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Preface to the Fifth Edition

The base of knowledge in many sectors of phy-
siology has grown considerably in magnitude
and in depth since the last edition of this book
was published. Many advances, especially the
rapid progress in sequencing the human ge-
nome and its gene products, have brought
completely new insight into cell function and
communication. This made it necessary to edit
and, in some cases, enlarge many parts of the
book, especially the chapter on the fundamen-
tals of cell physiology and the sections on
neurotransmission, mechanisms of intracellu-
lar signal transmission, immune defense, and
the processing of sensory stimuli. A list of phy-
siological reference values and important for-
mulas were added to the appendix for quick
reference. The extensive index now also serves
as a key to abbreviations used in the text.

Some of the comments explaining the con-
nections between pathophysiological princi-
ples and clinical dysfunctions had to be slight-
ly truncated and set in smaller print. However,
this base of knowledge has also grown consi-
derably for the reasons mentioned above. To
make allowances for this, a similarly designed
book, the Color Atlas of Pathophysiology
(S. Silbernagl and F. Lang, Thieme), has now
been introduced to supplement the well-
established Color Atlas of Physiology.

I am very grateful for the many helpful com-
ments from attentive readers (including my
son Jakob) and for the welcome feedback from
my peers, especially Prof. H. Antoni, Freiburg,

*

Prof. C. von Campenhausen, Mainz, Dr. M. Fi-
scher, Mainz, Prof. K.H. Plattig, Erlangen, and
Dr. C. Walther, Marburg, and from my collea-
gues and staff at the Institute in Wiirzburg. It
was again a great pleasure to work with Riidi-
ger Gay and Astried Rothenburger, to whom I
am deeply indebted for revising practically all
the illustrations in the book and for designing a
number of new color plates. Their extraordina-
ry enthusiasm and professionalism played a
decisive role in the materialization of this new
edition. To them I extend my sincere thanks. I
would also like to thank Suzyon O’Neal Wan-
drey for her outstanding translation. I greatly
appreciate her capable and careful work. I am
also indebted to the publishing staff, especially
Marianne Mauch, an extremely competent and
motivated editor, and Gert Kriiger for invalu-
able production assistance. [ would also like to
thank Katharina Volker for her ever observant
and conscientious assistance in preparing the
index.

[ hope that the 5th Edition of the Color Atlas
of Physiology will prove to be a valuable tool for
helping students better understand physiolog-
ical correlates, and that it will be a valuable re-
ference for practicing physicians and scien-
tists, to help them recall previously learned in-
formation and gain new insights in physiology.

Wiirzburg, December 2002
Stefan Silbernagl*

e-mail: stefan.silbernagl@mail.uni-wuerzburg.de



Vi

Preface to the First Edition

In the modern world, visual pathways have
outdistanced other avenues for informational
input. This book takes advantage of the econo-
my of visual representation to indicate the si-
multaneity and multiplicity of physiological
phenomena. Although some subjects lend
themselves more readily than others to this
treatment, inclusive rather than selective
coverage of the key elements of physiology has
been attempted.

Clearly, this book of little more than 300
pages, only half of which are textual, cannot be
considered as a primary source for the serious
student of physiology. Nevertheless, it does
contain most of the basic principles and facts
taught in a medical school introductory
course. Each unit of text and illustration can
serve initially as an overview for introduction
to the subject and subsequently as a concise
review of the material. The contents are as cur-
rent as the publishing art permits and include
both classical information for the beginning
students as well as recent details and trends
for the advanced student.

A book of this nature is inevitably deriva-
tive, but many of the representations are new
and, we hope, innovative. A number of people
have contributed directly and indirectly to the
completion of this volume, but none more
than Sarah Jones, who gave much more than
editorial assistance. Acknowledgement of
helpful criticism and advice is due also to Drs.
R. Greger, A. Ratner, J. Weiss, and S. Wood, and
Prof. H. Seller. We are grateful to Joy Wieser for
her help in checking the proofs. Wolf-Riidiger
and Barbara Gay are especially recognized, not
only for their art work, but for their conceptual
contributions as well. The publishers, Georg
Thieme Verlag and Deutscher Taschenbuch
Verlag, contributed valuable assistance based
on extensive experience; an author could wish
for no better relationship. Finally, special
recognition to Dr. Walter Kumpmann for in-
spiring the project and for his unquestioning
confidence in the authors.

Basel and Innsbruck, Summer 1979
Agamemnon Despopoulos
Stefan Silbernagl



From the Preface to the Third Edition

The first German edition of this book was al-
ready in press when, on November 2nd, 1979,
Agamennon Despopoulos and his wife, Sarah
Jones-Despopoulos put to sea from Bizerta, Tu-
nisia. Their intention was to cross the Atlantic
in their sailing boat. This was the last that was
ever heard of them and we have had to aban-
don all hope of seeing them again.

Without the creative enthusiasm of Aga-
mennon Despopoulos, it is doubtful whether
this book would have been possible; without
his personal support it has not been easy to
continue with the project. Whilst keeping in
mind our original aims, I have completely re-
vised the book, incorporating the latest advan-
ces in the field of physiology as well as the wel-
come suggestions provided by readers of the
earlier edition, to whom [ extend my thanks for
their active interest.

Wiirzburg, Fall 1985
Stefan Silbernagl

Dr. Agamemnon Despopoulos

Born 1924 in New York; Professor of Physiology at the
University of New Mexico. Albuquerque, USA, until 1971;
thereafter scientific adviser to CIBA-GEIGY, Basel.
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1

Fundamentals and Cell Physiology

“... If we break up a living organism by isolating its different parts, it is only for the sake of ease in
analysis and by no means in order to conceive them separately. Indeed, when we wish to ascribe to a
physiological quality its value and true significance, we must always refer it to the whole and draw our
final conclusions only in relation to its effects on the whole.”

The Body: an Open System with an
Internal Environment

The existence of unicellular organisms is the
epitome of life in its simplest form. Even
simple protists must meet two basic but essen-
tially conflicting demands in order to survive.
A unicellular organism must, on the one hand,
isolate itself from the seeming disorder of its
inanimate surroundings, yet, as an “open sys-
tem” (— p.40), it is dependent on its environ-
ment for the exchange of heat, oxygen,
nutrients, waste materials, and information.

“Isolation” is mainly ensured by the cell
membrane, the hydrophobic properties of
which prevent the potentially fatal mixing of
hydrophilic components in watery solutions
inside and outside the cell. Protein molecules
within the cell membrane ensure the perme-
ability of the membrane barrier. They may
exist in the form of pores (channels) or as more
complex transport proteins known as carriers
(— p.26ff.). Both types are selective for cer-
tain substances, and their activity is usually
regulated. The cell membrane is relatively well
permeable to hydrophobic molecules such as
gases. This is useful for the exchange of O, and
CO; and for the uptake of lipophilic signal sub-
stances, yet exposes the cell to poisonous gases
such as carbon monoxide (CO) and lipophilic
noxae such as organic solvents. The cell mem-
brane also contains other proteins—namely,
receptors and enzymes. Receptors receive sig-
nals from the external environment and con-
vey the information to the interior of the cell
(signal transduction), and enzymes enable the
cell to metabolize extracellular substrates.

Let us imagine the primordial sea as the ex-
ternal environment of the unicellular or-
ganism (— A). This milieu remains more or less
constant, although the organism absorbs
nutrients from it and excretes waste into it. In
spite of its simple structure, the unicellular or-

Claude Bernard (1865)

ganism is capable of eliciting motor responses
to signals from the environment. This is
achieved by moving its pseudopodia or
flagella, for example, in response to changes in
the food concentration.

The evolution from unicellular organisms to
multicellular organisms, the transition from
specialized cell groups to organs, the emer-
gence of the two sexes, the coexistence of in-
dividuals in social groups, and the transition
from water to land have tremendously in-
creased the efficiency, survival, radius of ac-
tion, and independence of living organisms.
This process required the simultaneous devel-
opment of a complex infrastructure within the
organism. Nonetheless, the individual cells of
the body still need a milieu like that of the
primordial sea for life and survival. Today, the
extracellular fluid is responsible for providing
constant environmental conditions (— B), but
the volume of the fluid is no longer infinite. In
fact, it is even smaller than the intracellular
volume (— p. 168). Because of their metabolic
activity, the cells would quickly deplete the
oxygen and nutrient stores within the fluids
and flood their surroundings with waste prod-
ucts if organs capable of maintaining a stable
internal environment had not developed. This
is achieved through homeostasis, a process by
which physiologic self-regulatory mecha-
nisms (see below) maintain steady states in
the body through coordinated physiological
activity. Specialized organs ensure the con-
tinuous absorption of nutrients, electrolytes
and water and the excretion of waste products
via the urine and feces. The circulating blood
connects the organs to every inch of the body,
and the exchange of materials between the
blood and the intercellular spaces (interstices)
creates a stable environment for the cells. Or-
gans such as the digestive tract and liver ab-
sorb nutrients and make them available by
processing, metabolizing and distributing
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1 Fundamentals and Cell Physiology

them throughout the body. The lung is re-
sponsible for the exchange of gases (O, intake,
CO; elimination), the liver and kidney for the
excretion of waste and foreign substances, and
the skin for the release of heat. The kidney and
lungs also play an important role in regulating
the internal environment, e.g., water content,
osmolality, ion concentrations, pH (kidney,
lungs) and O, and CO; pressure (lungs) (— B).

The specialization of cells and organs for
specific tasks naturally requires integration,
which is achieved by convective transport over
long distances (circulation, respiratory tract),
humoral transfer of information (hormones),
and transmission of electrical signals in the
nervous system, to name a few examples.
These mechanisms are responsible for supply
and disposal and thereby maintain a stable in-
ternal environment, even under conditions of
extremely high demand and stress. Moreover,
they control and regulate functions that en-
sure survival in the sense of preservation of the
species. Important factors in this process in-
clude not only the timely development of re-
productive organs and the availability of fertil-
izable gametes at sexual maturity, but also the
control of erection, ejaculation, fertilization,
and nidation. Others include the coordination
of functions in the mother and fetus during
pregnancy and regulation of the birth process
and the lactation period.

The central nervous system (CNS) processes
signals from peripheral sensors (single
sensory cells or sensory organs), activates out-
wardly directed effectors (e.g., skeletal
muscles), and influences the endocrine glands.
The CNS is the focus of attention when study-
ing human or animal behavior. It helps us to lo-
cate food and water and protects us from heat
or cold. The central nervous system also plays a
role in partner selection, concern for offspring
even long after their birth, and integration into
social systems. The CNS is also involved in the
development, expression, and processing of
emotions such as desire, listlessness, curiosity,
wishfulness, happiness, anger, wrath, and
envy and of traits such as creativeness, inquisi-
tiveness, self-awareness, and responsibility.
This goes far beyond the scope of physiology—
which in the narrower sense is the study of the
functions of the body—and, hence, of this book.

Although behavioral science, sociology, and
psychology are disciplines that border on
physiology, true bridges between them and
physiology have been established only in ex-
ceptional cases.

Control and Regulation

In order to have useful cooperation between
the specialized organs of the body, their func-
tions must be adjusted to meet specific needs.
In other words, the organs must be subject to
control and regulation. Control implies that a
controlled variable such as the blood pressure
is subject to selective external modification,
for example, through alteration of the heart
rate (— p.218). Because many other factors
also affect the blood pressure and heart rate,
the controlled variable can only be kept con-
stant by continuously measuring the current
blood pressure, comparing it with the refer-
ence signal (set point), and continuously cor-
recting any deviations. If the blood pressure
drops—due, for example, to rapidly standing
up from a recumbent position—the heart rate
will increase until the blood pressure has been
reasonably adjusted. Once the blood pressure
has risen above a certain limit, the heart rate
will decrease again and the blood pressure will
normalize. This type of closed-loop control is
called a negative feedback control system or a
control circuit (— C1). It consists of a controller
with a programmed set-point value (target
value) and control elements (effectors) that can
adjust the controlled variable to the set point.
The system also includes sensors that continu-
ously measure the actual value of the con-
trolled variable of interest and report it (feed-
back) to the controller, which compares the ac-
tual value of the controlled variable with the
set-point value and makes the necessary ad-
justments if disturbance-related discrepancies
have occurred. The control system operates
either from within the organ itself (autoregula-
tion) or via a superordinate organ such as the
central nervous system or hormone glands.
Unlike simple control, the elements of a con-
trol circuit can work rather imprecisely
without causing a deviation from the set point
(atleast on average). Moreover, control circuits
are capable of responding to unexpected dis-
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1 Fundamentals and Cell Physiology

turbances. In the case of blood pressure regu-
lation (— €2), for example, the system can re-
spond to events such as orthostasis (— p.204)
or sudden blood loss.

The type of control circuits described above
keep the controlled variables constant when
disturbance variables cause the controlled
variable to deviate from the set point (— D2).
Within the body, the set point is rarely invaria-
ble, but can be “shifted” when requirements of
higher priority make such a change necessary.
In this case, it is the variation of the set point
that creates the discrepancy between the
nominal and actual values, thus leading to the
activation of regulatory elements (— D3).
Since the regulatory process is then triggered
by variation of the set point (and not by distur-
bance variables), this is called servocontrol or
servomechanism. Fever (— p.224) and the ad-
justment of muscle length by muscle spindles
and y-motor neurons (— p.316) are examples
of servocontrol.

In addition to relatively simple variables
such as blood pressure, cellular pH, muscle
length, body weight and the plasma glucose
concentration, the body also regulates com-
plex sequences of events such as fertilization,
pregnancy, growth and organ differentiation,
as well as sensory stimulus processing and the
motor activity of skeletal muscles, e.g., to
maintain equilibrium while running. The regu-
latory process may take parts of a second (e.g.,
purposeful movement) to several years (e.g.,
the growth process).

In the control circuits described above, the
controlled variables are kept constant on aver-
age, with variably large, wave-like deviations.
The sudden emergence of a disturbance varia-
ble causes larger deviations that quickly nor-
malize in a stable control circuit (— E, test sub-
ject no. 1). The degree of deviation may be
slight in some cases but substantial in others.
The latter is true, for example, for the blood
glucose concentration, which nearly doubles
after meals. This type of regulation obviously
functions only to prevent extreme rises and
falls (e.g., hyper- or hypoglycemia) or chronic
deviation of the controlled variable. More pre-
cise maintenance of the controlled variable re-
quires a higher level of regulatory sensitivity
(high amplification factor). However, this ex-

tends the settling time (— E, subject no. 3) and
can lead to regulatory instability, i.e., a situa-
tion where the actual value oscillates back and
forth between extremes (unstable oscillation,
—E, subject no. 4).

Oscillation of a controlled variable in re-
sponse to a disturbance variable can be at-
tenuated by either of two mechanisms. First,
sensors with differential characteristics (D
sensors) ensure that the intensity of the sensor
signal increases in proportion with the rate of
deviation of the controlled variable from the
set point (— p.312ff.). Second, feedforward
control ensures that information regarding the
expected intensity of disturbance is reported
to the controller before the value of the con-
trolled variable has changed at all. Feedfor-
ward control can be explained by example of
physiologic thermoregulation, a process in
which cold receptors on the skin trigger coun-
terregulation before a change in the controlled
value (core temperature of the body) has actu-
ally occurred (— p.224). The disadvantage of
having only D sensors in the control circuit can
be demonstrated by example of arterial pres-
sosensors (= pressoreceptors) in acute blood
pressure regulation. Very slow but steady
changes, as observed in the development of
arterial hypertension, then escape regulation.
In fact, a rapid drop in the blood pressure of a
hypertensive patient will even cause a coun-
terregulatory increase in blood pressure.
Therefore, other control systems are needed to
ensure proper long-term blood pressure regu-
lation.
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1 Fundamentals and Cell Physiology

The Cell

The cell is the smallest functional unit of a
living organism. In other words, a cell (and no
smaller unit) is able to perform essential vital
functions such as metabolism, growth, move-
ment, reproduction, and hereditary transmis-
sion (W. Roux) (— p.4). Growth, reproduction,
and hereditary transmission can be achieved
by cell division.

Cell components: All cells consist of a cell
membrane, cytosol or cytoplasm (ca. 50 vol.%),
and membrane-bound subcellular structures
known as organelles (— A, B). The organelles of
eukaryotic cells are highly specialized. For in-
stance, the genetic material of the cell is con-
centrated in the cell nucleus, whereas “diges-
tive” enzymes are located in the lysosomes.
Oxidative ATP production takes place in the
mitochondria.

The cell nucleus contains a liquid known
as karyolymph, a nucleolus, and chromatin.
Chromatin contains deoxyribonucleic acids
(DNA), the carriers of genetic information. Two
strands of DNA forming a double helix (up to
7 cm in length) are twisted and folded to form
chromosomes 10 um in length. Humans nor-
mally have 46 chromosomes, consisting of 22
autosomal pairs and the chromosomes that
determine the sex (XX in females, XY in males).
DNA is made up of a strand of three-part
molecules called nucleotides, each of which
consists of a pentose (deoxyribose) molecule, a
phosphate group, and a base. Each sugar
molecule of the monotonic sugar-phosphate
backbone of the strands (...deoxyribose -
phosphate-deoxyribose...) is attached to one
of four different bases. The sequence of bases
represents the genetic code for each of the
roughly 100000 different proteins that a cell
produces during its lifetime (gene expression).
In a DNA double helix, each base in one strand
of DNA is bonded to its complementary base in
the other strand according to the rule: adenine
(A) with thymine (T) and guanine (G) with cy-
tosine (C). The base sequence of one strand of
the double helix (—E) is always a “mirror
image” of the opposite strand. Therefore, one
strand can be used as a template for making a
new complementary strand, the information
content of which is identical to that of the orig-

inal. In cell division, this process is the means
by which duplication of genetic information
(replication) is achieved.

Messenger RNA (mRNA) is responsible for
code transmission, that is, passage of coding
sequences from DNA in the nucleus (base
sequence) for protein synthesis in the cytosol
(amino acid sequence) (—C1). mRNA is
formed in the nucleus and differs from DNA in
that it consists of only a single strand and that
it contains ribose instead of deoxyribose, and
uracil (U) instead of thymine. In DNA, each
amino acid (e.g., glutamate, — E) needed for
synthesis of a given protein is coded by a set of
three adjacent bases called a codon or triplet
(C-T-C in the case of glutamate). In order to
transcribe the DNA triplet, mRNA must form a
complementary codon (e.g., G-A-G for gluta-
mate). The relatively small transfer RNA
(tRNA) molecule is responsible for reading the
codon in the ribosomes (— €2). tRNA contains
a complementary codon called the anticodon
for this purpose. The anticodon for glutamate
is C-U-C (—E).

RNA synthesis in the nucleus is controlled
by RNA polymerases (types I-III). Their effect
on DNA is normally blocked by a repressor pro-
tein. Phosphorylation of the polymerase oc-
curs if the repressor is eliminated (de-repres-
sion) and the general transcription factors at-
tach to the so-called promoter sequence of the
DNA molecule (T-A-T-A in the case of poly-
merase II). Once activated, it separates the two
strands of DNA at a particular site so that the
code on one of the strands can be read and
transcribed to form mRNA (transcription,
—Cla, D). The heterogeneous nuclear RNA
(hnRNA) molecules synthesized by the poly-
merase have a characteristic “cap” at their 5
end and a polyadenine “tail” (A-A-A-...) at the
3’ end (— D). Once synthesized, they are im-
mediately “enveloped” in a protein coat, yield-
ing heterogeneous nuclear ribonucleoprotein
(hnRNP) particles. The primary RNA or pre-
mRNA of hnRNA contains both coding
sequences (exons) and non-coding sequences
(introns). The exons code for amino acid
sequences of the proteins to be synthesized,
whereas the introns are not involved in the
coding process. Introns may contain 100 to
10000 nucleotides; they are removed from the
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primary mRNA strand by splicing (— C1b, D)
and then degraded. The introns, themselves,
contain the information on the exact splicing
site. Splicing is ATP-dependent and requires
the interaction of a number of proteins within
a ribonucleoprotein complex called the
spliceosome. Introns usually make up the lion’s
share of pre-mRNA molecules. For example,
they make up 95% of the nucleotide chain of
coagulation factor VIII, which contains 25 in-
trons. mRNA can also be modified (e.g.,
through methylation) during the course of
posttranscriptional modification.

RNA now exits the nucleus through nuc-
lear pores (around 4000 per nucleus) and en-
ters the cytosol (— Cl1c). Nuclear pores are
high-molecular-weight protein complexes
(125MDa) located within the nuclear en-
velope. They allow large molecules such as
transcription factors, RNA polymerases or cy-
toplasmic steroid hormone receptors to pass
into the nucleus, nuclear molecules such as
mRNA and tRNA to pass out of the nucleus, and
other molecules such as ribosomal proteins to
travel both ways. The (ATP-dependent) pas-
sage of a molecule in either direction cannot
occur without the help of a specific signal that
guides the molecule into the pore. The above-
mentioned 5" cap is responsible for the exit of
mRNA from the nucleus, and one or two
specific sequences of a few (mostly cationic)
amino acids are required as the signal for the
entry of proteins into the nucleus. These
sequences form part of the peptide chain of
such nuclear proteins and probably create a
peptide loop on the protein’s surface. In the
case of the cytoplasmic receptor for glucocor-
ticoids (— p.278), the nuclear localization sig-
nal is masked by a chaperone protein (heat
shock protein 90, hsp90) in the absence of the
glucocorticoid, and is released only after the
hormone binds, thereby freeing hsp90 from
the receptor. The “activated” receptor then
reaches the cell nucleus, where it binds to
specific DNA sequences and controls specific
genes.

The nuclear envelope consists of two mem-
branes (=two phospholipid bilayers) that
merge at the nuclear pores. The two mem-
branes consist of different materials. The ex-
ternal membrane is continuous with the mem-

brane of the endoplasmic reticulum (ER),
which is described below (— F).

The mRNA exported from the nucleus
travels to the ribosomes (— C1), which either
float freely in the cytosol or are bound to the
cytosolic side of the endoplasmic reticulum, as
described below. Each ribosome is made up of
dozens of proteins associated with a number
of structural RNA molecules called ribosomal
RNA (rRNA). The two subunits of the ribosome
are first transcribed from numerous rRNA
genes in the nucleolus, then separately exit the
cell nucleus through the nuclear pores. As-
sembled together to form a ribosome, they
now comprise the biochemical “machinery”
for protein synthesis (translation) (— C2). Syn-
thesis of a peptide chain also requires the pres-
ence of specific tRNA molecules (at least one
for each of the 21 proteinogenous amino
acids). In this case, the target amino acid is
bound to the C-C-A end of the tRNA molecule
(same in all tRNAs), and the corresponding an-
ticodon that recognizes the mRNA codon is lo-
cated at the other end (— E). Each ribosome
has two tRNA binding sites: one for the last in-
corporated amino acid and another for the one
beside it (not shown in E). Protein synthesis
begins when the start codon is read and ends
once the stop codon has been reached. The ri-
bosome then breaks down into its two sub-
units and releases the mRNA (— C2). Ribo-
somes can add approximately 10-20 amino
acids per second. However, since an mRNA
strand is usually translated simultaneously by
many ribosomes (polyribosomes or polysomes)
at different sites, a protein is synthesized much
faster than its mRNA. In the bone marrow, for
example, a total of around 5 x 10'* hemoglobin
copies containing 574 amino acids each are
produced per second.

The endoplasmic reticulum (ER, —C, F)
plays a central role in the synthesis of proteins
and lipids; it also serves as an intracellular Ca?*
store (— p.17 A). The ER consists of a net-like
system of interconnected branched channels
and flat cavities bounded by a membrane. The
enclosed spaces (cisterns) make up around 10%
of the cell volume, and the membrane com-
prises up to 70% of the membrane mass of a
cell. Ribosomes can attach to the cytosolic sur-
face of parts of the ER, forming a rough endo-
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plasmic reticulum (RER). These ribosomes syn-
thesize export proteins as well as transmem-
brane proteins (— G) for the plasma mem-
brane, endoplasmic reticulum, Golgi appara-
tus, lysosomes, etc. The start of protein synthe-
sis (at the amino end) by such ribosomes (still
unattached) induces a signal sequence to
which a signal recognition particle (SRP) in the
cytosol attaches. As a result, (a) synthesis is
temporarily halted and (b) the ribosome (me-
diated by the SRP and a SRP receptor) attaches
to a ribosome receptor on the ER membrane.
After that, synthesis continues. In export pro-
tein synthesis, a translocator protein conveys
the peptide chain to the cisternal space once
synthesis is completed. Synthesis of membrane
proteins is interrupted several times (depend-
ing on the number of membrane-spanning
domains (— G2) by translocator protein clo-
sure, and the corresponding (hydrophobic)
peptide sequence is pushed into the phos-
pholipid membrane. The smooth endoplasmic
reticulum (SER) contains no ribosomes and is
the production site of lipids (e.g., for lipo-
proteins, — p.254ff.) and other substances.
The ER membrane containing the synthesized
membrane proteins or export proteins forms
vesicles which are transported to the Golgi ap-
paratus.

The Golgi complex or Golgi apparatus (— F)
has sequentially linked functional compart-
ments for further processing of products from
the endoplasmic reticulum. It consists of a cis-
Golgi network (entry side facing the ER),
stacked flattened cisternae (Golgi stacks) and a
trans-Golgi network (sorting and distribution).
Functions of the Golgi complex:

polysaccharide synthesis;

protein processing (posttranslational modi-
fication), e.g., glycosylation of membrane pro-
teins on certain amino acids (in part in the ER)
that are later borne as glycocalyces on the ex-
ternal cell surface (see below) and y-carboxy-
lation of glutamate residues (— p. 102 );

phosphorylation of sugars of glycoproteins
(e.g., to mannose-6-phosphate, as described
below);

“packaging” of proteins meant for export
into secretory vesicles (secretory granules), the
contents of which are exocytosed into the ex-
tracellular space; see p. 246, for example.

Hence, the Golgi apparatus represents a
central modification, sorting and distribution
center for proteins and lipids received from the
endoplasmic reticulum.

Regulation of gene expression takes place
on the level of transcription (— Cla), RNA
modification (— C1b), mRNA export (— Clc),
RNA degradation (— C1d), translation (— Cle),
modification and sorting (— F,f), and protein
degradation (— F,g).

The mitochondria (— A, B; p.17B) are the
site of oxidation of carbohydrates and lipids to
CO, and H,0 and associated O, expenditure.
The Krebs cycle (citric acid cycle), respiratory
chain and related ATP synthesis also occur in
mitochondria. Cells intensely active in meta-
bolic and transport activities are rich in mito-
chondria—e.g., hepatocytes, intestinal cells,
and renal epithelial cells. Mitochondria are en-
closed in a double membrane consisting of a
smooth outer membrane and an inner mem-
brane. The latter is deeply infolded, forming a
series of projections (cristae); it also has im-
portant transport functions (— p.17 B). Mito-
chondria probably evolved as a result of sym-
biosis between aerobic bacteria and anaerobic
cells (symbiosis hypothesis). The mitochondrial
DNA (mtDNA) of bacterial origin and the
double membrane of mitochondria are relicts
of their ancient history. Mitochondria also
contain ribosomes which synthesize all pro-
teins encoded by mtDNA.

Lysosomes are vesicles (— F) that arise from
the ER (via the Golgi apparatus) and are in-
volved in the intracellular digestion of macro-
molecules. These are taken up into the cell
either by endocytosis (e.g., uptake of albumin
into the renal tubules; — p. 158) or by phagocy-
tosis (e.g., uptake of bacteria by macrophages;
— p.94ff.). They may also originate from the
degradation of a cell’s own organelles (auto-
phagia, e.g., of mitochondria) delivered inside
autophagosomes (— B, F). A portion of the en-
docytosed membrane material recycles (e.g.,
receptor recycling in receptor-mediated en-
docytosis; — p.28). Early and late endosomes
are intermediate stages in this vesicular trans-
port. Late endosomes and lysosomes contain
acidic hydrolases (proteases, nucleases, li-
pases, glycosidases, phosphatases, etc., that
are active only under acidic conditions). The
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membrane contains an H*-ATPase that creates
an acidic (pH5) interior environment within
the lysosomes and assorted transport proteins
that (a) release the products of digestion (e.g.,
amino acids) into the cytoplasm and (b) ensure
charge compensation during H* uptake (Cl-
channels). These enzymes and transport pro-
teins are delivered in primary lysosomes from
the Golgi apparatus. Mannose-6-phosphate
(M6 P) serves as the “label” for this process; it
binds to M6 P receptors in the Golgi membrane
which, as in the case of receptor-mediated en-
docytosis (— p.28), cluster in the membrane
with the help of a clathrin framework. In the
acidic environment of the lysosomes, the
enzymes and transport proteins are separated
from the receptor, and M6 P is dephosphory-
lated. The M6 P receptor returns to the Golgi
apparatus (recycling, — F). The M6 P receptor
no longer recognizes the dephosphorylated
proteins, which prevents them from returning
to the Golgi apparatus.

Peroxisomes are microbodies containing
enzymes (imported via a signal sequence) that
permit the oxidation of certain organic
molecules (R-Hy), such as amino acids and
fatty acids: R-H, + O2 — R + H,0,. The peroxi-
somes also contain catalase, which transforms
2 H,0, into O; + H,0 and oxidizes toxins, such
as alcohol and other substances.

Whereas the membrane of organelles is re-
sponsible for intracellular compartmentaliza-
tion, the main job of the cell membrane (— G)
is to separate the cell interior from the extra-
cellular space (— p.2). The cell membrane is a
phospholipid bilayer (— G1) that may be either
smooth or deeply infolded, like the brush
border or the basal labyrinth (— B). Depending
on the cell type, the cell membrane contains
variable amounts of phospholipids, cholesterol,
and glycolipids (e.g., cerebrosides). The phos-
pholipids mainly consist of phosphatidylcho-
line (— G3), phosphatidylserine, phosphati-
dylethanolamine, and sphingomyelin. The hy-
drophobic components of the membrane face
each other, whereas the hydrophilic com-
ponents face the watery surroundings, that is,
the extracellular fluid or cytosol (— G4). The
lipid composition of the two layers of the
membrane differs greatly. Glycolipids are
present only in the external layer, as described

below. Cholesterol (present in both layers) re-
duces both the fluidity of the membrane and
its permeability to polar substances. Within
the two-dimensionally fluid phospholipid
membrane are proteins that make up 25% (my-
elin membrane) to 75% (inner mitochondrial
membrane) of the membrane mass, depend-
ing on the membrane type. Many of them span
the entire lipid bilayer once (— G1) or several
times (—G2) (transmembrane proteins),
thereby serving as ion channels, carrier pro-
teins, hormone receptors, etc. The proteins are
anchored by their lipophilic amino acid resi-
dues, or attached to already anchored proteins.
Some proteins can move about freely within
the membrane, whereas others, like the anion
exchanger of red cells, are anchored to the cy-
toskeleton. The cell surface is largely covered
by the glycocalyx, which consists of sugar
moieties of glycoproteins and glycolipids in
the cell membrane (— G1,4) and of the extra-
cellular matrix. The glycocalyx mediates cell-
cell interactions (surface recognition, cell
docking, etc.). For example, components of the
glycocalyx of neutrophils dock onto en-
dothelial membrane proteins, called selectins
(~> pP. 94).

The cytoskeleton allows the cell to maintain
and change its shape (during cell division, etc.),
make selective movements (migration, cilia),
and conduct intracellular transport activities
(vesicle, mitosis). It contains actin filaments as
well as microtubules and intermediate fila-
ments (e.g., vimentin and desmin filaments,
neurofilaments, keratin filaments) that extend
from the centrosome.
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Transport In, Through and Between
Cells

The lipophilic cell membrane protects the cell
interior from the extracellular fluid, which has
a completely different composition (— p.2).
This is imperative for the creation and main-
tenance of a cell’s internal environment by
means of metabolic energy expenditure. Chan-
nels (pores), carriers, ion pumps (— p.26ff.)
and the process of cytosis (— p.28) allow
transmembrane transport of selected sub-
stances. This includes the import and export of
metabolic substrates and metabolites and the
selective transport of ions used to create or
modify the cell potential (— p.32), which plays
an essential role in excitability of nerve and
muscle cells. In addition, the effects of sub-
stances that readily penetrate the cell mem-
brane in most cases (e.g., water and CO,) can be
mitigated by selectively transporting certain
other substances. This allows the cell to com-
pensate for undesirable changes in the cell
volume or pH of the cell interior.

Intracellular Transport

The cell interior is divided into different com-
partments by the organelle membranes. In
some cases, very broad intracellular spaces
must be crossed during transport. For this pur-
pose, a variety of specific intracellular trans-
port mechanisms exist, for example:

Nuclear pores in the nuclear envelope pro-
vide the channels for RNA export out of the nu-
cleus and protein import into it (— p. 11 C);

Protein transport from the rough endo-
plasmic reticulum to the Golgi complex
(=p.13F);

Axonal transport in the nerve fibers, in
which distances of up to 1meter can be
crossed (— p.42). These transport processes
mainly take place along the filaments of the
cytoskeleton. Example: while expending ATP,
the microtubules set dynein-bound vesicles in
motion in the one direction, and Kkinesin-
bound vesicles in the other (— p. 13 F).

Intracellular Transmembrane Transport
Main sites:

Lysosomes: Uptake of H* ions from the cyto-
sol and release of metabolites such as amino
acids into the cytosol (— p.12);

Endoplasmic reticulum (ER): In addition to a
translocator protein (— p. 10), the ER has two
other proteins that transport Ca?* (— A). Ca?*
can be pumped from the cytosol into the ER by
a Ca?*-ATPase called SERCA (sarcoplasmic en-
doplasmic  reticulum  Ca?*-transporting
ATPase). The resulting Ca®* stores can be re-
leased into the cytosol via a Ca®* channel (ry-
anodine receptor, RyR) in response to a trigger-
ing signal (— p. 36).

Mitochondria: The outer membrane con-
tains large pores called porins that render it
permeable to small molecules (< 5kDa), and
the inner membrane has high concentrations
of specific carriers and enzymes (— B).
Enzyme complexes of the respiratory chain
transfer electrons (e~) from high to low energy
levels, thereby pumping H* ions from the
matrix space into the intermembrane space
(—B1), resulting in the formation of an H* ion
gradient directed into the matrix. This not only
drives ATP synthetase (ATP production; — B2),
but also promotes the inflow of pyruvate ~and
anorganic phosphate, P~ (symport; — B2b,c
and p.28). Ca®* ions that regulate Ca**-sensi-
tive mitochondrial enzymes in muscle tissue
can be pumped into the matrix space with ATP
expenditure (— B2), thereby allowing the mi-
tochondria to form a sort of Ca®* buffer space
for protection against dangerously high con-
centrations of Ca®* in the cytosol. The inside-
negative membrane potential (caused by H* re-
lease) drives the uptake of ADP3- in exchange
for ATP*- (potential-driven transport; — B2a
and p.22).

Transport between Adjacent Cells

In the body, transport between adjacent cells
occurs either via diffusion through the extra-
cellular space (e.g., paracrine hormone effects)
or through channel-like connecting structures
(connexons) located within a so-called gap
junction or nexus (— C). A connexon is a hemi-
channel formed by six connexin molecules
(— €2). One connexon docks with another con-
nexon on an adjacent cell, thereby forming a
common channel through which substances
with molecular masses of up to around 1kDa
can pass. Since this applies not only for ions
such as Ca?*, but also for a number of organic
substances such as ATP, these types of cells are
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united to form a close electrical and metabolic
unit (syncytium), as is present in the
epithelium, many smooth muscles (single-
unit type, — p.70), the myocardium, and the
glia of the central nervous system. Electric
coupling permits the transfer of excitation,
e.g., from excited muscle cells to their adjacent
cells, making it possible to trigger a wave of ex-
citation across wide regions of an organ, such
as the stomach, intestine, biliary tract, uterus,
ureter, atrium, and ventricles of the heart. Cer-
tain neurons of the retina and CNS also com-
municate in this manner (electric synapses).
Gap junctions in the glia (—p.338) and
epithelia help to distribute the stresses that
occur in the course of transport and barrier ac-
tivities (see below) throughout the entire cell
community. However, the connexons close
when the concentration of Ca?* (in an extreme
case, due to a hole in cell membrane) or H*
concentration increases too rapidly ( — C3). In
other words, the individual (defective) cell is
left to deal with its own problems when neces-
sary to preserve the functionality of the cell
community.

Transport through Cell Layers

Multicellular organisms have cell layers that
are responsible for separating the “interior”
from the “exterior” of the organism and its
larger compartments. The epithelia of skin and
gastrointestinal, urogenital and respiratory
tracts, the endothelia of blood vessels, and neu-
roglia are examples of this type of extensive
barrier. They separate the immediate extra-
cellular space from other spaces that are
greatly different in composition, e.g., those
filled with air (skin, bronchial epithelia),
gastrointestinal contents, urine or bile
(tubules, urinary bladder, gallbladder),
aqueous humor of the eye, blood (endothelia)
and cerebrospinal fluid (blood-cerebrospinal
fluid barrier), and from the extracellular space
of the CNS (blood-brain barrier). Nonetheless,
certain substances must be able to pass
through these cell layers. This requires selec-
tive transcellular transport with import into
the cell followed by export from the cell. Un-
like cells with a completely uniform plasma
membrane (e.g., blood cells), epi- and en-
dothelial cells are polar cells, as defined by

their structure (— p.9A and B) and transport
function. Hence, the apical membrane (facing
exterior) of an epithelial cell has a different set
of transport proteins from the basolateral
membrane (facing the blood). Tight junctions
(described below) at which the outer phos-
pholipid layer of the membrane folds over,
prevent lateral mixing of the two membranes
(- D2).

Whereas the apical and basolateral mem-
branes permit transcellular transport, para-
cellular transport takes place between cells.
Certain epithelia (e.g., in the small intestinal
and proximal renal tubules) are relatively per-
meable to small molecules (leaky), whereas
others are less leaky (e.g., distal nephron,
colon). The degree of permeability depends on
the strength of the tight junctions (zonulae m
occludentes) holding the cells together (— D).
The paracellular pathway and the extent of its
permeability (sometimes cation-specific) are
essential functional elements of the various
epithelia. Macromolecules can cross the bar-
rier formed by the endothelium of the vessel
wall by transcytosis (— p.28), yet paracellular
transport also plays an essential role, es-
pecially in the fenestrated endothelium.
Anionic macromolecules like albumin, which
must remain in the bloodstream because of its
colloid osmotic action (— p. 208), are held back
by the wall charges at the intercellular spaces
and, in some cases, at the fenestra.

Long-distance transport between the
various organs of the body and between the
body and the outside world is also necessary.
Convection is the most important transport
mechanism involved in long-distance trans-
port (— p.24).
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Passive Transport by Means of
Diffusion

Diffusion is movement of a substance owing to
the random thermal motion (brownian move-
ment) of its molecules or ions (— A1) in all
directions throughout a solvent. Net diffusion
or selective transport can occur only when the
solute concentration at the starting point is
higher than at the target site. (Note: uni-
directional fluxes also occur in absence of a
concentration gradient—i.e., at equilibrium—
but net diffusion is zero because there is equal
flux in both directions.) The driving force of
diffusion is, therefore, a concentration gra-
dient. Hence, diffusion equalizes concentra-
tion differences and requires a driving force:
passive transport (= downhill transport).

Example: When a layer of O, gas is placed
on water, the O, quickly diffuses into the water
along the initially high gas pressure gradient
(— A2). As a result, the partial pressure of O,
(Poy) rises, and O, can diffuse further
downward into the next O,-poor layer of water
(— A1). (Note: with gases, partial pressure is
used in lieu of concentration.) However, the
steepness of the Po, profile or gradient (dPo,/
dx) decreases (exponentially) in each sub-
sequent layer situated at distance x from the
0, source (— A3). Therefore, diffusion is only
feasible for transport across short distances
within the body. Diffusion in liquids is slower
than in gases.

The diffusion rate, Jgir (mol-s7!), is the
amount of substance that diffuses per unit of
time. It is proportional to the area available for
diffusion (A) and the absolute temperature (T)
and is inversely proportional to the viscosity
() of the solvent and the radius (r) of the dif-
fused particles.

According to the Stokes-Einstein equation,
the coefficient of diffusion (D) is derived from T,
M, and r as

D:%[mz-s”], [1.1]
where R is the general gas constant
(8.3144]-K' - mol™') and N, Avogadro’s con-
stant (6.022 - 10> mol~"). In Fick’s first law of
diffusion (Adolf Fick, 1855), the diffusion rate
is expressed as

Jdm:A.D'(jii) [mol - s7"] [1.2]

where Cis the molar concentration and x is the
distance traveled during diffusion. Since the
driving “force”—i.e., the concentration gradient
(dC/dx)—decreases with distance, as was ex-
plained above, the time required for diffusion
increases exponentially with the distance
traveled (t~x2). If, for example, a molecule
travels the firstum in 0.5 ms, it will require 5s
to travel 100 um and a whopping 14 h for 1 cm.

Returning to the previous example (— A2),
if the above-water partial pressure of free O,
diffusion (— A2) is kept constant, the Po, in the
water and overlying gas layer will eventually
equalize and net diffusion will cease (diffusion
equilibrium). This process takes place within
the body, for example, when O, diffuses from
the alveoli of the lungs into the bloodstream
and when CO; diffuses in the opposite direc-
tion (— p. 120).

Let us imagine two spaces, a and b (— B1)
containing different concentrations (C,> Cp)
of an uncharged solute. The membrane sepa-
rating the solutions has pores Ax in length and
with total cross-sectional area of A. Since the
pores are permeable to the molecules of the
dissolved substance, the molecules will diffuse
from a to b, with C*~C" = AC representing the
concentration gradient. If we consider only the
spaces a and b (while ignoring the gradients
dC/dx in the pore, as shown in B2, for the sake
of simplicity), Fick’s first law of diffusion
(Eq.1.2) can be modified as follows:

Jdiﬁ:A-D-%[mol-S’l]. [1.3]
In other words, the rate of diffusion increases
as A, D, and AC increase, and decreases as the
thickness of the membrane (Ax) decreases.

When diffusion occurs through the lipid
membrane of a cell, one must consider that hy-
drophilic substances in the membrane are
sparingly soluble (compare intramembrane
gradient in C1 to C2) and, accordingly, have a
hard time penetrating the membrane by
means of “simple” diffusion. The oil-and-water
partition coefficient (k) is a measure of the lipid
solubility of a substance (— C).
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The higher the k value, the more quickly the sub-
stance will diffuse through a pure phospholipid
bilayer membrane. Substitution into Eq. 1.3 gives

Jaitt = k- A - D-%[mols“]; [1.4]

Whereas the molecular radius r (—Eq.1.1) still
largely determines the magnitude of D when k re-
mains constant (cf. diethylmalonamide with ethyl-
urea in D), k can vary by many powers of ten when r
remains constant (cf. urea with ethanol in D) and can
therefore have a decisive effect on the permeability
of the membrane.

Since the value of the variables k, D, and Ax
within the body generally cannot be deter-
mined, they are usually summarized as the
permeability coefficient P, where

— D -1

P—k-AX[m~s l. [1.5]
If the diffusion rate, Jqitr [mol-s~'], is related to
area A, Eq. 1.4 is transformed to yield

I"Tiff:P'AC[mol~m’2~s’1].

[1.6]
The quantity of substance (net) diffused per
unit area and time is therefore proportional to
AC and P (— E, blue line with slope P).

When considering the diffusion of gases, AC
in Eq. 1.4 is replaced by a- AP (solubility coeffi-
cient times partial pressure difference;
—p.126) and Jairr [mol - s7'] by Vair [m*- s7!].
k-o-D is then summarized as diffusion con-
ductance, or Krogh’s diffusion coefficient K [m? -
s~!.Pa~']. Substitution into Fick’s first diffusion
equation yields

Vit AP

a0 .51
K Ax [m-sT].

. [1.7]

Since A and Ax of alveolar gas exchange
(— p.120) cannot be determined in living or-
ganisms, K-F/Ax for O, is often expressed as
the O diffusion capacity of the lung, Dy:

VOzmn = Dv- APo, [m3 . 5_]]~ [1.8]
Nonionic diffusion occurs when the uncharged
form of a weak base (e.g., ammonia = NH3) or
acid (e.g., formic acid, HCOOH) passes through
a membrane more readily than the charged
form (— F). In this case, the membrane would
be more permeable to NHs; than to NH4*

(— p. 176 ff.). Since the pH of a solution deter-
mines whether these substances will be
charged or not (pK value; — p. 378), the diffu-
sion of weak acids and bases is clearly depend-
ent on the pH.

The previous equations have not made al-
lowances for the diffusion of electrically
charged particles (ions). In their case, the elec-
trical potential difference at cell membranes
must also be taken into account. The electrical
potential difference can be a driving force of
diffusion (electrodiffusion). In that case, posi-
tively charged ions (cations) will then migrate
to the negatively charged side of the mem-
brane, and negatively charged ions (anions)
will migrate to the positively charged side. The
prerequisite for this type of transport is, of
course, that the membrane contain ion chan-
nels (— p. 32 ff.) that make it permeable to the
transported ions. Inversely, every ion diffusing
along a concentration gradient carries a charge
and thus creates an electric diffusion potential
(— p.32ff.).

As a result of the electrical charge of an ion, the per-
meability coefficient of the ion x (=Py) can be trans-
formed into the electrical conductance of the
membrane for this ion, gx (— p.32):

g =-P-z2-PRT-TT.G[S-m7 [1.9]

where R and T have their usual meaning (explained
above) and z, equals the charge of the ion, F equals
the Faraday constant (9,65 - 10* A - s - mol™"), and ¢
equals the mean ionic activity in the membrane.
Furthermore,

a-Q

c=—"—.
Inci-Inc;

[1.10]
where index 1 = one side and index 2 = the other side
of the membrane. Unlike P, g is concentration-depend-
ent. If, for example, the extracellular K* concentration
rises from 4 to 8 mmol/kg H,O (cytosolic concentra-
tion remains constant at 160 mmol/kg H>0), ¢ will
rise, and g will increase by 20%.

Since most of the biologically important
substances are so polar or lipophobic (small
kvalue) that simple diffusion of the substances
through the membrane would proceed much
too slowly, other membrane transport proteins
called carriers or transporters exist in addition
to ion channels. Carriers bind the target
molecule (e.g., glucose) on one side of the
membrane and detach from it on the other side
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Osmosis, Filtration and Convection

Water flow or volume flow (Jv) across a mem-
brane, in living organisms is achieved through
osmosis (diffusion of water) or filtration. They
can occur only if the membrane is water-per-
meable. This allows osmotic and hydrostatic
pressure differences (Am and AP) across the
membrane to drive the fluids through it.

Osmotic flow equals the hydraulic conduc-
tivity (Kr) times the osmotic pressure differ-
ence (Am) (—A):

Jv=Ki- Amt [111]
The osmotic pressure difference (Ax) can be
calculated using van’t Hoff’s law, as modified
by Staverman:

A =0-R-T-ACosm, [1.12]
where o is the reflection coefficient of the par-
ticles (see below), R is the universal gas con-
stant (— p.20), T is the absolute temperature,
and ACosm [0sm - kgH,07'] is the difference be-
tween the lower and higher particle concen-
trations, Cism-CBsm (—A). Since ACesm, the
driving force for osmosis, is a negative value, Jv
is also negative (Eq. 1.11). The water therefore
flows against the concentration gradient of the
solute particles. In other words, the higher
concentration, Cm, attracts the water. When
the concentration of water is considered in os-
mosis, the H,0 concentration in A,a, Ci,o, is
greater than that in A,b, Ch,o. C,0-Chyo is
therefore the driving force for H.O diffusion
(—A). Osmosis also cannot occur unless the
reflection coefficient is greater than zero
(0>0), that is, unless the membrane is less
permeable to the solutes than to water.

Aquaporins (AQP) are water channels that
permit the passage of water in many cell mem-
branes. A chief cell in the renal collecting duct
contains a total of ca. 107 water channels, com-
prising AQP2 (regulated) in the luminal mem-
brane, and AQP3 and 4 (permanent?) in the ba-
solateral membrane. The permeability of the
epithelium of the renal collecting duct to
water (— A, right panel) is controlled by the in-
sertion and removal of AQP2, which is stored in
the membrane of intracellular vesicles. In the
presence of the antidiuretic hormone ADH (V-
receptors, cAMP; — p.274), water channels
are inserted in the luminal membrane within
minutes, thereby increasing the water perme-
ability of the membrane to around 1.5 X 10~'7
L s™! per channel.

In filtration (— B),

Jv=K¢- AP-An [113]
Filtration occurs through capillary walls,
which allow the passage of small ions and
molecules (o =0; see below), but not of plasma
proteins (— B, molecule x). Their concentra-
tion difference leads to an oncotic pressure
difference (Ar) that opposes AP. Therefore, fil-
tration can occur only if AP> Aswt (— B, p.152,
p.208).

Solvent drag occurs when solute particles
are carried along with the water flow of osmo-
sis or filtration. The amount of solvent drag for
solute X (Jx) depends mainly on osmotic flow
(Jv) and the mean solute activity ay (— p.376)
at the site of penetration, but also on the
degree of particle reflection from the mem-
brane, which is described using the reflection
coefficient (o). Solvent drag for solute X (Jx) is
therefore calculated as

Je=Jv(1-0)a[mol-s] [1.14]
Larger molecules such as proteins are entirely
reflected, and ¢ = 1 (— B, molecule X). Reflec-
tion of smaller molecules is lower, and o< 1.
When urea passes through the wall of the
proximal renal tubule, for example, ¢ =
0.68.The value (1-0) is also called the sieving
coefficient (— p.154).

Plasma protein binding occurs when small-
molecular substances in plasma bind to pro-
teins (— C). This hinders the free penetration
of the substances through the endothelium or
the glomerular filter (— p.154ff.). At a glo-
merular filtration fraction of 20%, 20% of a
freely filterable substance is filtered out. If,
however, 9/10 of the substance is bound to
plasma proteins, only 2% will be filtered during
each renal pass.

Convection functions to transport solutes
over long distances—e.g., in the circulation or
urinary tract. The solute is then carried along
like a piece of driftwood. The quantity of solute
transported over time (Jeony) is the product of
volume flow Jy (in m? - s~') and the solute con-
centration C (mol - m~3):

Jeonv = Jv - C [mol . 571]. [].15]
The flow of gases in the respiratory tract, the
transmission of heat in the blood and the re-
lease of heat in the form of warmed air occurs
through convection (— p.222).
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Active Transport

Active transport occurs in many parts of the
body when solutes are transported against
their concentration gradient (uphill transport)
and/or, in the case of ions, against an electrical
potential (— p.22). All in all, active transport
occurs against the electrochemical gradient or
potential of the solute. Since passive transport
mechanisms represent “downbhill” transport
(— p.20ff.), they are not appropriate for this
task. Active transport requires the expenditure
of energy. A large portion of chemical energy
provided by foodstuffs is utilized for active
transport once it has been made readily avail-
able in the form of ATP (— p. 41). The energy
created by ATP hydrolysis is used to drive the
transmembrane transport of numerous ions,
metabolites, and waste products. According to
the laws of thermodynamics, the energy ex-
pended in these reactions produces order in
cells and organelles—a prerequisite for sur-
vival and normal function of cells and, there-
fore, for the whole organism (— p. 38 ff.).

In primary active transport, the energy pro-
duced by hydrolysis of ATP goes directly into
ion transport through an ion pump. This type
of ion pump is called an ATPase. They establish
the electrochemical gradients rather slowly,
e.g., at a rate of around 1umol - s”' - m™2 of
membrane surface area in the case of Na*-K'-
ATPase. The gradient can be exploited to
achieve rapid ionic currents in the opposite
direction after the permeability of ion chan-
nels has been increased (— p.32ff.). Na* can,
for example, be driven into a nerve cell at a rate
of up to 1000 umol - s7! - m~2 during an action
potential.

ATPases occur ubiquitously in cell mem-
branes (Na*-K*-ATPase) and in the endo-
plasmic reticulum and plasma membrane
(Ca%*-ATPase), renal collecting duct and stom-
ach glands (H*,K* -ATPase), and in lysosomes
(H*-ATPase). They transport Na*, K*, Ca** and
H*, respectively, by primarily active mecha-
nisms. All except H*-ATPase consist of 2 a-sub-
units and 2 B-subunits (P-type ATPases). The
a-subunits are phosphorylated and form the
ion transport channel (— A1).

Na*-K*-ATPase is responsible for main-
tenance of intracellular Na* and K* homeostasis

and, thus, for maintenance of the cell mem-
brane potential. During each transport cycle
(—AT1,A2),3 Na*"and 2 K* are “pumped” out of
and into the cell, respectively, while 1 ATP
molecule is used to phosphorylate the carrier
protein  (—A2b). Phosphorylation first
changes the conformation of the protein and
subsequently alters the affinities of the Na*
and K* binding sites. The conformational
change is the actual ion transport step since it
moves the binding sites to the opposite side of
the membrane (— A2b-d). Dephosphoryla-
tion restores the pump to its original state
(— A2e-f). The Na*/K* pumping rate increases
when the cytosolic Na* concentration rises—
due, for instance, to increased Na* influx, or
when the extracellular K* rises. Therefore,
Na* K*-activatable ATPase is the full name of
the pump.Na-*K*-ATPase is inhibited by
ouabain and cardiac glycosides.

Secondary active transport occurs when
uphill transport of a compound (e.g., glucose)
via a carrier protein (e.g., sodium glucose
transporter type 2, SGLT2) is coupled with the
passive (downhill) transport of an ion (in this
example Na*; — B1). In this case, the electro-
chemical Na* gradient into the cell (created by
Na*-K*-ATPase at another site on the cell mem-
brane; — A) provides the driving force needed
for secondary active uptake of glucose into the
cell. Coupling of the transport of two com-
pounds across a membrane is called cotrans-
port, which may be in the form of symport or
antiport. Symport occurs when the two com-
pounds (i.e.,, compound and driving ion) are
transported across the membrane in the same
direction (— B1-3). Antiport (countertrans-
port) occurs when they are transported in op-
posite directions. Antiport occurs, for example,
when an electrochemical Na* gradient drives
H* in the opposite direction by secondary ac-
tive transport (— B4). The resulting H* gradient
can then be exploited for tertiary active sym-
port of molecules such as peptides (— B5).

Electroneutral transport occurs when the
net electrical charge remains balanced during
transport, e.g., during Na*/H* antiport (— B4)
and Na*-Cl~ symport (— B2). Small charge sep-
aration occurs in electrogenic (rheogenic)
transport, e.g., in Na*-glucose® symport
(—B1), Na*-amino acid® symport (— B3),
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2Na*-amino acid- symport, or H*-peptide®
symport (— B5). The chemical Na* gradient
provides the sole driving force for elec-
troneutral transport (e.g., Na*/H* antiport),
whereas the negative membrane potential
(— p.32ff.) provides an additional driving
force for electrogenication-coupled cotrans-
port into the cell. When secondary active
transport (e.g., of glucose) is coupled with the
influx of not one but two Na* ions (e.g., SGLT1
symporter), the driving force is doubled. The
aid of ATPases is necessary, however, if the re-
quired “uphill” concentration ratio is several
decimal powers large, e.g., 106 in the extreme
case of H*ions across the luminal membrane of
parietal cells in the stomach. ATPase-mediated
transport can also be electrogenic or elec-
troneutral, e.g., Na*-K*-ATPase (3 Na*/2 K*; cf.
p.46) or H'/K*-ATPase (1 H*/1K*), respectively.

Characteristics of active transport:

It can be saturated, i.e., it has a limited maxi-
mum capacity (Jmax)-

It is more or less specific, i.e.,, a carrier
molecule will transport only certain chemi-
cally similar substances which inhibit the
transport of each other (competitive inhibi-
tion).

Variable quantities of the similar substances
are transported at a given concentration, i.e.,
each has a different affinity (~1/Ky) to the
transport system.

Active transport is inhibited when the
energy supply to the cell is disrupted.

All of these characteristics except the last
apply to passive carriers, that is, to uniporter-
mediated (facilitated) diffusion (— p.22).

The transport rate of saturable transport
(Jsat) is usually calculated according to Mi-
chaelis-Menten kinetics:

C

Jsat = Jmax - Ku+C [1.16]

where Cis the concentration of the substrate in
question, Jmax is its maximum transport rate,
and Ky is the substrate concentration that pro-
duces one-half Jmax (— p.383).

Cytosis is a completely different type of ac-
tive transport involving the formation of mem-
brane-bound vesicles with a diameter of
50-400 nm. Vesicles are either pinched off
from the plasma membrane (exocytosis) or in-
corporated into it by invagination (endocyto-

sis) in conjunction with the expenditure of
ATP.In cytosis, the uptake and release of mac-
romolecules such as proteins, lipoproteins,
polynucleotides, and polysaccharides into and
out of a cell occurs by specific mechanisms
similar to those involved in intracellular trans-
port (— p.12ff.).

Endocytosis (— p.13) can be broken down
into different types, including pinocytosis, re-
ceptor-mediated endocytosis, and phagocyto-
sis. Pinocytosis is characterized by the con-
tinuous unspecific uptake of extracellular fluid
and molecules dissolved in it through rela-
tively small vesicles. Receptor-mediated en-
docytosis (— C) involves the selective uptake
of specific macromolecules with the aid of re-
ceptors. This usually begins at small depres-
sions (pits) on the plasma membrane surface.
Since the insides of the pits are often densely
covered with the protein clathrin, they are
called clathrin-coated pits. The receptors in-
volved are integral cell membrane proteins
such as those for low-density lipoprotein (LPL;
e.g., in hepatocytes) or intrinsic factor-bound
cobalamin (e.g., in ileal epithelial cells). Thou-
sands of the same receptor type or of different
receptors can converge at coated pits (— C),
yielding a tremendous increase in the efficacy
of ligand uptake. The endocytosed vesicles are
initially coated with clathrin, which is later re-
leased. The vesicles then transform into early
endosomes, and most of the associated recep-
tors circulate back to the cell membrane (— C
and p.13). The endocytosed ligand is either
exocytosed on the opposite side of the cell
(transcytosis, see below), or is digested by lyso-
somes (— C and p. 13). Phagocytosis involves
the endocytosis of particulate matter, such as
microorganisms or cell debris, by phagocytes
(— p.94ff.) in conjunction with lysosomes.
Small digestion products, such as amino acids,
sugars and nucleotides, are transported out of
the lysosomes into the cytosol, where they can
be used for cellular metabolism or secreted
into the extracellular fluid. When certain hor-
mones such as insulin (— p.282) bind to re-
ceptors on the surface of target cells, hormone-
receptor complexes can also enter the coated
pits and are endocytosed (internalized) and
digested by lysosomes. This reduces the den-
sity of receptors available for hormone bind-
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ing. In other words, an increased hormone
supply down-regulates the receptor density.

Exocytosis (— p.13) is a method for selec-
tive export of macromolecules out of the cell
(e.g., pancreatic enzymes; — p.246 ff.) and for
release of many hormones (e.g., posterior
pituitary hormone; — p.280) or neu-
rotransmitters (— p.50ff.). These substances
are kept “packed” and readily available in
(clathrin-coated) secretory vesicles, waiting to
be released when a certain signal is received
(increase in cytosolic Ca?*). The “packing mate-
rial” (vesicle membrane) is later re-endocy-
tosed and recycled. Exocytotic membrane fu-
sion also helps to insert vesicle-bound pro-
teins into the plasma membrane (— p.13).The
liquid contents of the vesicle then are auto-
matically emptied in a process called constitu-
tive exocytosis (— D).

In constitutive exocytosis, the protein complex
coatomer (coat assembly protomer) takes on the role
of clathrin (see above). Within the Golgi membrane,
GNRP  (guanine nucleotide-releasing  protein)
phosphorylates the GDP of the ADP-ribosylation fac-
tor (ARF) to GTP — D1), resulting in the dispatch of
vesicles from the trans-Golgi network. ARF-GTP
complexes then anchor on the membrane and bind
with  coatomer (—D2), thereby producing
coatomer-coated vesicles (— D3). The membranes
of the vesicles contain v-SNAREs (vesicle synapto-
some-associated protein receptors), which recognize
t-SNAREs (target-SNAREs) in the target membrane
(the plasma membrane, in this case). This results in
cleavage of ARF-GTP, dissociation of ARF-GDP and
coatomer molecules and, ultimately, to membrane
fusion and exocytosis (— D4, D5) to the extracellular
space (ECS).

Transcytosis is the uptake of macromolecules
such as proteins and hormones by endocytosis
on one side of the cell, and their release on the
opposite side. This is useful for transcellular
transport of the macromolecules across cell lay-
ers such as endothelia.

Cell Migration

Most cells in the body are theoretically able to
move from one place to another or migrate
(—E), but only a few cell species actually do so.
The sperm are probably the only cells with a
special propulsion mechanism. By waving
their whip-like tail, the sperm can travel at

speeds of up to around 2000 um/min. Other
cells also migrate, but at much slower rates. Fi-
broblasts, for example, move at a rate of around
1.2 um/min. When an injury occurs, fibroblasts
migrate to the wound and aid in the formation
of scar tissue. Cell migration also plays a role in
embryonal development. Chemotactically at-
tracted neutrophil granulocytes and macro-
phages can even migrate through vessel walls
to attack invading bacteria (— p. 94ff.). Cells of
some tumors can also migrate to various tis-
sues of the body or metastasize, thereby
spreading their harmful effects.

Cells migrate by “crawling” on a stable sur-
face (—E1). The following activities occur
during cell migration:

Back end of the cell: (a) Depolymerization of
actin and tubulin in the cytoskeleton; (b) en-
docytosis of parts of the cell membrane, which
are then propelled forward as endocytotic ves-
icles to the front of the cell, and (c) release of
ions and fluids from the cell.

Front end of the cell (lamellipodia): (a) Po-
lymerization of actin monomers is achieved
with the aid of profilin (— E2). The monomers
are propelled forward with the help of plasma
membrane-based myosin I (fueled by ATP);
(b) reinsertion of the vesicles in the cell mem-
brane; (c) uptake of ions and fluids from the
environment.

Parts of the cell membrane that are not in-
volved in cytosis are conveyed from front to
back, as on a track chain. Since the cell mem-
brane is attached to the stable surface (pri-
marily fibronectin of the extracellular matrix
in the case of fibroblasts), the cell moves for-
ward relative to the surface. This is achieved
with the aid of specific receptors, such as fi-
bronectin receptors in the case of fibroblasts.
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Electrical Membrane Potentials and
lon Channels

An electrical potential difference occurs due to
the net movement of charge during ion trans-
port. A diffusion potential develops for in-
stance, when ions (e.g., K*) diffuse (down a
chemical gradient; — p.20ff.) out of a cell,
making the cell interior negative relative to the
outside. The rising diffusion potential then
drives the ions back into the cell (potential-
driven ion transport; — p.22). Outward K* dif-
fusion persists until equilibrium is reached. At
equilibrium, the two opposing forces become
equal and opposite. In other words, the sum of
the two or the electrochemical gradient (and
thereby the electrochemical potential) equals
zero, and there is no further net movement of
ions (equilibrium concentration) at a certain
voltage (equilibrium potential).

The equilibrium potential (Ex) for any spe-
cies of ion X distributed inside (i) and outside
(0) a cell can be calculated using the Nernst
equation:

R-T [X]o

Ex: -In

Foo V) 171

where R is the universal gas constant (=8.314
J-K-'-mol-1!), T is the absolute temperature
(310°K in the body), F is the Faraday constant
or charge per mol (=9.65 X 10*A-s-mol-'),zis
the valence of the ion in question (+ 1 for K*, + 2
for Ca?*, - 1 for CI-, etc.), In is the natural loga-
rithm, and [X] is the effective concentration =
activity of the ion X (— p.376). R-T/F =0.0267
V-1 at body temperature (310°K). It is some-
times helpful to convert In([X]o/[X]i) into
=In([X]i/[X]o), V into mV and In into log be-
fore calculating the equilibrium potential
(— p.380). After insertion into Eq. 1.17, the
Nernst equation then becomes

[X]i
[Xlo

If the ion of species X is K*, and [K*]i = 140, and
[K*]o = 4.5mmol/kgH,0, the equilibrium
potential Ex = - 61-log31 mV or - 91 mV. If the
cell membrane is permeable only to K*, the
membrane potential (En) will eventually reach
avalue of - 91 mV, and E, will equal Ex (— A1).

Ex=-61-— .log X [mv] (18]
Zx

At equilibrium potential, the chemical
gradient will drive just as many ions of species
X in the one direction as the electrical poten-
tial does in the opposite direction. The electro-
chemical potential (En-E) or so-called elec-
trochemical driving “force”, will equal zero,
and the sum of ionic inflow and outflow or the
net flux (I,) will also equal zero.

Membrane conductance (gx), a concentra-
tion-dependent variable, is generally used to
describe the permeability of a cell membrane
to a given ion instead of the permeability
coefficient P (see Eq. 1.5 on p.22 for conver-
sion). Since it is relative to membrane surface
area, gy is expressed in siemens (S = 1/Q) per
m?(— p.22,Eq. 1.9). Ohm’s law defines the net
ion current (Ix) per unit of membrane surface
area as

Ix = gx - (Em - Ex) [A- m~?]

Ix will therefore differ from zero when the pre-
vailing membrane potential, Er,, does not equal
the equilibrium potential, Ex. This occurs, for
example, after strong transient activation of
Na*-K *-ATPase (electrogenic; — p.26): hyper-
polarization of the membrane (— A2), or when
the cell membrane conducts more than one
ion species, e.g., K* as well as ClI” and Na*:
depolarization (— A3). If the membrane is per-
meable to different ion species, the total con-
ductance of the membrane (gn) equals the sum
of all parallel conductances (g; + g2 + g3 + ...).
The fractional conductance for the ion species
X (fx) can be calculated as

[1.19]

fx = gx/gm [1.20]

The membrane potential, Ey, can be deter-
mined if the fractional conductances and equi-
librium potentials of the conducted ions are
known (see Eq. 1.18). Assuming K*, Na*, and Cl~
are the ions in question,

Em = (Ex - fx) + (Ena - fna) + (Eai - far)

Realistic values in resting nerve cells are: fx =
0.90, fNa = 0.03, fc[ = 0.07; E[( =-90 lTlV, ENa =
+70mV, Eq = -83 mV. Inserting these values
into equation 1.21 results in an E;, of -85mV.
Thus, the driving forces (=electrochemical
potentials = En-Eyx), equal +5mV for K*,
-145mV for Na*, and -2 mV for CI-. The driv-

[121]
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ing force for K* efflux is therefore low, though
gk is high. Despite a high driving force for Na*,
Na*influx is low because the gy, and fy, of rest-
ing cells are relatively small. Nonetheless, the
sodium current, In,, can rise tremendously
when large numbers of Na* channels open
during an action potential (— p.46).

Electrodiffusion. The potential produced by
the transport of one ion species can also drive
other cations or anions through the cell mem-
brane (— p.22), provided it is permeable to
them. The K*diffusion potential leads to the ef-
flux of CI-, for example, which continues until
Eci = Em. According to Equation 1.18, this means
that the cytosolic Cl- concentration is reduced
to 1/25th of the extracellular concentration
(passive distribution of CI- between cytosol and
extracellular fluid). In the above example,
there was a small electrochemical Cl~ potential
driving CI- out of the cell (Ey - Eci = -2 mV).
This means that the cytosolic CI- concentration
is higher than in passive Cl- distribution (E¢ =
Em). Therefore, ClI- ions must have been ac-
tively taken up by the cell, e.g., by a Na*- Cl-
symport carrier (— p.29B): active distribution
of CI-.

To achieve ion transport, membranes have a
variable number of channels (pores) specific
for different ion species (Na*, Ca%*, K*, Cl-, etc.).
The conductance of the cell membrane is
therefore determined by the type and number
of ion channels that are momentarily open.
Patch—-clamp techniques permit the direct
measurement of ionic currents through single
ion channels (— B). Patch-clamp studies have
shown that the conductance of a membrane
does not depend on the change of the pore
diameter of its ion channels, but on their aver-
age frequency of opening. The ion permeabil-
ity of a membrane is therefore related to the
open-probability of the channels in question.
Ion channels open in frequent bursts (— B2).
Several ten thousands of ions pass through the
channel during each individual burst, which
lasts for only a few milliseconds.

During a patch-clamp recording, the open-
ing (0.3-3 um in diameter) of a glass electrode
is placed over a cell membrane in such a way
that the opening covers only a small part of the
membrane (patch) containing only one or a
small number of ion channels. The whole cell

can either be left intact, or a membrane patch
can excised for isolated study (— B1). In single-
channel recording, the membrane potential is
kept at a preset value (voltage clamp). This per-
mits the measurement of ionic current in a
single channel. The measurements are plotted
(—B3)as current (I) over voltage (V). The slope
of the I/V curve corresponds to the conduct-
ance of the channel for the respective ion spe-
cies (see Eq. 1.18). The zero-current potential is
defined as the voltage at which the I/V curve
intercepts the x-axis of the curve (I = 0). The
ion species producing current I can be deduced
from the zero-current potential. In example B,
the zero-current potential equals -90mV.
Under the conditions of this experiment, an
electrochemical gradient exists only for Na*
and K*, but not for CI~ (— B). At these gradients,
Ex=-90mV and En, = +90 mV. As Ex equals the
zero-current potential, the channel is exclu-
sively permeable to K* and does not allow
other ions like Na* to pass. The channel type
can also be determined by adding specific
channel blockers to the system.

Control of ion channels (— C). Channel
open-probability is controlled by five main
factors:

Membrane potential, especially in Na*, Ca?*
and K* channels in nerve and muscle fibers
(—C1; pp.46 and 50).

External ligands that bind with the channel
(—€2). This includes acetylcholine on the
postsynaptic membrane of nicotinic synapses
(cation channels), glutamate (cation chan-
nels), and glycine or GABA (CI- channels).

Intracellular messenger substances (— C3)
such as:

— cAMP (e.g., in Ca** channels in myocardial
cells and CI- channels in epithelial cells);

— cGMP (plays a role in muscarinergic effects
of acetylcholine and in excitation of the reti-
nal rods);

— IP3 (opening of Ca?* channels of intracellu-
lar Ca?* stores);

— Small G-proteins (Ca%* channels of the cell
membrane);

— Tyrosine kinases (CI- and K* channels
during apoptosis);

— Ca* (affects K* channels and degree of acti-
vation of rapid Na* channels; — p.46).
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Intracellular metabolites (— C4) such as ATP
(e.g., in K* channels in the heart and B cells in
pancreatic islets) or H+ ions (e.g., in K* chan-
nels in renal epithelial cells);

Membrane stretch (— C5), the direct or in-

direct (?) effects of which play a role in Ca®*
channels of smooth muscle fibers and gen-

erally in normal K* and CI- channels in swelling
cells.
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Role of Ca?* in Cell Regulation

The cytosolic Ca?* concentration, [Ca®'];, (ca.
0.1 to 0.01 umol/L) is several decimal powers
lower than the extracellular Ca?* concentra-
tion [Ca?*], (ca. 1.3 mmol/L). This is because
Ca* is continuously pumped from the cytosol
into intracellular Ca%** stores such as the
endoplasmic and sarcoplasmic reticulum
(— p.17 A), vesicles, mitochondria and nuclei
(?) or is transported out of the cell. Both
processes occur by primary active transport
(Ca?*-ATPases) and, in the case of efflux, by ad-
ditional secondary active transport through
Ca**/3 Na* antiporters (— A1).

To increase the cytosolic Ca?* concentration,
Ca®* channels conduct Ca?* from intracellular
stores and the extracellular space into the cy-
tosol (—A2). The frequency of Ca?* channel
opening in the cell membrane is increased by

Depolarization of the cell membrane (nerve
and muscle cells);

Ligands (e.g., via G, proteins; — p.274);

Intracellular messengers (e.g., IP; and cAMP;
— p.274ff);

Stretching or heating of the cell membrane.
The Ca?* channels of the endoplasmic and sar-
coplasmic reticulum open more frequently in
response to signals such as a rise in [Ca®*]; (in-
flux of external Ca?* works as the “spark” or
trigger) or inositol tris-phosphate (IP3; — A2
and p.276).

A rise in [Ca?*]; is a signal for many impor-
tant cell functions (— A), including myocyte
contraction, exocytosis of neurotransmitters
in presynaptic nerve endings, endocrine and
exocrine hormone secretion, the excitation of
certain sensory cells, the closure of gap junc-
tions in various cells (— p.19C), the opening
of other types of ion channels, and the migra-
tion of leukocytes and tumor cells (— p.30) as
well as thrombocyte activation and sperm mo-
bilization. Some of these activities are medi-
ated by calmodulin. A calmodulin molecule
can bind up to 4 Ca®* ions when the [Ca?*]; rises
(—A2). The Ca®*-calmodulin complexes acti-
vate a number of different enzymes, including
calmodulin-dependent protein kinase Il (CaM-
kinase II) and myosin light chain kinase
(MLCK), which is involved in smooth muscle
contraction (— p.70).

[Ca?*]; oscillation is characterized by multi-
ple brief and regular [Ca*']; increases (Ca®*
spikes) in response to certain stimuli or hor-
mones (— B). The frequency, not amplitude, of
[Ca?*); oscillation is the quantitative signal for
cell response. When low-frequency [Ca®*];
oscillation occurs, CaM-kinase II, for example,
is activated and phosphorylates only its target
proteins, but is quickly and completely deacti-
vated (— B1, B3). High-frequency [Ca%*]; oscil-
lation results in an increasing degree of auto-
phosphorylation and progressively delays the
deactivation of the enzyme (— B3). As a result,
the activity of the enzyme decays more and
more slowly between [Ca?*]; signals, and each
additional [Ca?*]; signal leads to a summation
of enzyme activity (—B2). As with action
potentials (— p.46), this frequency-borne,
digital all-or-none type of signal transmission
provides a much clearer message than the
[Ca%*|; amplitude, which is influenced by a
number of factors.

Ca?* sensors. The extracellular Ca?* concen-
tration [Ca®*], plays an important role in blood
coagulation and bone formation as well as in
nerve and muscle excitation. [Ca*], is tightly
controlled by hormones such as PTH, calcitriol
and calcitonin (— p.290), and represents the
feedback signal in this control circuit
(— p.290). The involved Ca**sensors are mem-
brane proteins that detect high [Ca%], levels
on the cell surface and dispatch IP; and DAG
(diacylglycerol) as intracellular second mes-
sengers with the aid of a Gq protein (— C1 and
p.274ft.). IP; triggers an increase in the [Ca?*];
of parafollicular C cells of the thyroid gland.
This induces the exocytosis of calcitonin, a
substance that reduces [Ca*'], (— C2). In para-
thyroid cells, on the other hand, a high [Ca®],
reduces the secretion of PTH, a hormone that
increases the [Ca*],. This activity is mediated
by DAG and PKC (protein kinase C) and, per-
haps, by a (G; protein-mediated; — p.274) re-
duction in the cAMP concentration (— C3).
Ca®* sensors are also located on osteoclasts as
well as on renal and intestinal epithelial cells.
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Energy Production and Metabolism

Energy is the ability of a system to perform
work; both are expressed in joules (J). A poten-
tial difference (potential gradient) is the so-
called driving “force” that mobilizes the matter
involved in the work. Water falling from height
X (in meters) onto a power generator, for ex-
ample, represents the potential gradient in
mechanical work. In electrical and chemical
work, potential gradients are provided respec-
tively by voltage (V) and a change in free en-
thalpy AG (J - mol-1). The amount of work per-
formed can be determined by multiplying the
potential difference (intensity factor) by the
corresponding capacity factor. In the case of
the water fall, the work equals the height the
water falls (m) times the force of the falling
water (in N). In the other examples, the
amount work performed equals the voltage (V)
times the amount of charge (C). Chemical work
performed = AG times the amount of sub-
stance (mol).

Living organisms cannot survive without an
adequate supply of energy. Plants utilize solar
energy to convert atmospheric CO, into oxy-
gen and various organic compounds. These, in
turn, are used to fill the energy needs of
humans and animals. This illustrates how
energy can be converted from one form into
another. If we consider such a transformation
taking place in a closed system (exchange of
energy, but not of matter, with the environ-
ment), energy can neither appear nor disap-
pear spontaneously. In other words, when
energy is converted in a closed system, the
total energy content remains constant. This is
described in the first law of thermodynamics,
which states that the change of internal energy
(=change of energy content, AU) of a system
(e.g. of a chemical reaction) equals the sum of
the work absorbed (+W) or performed (-W) by
a system and the heat lost (-Q) or gained (+Q)
by the system. This is described as:

AU = heat gained (Q) — work performed

(W) [J] and [1.22]
AU = work absorbed (W) — heat lost
Q- [1.23]

(By definition, the signs indicate the direction
of flow with respect to the system under con-
sideration.)

Heat is transferred in all chemical reactions.
The amount of heat produced upon conversion
of a given substance into product X is the same,
regardless of the reaction pathway or whether
the system is closed or open, as in a biological
system. For caloric values, see p.228.

Enthalpy change (AH) is the heat gained or
lost by a system at constant pressure and is re-
lated to work, pressure, and volume (AH = AU
+p-AV). Heat is lost and AH is negative in ex-
othermic reactions, while heat is gained and
AH is positive in endothermic reactions. The
second law of thermodynamics states that the
total disorder (randomness) or entropy (S) of a
closed system increases in any spontaneous
process, i.e., entropy change (AS) > 0.This
must be taken into consideration when at-
tempting to determine how much of AH is
freely available. This free energy or free en-
thalpy (AG) can be used, for example, to drive a
chemical reaction. The heat produced in the
process is the product of absolute temperature
and entropy change (T - AS).

Free enthalpy (AG) can be calculated using
the Gibbs-Helmholtz equation:

AG=AH-T-AS. [1.24]
AG and AH are approximately equal when AS
approaches zero. The maximum chemical
work of glucose in the body can therefore be
determined based on heat transfer, AH,
measured during the combustion of glucose in
a calorimeter (see p.228 for caloric values).
Equation 1.24 also defines the conditions
under which chemical reactions can occur. Ex-
ergonic reactions (AG < 0) are characterized
by the release of energy and can proceed spon-
taneously, whereas endergonic reactions (AG
>0) require the absorption of energy and are
not spontaneous. An endothermic reaction
(AH > 0) can also be exergonic (AG < 0) when
the entropy change AS is so large that AH-
T - AS becomes negative. This occurs, for ex-
ample, in the endothermic dissolution of crys-
talline NaCl in water.

Free enthalpy, AG, is a concentration-de-
pendent variable that can be calculated from
the change in standard free enthalpy (AG®) and
the prevailing concentrations of the sub-
stances in question. AG? is calculated assum-
ing for all reaction partners that concentration
=1mol/L, pH=7.0, T=298K, and p = 1013 hPa.
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Given the reaction

A B+(C [1.25]
where A is the educt and B and C are the prod-
ucts, AG? is converted to AG as follows:
[B]+[C]

AG=AG’+R-T-In Al [1.26]
or, at a temperature of 37 °C,
AG =
AGY+831-310-2.3 - log [B][:\][C] [J - mol']
[1.27]

Assuming the AGP of a reaction is + 20 k] - mol™!
(endergonic reaction), AG will be exergonic
(<0)if [B]-[C] is 10* times smaller than A:

AG = 20000+5925-10g10* = -3.7 k]-mol~".

[1.28]
In this case, A is converted to B and C and reac-
tion 1.25 proceeds to the right.

If [B]-[C]/[A] = 42Xx 1074 AG will equal
zero and the reaction will come to equilibrium
(no net reaction). This numeric ratio is called
the equilibrium constant (Keq) of the reaction.
Keq can be converted to AG® and vice versa
using Equation 1.26:

0=AGY+R-T-InKeq or

AG? = -R-T-InKeq and

Keq = e ACTR-T),

[1.29]
[1.30]

Conversely, when [B]-[C]/[A] > 4.2 X 10-4, AG
will be > 0, the net reaction will proceed back-
wards, and A will arise from B and C.

AG is therefore a measure of the direction of
a reaction and of its distance from equilibrium.
Considering the concentration-dependency of
AG and assuming the reaction took place in an
open system (see below) where reaction prod-
ucts are removed continuously, e.g., in sub-
sequent metabolic reactions, it follows that AG
would be a large negative value, and that the
reaction would persist without reaching equi-
librium.

The magnitude of AG®, which represents
the difference between the energy levels
(chemical potentials) of the product P, and
educt P. (— A), does not tell us anything about
the rate of the reaction. A reaction may be very
slow, even if AG® < 0, because the reaction rate
also depends on the energy level (P,) needed
transiently to create the necessary transitional
state. P, is higher than P. (— A). The additional
amount of energy required to reach this level is

called the activation energy (Ea) : E; =P, - Pe. It
is usually so large (= 50k]-mol-!) that only a
tiny fraction (F~10-?) of the educt molecules
are able to provide it (— A, B). The energy
levels of these individual educt molecules are
incidentally higher than P., which represents
the mean value for all educt molecules. The
size of fraction F is temperature-dependent
(—B). A 10°C decrease or rise in temperature
lowers or raises F (and usually the reaction
rate) by a factor of 2 to 4, i.e. the Qq¢ value of the
reaction is 2 to 4.

Considering the high E, values of many non-
catalyzed reactions, the development of
enzymes as biological catalysts was a very im-
portant step in evolution. Enzymes
enormously accelerate reaction rates by low-
ering the activation energy E, (— A). According
to the Arrhenius equation, the rate constant k
(s~1) of a unimolecular reaction is proportional
to e"B/RD_ For example, if a given enzyme re-
duces the E, of a unimolecular reaction from
126 to 63 k] - mol-', the rate constant at 310 °K
(37°C) will rise by e-63000/(8:31-310)/g-126000/(8.31-
310) je., by a factor of 4-10', The enzyme
would therefore reduce the time required to
metabolize 50% of the starting materials (t'/>)
from, say, 10 years to 7 msec! The forward rate
of a reaction (mol-L'-s1) is related to the
product of the rate constant (s*!) and the
starting substrate concentration (mol - L-1).

The second law of thermodynamics also im-
plies that a continuous loss of free energy oc-
curs as the total disorder or entropy (S) of a
closed system increases. A living organism
represents an open system which, by defini-
tion, can absorb energy-rich nutrients and dis-
charge end products of metabolism. While the
entropy of a closed system (organism + en-
vironment) increases in the process, an open
system (organism) can either maintain its en-
tropy level or reduce it using free enthalpy.
This occurs, for example, when ion gradients
or hydraulic pressure differences are created
within the body. A closed system therefore has
amaximum entropy, is in a true state of chemi-
cal equilibrium, and can perform work only
once. An open system such as the body can
continuously perform work while producing
only a minimum of entropy. A true state of
equilibrium is achieved in only a very few



processes within the body, e.g., in the reaction
CO + H,0 HCOs3~ + H*. In most cases (e.g.
metabolic pathways, ion gradients), only a
steady state is reached. Such metabolic path-
ways are usually irreversible due, for example,
to excretion of the end products. The thought
of reversing the “reaction” germ cell — adult il-
lustrates just how impossible this is.

At steady state, the rate of a reaction is more
important than its equilibrium. The regulation
of body functions is achieved by controlling re-
action rates. Some reactions are so slow that it
is impossible to achieve a sufficient reaction
rate with enzymes or by reducing the concen-
tration of the reaction products. These are
therefore endergonic reactions that require
the input of outside energy. This can involve
“activation” of the educt by attachment of a
high-energy phosphate group to raise the Pe.

ATP (adenosine triphosphate) is the univer-
sal carrier and transformer of free enthalpy
within the body. ATP is a nucleotide that
derives its chemical energy from energy-rich
nutrients (— C). Most ATP is produced by oxi-
dation of energy-rich biological molecules
such as glucose. In this case, oxidation means
the removal of electrons from an electron-rich
(reduced) donor which, in this case, is a carbo-
hydrate. CO, and H0 are the end products of
the reaction. In the body, oxidation (or electron
transfer) occurs in several stages, and a portion
of the liberated energy can be simultaneously
used for ATP synthesis. This is therefore a
coupled reaction (— C and p. 17 B). The stan-
dard free enthalpy AG? of ATP hydrolysis,

ATP  ADP+P; [1.31]
is -30.5kJ-mol~'. According to Eq. 1.27, the
AG of reaction 1.31 should increase when the
ratio ([ADP]-[P;)]/[ATP] falls below the equi-
librium constant Keq of ATP hydrolysis. The fact
that a high cellular ATP concentration does
indeed yield a AG of approximately -46 to
-54Kk]-mol~" shows that this also applies in
practice.

Some substances have a much higher AG® of
hydrolysis than ATP, e.g., creatine phosphate
(-43k]-mol-1). These compounds react with
ADP and P; to form ATP. On the other hand, the
energy of ATP can be used to synthesize other
compounds such as UTP, GTP and glucose-6-
phosphate. The energy content of these sub-

stances is lower than that of ATP, but still rela-
tively high.

The free energy liberated upon hydrolysis of
ATP is used to drive hundreds of reactions
within the body, including the active trans-
membrane transport of various substances,
protein synthesis, and muscle contraction. Ac-
cording to the laws of thermodynamics, the
expenditure of energy in all of these reactions
leads to increased order in living cells and,
thus, in the organism as a whole. Life is there-
fore characterized by the continuous reduc-
tion of entropy associated with a correspond-
ing increase in entropy in the immediate en-
vironment and, ultimately, in the universe.

Energy Production and Metabolism

a1



2 Nerve and Muscle, Physical Work

42

Neuron Structure and Function

An excitable cell reacts to stimuli by altering its
membrane characteristics (— p.32). There are
two types of excitable cells: nerve cells, which
transmit and modify impulses within the
nervous system, and muscle cells, which con-
tract either in response to nerve stimuli or au-
tonomously (— p.59).

The human nervous system consists of
more than 10'° nerve cells or neurons. The neu-
ron is the structural and functional unit of the
nervous system. A typical neuron (motor neu-
ron, — A1) consists of the soma or cell body
and two types of processes: the axon and den-
drites. Apart from the usual intracellular or-
ganelles (— p. 8ff.), such as a nucleus and mi-
tochondria (— A2), the neuron contains neuro-
fibrils and neurotubules. The neuron receives
afferent signals (excitatory and inhibitory)
from a few to sometimes several thousands of
other neurons via its dendrites (usually ar-
borescent) and sums the signals along the cell
membrane of the soma (summation). The axon
arises from the axon hillock of the soma and is
responsible for the transmission of efferent
neural signals to nearby or distant effectors
(muscle and glandular cells) and adjacent neu-
rons. Axons often have branches (collaterals)
that further divide and terminate in swellings
called synaptic knobs or terminal buttons. If the
summed value of potentials at the axon hillock
exceeds a certain threshold, an action poten-
tial (— p.46) is generated and sent down the
axon, where it reaches the next synapse via the
terminal buttons (— A1,3) described below.

Vesicles containing materials such as pro-
teins, lipids, sugars, and transmitter sub-
stances are conveyed from the Golgi complex
of the soma (— p. 13 F) to the terminal buttons
and the tips of the dendrites by rapid axonal
transport (40 cm/day). This type of antero-
grade transport along the neurotubules is pro-
moted by kinesin, a myosin-like protein, and
the energy required for it is supplied by ATP
(—p.16). Endogenous and exogenous sub-
stances such as nerve growth factor (NGF),
herpes virus, poliomyelitis virus, and tetanus
toxin are conveyed by retrograde transport
from the peripheral regions to the soma at a

rate of ca. 25 cm/day. Slow axon transport (ca.
1 mm/day) plays a role in the regeneration of
severed neurites.

Along the axon, the plasma membrane of
the soma continues as the axolemma (— A1,2).
The axolemma is surrounded by oligodendro-
cytes (— p.338) in the central nervous system
(CNS), and by Schwann cells in the peripheral
nervous system (— A1,2). A nerve fiber con-
sists of an axon plus its sheath. In some neu-
rons, Schwann cells form multiple concentric
double phospholipid layers around an axon,
comprising the myelin sheath (— A1,2) that in-
sulates the axon from ion currents. The sheath
is interrupted every 1.5 mm or so at the nodes
of Ranvier (— A1). The conduction velocity of
myelinated nerve fibers is much higher than
that of unmyelinated nerve fibers and in-
creases with the diameter of the nerve fiber
(—p.490).

A synapse (— A3) is the site where the axon
of a neuron communicates with effectors or
other neurons (see also p. 50 ff.). With very few
exceptions, synaptic transmissions in mam-
mals are mediated by chemicals, not by electri-
cal signals. In response to an electrical signal in
the axon, vesicles (— p. 1.6) on the presynaptic
membrane release transmitter substances
(neurotransmitters) by exocytosis (— p.30).
The transmitter diffuses across the synaptic
cleft (10-40nm) to the postsynaptic mem-
brane, where it binds to receptors effecting
new electrical changes (— A3). Depending on
the type of neurotransmitter and postsynaptic
receptor involved, the transmitter will either
have an excitatory effect (e.g., acetylcholine in
skeletal muscle) or inhibitory effect (e.g., gly-
cine in the CNS) on the postsynaptic mem-
brane. Since the postsynaptic membrane nor-
mally does not release neurotransmitters
(with only few exceptions), nerve impulses
can pass the synapse in one direction only. The
synapse therefore acts like a valve that ensures
the orderly transmission of signals. Synapses
are also the sites at which neuronal signal
transmissions can be modified by other (exci-
tatory or inhibitory) neurons.
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Resting Membrane Potential

An electrical potential difference, or mem-
brane potential (En), can be recorded across
the plasma membrane of living cells. The
potential of unstimulated muscle and nerve
cells, or resting potential, amounts to - 50 to
-100mV (cell interior is negative). A resting
potential is caused by a slightly unbalanced
distribution of ions between the intracellular
fluid (ICF) and extracellular fluid (ECF) (— B).
The following factors are involved in establish-
ing the membrane potential (see also p.32ff.).
Maintenance of an unequal distribution of
ions: The Na*-K*-ATPase (— p.26) continu-
ously “pumps” Na* out of the cell and K* into it
(— A2). As aresult, the intracellular K* concen-
tration is around 35 times higher and the intra-
cellular Na* concentration is roughly 20 times
lower than the extracellular concentration
(—B). As in any active transport, this process
requires energy, which is supplied by ATP. Lack
of energy or inhibition of the Na*-K*-ATPase
results in flattening of the ion gradient and
breakdown of the membrane potential.

Because anionic proteins and phosphates present in
high concentrations in the cytosol are virtually un-
able to leave the cell, purely passive mechanisms
(Gibbs-Donnan distribution) could, to a slight extent,
contribute to the unequal distribution of diffusable
ions (—A1). For reasons of electroneutrality,
[K*+Na*]icr > [K*+Na‘]ece and [Cllicr < [Clecr.
However, this has practically no effect on the
development of resting potentials.

Low resting Na* and Ca?* conductance, gna,
dca: The membrane of a resting cell is only very
slightly permeable to Na* and Ca®, and the
resting gna comprises only a small percentage
of the total conductance (— p.32ff.). Hence,
the Na* concentration difference (— A3-A5)
cannot be eliminated by immediate passive
diffusion of Na* back into the cell.

High K*conductance, gi: It is relatively easy
for K* ions to diffuse across the cell membrane
(gx = 90% of total conductance; — p. 32ff.). Be-
cause of the steep concentration gradient
(— point 1), K* ions diffuse from the ICF to the
ECF (— A3). Because of their positive charge,
the diffusion of even small amounts of K* ions
leads to an electrical potential (diffusion poten-
tial) across the membrane. This (inside nega-

tive) diffusion potential drives K* back into the
cell and rises until large enough to almost
completely compensate for the K* concentra-
tion gradient driving the K*-ions out of the cell
(—A4). As a result, the membrane potential,
Em, is approximately equal to the K* equi-
librium potential Ex (— p.32).

ClI- distribution: Since the cell membrane is
also conductive to Cl- (gq greater in muscle
cells than in nerve cells), the membrane poten-
tial (electrical driving “force”) expels Cl- ions
from the cell (— A4) until the CI- concentration
gradient (chemical driving “force”) drives
them back into the cell at the same rate. The in-
tracellular CI- concentration, [Cl7];, then con-
tinues to rise until the Cl- equilibrium poten-
tial equals Ep, (— A5). [Cl7]; can be calculated
using the Nernst equation (— p.32, Eq. 1.18).
Such a “passive” distribution of CI- between
the intra- and extracellular spaces exists only
as long as there is no active Cl- uptake into the
cell (— p.34).

Why is En, less negative than Ex? Although
the conductances of Na* and Ca?* are very low
in resting cells, a few Na* and Ca®* ions con-
stantly enter the cell (— A4, 5 ). This occurs be-
cause the equilibrium potential for both types
of ions extends far into the positive range, re-
sulting in a high outside-to-inside electrical
and chemical driving “force” for these ions
(— B; — p.32f.). This cation influx depolarizes
the cell, thereby driving K* ions out of the cell
(1 K* for each positive charge that enters). If
Na*-K*-ATPase did not restore these gradients
continuously (Ca? indirectly via the 3 Na*/Ca?*
exchanger; — p.36), the intracellular Na* and
Ca?* concentrations would increase continu-
ously, whereas [K*]; would decrease, and Ex
and E,, would become less negative.

All living cells have a (resting) membrane
potential, but only excitable cells such as nerve
and muscle cells are able to greatly change the
ion conductance of their membrane in re-
sponse to a stimulus, as in an action potential
(- p.46).
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Action Potential

An action potential is a signal passed on
through an axon or along a muscle fiber that
influences other neurons or induces muscle
contraction. Excitation of a neuron occurs if the
membrane potential, En, on the axon hillock of
a motor neuron, for example (— p.42), or on
the motor end-plate of a muscle fiber changes
from its resting value (— p.44) to a less nega-
tive value (slow depolarization, — A1). This
depolarization may be caused by neu-
rotransmitter-induced opening of postsynap-
tic cation channels (— p.50) or by the (elec-
trotonic) transmission of stimuli from the sur-
roundings (— p.48). If the En of a stimulated
cell comes close to a critical voltage or thresh-
old potential (— A1), “rapid” voltage-gated Na*
channels are activated (— B4 and B1=B2).
This results in increased Na* conductance, gna
(—p-32), and the entry of Na* into the cell
(—A2). If the threshold potential is not
reached, this process remains a local (sub-
threshold) response.

Once the threshold potential is reached, the
cell responds with a fast all-or-none depolari-
zation called an action potential, AP (— A1).
The AP follows a pattern typical of the specific
cell type, irregardless of the magnitude of the
stimulus that generated it. Large numbers of
Na* channels are activated, and the influxing
Na* accelerates depolarization which, in turn,
increases gna and so on (positive feedback). As
a result, the En, rapidly collapses (0.1 ms in
nerve cells: fast depolarization phase or up-
sweep) and temporarily reaches positive levels
(overshooting, +20 to +30mV). The gy, drops
before overshooting occurs (— A2) because
the Na* channels are inactivated within 0.1 ms
(— B2=B3). The potential therefore reverses,
and restoration of the resting potential, the re-
polarization phase of the action potential,
begins. Depolarization increases (relatively
slowly) the open-probability of voltage-gated
K* channels. This increases the potassium con-
ductance, g, thereby accelerating repolariza-
tion.

In many cases, potassium conductance, g is
still increased after the original resting poten-
tial has been restored (— A2), and E, tem-
porarily approaches Ex (— pp.44 and 32ff.),

resulting in a hyperpolarizing afterpotential
(—A1). Increased Na*-K*-ATPase pumping
rates (electrogenic; — p.28) can contribute to
this afterpotential.

Very long trains of action potentials can be
generated (up to 1000/s in some nerves) since
the quantity of ions penetrating the mem-
brane is very small (only ca. 1/100000th the
number of intracellular ions). Moreover, the
Na*-K*-ATPase (— p.26) ensures the continu-
ous restoration of original ion concentrations
(4> p.46).

During an action potential, the cell remains
unresponsive to further stimuli; this is called
the refractory period. In the absolute refractory
period, no other action potential can be trig-
gered, even by extremely strong stimuli, since
Na* channels in depolarized membranes can-
not be activated (— B3). This is followed by a
relative refractory period during which only ac-
tion potentials of smaller amplitudes and rates
of rise can be generated, even by strong
stimuli. The refractory period ends once the
membrane potential returns to its resting
value (—e.g. p.59A).

The extent to which Na* channels can be ac-
tivated and, thus, the strength of the Na* cur-
rent, Ina, depends on the pre-excitatory resting
potential, not the duration of depolarization.
The activation of the Na* channels reaches a
maximum at resting potentials of ca. - 100 mV
and is around 40% lower at -60 mV. In mam-
mals, Na* channels can no longer be activated
at potentials of -50mV and less negative
values (— B3). This is the reason for the abso-
lute and relative refractory periods (see above)
and the non-excitability of cells after the ad-
ministration of continuously depolarizing sub-
stances such as suxamethonium (— p. 56). An
increased extracellular Ca?* concentration
makes it more difficult to stimulate the cell be-
cause the threshold potential becomes less
negative. On the other hand, excitability in-
creases (lower threshold) in hypocalcemic
states, as in muscle spasms in tetany
(= p.290).

The special features of action potentials in
cardiac and smooth muscle fibers are de-
scribed on pages 192, 70 and 59 A.
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Propagation of Action Potentials in
Nerve Fiber

Electrical current flows through a cable when
voltage is applied to it. The metal wire inside
the cable is well insulated and has very low-
level resistance, reducing current loss to a
minimum. As a result, it can conduct electric-
ity over long distances. Nerve fibers, especially
unmyelinated ones (— p.42), have a much
greater internal longitudinal resistance (R;)
and are not well insulated from their sur-
roundings. Therefore, the cable-like, elec-
trotonic transmission of neural impulses
dwindles very rapidly, so the conducted im-
pulses must be continuously “refreshed” by
generating new action potentials (— p.46).

Propagation of action potentials: The start
of an action potential is accompanied by a brief
influx of Na* into the nerve fiber (— Ala). The
cell membrane that previously was inside
negative now becomes positive ( +20 to
+30mV), thus creating a longitudinal poten-
tial difference with respect to the adjacent,
still unstimulated nerve segments (internal
-70 to -90 mV; — p.44). This is followed by a
passive electrotonic withdrawal of charge from
the adjacent segment of the nerve fiber, caus-
ing its depolarization. If it exceeds threshold,
another action potential is created in the adja-
cent segment and the action potential in the
previous segment dissipates (— A1b).

Because the membrane acts as a capacitor,
the withdrawal of charge represents a capaci-
tating (depolarizing) flow of charge that be-
comes smaller and rises less steeply as the spa-
tial distance increases. Because of the rela-
tively high R; of nerve fiber, the outward loops
of current cross the membrane relatively close
to the site of excitation, and the longitudinal
current decreases as it proceeds towards the
periphery. At the same time, depolarization in-
creases the driving force (= En, - Ex; — p. 32) for
K* outflow. K* fluxing out of the cell therefore
accelerates repolarization. Hence, distal action
potentials are restricted to distances from
which the capacitative current suffices to
depolarize the membrane quickly and strongly
enough. Otherwise, the Na* channels will be
deactivated before the threshold potential is
reached (— p.46).

Action potentials normally run forward (or-
thodromic) because each segment of nerve
fiber becomes refractory when an action
potential passes (— A1b and p. 46). If, however,
the impulses are conducted backwards (anti-
dromic) due, for example, to electrical stimula-
tion of nerve fibers from an external source
(—p.50), they will terminate at the next syn-
apse (valve-like function, — p.42).

Although the continuous generation of ac-
tion potentials in the immediately adjacent
fiber segment guarantees a refreshed signal,
this process is rather time-consuming (— B1).
The conduction velocity, 0, in unmyelinated
(type C) nerve fibers (—C) is only around
1 m/s. Myelinated (types A and B) nerve fibers
(— €) conduct much faster (up to 80 m/s = 180
mph in humans). In the internode regions, a
myelin sheath (— p.42) insulates the nerve
fibers from the surroundings; thus, longitudi-
nal currents strong enough to generate action
potentials can travel further down the axon
(ca. 1.5 mm) (— A2). This results in more rapid
conduction because the action potentials are
generated only at the unmyelinated nodes of
Ranvier, where there is a high density of Na*
channels. This results in rapid, jump-like pas-
sage of the action potential from node to node
(saltatory propagation). The saltatory length is
limited since the longitudinal current (1 to
2nA) grows weaker with increasing distance
(—B2). Before it drops below the threshold
level, the signal must therefore be refreshed by
a new action potential, with a time loss of
0.1 ms.

Since the internal resistance, R;, of the nerve
fiber limits the spread of depolarization, as de-
scribed above, the axon diameter (2r) also af-
fects the conduction velocity, 6 (— C). R; is pro-
portional to the cross-sectional area of the
nerve fiber (mr?), i.e., Ri~1/r% Thick fibers
therefore require fewer new APs per unit of
length, which is beneficial for 0. Increases in
fiber diameter are accompanied by an increase
in both fiber circumference (27tr) and mem-
brane capacity, K (K ~ r). Although 0 decreases,
the beneficial effect of the smaller R; predomi-
nates because of the quadratic relationship.
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Artificial Stimulation of Nerve Cells

When an electrical stimulus is applied to a
nerve cell from an external source, current
flows from the positive stimulating electrode
(anode) into the neuron, and exits at the nega-
tive electrode (cathode). The nerve fiber below
the cathode is depolarized and an action
potential is generated there if the threshold
potential is reached.

The conduction velocity of a nerve can be
measured by placing two electrodes on the
skin along the course of the nerve at a known
distance from each other, then stimulating the
nerve (containing multiple neurons) and rec-
ording the time it takes the summated action
potential to travel the known distance. The
conduction velocity in humans is normally 40
to 70 m - s~ . Values below 40 m - s~! are con-
sidered to be pathological.

Accidental electrification. Exposure of the
body to high-voltage electricity, especially
low-frequency alternating current (e.g., in an
electrical outlet) and low contact resistance
(bare feet, bathtub accidents), primarily affects
the conduction of impulses in the heart and
can cause ventricular fibrillation (— p.200).

Direct current usually acts as a stimulus
only when switched on or off: High-frequency
alternating current (>15kHz), on the other
hand, cannot cause depolarization but heats
the body tissues. Diathermy works on this
principle.

Synaptic Transmission

Synapses connect nerve cells to other nerve
cells (also applies for certain muscle cells) as
well as to sensory and effector cells (muscle
and glandular cells).

Electrical synapses are direct, ion-conduct-
ing cell-cell junctions through channels (con-
nexons) in the region of gap junctions
(—p.16f.). They are responsible for the con-
duction of impulses between neighboring
smooth or cardiac muscle fibers (and some-
times between neurons in the retina and in the
CNS) and ensure also communication between
neighboring epithelial or glial cells.

Chemical synapses utilize (neuro)transmit-
ters for the transmission of information and

provide not only simple 1:1 connections, but
also serve as switching elements for the
nervous system. They can facilitate or inhibit
the neuronal transmission of information or
process them with other neuronal input. At the
chemical synapse, the arrival of an action
potential (AP) in the axon (— A1,2 and p.48)
triggers the release of the transmitter from the
presynaptic axon terminals. The transmitter
then diffuses across the narrow synaptic cleft
(ca. 30nm) to bind postsynaptically to recep-
tors in the subsynaptic membrane of a neuron
or of a glandular or muscle cell. Depending on
the type of transmitter and receptor involved,
the effect on the postsynaptic membrane may
either be excitatory or inhibitory, as is de-
scribed below.

Transmitters are released by regulated exo-
cytosis of so-called synaptic vesicles (— A1).
Each vesicle contains a certain quantum of
neurotransmitters. In the case of the motor
end-plate (— p. 56), around 7000 molecules of
acetylcholine (ACh) are released. Some of the
vesicles are already docked on the membrane
(active zone), ready to exocytose their con-
tents. An incoming action potential functions
as the signal for transmitter release (— A1,2).
The higher the action potential frequency in
the axon the more vesicles release their con-
tents. An action potential increases the open
probability of voltage-gated Ca?* channels in
the presynaptic membrane (sometimes oscil-
lating), thereby leading to an increase in the
cytosolic Ca?* concentration, [Ca?*]; (— A1, 3
and p.36). Extracellular Mg?* inhibits this
process. Ca®* binds to synaptotagmin (— A1),
which triggers the interaction of syntaxin and
SNAP-25 on the presynaptic membrane with
synaptobrevin on the vesicle membrane,
thereby triggering exocytosis of already
docked vesicles (approximately 100 per AP)
(— A1, 4).0n the other hand, Ca?* activates cal-
cium-calmodulin-dependent protein kinase-II
(CaM-kinase-II; — A5, and p.36), which acti-
vates the enzyme synapsin at the presynaptic
terminal. As a result, vesicles dock anew on the
active zone.

Synaptic facilitation (= potentiation). If an
action potential should arrive at the presynap-
tic terminal immediately after another AP (AP
frequency > approx. 30 Hz), the cytosolic Ca?*
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concentration will not yet drop to the resting
value, and residual Ca?* will accumulate. As a
result, the more recent rise in [Ca®*]; builds on
the former one. [Ca?*]; rises to a higher level
after the second stimulus than after the first,
and also releases more transmitters. Hence,
the first stimulus facilitates the response to the
second stimulus. Muscle strength increases at
high stimulus frequencies for similar reasons
(—p.67A).

Among the many substances that act as ex-
citatory transmitters are acetylcholine (ACh)
and glutamate (Glu). They are often released
together with co-transmitters which modulate
the transmission of a stimulus (e.g., ACh to-
gether with substance P, VIP or galanin; Glu
with substance P or enkephalin). If the trans-
mitter’s receptor is an ion channel itself
(ionotropic receptor or ligand-gated ion chan-
nel; — A6 and F), e.g., at the N-cholinergic syn-
apse (— p.82), the channels open more often
and allow a larger number of cations to enter
(Na*, sometimes Ca?*) and leave the cell (K*).
Other, so-called metabotropic receptors in-
fluence the channel via G proteins that control
channels themselves or by means of “second
messengers” (— A7 and F). Because of the high
electrochemical Na* gradient (— p.32), the
number of incoming Na* ions is much larger
than the number of exiting K* ions. Ca®* can
also enter the cell, e.g., at the glutamate-NMDA
receptor (— F). The net influx of cations leads
to depolarization: excitatory postsynaptic
potential (EPSP) (maximum of ca. 20 mV; — B).
The EPSP begins approx. 0.5 ms after the ar-
rival of an action potential at the presynaptic
terminal. This synaptic delay (latency) is
caused by the relatively slow release and diffu-
sion of the transmitter.

A single EPSP normally is not able to
generate a postsynaptic (axonal) action poten-
tial (APa), but requires the triggering of a large
number of local depolarizations in the den-
drites. Their depolarizations are transmitted
electrotonically across the soma (— p.48) and
summed on the axon hillock (spatial summa-
tion; — B). Should the individual stimuli arrive
at different times (within approx. 50 ms of
each other), the prior depolarization will not
have dissipated before the next one arrives,
and summation will make it easier to reach

threshold. This type of temporal summation
therefore increases the excitability of the post-
synaptic neuron (— C).

Inhibitory transmitters include substances
as glycine, GABA (y-aminobutyric acid), and
acetylcholine (at M2 and M3 receptors;
— p.82). They increase the conductance, g, of
the subsynaptic membrane only to K* (e.g., the
metabotropic GABAg receptor.) or Cl- (e.g., the
ionotropic glycine and GABA, receptors; — F).
The membrane usually becomes hyper-
polarized in the process (ca. 4mV max.). In-
creases in gg occur when E; approaches Ex
(— p.44). However, the main effect of this in-
hibitory postsynaptic potential IPSP (— D) is not
hyperpolarization-which works counter to
EPSP-related depolarization (the IPSP is some-
times even slightly depolarizing). Instead, the
[PSP-related increase in membrane conduct-
ance short circuits the electrotonic currents of
the EPSP (high gk or gq levels). Since both Ex
and Eq are close to the resting potential
(— p.44), stabilization occurs, that is, the EPSP
is cancelled out by the high K* and CI- short-
circuit currents. As a result, EPSP-related
depolarization is reduced and stimulation of
postsynaptic neurons is inhibited (— D).

Termination of synaptic transmission (— E)
can occur due to inactivation of the cation
channels due to a conformational change in
the