers to the myocardium, excitation
normally does not meet any myocardial or Pur-
kinje fibers that can be reactivated, because
they are still refractory. This means that the
product of 9.ty is normally always greater
than the length s of the largest excitation loop
(—D1). However, reentry can occur as a result
if
- the maximal length of the loop s has in-

creased, for example, in ventricular hyper-

trophy,
- the refractory time t, has shortened, and/or
- the velocity of the spread of excitation 9 is

diminished (— D2).
A strong electrical stimulus (electric shock),
for example, or an ectopic ES (— B3) that falls
into the vulnerable period can trigger APs with
decreased upstroke slope (dV/dt) and duration
(—E), thus leading to circles of excitation and,
in certain circumstances, to ventricular fibril-
lation (— B4, H11). If diagnosed in time, the
latter can often be terminated by a very short
high-voltage current (defibrillator). The entire
myocardium is completely depolarized by this
countershock so that the sinus node can again
take over as pacemaker.

Reentry in the AV node. While complete AV
block causes a bradycardia (see above), partial
conduction abnormality in the AV node can
lead to a tachycardia. Transmission of conduc-
tion within the AV node normally takes place
along parallel pathways of relatively loose
cells of the AV node that are connected with
one another through only a few gap junctions.

If, for example, because of hypoxia or scarring
(possibly made worse by an increased vagal
tone with its negative dromotropic effect), the
already relatively slow conduction in the AV
node decreases even further (— Table, p.183),
the orthograde conduction may come to a
standstill in one of the parallel pathways (—F,
block). Reentry can only occur if excitation
(also slowed) along another pathway can cir-
cumvent the block by retrograde transmission
so that excitation can reenter proximal to the
block (— F, reentry). There are two therapeutic
ways of interrupting the tachycardia: 1) by fur-
ther lowering the conduction velocity 9 so that
retrograde excitation cannot take place; or 2)
by increasing 9 to a level where the orthograde
conduction block is overcome (— Fa and b, re-
spectively).

In Wolff-Parkinson-White syndrome (— G)
the circle of excitation has an anatomic basis,
namely the existence of an accessory, rapidly
conducting pathway (in addition to the nor-
mal, slower conducting pathway of AV node
and His bundle) between right atrium and
right ventricle. In normal sinus rhythm the ex-
citation will reach parts of the right ventricular
wall prematurely via the accessory pathway,
shortening the PR interval and deforming the
early part of the QRS complex (8 wave; - G1).
Should an atrial extrasystole occur in such a
case, (— G2; negative P wave), excitation will
first reach the right ventricle via the accessory
pathway so early that parts of the myocardium
are still refractory from the preceding normal
action potential. Most parts of the ventricles
will be depolarized via the AV node and the
bundle of this so that the QRS complex for the
most part looks normal (—G2,3). Should,
however, the normal spread of excitation (via
AV node) reach those parts of the ventricle
that have previously been refractory after early
depolarization via the accessory pathway, they
may in the meantime have regained their ex-
citability. The result is that excitation is now
conducted retrogradely via the accessory
pathway to the atria, starting a circle of excita-
tion that leads to the sudden onset of (parox-
ysmal) tachycardia, caused by excitation reen-
try from ventricle to atrium (— G3).
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Mitral Stenosis

The most common cause of mitral (valvar) ste-
nosis (MS) is rheumatic endocarditis, less fre-
quently tumors, bacterial growth, calcification,
and thrombi. Very rare is the combination of
congenital or acquired MS with a congenital
atrial septal defect (— p.204; Lutembacher’s
syndrome).

During diastole the two leaflets of the mi-
tral valve leave a main opening and, between
the chordae tendineae, numerous additional
openings (— A1). The total opening area (OA)
at the valve ring is normally 4-6 cm? When
affected by endocarditis, the chordae fuse, the
main opening shrinks, and the leaflets become
thicker and more rigid. The echocardiogram
(— A3) demonstrates slowing of the posterior
diastolic movement of the anterior leaflet, de-
flection A getting smaller or disappearing and
E-F becoming flatter. The amplitude of E-C
also gets smaller. The posterior leaflet moves
anteriorly (normally posteriorly). In addition,
thickening of the valve is also seen (pink in
A3). A recording of the heart sounds (— A2)
shows a loud and (in relation to the onset of
QRS) a delayed first heart sound (up to 90 ms,
normally 60 ms). The second heart sound is
followed by the so-called mitral opening snap
(MOS), which can best be heard over the cardi-
ac apex. If the OA is less than ca. 2.5 cm?, symp-
toms develop on strenuous physical activity
(dyspnea, fatigue, hemoptysis, etc.). These arise
during ordinary daily activities at an OA of
<1.5cm? and at rest when the OA<1cm? An
OA of < 0.3 cm? is incompatible with life.

The increased flow resistance caused by the
stenosis diminishes blood flow across the
valve from left atrium to left ventricle during
diastole and thus reduces cardiac output.
Three mechanisms serve to compensate for
the decreased cardiac output (— A, middle):

Peripheral oxygen extraction, i.e., arteriove-
nous oxygen difference (AVDOZ) can increase
(while cardiac output remains reduced).

Diastolic filling time per unit of time can be
increased by reducing the heart rate (— A4,
green arrow) so that the stroke volume is
raised more than proportionately, thus in-
creasing cardiac output.

The most effective compensatory mecha-
nism, which is obligatory on physical exercise
and with severe stenosis, is an increase in left
atrial pressure (P.,) and therefore of the pres-
sure gradient between atrium and ventricle
(P4 - Py > A2, pink area). The diastolic flow
rate (Q) is therefore raised again, despite the
stenosis (the result is a mid-diastolic murmur
[MDM]; —A2).

However, the further course of the disease is
determined by the negative effects of the high
P4 the left atrium hypertropies and dilates (P
mitrale in the ECG; — A2). It may ultimately
be so damaged that atrial fibrillation occurs,
with disappearance of the presystolic crescendo
murmur (PSM; — A2), which had been caused
by the rapid inflow (poststenotic turbulence)
during systole of the regularly beating atria.
Lack of proper contraction of the fibrillating
atria encourages the formation of thrombi
(especially in the atrial appendages), and thus
increases the risk of arterial emboli with in-
farction (especially of the brain; — A, bottom;
see also p.240). The heart (i.e., ventricular)
rate is also increased in atrial fibrillation
(tachyarrhythmia; — p.186), so that the dias-
tolic duration of the cardiac cycle, compared
with systole, is markedly reduced (greatly
shortened diastolic filling time per unit time;
— A4, red arrow). P, rises yet again to prevent
a fall in the cardiac output. For the same rea-
son, even at regular atrial contraction, any
temporary (physical activity, fever) and espe-
cially any prolonged increase in heart rate
(pregnancy) causes a severe strain (P, TT).

The pressure is also raised further up-
stream. Such an increase in the pulmonary
veins produces dyspnea and leads to varicosis
of bronchial veins (causing hemoptysis from
ruptured veins). It may further lead to pulmo-
nary edema (— p.80), and finally pulmonary
hypertension may result in increased stress on
the right heart and right heart failure (—
p.214).

Without intervention (surgical valvotomy,
balloon dilation, or valve replacement) only
about half of the patients survive the first 10
years after the MS has become symptomatic.
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Mitral Regurgitation

In mitral regurgitation (MR, also sometimes
called mitral insufficiency) the mitral valve
has lost its function as a valve, and thus during
systole some of the blood in the left ventricle
flows back (“regurgitates”) into the left atrium.
Its causes, in addition to mitral valve prolapse
(Barlow’s syndrome) which is of unknown
etiology, are mainly rheumatic or bacterial en-
docarditis, coronary heart disease (— p. 218 ff.),
or Marfan’s syndrome (genetic, generalized
disease of the connective tissue).

The mitral valve is made up of an annulus
(ring) to which an anterior and a posterior leaf-
let are attached. These are connected by tendi-
nous cords (chordae tendineae) to papillary
muscles that arise from the ventricular wall.
The posterior walls of the LA and LV are func-
tionally part of this mitral apparatus.

Endocarditis above all causes the leaflets
and chordae to shrink, thicken, and become
more rigid, thus impairing valve closure. If,
however, leaflets and chordae are greatly
shortened, the murmur starts at the onset of
systole (SM; — A, left). In mitral valve prolapse
(Barlow’s syndrome) the chordae are too long
and the leaflets thus bulge like a parachute
into the left atrium, where they open. The leaf-
let prolapse causes a midsystolic click, fol-
lowed by a late systolic murmur (LSM) of re-
flux. In Marfan’s syndrome the situation is
functionally similar with lengthened and even
ruptured chordae and a dilated annulus. In
coronary heart disease ischemic changes in
the LV can cause MR through rupture of a pap-
illary muscle and/or poor contraction. Even if
transitory ischemia arises (angina pectoris;
— p.218ff.), intermittent mitral regurgitation
(Jekyll-Hyde) can occur in certain circum-
stances (ischemia involving a papillary muscle
or adjacent myocardium).

The effect of MR is an increased volume
load on the left heart, because part of the
stroke volume is pumped back into the LA.
This regurgitant volume may amount to as
much as 80% of the SV. The regurgitant vol-
ume/time is dependent on
- the mitral opening area in systole,

- the pressure gradient from LV to LA during
ventricular systole, and
- the duration of systole.

Left atrial pressure (P;,) is raised if there is ad-
ditional aortic stenosis or hypertension, and
the proportion of ventricular systole in the car-
diac cycle (systolic duration/time) is increased
in tachycardia (e.g., on physical activity or
tachyarrhythmia due to left atrial damage),
such factors accentuating the effects of any
MR.

To maintain a normal effective stroke vol-
ume into the aorta despite the regurgitation,
left ventricle filling during diastole has to be
greater than normal (rapid filling wave [RFW]
with closing third heart sound; — A). Ejection
of this increased enddiastolic volume (EDV)
by the left ventricle requires an increased wall
tension (Laplace’s law), which places a chronic
load on the ventricle (— heart failure, p. 224).
In addition, the left atrium is subjected to
greater pressure during systole (—A, left;
high v wave). This causes marked distension
of the left atrium (300-600 mL), while P, is
only moderately raised owing to a long-term
gradual increase in the distensibility (compli-
ance) of the left atrium. As a result, chronic
MR (— A, left) leads to pulmonary edemas
and pulmonary hypertension (— p.214)
much less commonly than mitral stenosis
(—p.154) or acute MR does (see below). Dis-
tension of the left atrium also causes the pos-
terior leaflet of the mitral valve to be displaced
so that the regurgitation is further aggravated
(i.e., avicious circle is created). Another vicious
circle, namely MR — increased left heart load
—heart failure —ventricular dilation —
MR TT, can also rapidly decompensate the MR.

If there is acute MR (e.g., rupture of papil-
lary muscle), the left atrium cannot be stretch-
ed much (low compliance). P, will therefore
rise almost to ventricular levels during systole
(— A, right; very high v wave) so that the pres-
sure gradient between LV and left atrium is di-
minished and the regurgitation is reduced in
late systole (spindle-shaped systolic murmur;
— A, right SM). The left atrium is also capable
of strong contractions (— A, right; fourth heart
sound), because it is only slightly enlarged. The
high P, may in certain circumstances rapidly
cause pulmonary edema that, in addition to
the fall in cardiac output (— shock, p.230ff.),
places the patient in great danger.
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Aortic Stenosis

The normal opening area of the aortic valve is
2.5-3.0cm? This is sufficient to eject blood,
not only at rest (ca. 0.2 L/s of systole), but also
on physical exertion, with a relatively low
pressure difference between left ventricle and
aorta (P, - P,,; A1, blue area). In aortic ste-
nosis ([AS] 20% of all chronic valvar defects)
the emptying of the left ventricle is impaired.
The causes of AS (— A, top left) can be, in addi-
tion to subvalvar and supravalvar stenosis,
congenital stenosing malformations of the valve
(age at manifestation is <15 years). When it
occurs later (up to 65 years of age) it is usually
due to a congenital bicuspid malformation of
the valve that becomes stenotic much later
through calcification (seen on chest radio-
gram). Or it may be caused by rheumatic-in-
flammatory stenosing of an originally normal
tricuspid valve. An AS that becomes symptom-
atic after the age of 65 is most often caused by
degenerative changes along with calcification.

In contrast to mitral stenosis (— p.194),
long-term compensation is possible in AS, be-
cause the high flow resistance across the ste-
notic valve is overcome by more forceful
ventricular contraction. The pressure in the
left ventricle (P,,) and thus the gradient P, -
P,, (= A1,2), is increased to such an extent
that a normal cardiac output can be maintain-
ed over many years (P, up to 300 mmHg).
Only if the area of the stenosed valve is less
than ca. 1cm? do symptoms of AS develop,
especially during physical exertion (cardiac
output T— P, TT).

The consequences of AS include concentric
hypertrophy of the left ventricle as a result of
the increased prestenotic pressure load
(—p.224). This makes the ventricle less dis-
tensible, so that the pressures in the ventricle
and atrium are raised even during diastole
(— A2, P, P,). The strong left atrium contrac-
tion that generates the high end-diastolic
pressure for ventricular filling causes a fourth
heart sound (—A2) and a large a wave in the
left atrium pressure (— A2). The mean atrial
pressure is increased mainly during physical
exertion, thus dyspnea develops. Poststenoti-
cally, the pressure amplitude and later also
the mean pressure are decreased (pallor due
to centralization of circulation; — p.232). In

addition, the ejection period is lengthened
causing a small and slowly rising pulse (pulsus
parvus et tardus). At auscultation there is, in
addition to the sound created by the strong
atrial contraction, a spindle-shaped rough sys-
tolic flow murmur (— A2, SM) and, if the valve
is not calcified, an aortic opening click (— A2).

The transmural pressure of the coronary arter-

ies is diminished in AS for two reasons:

- The left ventricular pressure is increased
not only in systole but also during diastole,
which is so important for coronary perfu-
sion (— p. 216).

- The pressure in the coronary arteries is also
affected by the poststenotically decreased
(aortic) pressure.

Coronary blood flow is thus reduced or, at least

during physical exertion, can hardly be in-

creased. As the hypertrophied myocardium
uses up abnormally large amounts of oxygen,
myocardial hypoxia (angina pectoris) and myo-
cardial damage are consequences of AS

(— p.218ff.).

Additionally, on physical exertion a critical
fall in blood pressure can lead to dizziness,
transient loss of consciousness (syncope), or
even death. As the cardiac output must be in-
creased during work because of vasodilation
in the muscles, the left ventricular pressure in-
creases out of proportion (quadratic function;
— A1). Furthermore, probably in response to
stimulation of left ventricular baroreceptors,
additional “paradoxical” reflex vasodilation
may occur in other parts of the body. The re-
sulting rapidly occurring fall in blood pressure
may ultimately be aggravated by a breakdown
of the already critical oxygen supply to the
myocardium (— A). Heart failure (— p. 224ft.),
myocardial infarction (— p. 220), or arrhythmia
(— p.186ft.), all of which impair ventricular
filling, contribute to this vicious circle.

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— A. Causes and Consequences of Aortic Stenosis

0.5
) Aortic valve
. [0) ortic valve
Congenital 2 as opening
> ] area
- 0.3
i £
%\ 7 (71 = 0.2 =
S 7 Q @
/ CaI0|fy|ng ® g
4 3 0.1 =
Acquired postnatally Left 5 &
atrium 0 =
Rheumatlc Left 50 100 150 mmHg
|nflammatory — el |1 Systolic pressure gradient
mm PLV_ PAc
Hg
150 +
Degeneratlive:
calcifying 100
Aortic stenosis <
l 50
CcO
‘ 0 o
(Click) Time
Systemic Ventricular 4
/ hypotension hypertension
o Vb s g
2  Heart sound and murmur
Stimulation of
ventricular
b: tors (?
BT giel () Transmural 1/
coronary anery‘ o P Left heart
pressure

‘Paradoxical’
vasodilation Physical

exercise

Vasodilation
during exercise

Blood pressureu

Coronary
blood flow

-

Arrhythmia

¥

Ventricular filling §

L_> Syncope

1 5)\ hypertrophy
)

\ Cardiac O,
consumption

l

Myocardial hypoxia
(angina pectoris)

Left heart
failure

t

(after Criley)

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 7.13 Aortic Stenosis

199



7 Heart and Circulation

200

Aortic Regurgitation

After closure of the aortic valve the aortic pres-
sure (P,,) falls relatively slowly, while the pres-
sure in the left ventricle (P,,) falls rapidly to
just a few mmHg (— p.179), i.e., there is now
areverse pressure gradient (P,, > Py). In aortic
valve regurgitation (AR, also called insufficien-
cy) the valve is not tightly closed, so that dur-
ing diastole a part of what has been ejected
from the left ventricle during the preceding
ventricular systole flows back into the LV be-
cause of the reverse pressure gradient (regur-
gitant volume;— A).

Causes. AR can be the result of a congenital
anomaly (e.g., bicuspid valve with secondary
calcification) or (most commonly) of inflam-
matory changes of the cusps (rheumatic fever,
bacterial endocarditis), disease of the aortic
root (syphilis, Marfan’s syndrome, arthritis
such as Reiter’s syndrome), or of hypertension
or atherosclerosis.

The consequences of AR depend on the re-
gurgitant volume (usually 20-80 mL, maxi-
mally 200 mL per beat), which is determined
by the opening area and the pressure difference
during diastole (P,, - P,y) as well as the dura-
tion of diastole. To achieve an adequate effec-
tive stroke volume (= forward flow volume)
the total stroke volume (— A2, SV) must be in-
creased by the amount of the regurgitant vol-
ume, which is possible only by raising the end-
diastolic volume (— A2, orange area). This is
accomplished in acute cases to a certain de-
gree by the Frank-Starling mechanism, in
chronic cases, however, by a much more effec-
tive dilational myocardial transformation.
(Acute AR is therefore relatively poorly toler-
ated: cardiac output {; P;,T). The endsystolic
volume (— A2, ESV) is also greatly increased.
According to Laplace’s law (— p. 225), ventric-
ular dilation demands greater myocardial
force as otherwise P,, would decrease. The di-
lation is therefore accompanied by left ventric-
ular hypertrophy (— p. 224f.). Because of the
flow reversal in the aorta, the diastolic aortic
pressure falls below normal. To maintain a
normal mean pressure this is compensated by
a rise in systolic pressure (—A1). This in-
creased pressure amplitude can be seen in the
capillary pulsation under the finger nails and
pulse-synchronous head nodding (Quincke’s

and Musset's sign, respectively). At ausculta-
tion an early diastolic decrescendo murmur
(EDM) can be heard over the base of the heart,
produced by the regurgitation, as well as a
click and a systolic murmur due to the forced
large-volume ejection (— A1, SM).

The above-mentioned mechanisms allow
the heart to compensate for chronic AR for
several decades. In contrast to AS (— p.198),
patients with AR are usually capable of a good
level of physical activity, because activity-
associated tachycardia decreases the duration
of diastole and thus the regurgitant volume.
Also, peripheral vascular dilation of muscular
work has a positive effect, because it reduces
the mean diastolic pressure gradient (P,,-
Py). On the other hand, bradycardia or periph-
eral vasoconstriction can be harmful to the pa-
tient.

The compensatory mechanisms, however,
come at a price. Oxygen demand rises as a con-
sequence of increased cardiac work (= pressure
times volume; — A2, orange area). In addition,
the diastolic pressure, which is so important
for coronary perfusion (— p.216), is reduced
and simultaneously the wall tension of the
left ventricle is relatively high (see above)—
both causes of a lowered transmural coronary
artery pressure and hence underperfusion
which, in the presence of the simultaneously
increased oxygen demand, damages the left
ventricle by hypoxia. Left ventricular failure
(—p.224) and angina pectoris or myocardial
infarction (— p.220) are the result. Finally, de-
compensation occurs and the situation dete-
riorates relatively rapidly (vicious circle): as a
consequence of the left ventricular failure the
endsystolic volume rises, while at the same
time total stroke volume decreases at the ex-
pense of effective endsystolic volume (— A2,
red area), so that blood pressure falls (left heart
failure) and the myocardial condition deterio-
rates further. Because of the high ESV, both
the diastolic P, and the P, rise. This can cause
pulmonary edema and pulmonary hyperten-
sion (— p.214), especially when dilation of
the left ventricle has resulted in functional mi-
tral regurgitation.
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Defects of the Tricuspid
and Pulmonary Valves

In principle the consequences of stenotic or re-
gurgitant valves of the right heart resemble
those of the left one (— p.194-201). Differ-
ences are largely due to the properties of the
downstream and upstream circulations (pul-
monary arteries and venae cavae, respectively).

The cause of the rare tricuspid stenosis (TS) is
usually rheumatic fever in which, as in tricuspid
regurgitation (TR) of the same etiology, mitral
valve involvement usually coexists. TR may
also be congenital, for example, Ebstein’s anom-
aly, in which the septal leaflet of the tricuspid
valve is attached too far into the right ventricle
(atrialization of the RV). However, most often
TR has a functional cause (dilation and failure
of the right ventricle). Pulmonary valve defects
are also uncommon. Pulmonary stenosis (PS)
is usually congenital and often combined with
ashunt (— p. 204), while pulmonary regurgita-
tion (PR) is most often functional (e.g., in ad-
vanced pulmonary hypertension).

Consequences. In TS the pressure in the
right atrium (Pg,) is raised and the diastolic
flow through the valve is diminished. As a re-
sult, cardiac output falls (valve opening area,
normally ca. 7 cm?, reduced to < 1.5-2.0 cm?).
The low cardiac output limits physical activity.
Arise in mean Py, to more than 10 mmHg leads
to increased venous pressure (high a wave in
the central venous pulse; — p.179), peripheral
edema, and possibly atrial fibrillation. The lat-
ter increases the mean P;,, and thus the ten-
dency toward edema. Edemas can also occur
in TR, because the Py, is raised by the systolic
regurgitation (high v wave in the central ve-
nous pulse). Apart from the situation in Eb-
stein’s anomaly, serious symptoms of TR occur
only when there is also pulmonary hyperten-
sion or right heart failure (— p.214). PR in-
creases the volume load on the right ventricle.
As PR is almost always of a functional nature,
the effect on the patient is mainly determined
by the consequences of the underlying pulmo-
nary hypertension (— p.214). Although, PS,
similar to AS, can be compensated by concen-
tric ventricular hypertrophy, physical activity
will be limited (cardiac outputl), and fatigue
and syncope may occur.

At auscultation the changes due to valvar
defects of the right heart are usually louder
during inspiration (venous return increased).
- TS: First heart sound split, early diastolic tri-

cuspid opening sound followed by diastolic

murmur (tricuspid flow murmur) that in-
creases in presystole during sinus rhythm

(atrial contraction);

- TR: Holosystolic murmur of regurgitant
flow; presence (in adults) or accentuation
(in children) of third heart sound (due to in-
creased diastolic filling) and of the fourth
heart sound (forceful atrial contraction);

- PS: Occurrence or accentuation of fourth
heart sound, ejection click (not in subvalvar
or supravalvar stenosis); systolic flow mur-
mur;

- PR: Early diastolic regurgitation murmur
(Graham-Steell murmur).

Circulatory Shunts

A left-to-right shunt occurs when arterialized
blood flows back into the venous system with-
out having first passed through the peripheral
capillaries. In right-to-left shunts systemic ve-
nous (partially deoxygenated) blood flows di-
rectly into the arterial system without first
passing through the pulmonary capillaries.
In the fetal circulation (— A) there is

- low resistance in the systemic circulation
(placenta!),

- high pressure in the pulmonary circulation
(»B2),

- high resistance in the pulmonary circula-
tion (lungs unexpanded and hypoxic vaso-
constriction; — C),

- right-to-left shunt through the foramen
ovale (FO) and ductus arteriosus Botalli (DA).

At birth the following important changes oc-

cur:

1. Clamping or spontaneous constriction of
the umbilical arteries to the placenta in-
creases the peripheral resistance so that
the systemic pressure rises.

2. Expansion of the lungs and rise in the alveo-
lar P02 lower the pulmonary vascular resis-
tance (— C), resulting in an increase in
blood flow through the lungs and a drop in
the pressure in the pulmonary arteries
(—»B1,2).
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3. As a result, there is physiological reversal of
the shunt through the foramen ovale (FO)
and ductus arteriosus (DA), from right-to-
left to left-to-right (left atrium to right atri-
um and aorta to pulmonary artery).

4, These shunts normally close at or soon after
birth, so that systemic and pulmonary cir-
culations are now in series.

Abnormal shunts can be caused by patency of

the duct (patent or persisting DA [PDA]; —E)

or of the FO (PFO), by defects in the atrial or

ventricular septum (ASD or VSD), or by arterio-
venous fistulae, etc. Size and direction of the
shunt in principle depend on: 1) the cross-sec-
tional area of the shunt opening; and 2) the
pressure difference between the connected ves-
sels or chambers (— D). If the opening is rela-
tively small, 1) and 2) are the principal deter-
mining factors (— D1). However, if the shunt
between functionally similar vascular spaces

(e.g., aorta and pulmonary artery; atrium and

atrium, ventricle and ventricle) is across a

large cross-sectional area, pressures in the

two vessels or chambers become (nearly)
equalized. In this case the direction and vol-
ume of the shunt is determined by 3) outflow
resistance from the shunt-connected vessels

or chambers (—D2; e.g., PDA), as well as 4)

their compliance (=volume distensibility; e.g.,

of the ventricular walls in VSD; — D3).

The ductus arteriosus (DA) normally closes
within hours, at most two weeks, of birth due
to the lowered concentration of the vasodilat-
ing prostaglandins. If it remains patent (PDA),
the fetal right-to-left shunt turns into a left-
to-right shunt (—E, top), because the resis-
tances in the systemic and pulmonary circuits
have changed in opposite directions. At aus-
cultation a characteristic flow murmur can be
heard, louder in systole than diastole (“ma-
chinery murmur”). If the cross-sectional area
of the shunt connection is small, the aortic
pressure is and remains much higher than
that in the pulmonary artery (— D1, AP), the
shunt volume will be small and the pulmonary
artery pressure nearly normal. If the cross-sec-
tional area of the shunt connection is large, the
shunt volume will also be large and be added
to the normal ejection volume of the right ven-
tricle, with the result that pulmonary blood
flow and inflow into the left heart chambers
are much increased (—E, left). In compensa-

tion the left ventricle ejection volume is in-
creased (Frank-Starling mechanism; possibly
ventricular hypertrophy), and there will be a
lasting increased volume load on the left ventri-
cle (—E, left), especially when the pulmonary
vascular resistance is very low postnatally
(e.g., in preterm infants). As the ability of the
neonate’s heart to hypertrophy is limited, the
high volume load can often lead to left ventric-
ular failure in the first month of life.

If, on the other hand, the pulmonary vascu-
lar resistance (R,,,) remains relatively high
postnatally (—E, right), and therefore the
shunt volume through the ductus is relatively
small despite a large cross-sectional area, a
moderately increased left ventricular load can
be compensated for a long time. However, in
these circumstances the level of pulmonary ar-
tery pressure will become similar to that of the
aorta. Pulmonary (arterial) hypertension occurs
(—E, right and p. 214). This, if prolonged, will
lead to damage and hypertrophy of the pulmo-
nary vessel walls and thus to a further rise in
pressure and resistance. Ultimately, a shunt re-
versal may occur with a right-to-left shunt
through the ductus (—E, bottom left). Aortic
blood distal to the PDA will now contain an ad-
mixture of pulmonary arterial (i.e., hypoxic)
blood (cyanosis of the lower half of the body;
clubbed toes but not fingers). The pressure
load on the right heart will after a period of
compensating right ventricular hypertrophy
ultimately lead to right ventricular failure. If
functional pulmonary valve regurgitation oc-
curs (caused by the pulmonary hypertension),
it may accelerate this development because of
the additional right ventricular volume load.
Early closure of the PDA, whether by pharma-
cological inhibition of prostaglandin synthesis,
by surgical ligation or by transcatheter closure,
will prevent pulmonary hypertension. How-
ever, closure of the ductus after shunt reversal
will aggravate the hypertension.

A large atrial septal defect initially causes a
left-to-right shunt, because the right ventricle
being more distensible than the left ventricle
offers less resistance to filling during diastole
and can thus accommodate a larger volume
than the left ventricle. However, when this vol-
ume load causes hypertrophy of the right ven-
tricle its compliance is decreased, right atrial
pressure rises and shunt reversal may occur.
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Arterial Blood Pressure and its Measurement

The systemic arterial blood pressure rises to a
maximum (the systolic pressure [Pg]), during
the ejection period, while it falls to a minimum
(the diastolic pressure [P,]) during diastole
and the iso(volu)metric period of systole (aor-
tic valve closed) (— A). Up to about 45 years of
age the resting (sitting or recumbent) P,
ranges from 60-90mmHg (8-12kPa); P
ranges from 100-140mmHg (13-19kPa)
(—p.208). The difference between P, and P
is the blood pressure amplitude or pulse pres-
sure.

The mean blood pressure is decisive for pe-
ripheral arterial perfusion. It can be deter-
mined graphically (— A) from the invasively
measured blood pressure curve (e.g., arterial
catheter), or while recording such a curve by
dampening down the oscillations until only
the mean pressure is recorded.

In the vascular system the flow fluctuations
in the great arteries are dampened through the
“windkessel” (compression chamber) effect to
an extent that precapillary blood no longer
flows in spurts but continuously. Such a sys-
tem consisting of highly compliant conduits
and high-resistance terminals, is called a hy-
draulic filter. The arteries become more rigid
with age, so that the P rise per volume in-
crease (AP/AV =elastance) becomes greater
and compliance decreases. This mainly in-
creases Pg (— C), without necessarily increas-
ing the mean pressure (the shape of the pres-
sure curve is changed). Thoughtless pharma-
cological lowering of an elevated Ps in the el-
derly can thus result in dangerous underperfu-
sion (e.g., of the brain).

Measuring blood pressure. Blood pressure
(at the level of the heart) is routinely measured
according to the Riva-Rocci method, by sphyg-
momanometer (— B). An inflatable cuff is fit-
ted snugly around the upper arm (its width at
least 40% of the arm’s circumference) and un-
der manometric control inflated to ca.
30 mmHg (4 kPa) above the value at which
the palpated radial pulse disappears. A stetho-
scope having been placed over the brachial ar-
tery near the elbow, at the lower edge of the
cuff, the cuff pressure is then slowly lowered
(2-4mmHg/s). The occurrence of the first
pulse-synchronous sound (clear, tapping

sound; phase 1 of Korotkoff) represents P and
is recorded. Normally this sound at first be-
comes softer (phase 2) before getting louder
(phase 3), then becomes muffled in phase 4
and disappears completely (phase 5). The lat-
ter is nowadays taken to represent P, and is re-
corded as such.

Sources of error when measuring blood
pressure. Complete disappearance of the
sound sometimes occurs at a very low pres-
sure. The difference between phases 4 and 5
(normally about 10 mmHg) is increased by
conditions and diseases that favor flow turbu-
lence (physical activity, fever, anemia, thyro-
toxicosis, pregnancy, aortic regurgitation, AV
fistula). If blood pressure is measured again,
the cuff pressure must be left at zero for one
to two minutes, because venous congestion
may give a falsely high diastolic reading. The
cuff should be 20% broader than the diameter
of the upper arm. A cuff that is too small (e.g.,
in the obese, in athletes or if measurement has
to be made at the thigh) also gives falsely high
diastolic values, as does a too loosely applied
cuff. A false reading can also be obtained
when the auscultatory sounds are sometimes
not audible in the range of higher amplitudes
(auscultatory gap). In this case the true P is
obtained only if the cuff pressure is high
enough to begin with (see above).

It is sufficient in follow-up monitoring of
systemic hypertension (e.g., in labile hyperten-
sion from which fixed hypertension can often
develop; — D and p.208) to measure blood
pressure in one arm only (the same one every
time, if possible). Nevertheless, in cases of ste-
nosis in one of the great vessels there can be
considerable, diagnostically important, differ-
ences in blood pressure between left and right
arm (pressure on the right > left, except in dex-
trocardia). This occurs in supravalvar aortic
stenosis (mostly in children) and the subcla-
vian steal syndrome, caused by narrowing in
the proximal subclavian artery, usually of
atherosclerotic etiology (ipsilateral blood
pressure reduced). Blood pressure differences
between arms and legs can occur in congenital
or acquired (usually atherosclerotic) stenoses
of the aorta distal to the origin of the arteries
to the arms.

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.



— A. Aortic Pressure Curve (Invasive Measurement)

16 120
12
80 ~
T o
< = Pressure
&< 8l £ |- Steep| litud Mean pressure
~ £ Flat Systoli amplitude i
o [ 4o} sl Diastolic if Fy=F,
5 40 noisura ] - pressure ressure
2 L Exponential P
S decrease
o 0 L O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 i Time (5) 2 8 4

-]

Pump

P g

¥

W Pa mmHg
20} 150}

Systolic
100} level

. Measuring Blood Pressure with Sphygmomanometer (after Riva-Rocci)

J.i" 3 y ({J')? ==
P’ [ < Release valve

Sphygmo-
manometer

\r N S\ (\
4

Pressure (brachial a.)

Cuff pressure

0( oL level

sounds

10| 75 Diastolic

Korotkoff

Time

— C. Age-related Blood Pressure

Systolic
Blood Mean pressure
pressure N
kPa mmHg Diastolic
201 150
15
125
10
75
5
0 0 1 1 1
0 20 40 60 80
Age (years)
(after Guyton)

— D. Incidence of Fixed Hypertension

50

People

Iwith I without
40 . d .
previously labile hypertension

30

20

Fixied hypertension: incidence per 1000

(after Julius and Esler)

oA

25-29 30-34 35-39 40-44 45-49 50-54 55-59

Age (years)

Silbernagl/Lang, Color Atlas of Pathophysiology © 2000 Thieme
All rights reserved. Usage subject to terms and conditions of license.

Plate 7.17 Measuring Arterial Blood Pressure

207



7 Heart and Circulation

208

Hypertension

Hypertension (H.), used as a term by itself,
refers to an abnormally high arterial pressure
in the systemic circulation (for pulmonary
hypertension, — p.214). In the industrialized
countries it affects about 20% of the popula-
tion. As H. almost always begins insidiously,
yet can be treated effectively, the upper limit
of normal blood pressure needs to be deter-
mined. The World Health Organisation (WHO)
has proposed the following values for all age
groups (mmHg/7.5 = kPa):

normal Threshold  Hyper-
hyper- ten-
tension sion
diastolic pressure <90 90-95 >95
(Pp [mmHg])
systolic pressure <140 140-160 >160
(Ps [mmHg])

Cases of alternating normal and elevated levels
(labile H.) are included in the column ‘Thresh-
old hypertension’. Patients with a labile H. of-
ten develop fixed H. later (—p.207 D). As P
regularly rises with age (— p. 207 C), the upper
limit of Pg in adults has been widely set at
150 mmHg for those aged 40 - 60 years and at
160 mmHg for those aged over 60 years (Pp, at
90 mmHg for both adult groups). Lower values
have been set for children. Assessment of blood
pressure should be based on the mean values
of at least 3 readings on two days (see also
p.206).

The product of cardiac output (= stroke vol-
ume [SV] - heart rate) and total peripheral re-
sistance (TPR) determines blood pressure
(Ohm'’s law). H. thus develops after an increase
in cardiac output or TPR, or both (— A). In the
former case one speaks of hyperdynamic H. or
cardiac output H., with the increase in Ps being
much greater than that in Py, In resistance H., Ps
and P, are either both increased by the same
amount or (more frequently) P, more than Ps.
The latter is the case when the increased TPR
delays ejection of the stroke volume.

The increase of cardiac output in hyperdy-
namic hypertension is due to an increase in ei-
ther heart rate or extracellular volume, leading
to an increased venous return and thus an in-
creased stroke volume (Frank-Starling mecha-

nism). Similarly, an increase in sympathetic ac-
tivity of central nervous system origin and/or
raised responsiveness to catecholamines (e.g.,
caused by cortisol or thyroid hormone) can
cause an increase in cardiac output (— A, left).

Resistance hypertension is caused mainly
by abnormally high peripheral vasoconstriction
(arterioles) or some other narrowing of pe-
ripheral vessels (— A, right), but may also be
due to an increased blood viscosity (increased
hematocrit). Vasoconstriction mainly results
from increased sympathetic activity (of nervous
or adrenal medullary origin), raised respon-
siveness to catecholamines (see above), or an
increased concentration of angiotensin II. Auto-
regulatory mechanisms also include vasocon-
striction. If, for example, blood pressure is in-
creased by a rise in cardiac output (see above),
various organs (e.g., kidneys, gastrointestinal
tract) “protect” themselves against this high
pressure (— A, middle). This is responsible for
the frequently present vasoconstrictor compo-
nent in hyperdynamic H. that may then be
transformed into resistance H. (—A). Addi-
tionally, there will be hypertrophy of the vaso-
constrictor musculature. Finally, H. will cause
vascular damage that will increase TPR (fixa-
tion of the H.).

Some of the causes of hypertension are
known (e.g., renal or hormonal abnormalities;
—B2,3), but these forms make up only about
5-10% of all cases. In all others the diagnosis
by exclusion is primary or essential hyperten-
sion (—B1). Apart from a genetic component,
more women than men and more urbanites
than country dwellers are affected by primary
H. In addition, chronic psychological stress, be
it job-related (pilot, bus driver) or personal-
ity-based (e.g., “frustrated fighter” type), can
induce hypertension. Especially in “salt-sensi-
tive” people (ca. % of patients with primary H.;
increased incidence when there is a family his-
tory) the high NaCl intake (ca. 10-15g/
d=170-250 mmol/d) in the western indus-
trialized countries might play an important
role. While the organism is well protected
against Na* loss (or diminished extracellular
volume) through an increase in aldosterone,
those with an increased salt sensitivity are ap-
parently relatively unprotected against a high
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Nacl intake. In these patients, aldosterone re-
lease is so strongly inhibited even at “normal”
Na* intake (>100mmol/d) that it cannot be
lowered any further. A diet with low NaCl in-
take would in this case bring NaCl balance
into the aldosterone regulatory range.

The actual connection between NaCl sensi-
tivity and primary H. has not been fully eluci-
dated, but the possibility is being considered
that responsiveness to catecholamines is
raised in people sensitive to NaCl. This results,
for example, on psychological stress, in a
greater than normal rise in blood pressure, on
the one hand, due directly to the effect of in-
creased cardiac stimulation (— B, upper right)
and, on the other hand, indirectly as a result of
increased renal absorption and thus retention
of Na* (rise in extracellular volume leads to
hyperdynamic H.). The increased blood pres-
sure leads to pressure diuresis with increased
Na* excretion, restoring Na* balance (Guyton).
This mechanism also exists in healthy people,
but the pressure increase required for excre-
tion of large amounts of NaCl is much lower
(= ¢C, a» b). In primary H. (as in disorders of
renal function) the NaCl-dependent increase
in blood pressure is greater than normal (— C,
¢ » d). Adiet that is low in Na* can thus lower
(not yet fixed) H. in these cases (C, ¢ » e). A si-
multaneously elevated K* supply accentuates
this effect for unknown reasons. The cellular
mechanism of salt sensitivity still awaits clari-
fication. It is possible that changes in cellular
Na* transport are important. In fact cellular
Na* concentration is raised in primary H.
which decreases the driving force for the 3
Na*/Ca?* exchange carrier in the cell mem-
brane, as a result of which the intracellular
Ca%* concentration rises, which in turn in-
creases the tone of the vasoconstrictor mus-
cles (Blaustein). It is possible that digitalis-
like inhibitors of Na*-K*-ATPase are involved
(ouabain?). They may be present in larger
amounts, or there may be a special sensitivity
to them in primary H. Atriopeptin (= atrial na-
triuretic peptide [ANP]), which has vasodilator
and natriuretic effects, is probably not in-
volved in the development of primary H. Al-
though the concentration of renin is not
elevated in primary H., blood pressure can be
reduced even in primary H. by inhibiting the
angiotensin-converting enzyme (ACE inhibi-

tors; see below) or angiotensin receptor an-
tagonists.

The various forms of secondary hyperten-
sion make up only 5-10% of all hypertensive
cases (—B2,3,4), but contrary to primary H.
their cause can usually be treated. Because of
the late consequences of H. (— E), such treat-
ment must be initiated as early as possible. Re-
nal hypertension, the most common form of
secondary H., can have the following, often
partly overlapping, causes (—B2, see also
p.114): Every renal ischemia, for example, re-
sulting from aortic coarctation or renal artery
stenosis, but also from narrowing of the renal
arterioles and capillaries (glomerulonephritis,
hypertension-induced atherosclerosis), leads
to the release of renin in the kidneys. It splits
the dekapeptide angiotensin I from angioten-
sinogen in plasma. A peptidase (angiotensin-
converting enzyme, ACE), highly concentrated
especially in the lungs, removes two amino
acids to form angiotensin II. This octapeptide
has a strong vasoconstrictor action (TPR rises)
and also releases aldosterone from the adrenal
cortex (Na* retention and increase in cardiac
output), both these actions raising the blood
pressure (— B2). In kidney disease with a sig-
nificant reduction of the functioning renal
mass, Na* retention can therefore occur even
during normal Na* supply. The renal function
curve is steeper than normal, so that Na* bal-
ance is restored only at hypertensive blood
pressure levels (— C, ¢ » d). Glomerulonephri-
tis, renal failure, and nephropathy of pregnan-
cy are some of the causes of the primarily hy-
pervolemic form of renal H. Renal H. can also
be caused by a renin-producing tumor or (for
unknown reasons) by a polycystic kidney. The
kidney is also central to other forms of hyper-
tension that do not primarily originate from it
(primary H., hyperaldosteronism, adrenogen-
ital syndrome, Cushing’s syndrome). Further-
more, in every case of chronic H. secondary
changes will occur sooner or later (vascular
wall hypertrophy, atherosclerosis): they fix
the H. even with effective treatment of the pri-
mary cause. If unilateral renal artery stenosis is
repaired surgically rather late, for example, the
other kidney, damaged in the meantime by the
hypertension, will maintain the H.

Hormonal hypertension can have several
causes (—B3):
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In the adrenogenital syndrome (— B3a) cor-
tisol formation in the adrenal cortex is
blocked, and thus adrenocorticotropic hor-
mone (ACTH) release is not inhibited. As a re-
sult excessive amounts of mineralocorticoid-
active precursors of cortisol and aldosterone,
for example, 11-deoxycorticosterone (DOC),
are produced and released (— p.264ff.). This
leads to Na* retention, hence to an increase in
extracellular volume (ECV) and thus to cardiac
output H.

Primary hyperaldosteronism (Conn’s syn-
drome; —B3b). In this condition an adrenal
cortical tumor releases large amounts of aldo-
sterone without regulation. Also in this case
Na* retention in the kidney leads to cardiac
output H.

Cushing’s syndrome (—B3c). Inadequate
ACTH release (neurogenic cause; hypophyseal
tumor) or an autonomous adrenal cortical tu-
mor increase plasma glucocorticoid concen-
tration, resulting in a raised catecholamine ef-
fect (cardiac output increased), and the miner-
alocorticoid action of high levels of cortisol
(Na* retention) lead to H. (— p. 264ff.). A simi-
lar effect occurs from eating large amounts of
liquorice, because the glycyrrhizinic acid con-
tained in it inhibits renal 11B-hydroxysteroid
dehydrogenase. As a result, cortisol in the kid-
neys is not metabolized to cortison but rather
has its full effect on the renal mineralcorticoid
receptor.

Pheochromocytoma (—B3d) is an adreno-
medullary tumor that produces catechol-
amines, resulting in uncontrolled high epi-
nephrine and norepinephrine levels and thus
both cardiac output hypertension and resis-
tance hypertension.

Contraceptive pills can cause Na* retention
and thus cardiac output hypertension.

Neurogenic hypertension. Encephalitis, ce-
rebral edemas or hemorrhage, and brain tu-
mors may lead to a massive rise in blood pres-
sure via central nervous stimulation of the
sympathetic nervous system. An abnormally
high central stimulation of cardiac action as
part of the hyperkinetic heart syndrome may
also cause H.

The consequences of hypertension (—E)
most importantly result from atherosclerotic
damage in arterial vessels (— p. 236 ff.), which
can be observed well by means of fundoscopy.
Because of the resulting increase in flow resis-
tance, every form of hypertension ultimately
creates a vicious circle. Vascular damage final-
ly leads to ischemia of various organs and tis-
sues (myocardium, brain, kidneys, mesenteric
vessels, legs), renal ischemia accelerating the
vicious circle. Damage to the vascular walls to-
gether with hypertension can, for example,
lead to brain hemorrhage (stroke) and in the
large arteries (e.g., aorta) to the formation of
aneurysms and ultimately their rupture
(—p. 238). Life expectancy is therefore mark-
edly reduced. American life insurance compa-
nies, monitoring the fate of 1 million men
whose blood pressure had been normal, slight-
ly, or moderately elevated when aged 45 years
(— D), found that of those men who definitely
had normal blood pressure (ca. 132/85 mmHg)
nearly 80% were still alive 20 years later, while
of those with initially raised blood pressure
(ca. 162/100 mmHg) fewer than 50% had sur-
vived.
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Pulmonary Hypertension

The mean pulmonary artery pressure
(Ppa~ 15 mmHg = 2 kPa) is determined by three
variables, namely pulmonary vascular resis-
tance (PVR), cardiac output, and left atrial
pressure (P 4= ca. 5 mmHg = 0.7 kPa).
According to Ohm’s law AP =PVR- CO.

As AP =Dy - Py,
Poa=PVR-CO+P,,.

Pulmonary hypertension (PHT) develops when
one (or several) of the above variables is raised
so much that at rest Py, is over 20 mmHg; on
exercise it is above 32 mmHg (see pulmonary
edema, p. 80). In principle, PHT can have three
causes (— A):

PVR rise, so-called obstructive PHT, caused,
for example, by pulmonary embolism or em-
physema. PVR may further increase because
of the resulting hypoxemia and its conse-
quences (pulmonary hypoxic vasoconstriction,
increased hematocrit).

P,, rise, so-called passive PHT, for example,
in mitral stenosis (— A, upper right and p. 194).

Cardiac output increase, except in left-to-
right shunt (— p. 204). A rise in cardiac output
alone will lead to (hyperkinetic) PHT only in ex-
treme cases, because the pulmonary vascula-
ture is very distensible and additional blood
vessels can be recruited. A rise in cardiac out-
put (fever, hyperthyroidism, physical exertion)
can, however, aggravate an existing PHT due to
other reasons.

Acute PHT almost always results from a re-
duction in the cross-sectional area of the vas-
cular bed (of at least 50%, because of the high
vascular distensibility), as by pulmonary em-
bolism, i.e., migration of thrombi or (rarely)
other emboli from their site of origin into the
pulmonary arteries (— A, top and p.240). If
embolism arises, it is likely that additional
(hypoxic?) vasoconstriction will develop,
which will then reduce the vascular cross-sec-
tional area even more. Sudden vascular ob-
struction causes acute cor pulmonale (acute
right heart load). In acute PHT the right
ventricular systolic pressure can rise to over
60 mmHg (8 kPa), but may become normal
again within 30-60 minutes in certain cir-
cumstances, for example, if the thrombus has

moved more distally, thus increasing the vas-

cular cross-sectional area. Pressure may also

be reduced by thrombolysis or possibly by di-

minished vasoconstriction. Embolism may re-

sult in pulmonary infarction, especially when
medium-sized vessels are obstructed and at
the same time the blood supply to the bron-
chial arteries is reduced (e.g., in pulmonary ve-
nous congestion or systemic hypotension).

However, massive pulmonary embolism may

also lead to acute right heart failure (— A, bot-

tom right), so that flow into the left ventricle
and thus its output falls. This in turn leads to

a decrease in systemic blood pressure and to

circulatory shock and its consequences

(—p.230).

Among the causes of chronic PHT are:

a Lung disease (asthma, emphysema, chronic
bronchitis or fibrosis, together accounting
for > 90% of chronic cor pulmonale cases);

b Chronic thromboembolism and systemic
vascular disease;

¢ Extrapulmonary causes of abnormal pul-
monary function (thoracic deformity, neu-
romuscular disease, etc.);

d Removal of lung tissue (tuberculosis, tu-
mors);

e Chronic altitude hypoxia with hypoxic con-
striction that can also, to an extent, be in-
volved in causes a-c;

f Idiopathic primary PHT of unknown etiol-
ogy.

Causes b and e lead to precapillary PHT; cause a

usually to capillary PHT. In all these disorders

the resistance in the pulmonary circulation is
chronically elevated, due to either exclusion
of large segments of the lung, or generalized
vascular obstruction. The consequence of
chronic PHT is right ventricular hypertrophy
(chronic cor pulmonale; — A, bottom left) and
ultimately right ventricular failure (— A, bot-
tom right). In contrast to a -f, the cause of pas-
sive PHT is primarily not in the lung but in the
left heart (postcapillary PHT). Thus, almost all
patients with mitral valve disease (— p.196 ff.)
or left heart failure (— p.224ff.) develop PHT.
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Coronary Circulation

The myocardial blood supply comes from the
two coronary arteries that arise from the aortic
root (— B, D). Usually the right coronary artery
supplies most of the right ventricle, the left
one most of the left ventricle. The contribution
of the two arteries to the supply of the inter-
ventricular septum and the posterior wall of
the left ventricle varies.

Coronary blood flow, Q. has a few special
features:

1. Phasic flow. Q ., changes markedly during
the cardiac cycle (— A), especially due to the
high tissue pressure during systole that, in
areas close to the endocardial regions of the
left ventricle, reaches ca. 120 mmHg (— B).
While the main epicardial branches of the cor-
onary arteries and the flow in the subepicar-
dial regions are largely unaffected by this
(—B), vessels near the endocardium of the
left ventricle are “squeezed” during systole,
because during this phase the extravascular
pressure (= left ventricular pressure) surpasses
the pressure in the lumen of the coronary ar-
teries. Blood supply to the left ventricle is
therefore largely limited to the diastole (— A).
Conversely, the high systolic tissue pressure
presses the blood out of the coronary sinus
and other veins, so that most of it flows into
the right occurs during systole.

2. Adaptation to O, demand is achieved
largely by changes in vascular resistance. O, de-
mand of an organ can be calculated from the
blood flow through it, Q, multiplied by the ar-
teriovenous O, concentration difference (C, -
C,)o,- If O, demand rises, for example, through
physical activity or hypertension (—C, right
and p. 218), both variables may in principle be
increased, but (C, - C,),, and thus oxygen ex-
traction (=100-[(C,-C,)/C,]o,) ~60%) is very
high even at rest. During physical work, O,
supply to the myocardium, and thus cardiac
work, can essentially only be increased by an
increase in Q.,, (= aortic pressure P,,/coronary
resistance R,). If Py, remains unchanged, R,
must be reduced (vasodilation; —C, left),
which is normally possible down to ca. 20—
25% of the resting value (coronary reserve). In
this way Q. can be increased up to four to
five times the resting value, i.e., it will be able
to meet the ca. four to fivefold increase in O,

demand of the heart at maximal physical
work (— p.219 A, normal).

3.Q,,, is closely linked to myocardial 0, de-
mand. The myocardium works aerobically, i.e.,
there must be a rapid and close link between
the momentary energy demand and Q.,,. Sev-
eral factors are involved in this autoregulation:

Metabolic factors. First of all, O, acts as a va-
soconstrictor, i.e., O, deficiency dilates the cor-
onary arteries. AMP, a metabolic breakdown
product of ATP, cannot be sufficiently regener-
ated to ATP during hypoxia, and thus the con-
centration of AMP and its breakdown product
adenosine rises in the myocardium. Adenosine
acts as a vasodilator on the vascular muscula-
ture via A, receptors (CAMP increase). Finally,
the accumulation of lactate and H* ions (both
of them products of the anaerobic myocardial
metabolism; — p. 219 C) as well as prostaglan-
din [, will locally cause vasodilation.

Endothelium-mediated factors. ATP (e.g.,
from thrombocytes), ADP, bradykinin, hista-
mine, and acetylcholine are vasodilators. They
act indirectly by releasing nitric oxide (NO) that
secondarily diffuses into the vascular muscle
cells, where it increases guanylylcyclase activ-
ity, and thus intracellularly raises the concen-
tration of cyclic guanosine monophosphate
(cGMP). Finally, cGMP activates protein kinase
G, which relaxes the vascular musculature.

Neurohumoral factors. Epinephrine and nor-
epinephrine, circulating and released from the
sympathetic nerve fiber endings, respectively,
act as vasoconstrictors on the o,;-adrenorecep-
tors that prevail in epicardial vessels, and as va-
sodilators at B-adrenoceptors that predomi-
nate in subendocardial vessels.

If O, supply can no longer keep in step with
oxygen demand, for example, at a high heart
rate with a long systole, or in atherosclerotic
obstruction of the coronary arteries, coronary
isufficiency (hypoxia) results (—C,D and
p.218ff.).
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Coronary Heart Disease

During physical work or psychological stress,
the myocardial oxygen demand rises, particu-
larly because heart rate and myocardial con-
tractility will have been increased by sympa-
thetic stimulation. In response to this the cor-
onary vascular resistance can in the normal
heart drop to as low as ca. 20% of its resting
level so that, with the corresponding increase
in coronary perfusion, the O, balance will be
restored even during this period of increased
demand. The capacity to increase perfusion to
up to five times the resting value is called cor-
onary reserve. The wide range in coronary
blood flow is due to the fact that the distal cor-
onary vessels are constricted at rest and dilate
only on demand (—A; normal vs. /% resis-
tance).

Diminished coronary reserve is characteris-
tic of coronary heart disease (CHD) and leads
to O, supply no longer being able to meet any
increased O, demand. This ischemic anoxia
manifests itself in pain mainly in the left chest,
arm, and neck during physical work or psycho-
logical stress (angina pectoris; see below)

The main cause of CHD is narrowing of the
proximal large coronary arteries by athero-
sclerosis (— p.217 D and 236ff.). The postste-
notic blood pressure (P,,) is therefore signifi-
cantly lower than mean diastolic aortic pres-
sure (P,,; —A). To compensate for this raised
resistance or reduced pressure, the coronary
reserve is encroached upon, even at rest. The
price paid for this is a diminution in the range
of compensatory responses, which may ulti-
mately be used up. When the luminal diame-
ter of the large coronary arteries is reduced by
more than 60-70% and the cross-sectional
area is thus reduced to 10-15% of normal,
myocardial ischemia with hypoxic pain occurs
even on mild physical work or stress. If syn-
chronously O, supply is reduced, for example,
by a lowered diastolic blood pressure (hypo-
tension, aortic regurgitation), arterial hypox-
emia (staying at high altitude), or decreased
0, capacity (anemia), O, balance is disturbed,
even when there is only mild coronary artery
stenosis (— p. 217 C).

If the pain ceases when the physical or psy-
chological stress is over, the condition is called
stable angina pectoris. When a patient with

chronic stable angina pectoris suddenly has
stronger and more frequent anginal pain (un-
stable angina pectoris), it is often a premoni-
tory sign of acute myocardial infarction, i.e.,
complete occlusion of the relevant coronary
artery (see below).

However, complete coronary occlusion does
not necessarily lead to infarction (see below),
because in certain circumstances a collateral
blood supply may develop as long-term adap-
tation so that, at least at rest, the O, demand
can be met (—B). The affected region will,
however, be particularly in danger in cases of
hypoxemia, a drop in blood pressure, or an in-
creased O, demand.

Pain resulting from a lack of O, can also oc-
cur at rest due to a spasm (o, -adrenoreceptors;
—p.216) in the region of an only moderate
atherosclerotic narrowing of the lumen (vaso-
spastic, Prinzmetal’s, or variant angina). While
shortening of the arterial muscle ring by, for
example, 5% increases the resistance of a nor-
mal coronary artery about 1.2fold, the same
shortening in the region of an atheroma that
is occluding 85% of the lumen will increase
the resistance 300 times the normal value
(— D). There are even cases in which it is large-
ly (or rarely even exclusively) a coronary
spasm and not the atheromatous occlusion
that leads to an episode of vasospastic angina.

Another cause of diminished coronary re-
serve is an increased O, demand even at rest,
for example, in hypertension or when there is
an increased ventricular volume load. The
ventricular wall tension, i.e., the force that the
myocardium must generate per wall cross-sec-
tional area (N-m-2) to overcome an elevated
aortic pressure or to eject the increased filling
volume, is then significant. In accordance with
Laplace’s law, the wall tension (K) of an ap-
proximately spherical hollow organ can be cal-
culated from the ratio of (transmural pres-
sure- radius)/(2-wall thickness) (— p.217C).
Thus if, without change in wall thickness, the
ventricular pressure (P,.,,) rises (aortic valve
stenosis, hypertension; — p.198 and 208)
and/or the ventricular radius increases (great-
er filling in mitral or aortic regurgitation;
— p.196 and 200), the wall tension necessary
for maintaining normal cardiac output and
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thus myocardial O, demand are raised. Should
this continue over a long period, the ven-
tricular myocardium will hypertrophy (—
p.224ff.). This reduces wall tension, at least
for a while (compensation). Decompensation
occurs when the heart weight has reached the
critical value of 500 g, at which time the ventri-
cle dilates (— p.224ff.). The radius of the
ventricular cavity and thus wall tension in-
creases, so that O, demand now suddenly rises
to very high values.

Consequences and symptoms of myocardial
ischemia. The myocardium covers its energy
requirement by metabolizing free fatty acids,
glucose, and lactate. These substrates are used
for the O,-dependent formation of ATP (—C,
normal). When blood supply is interrupted
(ischemia), this aerobic energy gain stagnates,
so that ATP can only be formed nonaerobically.
Lactatic acid is now produced, dissociating
into H* ions and lactate. In these circum-
stances not only is lactate not used up, it is ac-
tually produced (— C, early “ischemic anoxia”).
The ATP yield is thus quite meagre and, fur-
thermore, the H* ions accumulate because of
the interrupted blood flow, both events being
responsible for abnormal ventricular contrac-
tion (reversible cell damage; — C). If the ische-
mia persists, glycolysis is also inhibited by tis-
sue acidosis, and irreversible cell damage oc-
curs (infarct; see below) with release of intra-
cellular enzymes into the blood (—C, left).

ATP deficiency leads to:

Impairment of the systolic pumping action
of the ventricle (forward failure; — p.224ff.)
as well as

Decreased compliance of the myocardium
during diastole (backward failure; —
p.224ff.), so that the diastolic atrial and
ventricular pressures are raised.

Congestion in the pulmonary circulation
(dyspnea and tachypnea). Just before ventric-
ular systole the lowered compliance in dia-
stole produces a fourth heart sound that origi-
nates from the increased atrial contraction
(“atrial gallop”). If the papillary muscles are af-
fected by the ischemia, this may result in

Mitral regurgitation (— p.196).

Finally, disorder of myocardial excitation
caused by the ischemia (— E) may precipitate
dangerous arrhythmias (ECG; — p.186ff.). Dur-
ing the ischemia period the ECG will show an

elevation or depression (depending on the
lead) of the ST segment as well as flattening
or reversal of the T wave (similar to that in
F4). If the resting ECG of a patient with angina
is normal, these ECG changes can be provoked
by controlled (heart rate, blood pressure)
physical exercise.

Stimulation of the nociceptors (by kinins?,
serotonin?, adenosine?) will lead not only to
- anginal pain (see above), but also to
- generalized activation of the sympathetic

nervous system with tachycardia, sweating,

and nausea.
Therapeutic attempts at restoring an even O,
balance (— p.217C) in patients with angina
are:

Lowering myocardial O, consumption (f-
adrenergic blockers; organic nitrates that re-
duce the preload [and to some extent also the
afterload] by generalized vasodilation; Ca?*
channel blockers), and

Increasing the O, supply (organic nitrate
and Ca?* channel blockers that both function
to counteract spasm and to dilate coronary
vessels). In addition, the size and position of
the atherosclerotically stenosed coronary ar-
teries make it possible to dilate them by bal-
loon angioplasty or vascular stents or by revas-
cularization with a surgically created aortocor-
onary bypass.

Myocardial Infarction

Causes. If the myocardial ischemia lasts for

some time (even at rest [unstable angina]; see

above), tissue necrosis, i.e., myocardial infarc-

tion (MI), occurs within about an hour. In 85%

of cases this is due to acute thrombus forma-

tion in the region of the atherosclerotic coro-

nary stenosis.
This development is promoted by

- turbulence, and

- atheroma rupture with collagen exposure.

Both events

- activate thrombocytes (aggregation, adhe-
sion, and vasoconstriction by release of
thromboxan). Thrombosis is also encour-
aged through

- abnormal functions of the endothelium, thus
its vasodilators (NO, prostacyclin) and an-
tithrombotic substances are not present
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(tissue plasminogen activator [t-PA], anti-

thrombin III, heparin sulfate, protein C,

thrombomodulin, and prostacyclin).
Rare causes of MI are inflammatory vascular
diseases, embolism (endocarditis; valve pros-
thesis), severe coronary spasm (e.g., after tak-
ing cocaine), increased blood viscosity as well
as a markedly raised O, demand at rest (e.g.,
in aortic stenosis).

ECG (—F). A prominent characteristic of
transmural infarction (tml) is an abnormal Q
wave (—F1) of >0.04 seconds and a voltage
that is >25% of overall QRS voltage. It occurs
within one day and is due to the necrotic myo-
cardium not providing any electrical signal, so
that when this myocardial segment should be
depolarized (within the first 0.04 s), the excita-
tion vector of the opposite, normal portion of
the heart dominates the summated vector.
This “0.04 vector” therefore “points away”
from the site of infarction so that, for example,
in anterior-wall infarction, it is registered par-
ticularly in leads Vs, Vi, I, and aVL as a large Q
wave (and small R). (In a transmural infarction
of the posterior wall such Q wave changes can-
not be registered with the conventional leads).
Abnormal Q waves will still be present years
later (—F2,3), i.e., they are not diagnostic of
an acute infarction. An infarction that is not
transmural usually causes no Q changes.

ST segment elevation in the ECG is a sign of
ischemic but not (yet) dead myocardial tissue.
It occurs
- during an anginal attack (see above)

- in nontransmural infarction

- at the very beginning of transmural infarc-
tion

- at the margin of a transmural infarction that
occurred hours to days before (— F4)

The ST segment returns to normal one to two

days after an MI, but for the next few weeks

the T wave will be inverted (- F5,F2).

If sizeable portions of the myocardium die,
enzymes are released from the myocardial
cells into the bloodstream. It is not so much
the level of enzyme concentrations as the tem-
poral course of their maxima that is important
in the diagnosis of MI. Myocardial creatine ki-
nase (CK-MB [MB = muscle, brain]) reaches its
peak on day 1, aspartate aminotransferase
(ASAT) on day 2, and myocardial lactate dehy-
drogenase (LDH;) on days three to five (—C,
bottom).

Possible consequences of Ml depend on site,
extent, and scarring of the infarct. In addition
to various arrhythmias, among them acutely
life-threatening ventricular fibrillation (—
p.186ff.), there is a risk of a number of mor-
phological/mechanical complications (— G):

Tearing of the chordae tendineae resulting
in acute mitral regurgitation (—G1 and
p.196);

Perforation of the interventricular septum
with left-to-right shunting (— G2 and p. 204);

Fall in cardiac output (— G, a) that, together
with

stiffened parts of the ventricular wall (aki-
nesia) due to scarring (— G, b),

will result in a high end-diastolic pressure
(—G3 and p.224). Still more harmful than a
stiff infarct scar is

a stretchable infarct area, because it will
bulge outward during systole (dyskinesia;
—G4), which will therefore—at comparably
large scar area—be more likely to reduce cardi-
ac output to dangerous levels (cardiogenic
shock) than a stiff scar will (— G5);

Finally, the ventricular wall at the site of the
infarct can rupture to the outside so that
acutely life-threatening pericardial tamponade
occurs (— G6 and p. 228).
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Heart Failure

Heart failure (HF) is the state of reduced myo-
cardial performance, and mainly affects the
left ventricle (LV). Its most common causes
(—A) are coronary heart disease (— p.218ff.)
and hypertension (— p.208ff.), but nearly all
other forms of cardiac disease (valvar defects,
cardiomyopathies; — A) as well as some extra-
cardiac diseases can result in HF. Right ventric-
ular failure can occur with right heart defects
and shunts (— p. 202 ff.), and particularly with
pulmonary hypertension (— p.214). However,
the right ventricle may also be affected sec-
ondarily by abnormalities in the left ventricle
(mitral stenosis, left HF).

In principle a distinction is made between
HF due to reduced systolic ejection (systolic or
forward failure), resulting from either an in-
creased volume load, myocardial disease, an
increased pressure load, or impaired diastolic
filling of the heart, and HF in which diastolic
filling is impaired (diastolic or backward fail-
ure), for example as a result of greater ventric-
ular wall stiffness. In forward HF the stroke
volume, and thus cardiac output, can no longer
adequately meet the organism’s requirements.
In backward HF this can be counteracted only
by increasing the diastolic filling pressure.
Usually HF only becomes manifest initially on
severe physical work (when maximal O, uptake
and maximal cardiac output is decreased, but
otherwise without symptoms; stage I of the
NYHA [New York Heart Association] classifica-
tion). However, symptoms later develop pro-
gressively, at first only on ordinary physical ac-
tivity, later even at rest (NYHA stages I[-1V).

HF caused by volume load. Aortic and mitral
regurgitation, for example, are characterized
by the regurgitant volume (— p.196 and 200)
that is added to the effective stroke volume.
The enddiastolic volume, and therefore the ra-
dius (r) of the left ventricle, are increased so
that, according to Laplace’s law (— A), the wall
tension (T), i.e., the force that has to be gener-
ated per myocardial cross-sectional area,
must rise to achieve a normal, effective stroke
volume. As this succeeds only inadequately,
stroke volume and thus CO (= heart rate -
stroke volume) decrease and the blood pres-
sure falls. Sympathetic stimulation occurs as a
counterregulatory mechanism, resulting in in-

creased heart rate and peripheral vasocon-
striction (see below; — B). If chronic volume
load develops, the dilated ventricle reacts
with hypertrophy to compensate, i.e., with an
increased wall thickness (d). However, r re-
mains elevated (eccentric hypertrophy; — A1),
and this form of HF usually has a less favorable
course than one with concentric hypertrophy
(see below). If the underlying condition (e.g.,
valvar defect) is not removed early, HF gets
worse relatively rapidly because of the result-
ing myocardial remodeling (see below). Stiffen-
ing of the ventricle, caused by the hypertrophy,
is involved in this development. Because of its
steeper compliance (= lusitropic = relaxation)
curve (—A3, R becomes R’), it has a dimin-
ished enddiastolic volume and thus a small
stroke volume (backward HF; see also A5, or-
ange arrows). A vicious circle arises, in that
the dilated ventricular wall gives way even
more (dilation with myocardial restructuring)
and r rises steeply. This decompensation is
characterized by a life-threatening fall in
stroke volume despite an enormously elevated
enddiastolic volume (— A5, red arrows).

HF caused by myocardial disease. In coro-
nary heart disease (ischemia; — p.218) and
after myocardial infarction (— p.220) the load
on the uninvolved myocardium increases, i.e.,
forward HF develops due to diminished con-
tractility. This is reflected by a shift of the con-
tractility (C) curve of the ventricular work dia-
gram (—A2, C becomes C’). The endsystolic
volume and, to a lesser extent, the EDV also
rises, while stroke volume falls (— A2, SV be-
comes SV’; see also A5, lilac arrows). Hypertro-
phy of the remaining myocardium, a stiff myo-
cardial scar as well as the diminished effect of
ATP on actin-myosin separation in the
ischemic myocardium will lead to additional
backward HF. Finally, a compliant infarct scar
may bulge outward during systole (dyskinesia;
— p.223, G4), resulting in additional volume
load (regurgitant volume). Cardio-myopathies
can also lead to HF, volume load being promi-
nent in the dilated form, backward HF in the
hypertrophic and restrictive forms.

HF due to pressure load. The wall tension
(T) of the left ventricle also rises in hyperten-
sion or aortic stenosis, because an increased
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left ventricular pressure (P, ) is required (La-
place’s law; — A). Forward HF with diminished
contractility develops (—A2). An analogous
situation exists regarding the right ventricle
in pulmonary hypertension. Compensatory hy-
pertrophy will also develop when there is an
increased pressure load, but it will be “concen-
tric” (— A4), because in this case the ventric-
ular volume is not enlarged and may in some
circumstances actually be decreased. How-
ever, even in concentric hypertrophy the end-
diastolic volume will be reduced and thus also
the stroke volume (backward HF; — A3; see
also A5, orange arrows). When there is a high
pressure load, myocardial remodeling (see be-
low), and unfavorable capillary blood supply
(relative coronary ischemia), a “critical heart
weight” of ca. 500 g may be attained, at which
the myocardial structure gives way, causing
decompensation.

Neurohumoral consequences of HF. Next to
mechanical cardiac effects (— A), HF induces a
number of compensatory mechanisms that are
primarily directed at restoring cardiac output
and blood pressure (— B) again. Most impor-
tant in this is an increased sympathetic tone to-
gether with greater release of norepinephrine
and epinephrine. Activation of cardiac B-adre-
noreceptors will result in:

Heart rate being increased (the symptom
being tachycardia); and

Contractility being raised (positive ino-
tropy), and thus the cardiac output slightly in-
creased.

oy-adrenergic vasoconstriction will pro-
duce:

Reduction in blood flow through skeletal
muscle (the symptom being fatigue), skin (the
symptom being pallor), and kidneys, with the
result that the decreased cardiac output is dis-
tributed preferentially to the arteries supply-
ing the heart and brain (centralization);

Reduction in renal perfusion, now leading to
activation of the renin-angiotensin-aldoste-
rone system, to an increased filtration fraction,
and to increased release of ADH;

All these mechanisms produce a rise in wa-
ter and salt absorption. Angiotensin Il and ADH
also have a vasoconstrictor effect.

Myocardial remodelling. Remodelling of the
myocardium occurs right at the beginning of
HF (NYHA stage I) through mechanical and
neurohormonal stimuli. This will decisively in-
fluence the progression of HF. Causes of the re-
modelling are: 1) increased wall tension (— A)
that, among other effects, raises cytosolic Ca?*
concentration, and 2) systemic (catechol-
amines, ADH, angiotensin II; insulin in type II
diabetes) and local growth signals (endothelin,
TGF, platelet-derived growth factor [PDGF], fi-
broblast GF [FGF]), and decrease in growth in-
hibitors (NO and PGIl,). The myocardial cells
become enlarged (hypertrophy), but refractori-
ness to catecholamines develops (down-regula-
tion of B,-adrenoreceptors, a rise in the antag-
onistic G; proteins, receptor decoupling), and
Ca?*-ATPase activity falls.

As a consequence, the myocardial action
potential is prolonged (due to decreased repo-
larization currents) and the resting potential is
less negative. This can result in arrhythmias
(reentry, afterpotentials, ectopic pacemakers;
—p.186ff.); in some circumstances even
ventricular fibrillation. (The latter occurs in
about 50% of patients in HF, causing their sud-
den cardiac death). Overall there will be weak
contractility (among other factors, due to part-
ly functional decoupling between the dihydro-
pyridine and the ryanodine receptors;
— p.182) as well as reduced relaxation capacity
of the myocardium (cytosolic Ca?* concentra-
tion increased in diastole). Fibroblast activa-
tion (FGF and others) is involved in this and re-
sults in an increased deposition of collagen in
the ventricular wall and fibrosis of myocar-
dium and blood vesels.

The systemic consequences and symptoms
of chronic HF are mainly caused by water and
salt retention (— B, bottom). In left HF the pul-
monary capillary pressure is increased. This
can cause dyspnea and tachypnea via the J-re-
ceptors in the lung and can lead to pulmonary
edema (cardiac asthma) with systemic hypoxia
and hypercapnia. In right HF peripheral edemas
will occur (especially in the lower leg during
the day; at night there is excretion of water
with nocturnal diuresis).
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Pericardial Diseases

The pericardium envelopes the heart as a dou-
ble-layered, flexible sac: 15-50 mL of a serous
fluid serves as lubricating film between the
two pericardial layers. The intrapericardial
pressure (P,.) is dependent on respiration
and varies between + 3.5 and - 3.5 mmHg.

The cause of acute pericarditis (P.) may be
infectious (e.g., echovirus, tuberculosis) or non-
infectious (e.g., uremia, transmural infarction,
tumor, radiotherapy). The usual stages of P.
are: 1) vasodilation with increased fluid accu-
mulation (serous P.); 2) increased vascular per-
meability so that the content of proteins, in-
cluding fibrinogen or fibrin, in the fluid in-
creases (serofibrinous P.); and 3) immigration
of leukocytes (purulent P.). Bleeding is also a
possible cause (hemorrhagic P.).

Symptoms of an acute P. are chest pain (ag-
gravated during inspiration and coughing), fe-
ver, pericardial rub on auscultation, and an ab-
normal ECG (ST segment elevation caused by
associated inflammatory response of the sub-
endocardial myocardium; PR segment depres-
sionbecause of abnormal atrial depolarization).

Pericardial effusion (> 50 mL of fluid which
can be measured by echocardiography) can de-
velop with any acute P. If more than ca. 200 mL
accumulates in acute cases (e.g., hemorrhage),
P, rises steeply because of the rigidity of the
pericardial sac (for consequences, see below).
But if effusion accumulates in chronic cases,
the pericardial sac stretches gradually so that
in given circumstances 1-2 L can be contained
without significant rise in Py;.

Serious complications of acute P. and of peri-
cardial effusion are pericardial tamponade and
constricitive pericarditis, both of which impair
cardiac filling (— A). Causes of pericardial tam-
ponade (PT)include tumor infiltration and viral
or uremic P. as well as ventricular rupture after
myocardial infarction or chest trauma. A conse-
quence of pericardial tamponade is a rise in
ventricular pressure throughout systole to the
level of P,,. The normal “y descent (or dip)” in
the central venous pressure (CVP; — p.179 A3),
which represents the fall in pressure after
opening of the tricuspid valve, is flattened out
so that no such dip is recorded (see below).

Scarring and calcification of the pericardial
layers may occur after viral or tubercular P,

causing constrictive pericarditis (conP.). This
results in the ventricular compliance (= lusi-
tropic = relaxation) curve rising much more
steeply (— A2, R becomes R’), so that the dias-
tolic pressure in the ventricle rises again
steeply after a brief fall (— A1, dip with short
and rapid early diastolic filling) to a plateau
(—>A1). The y descent of the CVP is more
marked in constrictive pericarditis, because—
in contrast to pericardial tamponade—there is
a greater pressure gradient between atrium
and ventricle in early diastole. It is important
in the differential diagnosis that in pericardial
tamponade (but not in constrictive pericardi-
tis) the systolic blood pressure during inspira-
tion falls by more than 10 (normally 5) mmHg
during inspiration, because the increased ve-
nous return, increased during inspiration, pro-
duces a bulge in the interventricular septum
toward the left ventricle, thus lowering its
stroke volume more than normal, resulting in
a “pulsus paradoxus”. On the other hand, the
Kussmaul sign, an inspiratory rise in central
venous pressure, rather than the normal fall,
is characteristic of constrictive pericarditis.

In both constrictive pericarditis and pericar-
dial tamponade, diastolic ventricular filling is
decreased, causing, among other things, a rise
in venous pressure. In the pulmonary veins this
gives rise to dyspnea and rales (pulmonary
edema). The increased systemic venous pressure
(congested neck veins; — A) leads to hepato-
megaly, ascites, and peripheral edema.

The cardiac output is diminished in constric-
tive pericarditis and pericardial tamponade as
a result of the decreased ventricular filling
(—A, orange area). Due to increased sym-
pathetic activity, tachycardia and centraliza-
tion of the circulation develops (shock;
— p.230ff.). The combination of a fall in blood
pressure, tachycardia, and compression of the
coronary arteries results in myocardial ische-
mia with characterstic ECG changes (—A4,5;
— p.221F). If pericardial tamponade (especial-
ly if acute) is not removed by a pericardial tap,
the diastolic ventricular pressure rises ever
higher due to a vicious circle, and the cardiac
pumping action ceases (—A3). constrictive
pericarditis is treated by means of surgical re-
section of the pericardium (pericardiectomy).
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Circulatory Shock

(Circulatory) shock is the term given to acute
or subacute progressive generalized circula-
tory failure with an abnormal microcirculation
and underperfusion of vital organs. In a wider
sense shock also includes disorders of O, supply
and utilization with (initially) undiminished
perfusion.

The cause of shock is usually reduced cardi-
ac output, with the following possible causes:

In hypovolemia (hypovolemic shock) the
central venous pressure is reduced, and thus
the venous return decreased. As a result stroke
volume falls (Frank-Starling mechanism). The
cause of the hypovolemia can be bleeding
(hemorrhagic shock) or some other loss of fluid
to the outside, such as via the gastrointestinal
tract (severe bleeding, massive vomiting, per-
sistent diarrhea), via the kidneys (e.g., diabetes
mellitus or insipidus, high-dosage diuretics,
polyuria after acute renal failure), or via the
skin (extensive burns, profuse sweating with-
out fluid intake). Loss of blood internally can
also be a reason for hypovolemic shock, such
as hemorrhage into the soft tissues (e.g., in
fractures, especially of the thigh and pelvis, or
in the region of the retroperitoneum), into the
thorax (e.g., rupture of an aortic aneurysm), or
into the abdomen (e.g., rupture of the spleen)
as well as sequestration of large amounts of
fluid in ileus, peritonitis, liver cirrhosis (as-
cites), or acute pancreatitis.

Cardiogenic shock. Primary or secondary
heart failure can be caused by acute myocardial
infarction, acute decompensating heart failure,
malignant  arrhythmias, cardiomyopathy,
acute valvar regurgitation, obstruction of the
large vessels (e.g., pulmonary embolism) or by
impairment of cardiac filling (mitral stenosis,
pericardial tamponade, constrictive pericardi-
tis). In these conditions, in contrast to hypovo-
lemic shock, the central venous pressure is
raised (congestive shock).

Hormonal causes of shock include adrenal
hypofunction (Addisonian crisis; — p.270),
diabetic coma (- p.288ff.), hypoglycemic
shock (insulin overdosage, insulinoma; —
p.292), hypothyroid or hyperthyroid coma,
and coma in hypoparathyroidism or hyper-
parathyroidism (— p.128).

Metabolic-toxic causes are decompensated
liver cirrhosis, acute liver failure, uremia, var-
ious forms of poisoning, etc.

Reduced cardiac output may also be caused
by peripheral vascular distension (no pallor)
with venous pooling of blood (decreased ve-
nous return), as may happen in anaphylactic
shock (food or drug allergy), in which vasoac-
tive substances are released (histamine etc).

In septic-toxic shock the cardiac output is
at first raised by the action of toxins of, usually
Gram-negative bacteria (tachycardia and re-
duced total peripheral resistance). The initially
normal blood pressure then falls, respiratory
failure occurs, and finally a late stage develops
with reduced cardiac output and high total
peripheral resistance, disseminated intravas-
cular coagulation (DIC), etc. (see below).

Neurogenic shock is rare, but it may occur
when, for example, brain stem or spinal cord
trauma or intoxication (barbiturates, narcot-
ics) disturb autonomic nervous system regula-
tion of the heart and circulation and the ve-
nous return is markedly reduced.

Symptoms (—B, left). Hypovolemic and
hemorrhagic shock is often associated with a
reduced blood pressure (narrow pulse ampli-
tude), increased heart rate, pallor with cold
sweat (not in shock that is due to vascular dis-
tension), diminished urine output (oliguria),
and marked thirst. The resulting (blood) vol-
ume deficit can be estimated by means of the
shock index (heart rate per minute/systolic
blood pressure in mmHg):

« 0.5=normal or blood loss < 10%;

* 1.0=blood loss <20-30% (incipient shock);
* 1.5 =blood loss > 30-50% (manifest shock).
Most of the above symptoms are expressions
of counterregulatory mechanisms of the or-
ganism against incipient shock: compensated
shock (— A). Rapidly active mechanisms sup-
plement each other to raise the reduced blood
pressure, slower ones to counteract the volume
deficit.

Blood pressure compensation (— A, left). A
drop in blood pressure leads to a decrease in
the afferent signals of the arterial pressorecep-
tors. This results in activation of the pressor
areas in the central nervous system and to an
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