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The period between 1950 and 1980 were the golden years of transmission electron microscopy
and produced a plethora of new information on the structure of cells that was coupled to and
followed by biochemical and functional studies. TEM was king and each micrograph of a new
object produced new information that led to new insights on cell and tissue organization and
their functions. The quality of data represented by the images of cells and tissues had been
perfected to a very high level by the great microscopists of the era which including Palade,
Porter, Fawcett, Sjostrand, Rhodin and many others. At present, the images that we see in lead-
ing journals for the most part do not reach the same technical level and are not prepared with
the same attention to detail as in the golden era of TEM nor do they have the same information
content and sheer beauty.

This Atlas by Jiirgen Roth and Margit Pavelka is a major exception, as it presents electron
micrographs whose image quality and information content is uncompromised and unsur-
passed. It has been prepared with great care and attention to detail. It depicts the beautiful
diversity of specialized cell types such as those of the exocrine pancreas, intestinal epithelium,
and neuron, for example. It reminds the reader that although each cell has the usual comple-
ment of organelles, their organization is quite different and distinctive and is recognizable to
the trained eye. It reminds the cell biologist, biochemist, molecular biologist and pathologist
alike, who all too frequently work on cultured cells that lack differentiated features, of the
diversity of cells in mammals and how their structure and organization reflect their functions.
Thus this atlas provides unique insights on how the architecture of cells, tissues and cell organ-
elles mirror their functions. It also provides unique insights into how pathological processes
affect cell organization.

This information is vital to current work in which the emphasis is on integrating approaches
from proteomics, molecular biology, molecular imaging and physiology, and pathology to
understand cell functions and derangements in disease. In this current era, there is a growing
tendency to substitute modern light microscopic techniques for electron microscopy because it
is less technically demanding and is more readily available to researchers. This atlas reminds
us that the information obtained by electron microscopy is invaluable and has no substitute.
The increased insights obtained are comparable to the superior resolution (1,000x greater)
obtained by the two methods. In fact, this atlas reminds us that these two approaches are
complementary, and neither one can substitute for the other.

Careful perusal of the images in this atlas makes one realize how many details are visible
that go beyond those already known as far as even normal cell architecture is concerned. There
is still a gold mine to be discovered for those wishing to put forth the effort. When it comes to
cellular pathology, in particular, the surface has barely been scratched.
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It can be anticipated that this atlas may stimulate readers to undertake further ultrastructural
studies coupled with functional studies on both normal and diseased cells to harvest the
detailed insights this will provide. In the age of harvesting the proteome and the genome, we
should also not forget to pay attention to harvesting the “structurome”. This atlas provides the
reader with the opportunity to get started.

August 2004
La Jolla, CA, USA M. G. Farquhar
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It is a pleasure for us to present you the third edition of our atlas Functional Ultrastructure:
Atlas of Tissue Biology and Pathology. The atlas was originally published in 2005 and a
second, revised and enlarged edition in 2010. The preparation of the third edition gave us the
possibility not only to thoroughly revise the text to account for the progress made in cell
biology and ultrastructure research during the past 5 years, but also to extend the content of the
atlas by adding new figures covering additional topics and to present new results obtained by
the application of novel methods such as FIB-SEM (focused ion beam-scanning electron
microscopy) technique.

We have kept the principal outline of the atlas, which is made up of two parts. Part 1, The
Cell, contains as much as possible a complete presentation of the various intracellular struc-
tures and the cell surface including cell-cell contacts and cell-extracellular matrix interactions
of normal cells in tissues or grown in culture. This part also comprises a representative compi-
lation of characteristic changes of organelles produced by experimental conditions commonly
used to study membrane traffic and protein transport, or which arise during the course of
human diseases. For the third edition, this first part was considerably enlarged and contains
new chapters about nukleoskeleton, regulated and constitutive secretion, exosomes and
microvesicles, selective autophagy, membrane contact sites, invadosomes, and paraplasmic
inclusions. Part 2, Principles of Tissue Organization, is not intended to be complete in terms of
all tissue structures. Rather, it is deliberately selective and explores the fine structural basis of
specific functions performed by particular tissues and their constituent cells. Like the first part,
it comprises a representative documentation of normal tissues and of ultrastructural changes
that are characteristic and therefore diagnostic for particular diseases, and was enlarged as
well. Newly included chapters cover the structure and function of Paneth cells in the intestinal
crypts, of Clara cells in the respiratory epithelium and the cochlea in the inner ear bearing the
organ of Corti.

For both parts of the atlas, emphasis was placed on an integrated view of structure and
function to illustrate and discuss the concept that cellular organelles provide the structural
foundation for the fundamental processes of living organisms. As stated for the first edition,
this atlas was prepared for a broad readership and is intended to provide the reader with
first-hand information about the major role that ultrastructural research plays in the various
fields of cell and tissue biology and pathology. With this goal in mind, it was compiled to
provide a stimulating entré, and hopefully to create a desire for more, for the novice in the field
and an enjoyable dessert for the Connoisseur.

Although this atlas by classical definition is meant to be held in the hand and appreciated in
a rich visual environment, it will be published as an e-book as well. The electronic version of
the atlas thus will ensure that an even broader readership will have access to the knowledge it
contains.



We would appreciate hearing from you, the readers, about the book to incorporate your
suggestions in future editions. You can reach us at margit.pavelka @meduniwien.ac.at and
Jjurgen.roth@bluewin.ch.

Vienna, Austria Margit Pavelka
Basel, Switzerland Jiirgen Roth
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The present-day exciting era of genomics and proteomics, which provided new and revolutionary
insights into the life of cells, has also led to a renewed interest and special appreciation of ultra-
structure research. For the understanding of the functions of cells and tissues, it is mandatory
to precisely know the structure of their macromolecular and supramolecular assemblies and
essential to identify their sites of action with high resolution as well as to explore their dynam-
ics in the life of cells and their organization in higher systems. It is the today’s top
challenge and priority of all ultramicroscopic methods to visua-localise functional processes in
cells and tissues in their correlation with subcellular organelles and their ultrastructurally
recognizable domains. Major progress has become possible through the refinement of existing
preparation techniques and the development of new ones as well as the development of new
types of microscopes. Among others, high pressure cryofixation and cryoelectron microscopy
applied for high resolution 3-D structural analysis of isolated macromolecular complexes,
electron tomography and 3-D reconstruction of the inner architectures of cells, low tempera-
ture embedding resins and cryoultramicrotomy in combination with immunogold labelling and
hybridisation techniques and atomic force microscopes have become fully integrated into the
range of methods used in modern molecular cell biology.

Our principal aim in compiling this atlas was to provide the reader with first-hand
information about the major role ultrastructure research continues to play in the various fields
of cell and tissue biology and pathology. We hope it will be useful for investigators, both
beginners and experienced researchers, not only of biology and medicine but also of molecu-
lar biology and biochemistry as an aid and guide for the evaluation and interpretation of
electron micrographs. The plates of electron micrographs of this atlas illustrate the use of
both classical and present-day electron microscopy in the study of normal and diseased cells
and tissues. They are accompanied by brief explanatory texts, schemes and diagrams and
selected classical as well as recent publications and key reviews for further reading. For those
readers who want to update the references, a most useful on-line service is provided by
Pubmed (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db).

The first part of the atlas deals with the cell and its various constituents, cell-cell contacts
and cell-matrix interactions. Here we aimed to be as complete as possible in the documentation
of the various structures and their function in the context of molecular cell biology. In addition
we included representative examples of characteristic organelle changes under various experi-
mental conditions and under conditions of disease. The second part exemplifies principles of
tissue organization and is supplemented with selected examples of ultrastructural tissue
pathologies. Here, we aimed not on completeness but particular emphasis was placed on
morpho-functional aspects in order to demonstrate that the ultrastructure of cells and tissues
mirrors their main tasks and reflects specific functions.

Xi


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db

Xii

We hope that this atlas is not looked upon as a mere collection of striking electron
microscopic pictures. Each of the electron micrographs is intended to convey a specific
message related to the properties, functions, or pathologies of the tissues and cells shown. Last
but not least we would like to hear from our readers and use these suggestions (mail to:
juergen.roth@usz.ch and margit.pavelka@meduniwien.ac.at) to improve future editions.

Vienna, Austria Margit Pavelka
Zurich, Switzerland Jiirgen Roth

Preface of the First Edition



Preparing a book is a formidable task and to arrange the third edition is by no means less
demanding. All this would not have been possible without the help and dedication of many
people who were involved in the various aspects of this venture. We would like to acknowledge
and thank them for their precious time, valuable suggestions and encouragement. We are
greatly indebted to those colleagues who have generously supplied us with exceptional elec-
tron micrographs.

A number of micrographs from the own archives represent the results of fruitful collabora-
tion with present and past members of our groups and colleagues from abroad, and these
include Moise Bendayan, Eric G. Berger, Dieter Bitter-Suermann, Daniela Brada, Dennis
Brown, Eric Carlemalm, Pierre M. Charest, In Kwnon Chung, Paul Debbage, Michel
Deschuyteneer, Adolf Ellinger, Jing Yu Fan, Richard M. Franklin, Alfred Gangl, Walter J.
Gehring, Irwin J. Goldstein, Bruno Guhl, Michael Hess, Kiyoko Hirano, Robert L. Hill,
Kristijan Jezernik, Eduard Kellenberger, Peter M. Lackie, Hans Lassmann, Yang Sin Lee, John
M. Lucocq, Roberto Montesano, Josef Neumiiller, Armando Parodi, James C. Paulson, Hanns
Plenk, Rok Romih, Christian Schofer, Robert G. Spiro, Douglas J. Taatjes, Kiyoteru T.
Tokuyasu, Monika Vetterlein, Werner Villiger, Franz Wachtler, Winifred M. Watkins, Klara
Weipoltshammer, Gary Hin-Fai Yam, Martin Ziak and Christian Zuber.

The members of our groups and the many colleagues who took their precious time to read
the texts and scrutinize the illustrations are gratefully acknowledged for their valuable feed-
back and suggestions for improvement. We also would like to extend our gratitude to Ulrich
Kaindl, Thomas Nardelli, Norbert Wey, Stefanie Sulzer and Klaus Schonheinz for their invalu-
able help in preparing the micrographs and their professional skills in transforming our ama-
teur sketches into artistic schemes and diagrams. A special note of thanks is due to Dr. Amrei
Strehl and Ursula Gramm at Springer and others for their professional skills and great support
that made the production of the third edition a pleasant affair.
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INTRODUCTION

STRUCTURAL ORGANIZATION OF A MAMMALIAN CELL

All eukaryotic cells present qualitatively a similar structural
organization that can vary quantitatively depending on their
degree of differentiation and specialization as well as func-
tional state. The electron micrograph shows at low magnifi-
cation highly specialized acinar cells of rat pancreas, which
represent the prototype of a polarized exocrine secretory
cell. Several such acinar cells form a functional unit, named
the secretory acinus.

Each cell consists of two major compartments, the nucleus
and the cytoplasm, and these are the focus of the first chapter.
The cytoplasm of different cell types contains a common set
of membrane-bound organelles and the various structural
components of the cytoskeleton. They are both embedded in
the cytosol, which houses the intermediate metabolism and
is the location where protein synthesis commences and pro-
teasomal degradation of (misfolded) proteins as well as pro-
tein O-GlcNAcylation occur. The rough endoplasmic
reticulum (RER) is involved in translocation of secretory and
membrane proteins and protein quality control, is the site of
initiation of protein N-glycosylation, and is a major Ca?
store. Lipids are also synthesized in the endoplasmic reticu-
lum. Many proteins and lipids are transported to the Golgi
apparatus, where they receive different post-translational
modifications and are sorted to their final destinations. The
protein polypeptide:GalNAc O-glycosylation is initiated in
the Golgi apparatus. The pre-Golgi intermediates are impli-
cated in anterograde and retrograde transport of cargo
between the endoplasmic reticulum and the Golgi apparatus.
In acinar pancreatic cells and other types of secretory cells,
secretory proteins are sorted and packed into immature
secretory granules, so-called condensing vacuoles (CV)
forming in the frans Golgi apparatus. They mature into
zymogen granules (ZG), which are stored in the apical cyto-
plasm and undergo secretion on stimulation. The endoplas-
mic reticulum and its transitional elements, the pre-Golgi
intermediates, the Golgi apparatus, and secretory granules
constitute the secretory pathway. Further cellular organelles
are the mitochondria (M), which mostly generate energy;
peroxisomes, which perform oxidative reactions; lysosomes
and autophagosomes/autolysosomes, which have degradative

functions; and endosomes, which are involved in cellular
uptake of extracellular substances.

The plasma membrane is the cell’s boundary with its
environment. In epithelial cells such as the acinar cells, two
plasma membrane domains can be distinguished. The apical
plasma membrane domain forms the acinar lumen (AL) and
is separated by junctional complexes (arrows) from the lat-
eral (LPM) and basal (BPM) plasma membrane domain.
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The diagram presents a simplified version of a pancreatic
acinar cell.
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Introduction

CELLULAR FINE STRUCTURES AND ARCHITECTURES VISUALIZED THREE-DIMENSIONALLY

BY USING FIB-SEM TOMOGRAPHY

Focused ion beam—scanning electron microscopy tomography
(FIB-SEM tomography; also called “slice and view”) is a
novel approach for three-dimensional imaging of biological
samples. In using this procedure, a sample is repeatedly
milled with the focused ion beam (FIB), and each newly pro-
duced block face is imaged with the scanning electron micro-
scope (SEM). This process can be repeated ad libitum in
arbitrarily small increments allowing 3D analysis of rela-
tively large volumes such as eukaryotic cells. The method
works particularly well with plastic embedded material as
prepared for thin section transmission electron microscopy.
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The diagram explains the sample preparation and imaging
protocol. Cells of a human pancreatic carcinoid cell line
(BON cells) were grown on sapphire discs. A sandwich of
two discs and a gold ring as spacer (a and b) is then high-
pressure frozen, opened, freeze substituted, and embedded in
Epon (c). The sapphire disc is then removed, so that the cells
remain at the surface of the Epon block (d). The Epon block
is sawed with a jigsaw to a height of about 1 mm and mounted
on an SEM specimen stub. Pictures e and f show the process
of “slice and view” as performed in a FIB-SEM (simplified
diagram). Firstly, a block face is exposed by milling a cross
section into the Epon block with the FIB (e). A small amount
of the Epon is then removed with the FIB and the newly
occurring block face is imaged with the SEM using, in this
case, the backscattered electron signal (f). This process can
be repeated ad libitum to obtain a tomographic dataset.

The figure represents a dataset of a volume of X=28 pm,
Y=19 pm, and Z=6.5 pm. Panel A is a representation of the
dataset obtained with the IMOD software showing the XY,
XZ and the YZ plane. Because of the minute slicing thickness
(10 nm) in the range of the image pixel size (12.5 nm), an
almost isotropic resolution is obtained. For this dataset, the
slice and view process was performed in two steps. In a first
step, a depth of 3 pm was milled and imaged in Z direction.
After bringing the area of interest back into the image center
and readjusting focus, brightness, and contrast, a second
slice and view process imaged a depth of another 3.5 pm.
Redeposition of material on the block face has to be removed
after acquisition of the first dataset, resulting in the loss of a
few slices between the two datasets. For this reason, the sec-
ond dataset does not align perfectly with the first, which
results in the line visible at Z=3 pm in the XZ and YZ plane.

The ultrastructure of the cell is well retained and, as can be
seen in the higher magnification in panels B-E, the shape of
organelles — such as the microtubule organizing center (panel
B; MTOC), the Golgi-apparatus (G in panel C), and chromo-
granin A containing vesicles (arrows in B and C) — can be
clearly observed. The two images in D and E show two suc-
cessive sections of the same mitochondrion to illustrate the
high resolution in Z direction. In panel E, the interconnection
between the two parts of the mitochondrion becomes visible
(arrowheads). Panel F is a visualization of the same dataset
using the AVIZO software, highlighting the complex struc-
ture of the apical cell surface and the cell nuclei. Because of
the big difference in brightness between cytoplasm and extra-
cellular space, it was possible to perform a semiautomatic
segmentation of the cell membrane (light blue). The surface
of the three nuclei was segmented manually.

Figure and diagram are modified from Villinger et al.
(2012) Histochem Cell Biol 138: 549
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THE NucLEuUs

ARCHITECTURE OF THE CELL NUCLEUS

The nucleus is the largest of the cellular compartments,
housing the chromosomes with the vast majority of the cel-
lular genome and multiple molecular machineries necessary
for gene organization and expression. In recent years, con-
temporarily with the successful sequencing of the entire
human genome, knowledge of nuclear organization has also
enormously increased and exciting results provide evidence
that the long-standing dogma of a spatial separation of gene
transcription in the nucleus and translation in the cytoplasm
cannot be maintained. Advanced methodical approaches
provide insight into the three-dimensional nuclear architec-
tures and their dynamics and several nuclear structures have
been proved to be multifunctional and, although morpho-
logically stable, highly dynamic entities.

The nuclear space is separated from the cytoplasm by the
double membrane of the nuclear envelope (NE), in which the
nuclear pores are embedded, forming routes for nuclear-
cytoplasmic exchange (arrows in panel A, cf. Figs. 11, 12,
and 13). Panel B shows the outer and inner membranes
enclosing the perinuclear cistern and a connection site, where
the outer membranes of the nuclear envelope are continuous
with those of the rough endoplasmic reticulum (RER) and the
perinuclear cistern passes into the RER lumen (asterisk).

The nucleus is compartmentalized in chromosome territo-
ries and interchromatin spaces. Genomic DNA condensed in
chromosomes during mitosis forms chromosome territories
in the interphase nucleus. Genetic loci shown on mitotic
chromosomes are positioned in the interphase nucleus within
or, presumably, on decondensed chromatin fiber loops, out-
side the territories.

In the electron microscope, due its intense staining, the con-
densed chromatin (heterochromatin, C) is clearly visible,
whereas the decondensed euchromatic fibers are hardly discern-
ible. Condensed chromatin dominates the peripheral nuclear
areas corresponding to its attachment to the nuclear lamina (cf.
Fig. 13). In the nucleus interior, condensed chromatin cords sur-
round the interchromatin spaces, where numerous discrete
domains related to gene expression exist. Among these, the
nucleolus is the most prominent (Nu, cf. Figs. 7, 8, and 10).

Interchromatin granule clusters (IG) represent the ultra-
structural equivalent of the splicing speckles or splicing fac-
tor compartments, which are enriched in RNA and protein

factors engaged in mRNA splicing. It is suggested that 1Gs
represent sites of storage and/or assembly of splicing com-
plexes. IGs also contain multiple RNA processing factors,
transcription factors, and potential structural proteins, such
as lamins. Both chromatin proteins and proteins of interchro-
matin domains reside only temporarily on chromatin and the
respective compartments, and there is a continuous exchange
with the nucleoplasm.

The Cajal body (CB), first described by Ramon y Cajal a
century ago, is the best characterized of the small nuclear
bodies. It corresponds to the “coiled body” and was recently
renamed after its discoverer. In Cajal bodies, components of
transcription and RNA processing machineries are tran-
siently localized (cf. Fig. 10).
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The Nucleus

VARIATION OF NUCLEAR SHAPE AND SIZE

The shape and size of the nucleus in interphase can vary
depending on the cell type and cellular activity. Nuclear
shape and functional changes depend on nuclear lamins and
on microtubules, while nuclear size seems to be primarily
determined by the cytoplasmic volume, the karyoplasmic
ratio. On the other side, the nucleoskeletal theory maintains
that the genome size is a determining factor for nuclear size.

The large polygonal hepatocytes contain a large, round
nucleus (cf. Fig. 122), whereas cylindrical absorptive intesti-
nal cells have an oval nucleus, and mucus-producing cells
such as goblet cells have a flatter nucleus (cf. Fig. 115). Both
endothelia and white adipocytes contain extremely flat nuclei
(cf. Figs. 146 and 164). As a general rule, cell shape and
nuclear shape appear to be related to each other. Notable
exceptions are round neutrophilic and basophilic granulo-
cytes that contain a multilobed nucleus (cf. Figs. 190 and
192). The nucleus of neutrophilic granulocytes and of lym-
phocytes undergoes dramatic reversible changes in shape
during extravasation when the cells squeeze through the
endothelium of capillaries.

Abnormal nuclear shape can be observed under various
pathological conditions. Supporting the claim that nuclear
shape depends on lamins, alterations of nuclear shape are
commonly observed in diseases caused by lamin mutations,
the laminopathies. Dramatic changes in nuclear shape and size
as well as in the nucleoplasm, the nuclear matrix, and nuclear
bodies are usually associated with cancer. This long-known
characteristic phenomenon is of importance for histopatho-
logical diagnosis. Although the various nuclear changes men-
tioned below may occur in a wide range of cancer types, some
are found associated with specific kinds of cancer. The elec-
tron micrographs present nuclear changes associated with a
highly malignant human dendritic cell tumor. In panel A, a
large lobed nucleus of a tumor cell is shown that contains

enlarged nucleoli (Nu) with nucleolonema (cf. Fig. 8).
Although nuclear indentations and folds are common to many
cancer types, lobulation is a more restricted phenomenon. The
nucleus seen in panel A is >20 pm in size and the karyoplas-
mic ratio is disturbed because of the larger nuclear volume.
Panel B shows another cell from the same malignant tumor
that appears bi-nucleated. Again, the large nuclei (>30 pm) are
lobed and contain numerous enlarged nucleoli (Nu) with
nucleolonema. As commonly observed in cancer cell nuclei,
the condensed chromatin (heterochromatin) is dispersed, and
coarse heterochromatin aggregates exist. It is now obvious
that aberrant nuclear organization, in particular of the chroma-
tin, is associated with altered gene expression in cancer.
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The Nucleus

CYTOCHEMICAL DETECTION OF RIBONUCLEOPROTEINS

Various cytochemical techniques are available to study the dis-
tribution of DNA and RNA by electron microscopy. A classic
technique for the detection of nuclear RNP RNA-containing
structures in ultrathin sections is the regressive contrasting
procedure of Bernhard. In a first step, both DNA and RNA in
Epon ultrathin sections of a tissue or cells are contrasted with
uranyl acetate. Afterwards, the ultrathin sections are incubated
with aqueous EDTA, which forms complexes with uranyl
ions, resulting in the gradual removal of uranyl ions from
DNA. The staining is of limited specificity for RNA and needs
to be verified by enzyme digestion controls.

An example of the regressive RNA contrasting procedure
is given in the micrograph. It shows an Epon ultrathin sec-
tion from glutaraldehyde-fixed rat liver. In the nucleus of
hepatocytes, the EDTA differential staining preferentially
contrasts ribonucleoprotein-containing nuclear constituents.
Perichromatin fibrils (arrowheads) are now visible in such

a specimen, whose contrast after a conventional staining of
sections would be too close to that of dispersed chromatin
fibers. Arrows point to some perichromatin granules con-
sidered to be nuclear storage and/or the transport form of
pre-mRNA particles. The DNA-containing peripheral and
nucleolus-associated condensed chromatin (C) exhibits only
light gray contrast.
IG: interchromatin granules; Nu: nucleolus
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The Nucleus

DETECTION OF SITES OF DNA REPLICATION AND OF INTERPHASE CHROMOSOME DOMAINS

DNA can be detected with high precision and specificity by
immunoelectron microscopy. For this purpose, antibodies
raised experimentally or present in sera from patients who
have autoimmune diseases and antibodies raised against
nucleotide analogs have been applied. Formaldehyde or
formaldehyde/glutaraldehyde fixation and embedding in
Lowicryl K4M or LR white resins provides high detection
sensitivity. High spatial resolution is obtained by the use of
gold-labeled secondary antibodies. With these techniques,
DNA has been observed consistently in the dispersed and
condensed chromatin of interphase nuclei, chromosomes of
mitotic cells, and mitochondria.

In panels A and B, DNA has been revealed by the incuba-
tion of living V79 hamster cells with the thymidine analog
bromodeoxyuridine (BrdU). The BrdU, which becomes
incorporated into nuclear DNA during its replication, can be
detected subsequently in ultrathin sections by a monoclonal
anti-BrdU antibody and gold-labeled secondary antibody.

Panel A shows part of the nucleus of a cell that was incu-
bated with BrdU for as short a period as 2 min. Sites of
nascent DNA as detected with anti-BrdU antibody are indi-
cated by the presence of gold particles. In addition, DNA in
the Lowicryl K4M thin section was histochemically revealed
by aFeulgen-type reaction using osmium amine. Immunogold
labeling showed DNA replication sites in association with
individual dispersed chromatin fibers (arrowheads) on the
periphery of a condensed chromatin area (arrow). In other
experiments, these regions were shown to contain DNA
polymerase alpha. Together with results from 5 min BrdU
pulse, alone or followed by a chase, it could be concluded
that the sites of DNA replication corresponded essentially to
perichromatin regions and that the newly replicated DNA
moved rapidly from the replication sites towards the interior
of condensed chromatin areas.

In panel B, V79 hamster cells were incubated with BrdU
for 9 h and then allowed to grow for an additional 62 h. This
time period allowed for about five cell divisions, during
which the labeled chromosomes became segregated. Nuclei

of these cells contained only two to three labeled chromo-
somes and were highly amenable to analyzing the presence
of chromosome territories and subchromosomal domains.
Such analysis indicated that chromosome domains were
either separated from one another by interchromatin space or
were in close contact with no or little intermingling of their
DNA. Therefore, although chromosomes formed discrete
territories, chromatin of adjacent chromosomes seemed to be
in contact in limited regions, implying chromosome-
chromosome interactions. Such an in vivo labeling approach
allowed the analysis of the structural features of interphase
chromosome domains and of their relations with the imme-
diate neighborhood. Arrows indicate RNP fibrils in perichro-
matin and interchromatin regions.
NE: nuclear envelope.
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The Nucleus

NUCLEOLUS

Nucleoli are the most prominent of the nuclear bodies. They
are formed around the nucleolus organizer regions (NORs),
which are localized to the secondary constrictions of acro-
centric chromosomes and bear numerous copies of genes
coding for the pre-ribosomal RNA (pre-rRNA). Production
of ribosome precursors is the main task of nucleoli, although
it is neither a privilege, nor is it the sole task, inasmuch as
pre-ribosomal particles may also be built in the nucleus out-
side of nucleoli and, during the past decade, various addi-
tional functions have been ascribed to nucleoli.

In human cells, NORs are contained in five chromosomes.
Hence in diploid cells, theoretically ten nucleoli could be
organized, but nucleoli tend to fuse during interphase and
mammalian cells show mostly one to four nucleoli.

The morphological appearance of nucleoli as shown elec-
tron microscopically in this figure and illustrated in the insert
at the left lower corner reflects their main function in ribo-
some biogenesis. The structure of nucleoli is a result of the
processes connected with transcription and processing of
pre-rRNA and assembly of precursors of the small and large
ribosome subunits. The nucleolar structure changes concom-
itantly with cell differentiation (cf. Fig. 8) and disappears
with onset of mitosis, at which time transcription and pro-
cessing of pre-rRNA are suppressed.

Nucleoli are composed of three different components, the
dense fibrillar component (dfc), the granular component
(gc), and the fibrillar center (fc), and they are accompanied
by masses of condensed chromatin (C), which mainly cor-
respond to chromosome territories of NOR-containing chro-
mosomes (cf. Fig. 3). The fibrillar center, which is assumed
to be a protein storage site, appears as a distinct spherical
body encircled by the dense fibrillar and granular compo-
nents. These compartments each contain growing pre-
ribosomal particles, the dense fibrillar component in the
early state and the granular component at late states of for-
mation. The dense fibrillar component is enriched in newly
synthesized pre-rRNA and a palette of proteins, the granular
component consists of pre-ribosomal particles, which are
nearly completed. Transcription is proposed to take place in

the dense fibrillar component or at the border between the
fibrillar center and the dense fibrillar component. In another
model, the fibrillar center is suggested to be the main site of
transcription.

The relation between nucleoli and Cajal bodies is close
(cf. Figs. 3 and 10, CBs). CBs are important for the biogen-
esis and function of small nucleolar ribonucleoproteins.
Several proteins, such as fibrillarin and Nopp40, are local-
ized in both the nucleolus and the CB. There is also evidence
that proteins move between the two bodies. CBs are found in
direct contact with nucleoli and they are highly dynamic
structures that have been shown to travel toward and away
from nucleoli. Because CBs also have been shown to move
from the nucleolar periphery into the nucleolus, it is possible
that transfer of the material takes place by direct contact
between CBs and nucleoli.

In recent years, additional nucleolar functions not related
to the assembly of pre-ribosomes have been assumed. These
include tRNA maturation, sequestration of regulatory mole-
cules, roles in viral infection, export of viral RNAs, and con-
trol of aging. It has been proposed that, for some of the
nonconventional activities, an immobile platform is neces-
sary and thereby advantage is taken of the nucleolus.
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The Nucleus

CHANGES OF THE NUCLEOLAR ARCHITECTURE

The nucleolar architecture depends on the functional state

of cells and changes concomitantly with cellular changes.

This has been studied in detail in human lymphocytes after

stimulation with phytohaemagglutinin and in frog erythro-

poetic cells during maturation from proerythroblasts into
erythrocytes.

Three types of nucleoli could be discriminated according
to the appearance in the electron microscope:

1. “Ring-shaped” nucleoli (arrows in panel A) exhibiting a
large fibrillar center, which is surrounded by dense fibril-
lar and granular components. This type corresponds to
the nucleolus shown in Fig. 7.

2. Nucleoli with “nucleolonema” (panel B) consisting of an
extended network, which is composed of dense fibrillar
and granular components. Fibrillar centers are small and
inconspicuous.

3. “Compact” nucleoli (panel C), which usually contain sev-
eral fibrillar centers, surrounded by thick circles of dense
fibrillar material and large areas composed of granular
nucleolar substance.

Panels A-C show a sequence of micrographs originating
from studies with human lymphocytes analyzed at different
times after stimulation with phytohaemagglutinin (PHA) and
showing a consecutive metamorphosis of the nucleoli.

About 75 % of the unstimulated lymphocytes from the
peripheral venous blood exhibit one ring-shaped nucleolus;
the rest of 25 % of the cells contains two or more nucleoli.
The latter are usually smaller, but they are of the same ring-
shaped type.

PHA-treatment leads to an increase of the cells with mul-
tiple ring-shaped nucleoli. An example is shown in panel A
after 4 h of PHA stimulation with two ring-shaped nucleoli
visible. By 12 h, 34 % of the lymphocytes contain more than
one nucleolus. The increase in the number of nucleoli is
interpreted as activation of additional NORs. Further PHA
treatment results in the appearance of one to two large nucle-
oli with nucleolonema (panel B). The multiple small nucleoli
present earlier seem to fuse, thus forming the large nucleolar
networks, in which dense fibrillar and granular components
dominate. Fibrillar centers are inconspicuous and seem to be
exhausted as a result of a decrease in stored proteins, which
may have been used up during the assembly of ribosome pre-
cursors. This nucleolar type is most pronounced after 36 h.
An example after 16 h is displayed in panel B. With continued

PHA treatment, nucleoli are further transformed into com-
pact types with multiple fibrillar centers and extended dense
fibrillar and granular components, corresponding to a fresh
highly active period. This nucleolus type is shown in panel C
after 72 h PHA treatment.

The close connection between nucleolar structure and
function is also shown by inhibition of protein and RNA
spatium biosynthesis. Inhibition of protein synthesis by
treatment with puromycin causes a significant decrease in
the size of fibrillar centers. Treatment with actinomycin D,
which specifically inhibits rRNA-transcription, leads to in a
general reduction of the nucleolar size and a segregation of
the nucleolar components. Panel D shows a HeLa cell nucle-
olus after actinomycin D-treatment for 6 h. The typical sepa-
ration of the nucleolar subcompartments is further illustrated
in the diagram shown below.

Fibrillar center (fc) and dense fibrillar and granular com-
ponents (dfc and gc, respectively) are segregated and both
are accompanied by masses of condensed chromatin (C).

References

Wachtler F, Ellinger A, Schwarzacher HG (1980) Nucleolar changes in
human phytohaemagglutinin-stimulated lymphocytes. Cell Tiss Res
213:351

Wachtler F, Popp W, Schwarzacher HG (1987) Structural changes in
nucleoli during inhibition of protein- and RNA-biosynthesis. Cell Tiss
Res 247:583

Magnification: x7,000 (A), x29,000 (B), x14,000 (C), x30,000 (D)



Figure 8

PHA 4h - Fi_in;;—shaped nucleoli

Actinom) cin D - Nucleolar seregatlon




18

The Nucleus

DETECTION OF SITES OF RNA SYNTHESIS

As with the visualization of DNA, RNA can also be readily
detected by immunoelectron microscopy with high precision
and specificity by labeling of ultrathin sections from cells and
tissues. Antibodies against RNA can be applied, but the reagent
most often used is the nucleotide analog 5’bromouridine-5-
triphosphate (BrUTP), which, after its incorporation into RNA,
can be detected with the monoclonal anti-bromodeoxyuridine
antibody and gold-labeled secondary antibody with high spa-
tial resolution. Formaldehyde or formaldehyde/glutaraldehyde
fixation combined with embedding in Epon, Lowicryl K4M, or
LR white resins provides high detection sensitivity. The
postembedding immunogold labeling can be combined with
other histochemical stains. Because BrUTP is not membrane
permeable, either permeabilized cells were used or the nucleo-
tide analog was microinjected into cells. Alternative approaches
include the use of the nucleoside analog BrU rather than BrUTP
and of liposome transfection vectors.

In panel A, sites of RNA synthesis in the cell nucleus are
visualized by means of brominated RNA precursor and immu-
noelectron microscopy. Cells of the human bladder carcinoma
line T24 were microinjected with BrUTP and incubated for
20 min. The immunogold labeling in the nucleoplasm was
mostly localized on the periphery of condensed chromatin (C)
areas, a nuclear compartment named the perichromatin region.
In the nucleolus (Nu), newly synthesized pre-TRNA occurs
mainly in the dense fibrillar component.

In panel B, a detail of a nuclear region 10 min after BrUTP
microinjection is shown. Here, a double immunogold label-
ing was carried out on the ultrathin section. Newly tran-
scribed RNA was detected with anti-bromodeoxyuridine
antibodies and 6 nm gold-labeled secondary antibodies. In
addition, hnRNP complexes were detected with anti-hnRNP
core protein antibody and 15 nm gold-labeled secondary

antibodies. As can be readily seen, both signals often colo-
calized on perichromatin fibrils (arrowheads), which repre-
sent the in situ forms of pre-mRNA (hnRNA) transcripts.
However, interchromatin granule clusters (IG) that are com-
partments of pre-mRNA splicing factor accumulation and
storage were virtually devoid of any labeling.

From such experiments it could be concluded that the
dense fibrillar component of the nucleolus is the site of pre-
rRNA transcription and of initial steps of pre-rRNA process-
ing. The perichromatin fibrils represent the in sifu form of
pre-mRNA transcripts and probably also the site of most pre-
mRNA processing steps.
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NUCLEOLUS, CAJAL BODIES, AND TELOMERASE ASSEMBLY

The structure and function of the nucleolus and of the Cajal
body, two large nuclear bodies, is well documented (cf.
Fig. 7): nucleoli are mainly the site of ribosomal RNA syn-
thesis and nascent ribosome assembly, and Cajal bodies
chiefly function in the assembly and/or posttranscriptional
modification of the splicing machinery of the nucleus. Their
functional relation is reflected in dynamic associations of
Cajal bodies (CB) with nucleoli and the exchange of proteins
between them. The combination of immunogold labeling
and biochemical analysis has revealed the site of assembly of
telomerase in the nucleolus and demonstrated specific inter-
actions between nucleoli and Cajal bodies during this pro-
cess. The ribonucleoprotein enzyme telomerase is composed
of telomerase reverse transcriptase (TERT), the telomerase
RNA component, and a number of additional proteins.
Biogenesis and assembly of telomerase occurs in a stepwise
manner and is associated with specific intranuclear traffick-
ing events, which eventually result in recruitment of catalyti-
cally active telomerase to telomeres during S phase. Initially,
a TERC RNA molecule assembles with a preformed H/ACA
protein complex of dyskerin, NOP10, NHP2, and the H/
ACA RNP assembly factor NA FI1. Subsequently, this
TERC-dyskerin RNP associates with TERT to generate cata-
lytically active telomerase RNP, which accumulates in Cajal
bodies by direct association with TCAB1. By immunogold
electron microscopy, hTERT (panel A) and TCAB1 (panel
B) were detected in the dense fibrillar component (dfc) and
the granular component (gc) of nucleoli during S phase and
codistributed in the dense fibrillar component (panel C;
TCABI: large gold particles, hTERT: small gold particles).
This finding and biochemical analyses indicated that cata-
lytically active telomerase was initially assembled in the
dense fibrillar component. Moreover, hTERT (panel D) and
TCABI1 (panel F) were present in the coilin-positive Cajal
bodies (panel E; hTERT: large gold particles, coilin: small
gold particles). hTERT and TCAB 1-containing Cajal bodies
were detected in the euchromatin (panels D and E) or associ-
ated with nucleoli (panel F). Dyskerin (Dys) as an essential
component of active telomerase RNP exhibited a more lim-
ited distribution during S phase with the dense fibrillar com-
ponent of nucleoli (panels G and H) and Cajal bodies (panels
I and J; dyskerin: large gold particles, coilin: small gold

particles) being labeled. This labeling pattern together with
detailed biochemical analyses suggested that the nucleolar
dense fibrillar component was the site of telomerase RNP
biogenesis. Altogether, these observations suggested that
certain assembly steps of telomerase occur specifically dur-
ing S phase in the dense fibrillar component of nucleoli and
that catalytically active telomerase RNP is retained here until
association with TCABI1, which is followed by its transport
to Cajal bodies and transient association with telomeric
chromatin.

Euch: euchromatin; fc: fibrillar center

Figures from Lee et al. (2014) Histochem Cell Biol
141:137.
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NUCLEAR PORE COMPLEXES

Nuclear pore complexes (NPCs) in the nuclear envelope are
large macromolecular assemblies with an estimated mass of
about 125 million Dalton. Depending on the activity of a
cell, the number of NPCs varies but is usually around 3,000—
4,000 per nucleus. NPCs are sites of bidirectional transport.

Panel A represents a freeze-fracture replica, which shows a
large portion of the nucleus and surrounding cytoplasm. The
fracturing process has exposed much of the nuclear envelope,
and the outer and inner nuclear membrane can be seen in a face-
on view with a great number of NPCs. In panel B, a NPC is
shown as it appears in a cross section from resin-embedded tis-
sue by transmission electron microscopy. The pore is spanned
by a diaphragm-like structure (arrowhead). The inner and outer
nuclear membranes are continuous at the edges of the pore. At
the surface of the inner nuclear membrane, the nuclear lamina
(cf. Fig. 13A) and condensed chromatin (CC) are present. In the
cytoplasm next to the nuclear envelope (NE in B), a cisterna of
the rough endoplasmic reticulum (RER in B) is seen. Panel C
represents a grazing section, providing a face-on view of several
NPCs, which often contain a central electron dense particle and
ring-like arranged peripheral granular material (arrowheads).
The electron-dense material between the NPCs is condensed
chromatin (CC). In panel D, isolated, detergent-extracted NPCs
are shown by cryo-electron microscopy in the frozen-hydrated
state. In favorable end-on views, one complex seems to be com-
posed of eight peripheral particles and a single central one.

The three-dimensional structure of the NPC has been recon-
structed from images of negative stained complexes and by cryo-
electron microscopy (see diagrams in Figs. 11 and 12). The basic
configuration of the NPC is a cylindrical channel with a diameter
of about 125 nm. It consists of a tripartite assembly composed of
alarge luminal ring embedded in the nuclear envelope flanked by
aring at its cytoplasmic and nuclear surface.

cytoplasmic ring

peripheral channel
central pore

luminal domain

central plug

nuclear ring

The barrel-like central ring is composed of eight spokes
with protuberances toward the central opening. This is the
structural basis for the characteristic eight-fold rotational sym-
metry of the complexes. Often a plug or particle is present in
the central lumen, the composition and significance of which
is debated. The mass of the spoke complex was determined to

be 52 MDa by scanning transmission electron microscopy
mass measurement. Between the adjacent eight spokes, eight
longitudinal channels each of about 10 nm diameter are
formed. They represent sites of passive diffusion of ions and
water and small proteins (<60 kDa). The transport of larger
particles occurs by active transport through the central part of
the nuclear pore involving specific receptor proteins. By using
gold particles of various diameters, coated with peptides con-
taining a nuclear localization signal, the maximal size of par-
ticles that could pass through the nuclear pore was about
26 nm. This indicates that the pore gate is a dynamic structure.
Macromolecules larger in size than 26 nm may squeeze
through the pores by deformation. From the nuclear and cyto-
plasmic ring, flanking the central one, eight filaments extend
outwards. The somewhat longer filaments of the nuclear ring
converge and are capped by a terminal ring. This ensemble
forms the nuclear basket, which functions like an iris.

Many of the nucleoporins are glycoproteins, which bear an
O-glycosidically linked N-acetylglucosamine residue on serine
or threonine. In panel E, O-linked N-acetylglucosamine residues
are detected by a gold-labeling technique. In tangentially sec-
tioned NPCs, the center is labeled by gold particles (arrowheads).
This type of glycosylation is found on many other nuclear pro-
teins, including the RNA polymerase II catalytic unit, and a large
number of transcription factors as well as numerous cytosolic
and cytoskeletal proteins. It is an important regulatory modifica-
tion, which, through areciprocal relation with O-phosphorylation,
modulates the function of the respective proteins.
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NUCLEAR PORE COMPLEXES: STRUCTURAL CHANGES AS MONITORED BY TIME-LAPSE ATOMIC

FORCE MICROSCOPY

Atomic force microscopy is a unique imaging technique that
allows high-resolution studies of biological macromolecules
in a native state under quasi-physiological conditions in an
aqueous environment. In addition to static structural analy-
sis, dynamic structural analysis by time-lapse imaging in
response to stimuli and of growth and growth kinetics of
macromolecules has been achieved. The examples shown
here concern the structure of native nuclear pore complexes
and structural changes in response to calcium.

Panels A and B and their insets show native nuclear enve-
lopes from Xenopus oocytes. Panel A shows the cytoplasmic
surface of the nuclear envelope and panel B its nuclear sur-
face. Clear-cut differences are visible because the nuclear
pore complexes at the cytoplasmic surface appear doughnut-
like (panel C), while those at the nuclear surface are dome-
like (panel D) in appearance. Furthermore, the eightfold
rotational symmetry of individual nuclear pore complexes is
apparent (inset in A). For a quantitative analysis, nuclear
pore complexes were aligned and averaged and their radial
height profiles computed (panels C and D).

In panels E and F, nuclear pore complexes were observed by
time-lapse atomic force microscopy from the nuclear surface in
the absence of calcium (panel E) or in the presence of micro-
molecular concentrations (panel F). The arrowheads mark
three corresponding nuclear pore complexes and the reversible
calcium-mediated changes, closing in absence of calcium and
opening in its presence, are visualized. In panels G and H, such
conformational states were quantified by aligning and averag-
ing a number of nuclear pore complexes and computing their
average radial heights. From this analysis it became clear that
20-30 nm diameter openings occurred at the distal rings of the
nuclear baskets without changes in the overall height of the
baskets. These results fully support the proposal that the nuclear
basket with its distal ring may act as an iris-like diaphragm.

The ring is in a closed state in the absence of calcium and in an
open state in the presence of micromolecular calcium concen-
trations as shown in the diagram.
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NUCLEOSKELETON: LAMINS AND ACTIN

The two main components of the nucleoskeleton are lamins,
which form the nuclear lamina, and actin together with actin-
binding proteins.

The nuclear lamina comprises a 30-80 nm thick fibrous
layer at the inner nuclear membrane. In panel A, the well-
developed nuclear lamina of a skin keratinocyte is seen at the
inner nuclear membrane (IM). Outer nuclear membrane
(OM); condensed chromatin (C).

The nuclear lamina is composed of lamin A/C and variable
amounts of lamin B, which are intermediate-type filaments.
Nuclear lamins are highly organized fibrils with a central rod-
like domain composed of a-helical coiled-coil and globular
domains on either end. The C-terminal globular domain con-
tains a nuclear localization sequence for nuclear import.
Posttranslational modifications including farnesylation per-
mit the assembly of lamin subunits at the inner nuclear mem-
brane. The lamins are anchored to the inner nuclear membrane
by the lamin B receptor and by lamina-associated proteins 1
and 2. The nuclear lamina functions as such to give shape and
provide mechanical support to the nuclear envelope and inter-
acts with the chromatin, thereby establishing a link between
chromosomes and the nuclear envelope. During onset of
mitosis, phosphorylation of lamins triggers the disassembly
of the nuclear lamina and subsequently that of the nuclear
envelope. Lamins become dephosphorylated when the
nuclear envelope starts to reassemble in late anaphase.
Surprisingly, lamin mutations not only disrupt the nuclear
envelope or result in abnormal nuclear shape but also result in
the development of certain types of muscular dystrophies,
partial lipodystrophy syndromes, peripheral neuropathies,
and, most impressively, progery syndromes.

Although initially met with skepticism, the presence of
actin in the nucleus is no longer a matter of debate. Actin
exists in the nucleus mainly in monomeric, globular form,
and canonical actin fibers as they exist in the cytoplasm are
usually not observed despite the presence of components that
control its polymerization and stabilize filamentous F-actin
structures. However, certain oligomeric forms and special
polymeric F-actin seem to exist in the nucleus, although they
have escaped their ultrastructural detection. Immunogold
labeling with the use of a monoclonal anti-actin antibody has
revealed actin throughout the euchromatin in HeLa cells
(panel B) and at the border of euchromatin and condensed

chromatin in resting lymphocytes (panel C). Areas of intense
actin immunolabeling are highlighted in red. In addition, in
both cell types, actin was detectable in the fibrillar center of
nucleolus (panel D). Such a subnuclear distribution of actin
and its established association with all RNA polymerases is
consistent with its role in transcription and chromatin remod-
eling. Moreover, nuclear actin seems to be involved in gene
positioning and large-scale chromatin organization.

As mentioned, actin fibers are not detectable in the
nucleus under physiological conditions. However, following
heat shock or serum stimulation, nuclear actin fibers could
be observed. Nuclear actin fibers could also be induced by
overexpression of wild-type or mutant 3-actin containing a
nuclear localization signal. In panel E, several straight actin
filament bundles (arrows) in the nucleus of a rat pheochro-
mocytoma PC12 cell can be seen, which were induced by
overexpression of NLS-G15S-actin. In panel F, the boxed
field in panel E is presented at higher magnification and
shows bundles of actin filaments with immunogold labeling
(arrow).

NE: nuclear envelope.

Figures B-D from Dingova et al. Histochem Cell Biol
131: 425 and Figs. E and F from Castano et al. ibid. 133:
607.
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MITOSIS AND CELL DIVISION

For growth of tissue, development of organs, and mainte-
nance of life functions, both production of new cells by cell
division and elimination of cells by programmed cell death
(cf. Fig. 15) are necessities. During cell division, triggered
by the mitotic cyclinCdc2 protein complex at the end of the
G2-phase of the cell cycle, mitosis serves to equally distrib-
ute all parts of the genome among two daughter cells.
Duplication of the centrioles (cf. Fig. 86) and movement
toward opposite poles of the cells precede mitosis, which can
be followed during four well-characterized phases: prophase,
metaphase (panels A and B), anaphase, and telophase.
Mitosis is accompanied by reorganization of the cytoplasm
and followed by the actual cell division (cytokinesis).

After DNA-replication in the preceding S-phase of the cell
cycle, each chromosome consists of two identical chromatids
(sister chromatids) connected at the centromeric region. Two
distinct protein complexes, the cohesin and the condensin
complex, are required for cohesion of the chromatids and
chromatin condensation leading to the typical thread-like
mitotic transport structures of the chromosomes. The centri-
oles are critical for formation and maintenance of the mitotic
spindle, which is composed of microtubules and multiple
associated proteins. After breakdown of the nuclear envelope
in prophase, spindle microtubules insert into the kinetochore
at the chromosome centromere and chromosomes are aligned
in the equatorial plate. Cohesin is necessary to ensure chro-
mosome bi-orientation. At the metaphase-anaphase transi-
tion, destruction of the cohesin complex triggers the
segregation of the sister chromatids, which are moved to the
poles of the cell. In telophase, chromosomes decondense
again, the nuclear envelope is rebuilt, and cytokinesis takes
place through contraction of a transient contractile actin-
myosin ring formed around the equatorial region.

Panel A shows an eosinophilic myelocyte from the human
bone marrow; in panel B, a mitotic proerythroblast provides
an example of a cell of the red blood cell lineage. Both cells
are shown during metaphase. The homogenous, densely
packed chromatin (C) comprises the most prominent struc-
ture in the cells. In panel B, a chromosome centromeric
region (primary constriction) is visible (arrows). Nucleoli
and other functional domains, typical for the interphase

nucleus (cf. Fig. 3), are not existent, and the former
nucleoplasm is intermixed with the cytoplasm in a common
compartment. The breakdown of the nuclear envelope is
closely connected with the disassembly of the nuclear lam-
ina (cf. Fig. 13). Recent findings indicate that fragmentation
of the nuclear envelope is initiated by a microtubule-
dependent tearing mechanism, with dynein functioning as
the motor protein and leading to the formation of gaps close
to areas of maximal tension in the envelope.

Panel C shows a stem cell niche region at the bottom of a
small intestinal crypt, where Paneth cells (P), easily recog-
nized by their huge secretory granules (asterisks), dominate
providing the microenvironments for regulation of stem cell
division and differentiation. The key role of Paneth cells in
stem cell niche signaling is mirrored in the tissue organiza-
tion. As can be seen in the picture, two stem cells (SC) with
densely packed chromatin (arrows) undergoing mitosis
reside in close physical association with the neighboring
Paneth cells. Contact regions occupy extended areas of both
cells’ surfaces.
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APOPTOSIS

Apoptosis is a physiologic type of programmed cell death that
is essential for normal development and regular life of tissues
and organs. It is used by multicellular organisms for elimina-
tion of “unwanted” cells, which may include excess and
unnecessary cells, and defective, senescent, or harmful cells.
Any apoptosis disorder potentially leads to diseases. In con-
trast to necrosis, which is a nonphysiologic accidental cell
death resulting from irreversible cell injury, apoptosis takes
place according a genetic cell-suicide program and is an active
process initiated by external signals or by intrinsic events,
such as DNA-damage or irreparable stress at cellular organ-
elles. Both pathways that initiate and regulate apoptosis, the
death receptor pathway and the mitochondrial pathway, lead
to the activation of particular proteases called caspases (cyste-
ine aspartic acid-specific proteases). A cascade of caspase-
mediated cleavage processes takes place, causing dramatic
cellular changes, which give rise to the characteristic morpho-
logical apoptosis patterns. The cells lose plasma membrane
asymmetry and surface differentiations and become rounded.
Cleavage of the nuclear DNA hallmarks apoptosis and causes
the most severe damage to the cells. DNA-fragmentation leads
to chromatin hypercondensation and segregation; fragmenta-
tion of the nucleus results in the appearance of “nuclear bod-
ies.” Apoptotic cells and fragments (“apoptotic bodies”) are
phagocytozed by surrounding cells.

In panels A-E, KBM-5 (human chronic myelogenous
leukemia) cells treated with Tanshinone IIA to induce apop-
tosis are displayed. They all exhibit morphologies character-
istic of apoptosis. The cells are rounded, microvilli are
absent, but plasma membranes are intact and the cytoplasm
contains remnants of organelles. The hypercondensed chro-
matin is segregated, frequently collapsed against the nuclear
periphery appearing in the shape of a crescent (panels A-C),
and can be seen in intact nuclei with preserved nuclear enve-
lope (panels A—D) and in multiple nuclear fragments, called
nuclear bodies (NB; panels C and E); the preserved nuclear
envelope is shown at higher magnifications in the inset of
panel B and in panel D (detail of panel C - asterisk). Panel E
exhibits cells in stages of advanced apoptosis with nuclear

bodies and severely vacuolized cytoplasm. Nucleus and
cytoplasm of the non-apoptotic cell at the left hand side in
panel A are unchanged; the arrows point to cell surface
microvilli.

A large number of results indicate that cells use different
ways to active self-destruction. Apoptosis is referred to a
type I of programmed cell death. In another type (type II),
autophagy (cf. Figs. 74, 75 and 76) has a major role, and
cytoplasmic constituents are degraded before nuclear
destruction. Recent data suggest that functional links exist
between apoptosis and autophagic cell death. Both types
may occur simultaneously in tissues, and can coexist in the
same cell. The relationship between autophagy and apopto-
sis influences the clearance of dying cells and an interruption
has pathophysiologic consequences.
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VIRAL INCLUSIONS

Viruses account for a large number of acute infections and
may occur as a consequence of hereditary or acquired forms
of immunodeficiency. Because of their small size (20-
300 nm), single virus particles can only be detected by elec-
tron microscopy. Some viruses may form aggregates in the
nucleus and/or cytoplasm of the infected cells. Such viral
inclusion bodies may be visible by light microscopy and
definitely by electron microscopy. Polyomaviruses are ubig-
uitous in nature. Infections can be often observed in kidney
tubular cells of renal transplants. Panels A and B show viral
inclusion bodies caused by an infection by polyomaviruses
in a renal biopsy of a kidney transplant patient. The spherical
virus particles have a diameter of 30-45 nm and are arranged
in characteristic paracrystalline arrays, which occupy most
of the nucleoplasm (A) and parts of the cytoplasm (B). The

paracrystalline arrays formed by the viruses can be well
appreciated at higher magnification (inset in A). The nuclear
viral inclusions can be unequivocally distinguished from the
nucleolus seen in panel A because of its very different struc-
ture (cf. Fig. 7). Another virus causing combined nucleo-
cytoplasmic inclusions is the cytomegalovirus, which
belongs to the herpesvirus family. Cytomegalovirus infec-
tions affect multiple organs and are often observed in immu-
nosuppressed transplant recipients or AIDS patients.
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THE CyTOPLASM: THE SECRETORY SYSTEM

SECRETORY PATHWAY OF PANCREATIC ACINAR CELLS

In their classical Nobel Prize-winning studies on protein
biosynthesis and secretion, Palade and coworkers used the
exocrine pancreas as a model tissue. The low-power electron
micrograph from rat exocrine pancreas shows acinar cells
and immunogold labeling for one of their major secretory
products, the digestive enzyme amylase. As such, it provides
a general idea of the main structural elements of the secre-
tory pathway in a highly specialized secretory cell. The
immunoelectron microscopic demonstration of intracellular
antigens in ultrathin sections has been critically improved by
the introduction of gold particles as a marker. The scheme
shows the two-step protein A-gold technique to detect anti-
genic sites in ultrathin sections.

Protein A-gold

_ Antibody

" Antigens

Several acinar cells assemble to form a structural and
functional unit, a so-called acinus, which is the main compo-
nent of the gland parenchyma (cf. Figs. 1 and 111).

The rough endoplasmic reticulum (RER), which is abun-
dant in the basal and juxtanuclear portions of the pancreatic
acinar cells and other secretory cell types, represents the first

structural element of the secretory pathway, sometimes also
referred to as the endomembrane system. It shows abundant
immunogold labeling for amylase and the gold particles appear
as black spots. The next major element is represented by the
Golgi apparatus, which can be seen in its typical supranuclear
location and which is intensely immunogold labeled for amy-
lase. The pre-Golgi intermediates cannot be recognized at
this low magnification. The supranuclear cytoplasm contains
numerous secretory granules in which amylase and many
other secretory products are stored. The secretory granules
of the acinar cells are called zymogen granules (ZG) because
of their content of proenzymes. On appropriate stimulation,
the zymogen granules fuse with the apical plasma membrane
and discharge their content into the acinus lumen (AL). This
stimulus-mediated exocytosis is called regulated secretion
(cf. Fig. 54). The acinus lumen (AL) represents the first part
of the extracellular excretory duct system.

A detailed account of the structural and functional aspects
of the secretory system is given in the following plates.

M: mitochondria
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ENDOMEMBRANE SYSTEM OF DINOFLAGELLATES

Although the various organelles of mammalian cells are in
the focus of this book, it should be noted that unicellular
organisms have provided invaluable information about the
biogenesis, molecular structure, and function of various cel-
lular organelles because their principles have been found to
be phylogenetically highly conserved. As a case in point,
studies in the yeast Saccharomyces cerevisiae were of fun-
damental importance for the molecular dissection of the
secretory pathway and of autophagy. In wild-type
Saccharomyces cerevisiae, however, elements of the rough
endoplasmic reticulum are scarce and stacks of flat cisternae
building a Golgi apparatus resembling that of mammalian
cells are rarely found. However, in sec7 and sec14 secretory
mutants, Golgi apparatus composed of cisternal stacks
could be readily observed at the nonpermissive temperature.
Other unicellular organisms such as the parasitic protists
contain a comparatively well-developed endomembrane
system.

The marine dinoflagellates represent other unicellular
organisms with a highly developed endomembrane system,
as shown in panel A. For high contrast and distinct appear-
ance of cellular membranes, the cells were fixed in reduced
osmium tetroxide after initial double aldehyde fixation. It is
notable that, by applying this fixation protocol, ribosomes
can be barely recognized. In panel A, an equatorially sec-
tioned dinoflagellate is shown, which contains a prominent
nucleus and numerous plastids in its periphery. The many
mitochondria are of tubulus type (cf. Fig. 77), and several
cisternae of the endoplasmic reticulum can be seen. In panel
B, a site of continuity between the nuclear envelope (NE)
and endoplasmic reticulum is indicated by an arrowhead. In
close relationship with a curved cisterna of the endoplasmic

reticulum (ER), a membrane cluster composed of many
tubules and vesicles is visible that most probably represents
a peripheral pre-Golgi intermediate (cf. Figs. 29, 30, 31). In
panel C, a Golgi apparatus cisternal stack is shown with
numerous associated vesicles at either of its poles and the
lateral extremities. Vesicles and short tubules are also located
between a presumptive transitional element of the endoplas-
mic reticulum (ER) and a fenestrated cis Golgi cisterna.
Such solid stacks of flattened cisternae appear to be linked
by fenestrated elements and tubules, as also seen in mam-
malian cells. The arrowhead in panel C marks a (clathrin)-
coated lateral extension of a frans Golgi cisterna.
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RIBOSOMES, ROUGH ENDOPLASMIC RETICULUM

Ribosomes are RNA-protein particles measuring 30 nm at
their largest dimensions, which function as machineries for
protein synthesis. Within a ribosome, a messenger-RNA
(mRNA) and transfer-RNAs (tRNA) are brought together,
thus allowing base pairing between mRNA codons and tRNA
anticodons, which drives the synthesis of a polypeptide with
an amino acid sequence according to the model specified by
the mRNAs codons.

Ribosomes are composed of two subunits, which are
formed in the nucleolus. Co- and posttranscriptionally, the
preribosomal RNA (pre-rRNA) encoded by the ribosomal
DNA (rDNA) associates with small nucleolar RNAs (snoR-
NAs) and non-ribosomal proteins to be modified and pro-
cessed. A series of cleavages takes place, leading to the 18,
28 and 5.8S rRNAs, which together with ribosomal proteins
and the 5S rRNA synthesized outside the nucleolus, assem-
ble to form the small and large precursors of the 40 and 60S
ribosomal subunits. They are separately exported out of the
nucleus through the nuclear pore complex (NPC), the large
precursor utilizing the adaptor protein Nmd3 for binding to
the Crml nuclear export factor. Ribosomes exist as distinct
particles only during ongoing protein synthesis. The 40 and
60S subunits assemble during the protein synthesis initiation
phase and again dissociate and enter a common cytoplasmic
pool after completion of the protein.

Polysomes are ribosome clusters attached to one mRNA
and engaged in active translation; several copies of the same
protein are produced simultaneously. Depending on the class
of proteins synthesized, polysomes either reside “freely” in
the cytoplasm (“free polysomes™) or bind to membranes of
the rough endoplasmic reticulum (RER, “bound poly-
somes”). The latter process is receptor-mediated and guided
by a signal peptide, which is part of all proteins to be synthe-
sized at the RER.

Panels A and B show details of cells extensively involved
in synthesis of secretory proteins. The basal cytoplasm of a
pancreatic acinar cell shown in panel A contains densely
packed, flat RER-cisternae forming a cellular compartment
called ergastoplasm (“busy plasma”). The membranes are
studded with ribosomes (arrowheads) and fine filamentous
materials are contained in the cisternal lumen, mainly

corresponding to newly synthesized secretory proteins.
Polysomes appear as “rosettes,” strings of beads in single or
double rows (arrowheads in panel B) or serpent-like struc-
tures (arrows in panel B). Studies of native cytosolic poly-
somes in intact cells by cryo-electron tomography combined
with computational methods showed an orientation of the
ribosomes in such a way that the small subunits are brought
into close proximity and the large subunits are kept apart.

RER-bound ribosomes also produce luminal and membrane
proteins of the entire secretory system, lysosomal enzymes,
and plasma membrane proteins. In contrast, ribosomes do not
bind to the RER during synthesis of other proteins, such as
proteins residing at the cytoplasmic side of membranes, cyto-
skeletal proteins, and proteins destined to be transported into
the nucleus or inserted into mitochondria or peroxisomes. The
RER is organized into subregions (cf. also Fig. 20) and findings
suggest that particular mRNAs encoding for secretory or mem-
brane proteins are confined to distinct areas of the RER. There
is evidence for transport of mRNAs along either microtubules
or actin filaments, and several RER-associated proteins
involved in anchoring mRNAs have been identified.
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NUCLEAR ENVELOPE AND ROUGH ENDOPLASMIC RETICULUM

The nuclear envelope (NE) consists of an inner and an outer
membrane enclosing the perinuclear cisterna or perinuclear
space. The outer nuclear membrane is studded with ribo-
somes and continuous with the membrane of the rough endo-
plasmic reticulum (RER). Therefore, direct continuity exists
between the lumen of the nuclear envelope and the rough
endoplasmic reticulum, as marked by lines in panel A.
Evidence is ample that the outer nuclear membrane is
engaged in protein synthesis and that de novo synthesized
proteins are translocated in the perinuclear space.
Posttranslational modifications on proteins may occur here
because of the presence of oligosaccharide-trimming glyco-
sidases (cf. Fig. 23).

Although the rough endoplasmic reticulum and the
nuclear envelope form a continuous network, functional
domains seem to exist in this interconnected open system. As
an example, the heterogeneous distribution of apomucin in
mucus cells of submandibular glands is presented. Mucin is
the main secretory product in this cell type and can be readily
detected by immunogold electron microscopy. In panel A,
immunogold labeling for apomucin (non-glycosylated
mucin) in the cisternal lumen of the rough endoplasmic retic-
ulum is evident. However, the perinuclear cistern even at
sites of continuity with the cisternal lumen of the rough
endoplasmic reticulum is unlabeled. In panel B, intensely
apomucin-positive parts of cisternae of rough endoplasmic
reticulum can be seen alternating with parts that are com-
pletely unlabeled (marked by lines). This represents a
remarkable example of segregation of a major secretory
product in the lumen of the continuous network of rough

endoplasmic reticulum cisternae. As for other reported
examples, it is currently unknown how such domains become
established and are maintained. It has been proposed that the
endoplasmic reticulum is a site of mRNA localization that
will associate for its lifetime with membrane-bound polyri-
bosomes. As a result, the synthesis of the respective proteins
will be compartmentalized.
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ANNULATE LAMELLAE

Annulate lamellae are peculiar cytoplasmic organelles com-
posed of stacked sheets of endoplasmic reticulum-like mem-
branes interrupted by annuli or pores. They are most
commonly found in oocytes as well as embryonic and neo-
plastic cells, but they can be observed, albeit to a lesser
degree, in virtually any eukaryotic cell type including CHO
cells as shown here.

Both the origin and the function(s) of annulate lamellae
are poorly understood. In many cell types, annulate lamel-
lae seem to originate from the nuclear envelope inasmuch
as they are often apposed to it, as can be seen in the lower
right corner of panel A. Here, a cross-sectioned single
annulate lamellae with a pore (arrowhead) is located adja-
cent to the nuclear envelope with nuclear pore complexes
(NPC). Thus, for embryonic cells, annulate lamellae have
been proposed to transiently store or accumulate excess
nuclear pore material and to be transitory structures. Other
investigators have concluded that annulate lamellae are
derived from the rough endoplasmic reticulum because
they were found to be continuous with its cisternae, as can
also be seen in panel A (RER). In panel A, a cross-sec-
tioned annulate lamellae is depicted, which consists of
lamellae that are arranged in a parallel array. The lamellae
are interrupted by pores (arrowheads), which are aligned.
The pores are spanned by a diaphragm-like structure and
exhibit small peripheral granules. Continuity between sin-
gle lamellae and cisternae of the rough endoplasmic reticu-
lum (RER in A and B) is obvious. In panel B, a grazing
section through an annulate lamellae is shown. Numerous
pores (arrowhead) are seen in a face-on view, which reveals

the presence of a large central granule and smaller annular
granules in the pores. These are characteristic features of
nuclear pore complexes. By morphological criteria, the
pores of annulate lamellae are indistinguishable from
nuclear pore complexes.
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ROUGH ENDOPLASMIC RETICULUM: SITE OF PROTEIN TRANSLOCATION AND INITIATION

OF PROTEIN N-GLYCOSYLATION

The membranes of the rough endoplasmic reticulum (RER)
represent the site of co-translational vectorial transfer of de
novo synthesized proteins from the cytosol to the ER and of
lipid biosynthesis. After translocation, posttranslational pro-
tein modifications occur in the cisternal lumen of the endo-
plasmic reticulum.

In the rough endoplasmic reticulum (RER), soluble pro-
teins become fully translocated into the cisternal lumen,
whereas transmembrane proteins are translocated only par-
tially and become inserted in the ER membrane to reside
here or to become routed to other cellular destinations. The
process of protein translocation is mediated by the translo-
con or Sec61 complex, which is a sophisticated modular pro-
tein machinery. Panel A depicts the immunogold localization
of Sec61 protein at the RER and outer nuclear membrane in
a rat liver hepatocyte. General structural and functional
aspects of the translocon seem to be highly conserved among
prokaryotic and eukaryotic organisms. Although proposed,
the translocon seems not to function in the dislocation of
misfolded glycoproteins from the RER to the cytosol. Based
on high-resolution structural analyses, the translocon con-
sists of a doughnut-like structure with a central hydrophilic
pore as the most striking feature. The pore diameter in a ribo-
some bound translocon is 40-60 A and that of a ribosome
free translocon is 9-15 A. A ribosome may be associated at
the cytosolic side with its tunnel coaxially oriented over the
Sec61 pore.

The oligosaccharyltransferase and the signal peptidase
constitute major translocon-associated proteins not directly
involved in the pore formation and in the translocation pro-
cess. The oligosaccharyltransferase is a hetero-oligomeric
complex composed of at least nine subunits showing sig-
nificant homology from yeast to mammalian cells. For
functional reasons it neighbors the translocon. It acts on
nascent polypeptides while they are being translocated and
catalyzes the en bloc transfer of a lipid-linked preassem-
bled oligosaccharide (glucose;mannose,N-acetylglucos-

amine,) to selected Asn-X-Ser/Thr sequences (X any amino
acid except proline) of nascent polypeptide chains. This
reaction occurs exclusively on the luminal side of the RER
membrane and represents a key step in the pathway of pro-
tein N-glycosylation, which is an essential and highly con-
served protein modification. The asparagine-linked
oligosaccharide can be detected by the plant lectin
Concanavalin A (Con A) because of its reactivity with oli-
gosaccharides containing glucose or mannose. In panels B
and C, Con A-gold labeling of the RER and of smooth
endoplasmic reticulum (SER) of rat liver hepatocytes is
shown. In regions containing SER, Con A labeling is also
the result of the presence of glycogen. The lumen of the
liver sinus and bile capillary (BC) are unlabeled.
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OLIGOSACCHARIDE TRIMMING, REGLUCOSYLATION, AND PROTEIN QUALITY CONTROL

IN THE ROUGH ENDOPLASMIC RETICULUM

In the rough endoplasmic reticulum, first modifications on
asparagine-linked oligosaccharides occur and include the
removal of all three glucose residues by a-glucosidase I (Gls
I) and II (Gls II) and of some mannose residues by ER
o-mannosidases I (ER Man I) and II (ER Man II), as illus-
trated in the scheme. These trimming reactions and the
resulting specific oligosaccharides are important for protein
quality control. Proper folding and correct assembly of gly-
coproteins are constantly monitored by a quality control
machinery composed of chaperones, lectins such as cal-
nexin and calreticulin, glucosidase II and UDP-
glucose:glycoprotein glucosyltransferase (for additional
details, cf. Fig. 33). Conversely, defective oligosaccharide
trimming has been recognized as the cause of congenital
disorders of glycosylation.
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In panel A, immunogold labeling demonstrates trimming
glucosidase II in the nuclear envelope (arrowheads) and the
lumen of endoplasmic reticulum cisternae. Both glucosidase
I and II are present in the same endoplasmic reticulum cister-
nae as shown by double immunogold labeling with large
gold particles for the detection of glucosidase I and small

particles for glucosidase II (inset in panel A). The impor-
tance of the trimming of the outer glucose residue by gluco-
sidase I is unknown, but that of the second glucose by
glucosidase II provides a positive signal for protein folding.
Glucosidase II also functions in the dissociation of com-
plexes between calnexin/calreticulin and glycoproteins bear-
ing monoglucosylated oligosaccharides.

Panel B shows glucosyltransferase immunolabeling in
nuclear envelope (arrowheads) and the cisternal lumen of
rough endoplasmic reticulum in a distribution similar to glu-
cosidase II. Glucosyltransferase is unique in that it serves in
a two-fold function as a protein folding sensor and as a gly-
cosyltransferase. The enzyme recognizes incorrectly folded
glycoproteins and, by reglucosylating their oligosaccharides,
tags the glycoprotein for entry in another calnexin/calreticu-
lin cycle.
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ROUGH ENDOPLASMIC RETICULUM: STORAGE SITE OF AGGREGATES

OF MISFOLDED GLYCOPROTEINS

Protein misfolding occurs naturally at a high rate, or as a
consequence of mutations and under various forms of cellu-
lar stress such as hyperthermia, hypoxia, starvation, experi-
mental inhibition of protein synthesis by puromycin or of
N-glycosylation by tunicamycin, and inhibition of disulfide
bridge formation by reducing agents. Accumulation of mis-
folded proteins also occurs in congenital human protein fold-
ing diseases, e.g., cystic fibrosis, a-1-antitrypsin deficiency,
and congenital goitrous hypothyreoidism.

The fate of misfolded proteins can be quite diverse. In the
best case scenario, they will be efficiently and completely dis-
located to the cytoplasm and degraded by the ubiquitin-
proteasome system without harmful consequences for the
cells, and without morphological changes of the rough endo-
plasmic reticulum. Under unfavorable conditions, they may
aggregate in the lumen of the rough endoplasmic reticulum.
The classical manifestation of this form of protein aggregation
is the Mott cells, which represent plasma cells with stored
immunoglobulins. This and other types of protein inclusions
are generally called Russell bodies, which can also be observed
in secretory cells other than plasma cells. Because such pro-
tein aggregates cannot be dislocated to the cytosol, the cister-
nal space of the entire rough endoplasmic reticulum of Mott
cells may become greatly distended (asterisks in panel A).
Local protein aggregates represented by the intracisternal
granules in the lumen of the rough endoplasmic reticulum can
occur under conditions of starvation or treatment with puro-
mycin aminonucleoside. In panel B, part of a pancreatic acinar
cell with intracisternal granules and a zymogen granule (ZG),
both with immunogold labeling for amylase, is shown.

The functional consequences of protein accumulation in
the ER are many-fold and principally result in the induction
of the unfolded protein response. The unfolded protein

response pathway, which involves Irela, PERK, and ATF6,
controls the expression of various ER chaperones but may
also induce apoptosis and inflammation and causes transla-
tional attenuation. This signaling pathway is highly con-
served from yeast to mammalian cells.
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PLASMA CELL ENDOPLASMIC RETICULUM: STORAGE SITE OF EXCESS IMMUNOGLOBULINS

Plasma cells are highly active secretory cells that secrete
large amounts of the polymeric form of IgM. They originate
from B lymphocytes that undergo impressive developmental
changes upon contact with antigens. Morphologically, this is
characterized by the formation of a highly complex network
of rough endoplasmic reticulum cisternae, as shown in panel
A, which strongly contrasts the scarce number of rough
endoplasmic reticulum cisternae of B lymphocytes (cf. Fig.
194).

De novo synthesized Ig-p chains assemble with L chains
to form pL and p2L.2 subunits that polymerize into secretion-
competent IgM polymers. During this process, interaction
with various machinery proteins of the ER protein quality
control such as BiP, protein disulfide isomerase, and calre-
ticulin as well the pGI protein ERGIC-53 occurs to promote
assembly and polymerization. However, unassembled and
nonpolymerized subunits may occur that are retained in the
endoplasmic reticulum and subjected to ERAD (cf. Figs. 23
and 24). Both the differentiation-associated strong increase
in immunoglobulin synthesis and the presence of nonpo-
lymerized assembly intermediates has an impact on the
unfolded protein response of plasma cells. Besides morpho-
logically unaffected plasma cells with endoplasmic reticu-
lum cisternae with a narrow lumen, as shown in panel A,
others exhibit rough endoplasmic reticulum cisternae, all of
which have a greatly distended lumen filled with an electron-
dense material, an indication of protein accumulation (cf.
also Fig. 24). Panel B shows a detail of the peripheral cyto-
plasm of two neighboring plasma cells (the arrowhead points
to their plasma membranes) occupied with endoplasmic
reticulum cisternae either presenting a narrow or a greatly
distended lumen (asterisks). Although morphologically
almost identical, this is causally different from the situation
of mutant Ig-p chains, which accumulate in the form of
detergent-insoluble protein aggregates to form Russell bod-
ies in Mott cells (cf. Fig. 24). Here, the surplus of unassem-
bled and nonpolymerized Ig subunits most probably has
resulted in exhaustion of the capacity of ERAD. As shown in

panels C and D, even crystalline inclusions (asterisks) exist
in the lumen of several rough endoplasmic reticulum cister-
nae, whereas adjacent cisternae exhibit only a slightly dis-
tended lumen. Of note, the drastic change of rough
endoplasmic cisternae due to the crystalline inclusions has
not resulted in the disruption of the ER membrane nor in dis-
sociation of ribosomes. Although such protein accumula-
tions by definition will cause ER stress, plasma cells, as
shown here, exhibit no morphological signs of cellular dam-
age such as apoptosis (cf. Fig. 15). Moreover, it is known
that Mott cells remain viable.
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RUSSELL BODIES AND AGGRESOMES ARE DIFFERENT TYPES OF PROTEIN INCLUSION BODIES

It has already been mentioned that Russell bodies result from
the aggregation of misfolded glycoproteins in the lumen of
the rough endoplasmic reticulum. A giant Russell body simi-
lar in size to the nucleus is seen in panel A with adjacent
normal appearing rough endoplasmic reticulum cisternae
(RER), mitochondria (M), and lysosomes (Ly). A main
structural feature of Russel bodies is their with ribosomes
covered limiting membrane, the rough endoplasmic reticu-
lum membrane.

Aggresomes, shown in panel B, are another type of
inclusion body that results from the production of mis-
folded (glyco)proteins. They differ from Russell bodies in
that the proteinaceous aggregates, which can be observed
in the electron microscope as amorphous dense material
(asterisk), are located in the cytosol and have no limiting
membrane. This topographical difference is the result of
the dislocation of the misfolded glycoproteins to the cyto-
sol, where they eventually form aggregates. Furthermore,
aggresomes, in contrast to Russell bodies, are composed
not only of aggregates of ubiquitinated proteins but also
contain proteasomes, selective autophagy receptors such
as sequestosomel/p62, and chaperones. Fully formed
aggresomes are surrounded by a cage of intermediate fila-
ments of the vimentin type (IF) and are found close to the
microtubule organizing center. They are formed from
smaller cytosolic protein aggregates present throughout
the cytosol by active minus-end directed transport along
microtubules (MT). Aggresomes can be experimentally
induced by the inhibition of proteasome activity or occur
when the proteolytic capacity of the proteasomes is
exhausted by the presence of aggregation-prone misfolded
proteins. There is also evidence that protein aggregates
can directly impair the proteasome activity.

Despite these differences, both Russell bodies and
aggresomes are morphological manifestations of cellular indi-
gestion often observed under various diseased states. In partic-
ular, inclusion bodies are commonly found in association with
chronic neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease and familial amyotrophic lateral sclerosis.
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SMOOTH ENDOPLASMIC RETICULUM

Lacking attached ribosomes, the smooth endoplasmic reticu-
lum (SER) forms a complex membranous system that is
linked to various cellular functions. The main SER tasks
include synthesis of lipids, maintenance of calcium homeo-
stasis, and detoxification reactions necessary for the conver-
sion of harmful water-insoluble substances into water-soluble
compounds that are more suitable for excretion through the
kidney. Specialized SER regions are the membraneous net-
works and the terminal cisterns of the sarcoplasmic reticu-
lum (cf. Fig. 170). Although continuous with the rough
endoplasmic reticulum, the SER is organized in a different
way. The differences are perfectly discernible in hepatocytes
as shown in panel A.

The rough endoplasmic reticulum (RER) visible in the
upper left corner of the micrograph forms regular stacks of
flat cisternae in parallel orientation, whereas the SER con-
sists of interconnected tubular and finger-like architectures
that appear tangled up, forming membranous convolutions;
ER shaping proteins, such as reticulons, play pivotal roles in
the formation of the characteristic SER and RER- morpholo-
gies. In hepatocytes and in steroid hormone-producing cells,
extended SER membrane convolutes occupy wide areas of
the cytoplasm. In the electron microscope, myriads of
smooth ER membrane profiles characterize these cytoplas-
mic areas. There is a close spatial relationship of SER mem-
branes and glycogen particles (asterisk), which may reflect
functional connections underlined by enzymes of the glyco-
gen metabolism that were found associated with SER
membranes.

Membrane continuities shown in detail in panel B
(arrows) reflect the close functional cooperations and com-
mon tasks of smooth and rough endoplasmic reticulum.
Synthesis of the different components of lipoproteins and
formation of lipoprotein particles is one example, which also
can be shown morphologically. Very low density lipoprotein
particles (VLDLs) produced by the hepatocytes and secreted
into the space of Disse (cf. Figs. 124 and 125) are visible as
electron-dense globules within the SER lumina (arrows).
They are particularly frequent close to the
SER-RER-transitions.

Under physiological conditions, de novo synthesis of
ER-membranes and removal are in balance and export out of
the ER is accompanied by input via recycling membrane
constituents. The overall size of the endoplasmic reticulum

is thought to remain constant, but ER-membranes and com-
partments are highly dynamic and change their shapes con-
tinuously. Sizes and shapes of ER-compartments are
determined by opposing forces of assembly connected with
membrane fusion and disassembly connected with mem-
brane fragmentation.

For ER-organization, the microenvironments and the
cytoskeleton, especially the actin filament system and micro-
tubules, have crucial roles. Differences in the appearance of
the cytoplasmic “matrices” of RER and SER are clearly dis-
cernible in the electron microscope. RER cisternae visible in
the upper left quarter of the micrograph are embedded in
dense, compact “matrices” that are lacking in the SER cyto-
plasmic regions (cf. also Figs. 124 and 125).

M: mitochondria; PO: peroxisome
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PROLIFERATION OF THE SMOOTH ENDOPLASMIC RETICULUM

Hepatocytes and steroid-producing cells contain abundant
smooth endoplasmic reticulum in contrast to most other cell
types. The smooth endoplasmic reticulum membranes of
liver hepatocytes amount to 16 % of total cellular mem-
branes, whereas in pancreatic exocrine cells this value is less
than 1 %. The amount of smooth endoplasmic reticulum can
increase rapidly and reversibly depending on functional
demands, and its phenobarbital-induced proliferation repre-
sents a classical example for such a situation. After with-
drawal of the drug, the excess smooth endoplasmic reticulum
is removed by autophagy (cf. Figs. 74, 75, and 76 for aspects
of autophagy).

In hereditary disorders of bilirubin metabolism resulting
in predominantly unconjugated hyperbilirubinemia, the
cytoplasm of liver hepatocytes can be filled with smooth
endoplasmic reticulum (SER) at the expense of the rough
endoplasmic reticulum and contains depositions of bilirubin
(arrows and inset). These disorders include the Crigler-
Najjar syndromes I and II and the Gilbert syndrome. The
electron micrograph shows hepatocytes from a liver biopsy
of a patient with Crigler-Najjar syndrome. Crigler-Najjar
syndrome is inherited in an autosomal recessive mode. The
molecular defect lies in the hepatic bilirubin UDP-
glucoronosyltransferase Al isoform, whose gene locus is
located on chromosome 2q37. Genetic aberrations can occur

in any of its five exons in the form of deletions, insertions,
missense mutations, and premature stop codons. As a conse-
quence, hepatic bilirubin UDP-glucoronosyltransferase
activity can be undetectable or reduced and non-hemolytic
icterus caused by increased serum concentrations of uncon-
jugated bilirubin occurs during the first days of life. When
untreated, fatal kernicterus causing bilirubin encephalopathy
results. However, long-term survival could be achieved by
orthotopic liver transplantation.
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TRANSITIONAL ELEMENTS OF ROUGH ENDOPLASMIC RETICULUM

AND PRE-GOLGI INTERMEDIATES

The interface between the rough endoplasmic reticulum and
the Golgi apparatus consists of a complex and highly
dynamic structure, the pre-Golgi intermediates (pGI). They
are also referred to as intermediate (or salvage) compart-
ment, ERGIC-53, or vesicular-tubular clusters (VTC) and
represent intermediates for transport out of the endoplasmic
reticulum or for recycling to the endoplasmic reticulum.
The exit of cargo from the endoplasmic reticulum occurs
at specialized, morphologically defined sites, the transitional
elements of the rough endoplasmic reticulum that are partly
devoid of ribosomes (TE in panels A and C) and exhibit
coated buds (arrowheads in panels A and C), which give rise
to vesicles. Coated buds exist also at the outer nuclear mem-
brane (arrowheads in panels E1 and E2) and apparently give
rise to vesicles located in the narrow space between nuclear
envelope and Golgi apparatus (panels E1 and E2). In addi-
tion to coated buds, tubular extensions exist at the transi-
tional elements (arrowheads in panel D). Located between
the transitional elements and the cis side of the Golgi appa-
ratus are clusters of vesicles and tubules, the pGI (pGI in
panels A, C and D). pGI together with transitional elements
of rough endoplasmic reticulum exist also distant from the
Golgi apparatus in the peripheral cytoplasm (panels C and
D) and move from there along microtubules to the Golgi
apparatus. Transitional elements and pGI are not only con-
stituents of secretory cells (panel A shows part of an endo-
crine B-cell with secretory granules — SG) but also of
nonsecretory cells such as Chinese hamster ovary (CHO)
cells (panel C) or HepG2 hepatoma cells (panels D and E).
The pGI are enriched in ERGIC-53 or p58 (rat homologue of
human ERGIC-53), providing a marker for their identifica-

tion by immunolabeling (panel B).
Sar 1
Sec 23/24
Sec 13/31

Cytosol

Cargo receptor

\

Intense studies have unraveled many aspects of the molecu-
lar mechanism of cargo selection in the transitional elements of
the rough endoplasmic reticulum and ER-to-Golgi transport and
recycling. Cytosolic coat proteins (COP) such as Sarl, Sec23/
Sec24, and Sec13/Sec31 are recruited to transitional elements,
resulting in the formation of COPII-coated buds (see diagram)
into which cargo is actively sorted. COPII-coated vesicles then
carry out the anterograde transport. Such vesicles lose their coat
and fuse with each other or neighboring vesicular-tubular clus-
ters. There is also evidence for the direct en bloc formation of
large pleomorphic and tubular carriers from the transitional ele-
ments of the rough endoplasmic reticulum (cf. Figs. 30 and 31).
pGl are not only involved in anterograde COPII-mediated trans-
port but also in retrograde transport, which is mediated by the
COPI vesicular pathway. The COPI and COPII coats are morpho-
logically distinct from the clathrin coats of buds and vesicles at
the trans side of the Golgi apparatus or the plasma membrane.
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GOLGI APPARATUS-ASSOCIATED PRE-GOLGI INTERMEDIATES: DETAILS IN SERIES

The pre-Golgi intermediates (pGI) are usually portrayed as
being situated between the transitional elements of the endo-
plasmic reticulum and the cis side of the Golgi apparatus.
This standard situation for Golgi apparatus-associated pGI is
frequently encountered in single ultrathin sections and can
also be found by serial section analysis. From morphometric
analysis of reconstructions of rat basophilic leukemia RBL
2H3 cells, Golgi apparatus-associated pGI have an average
diameter of 0.4 pm and were composed of 35 vesicles on
average. There is, however, quite some variation in the stan-
dard location of Golgi apparatus-associated pGI. They can
be located in a narrow space between the outer nuclear mem-
brane and the Golgi apparatus (cf. Fig. 29). Another varia-
tion is seen in the 12 consecutive serial sections from CHO
cells shown here. Rough endoplasmic reticulum cisternae
(ER) can be followed as they develop in transitional ele-
ments (sections 3—10) that exhibit coated buds. Likewise,
pGI composed of vesicles and tubules of varying length can
be unequivocally identified (asterisk in sections 4-10). It is
worth noting that in most of the serial sections, transitional
elements and pGI face and twist around the lateral aspect and
not the cis side of a Golgi apparatus cisternal stack (G). This
situation is particularly obvious in the consecutive serial sec-
tions 6-9. Only in serial section 10 does the pGI partially
face the cis side of the Golgi apparatus stack. Morphometric
analysis of serial sections of pGI from the CHO cells revealed
an average size of 0.7 pm. A similar value was estimated for
the size of pGI in mouse pancreatic beta cells. Based on mea-
surements of serial sections, tubules of Golgi apparatus-
associated pGI in pancreatic beta cells had an average
diameter of 115 nm (range of 60—195 nm) and a length up to
500 nm. Altogether, these data demonstrate the great vari-
ability in the positioning of Golgi apparatus-associated pGI.

Figure from Fan et al. (2007) Histochem Cell Biol
128: 161.
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PERIPHERAL PRE-GOLGI INTERMEDIATES: SIZE MATTERS

Pre-Golgi intermediates (pGI) exist in two different loca-
tions: associated with the Golgi apparatus (cf. Fig. 30) and in
peripheral sites distant from the Golgi apparatus. Both types
of pGI have a similar fine structure and size. Peripheral pGI
function in cargo traffic to the Golgi apparatus as well, and,
for this to occur, are transported to the Golgi apparatus in a
microtubule-dependent fashion.

Peripheral pGI can be easily missed in single ultrathin
sections, and their structural complexity can be best appreci-
ated by serial section analysis. Panel A shows eight consecu-
tive serial sections, which encompass an entire peripheral
pGI of a CHO cell. Different appearances of a twisting rough
endoplasmic reticulum cisterna (ER) can be seen in all serial
sections, which gives rise to a transitional element exhibiting
buds (section 2 and arrow in section 4). The pGI itself con-
sists of a cluster of vesicular profiles and many straight or
slightly curved tubules (outlined by a broken line in sections
2-7). In panel B, three consecutive serial sections out of a
larger series are shown and illustrate the structural complex-
ity of transitional elements and a pGI from pancreatic beta
cells. A transitional element (TE) of the rough endoplasmic
reticulum can be seen in all three consecutive serial sections.
In section B2, it exhibits a canonical coated bud (arrow),
while in section B1 it forms a long tubular structure without
a recognizable coat (arrowheads). In section B3, another
transitional element shows two distinct constrictions (arrow-
heads). The distal one results in a distended portion without
a recognizable coat (asterisk). Next to it, a large vesicular
profile is present (asterisk). The pGI as seen in the three con-
secutive serial sections is composed of vesicular structures
of greatly varying size and tubules of a mean diameter of
115 nm and up to 500 nm long.

The existence of tubular extensions and large pleomorphic
structures at transitional elements and of long tubules as well
as vesicular and pleomorphic structures larger in size than the
60—80 nm COPII vesicles is related to a long-standing puzzle,
namely how large-size cargo exits transitional elements and is
transported to the Golgi apparatus. The 900 kDa procollagen
VII trimer with a~ 300 nm rod-like structure exceeds the size
of COPII buds and vesicles. A breakthrough for the field was
the discovery that TANGO 1, cTAGES, and Sedlin jointly act
in procollagen VII ER export. It has been proposed that

TANGOI interaction with Sec23/24 interferes with the com-
pletion of the COPII coat formation and allows loading of
procollagen VII in the growing ER bud. Upon completion of
cargo loading, TANGO1 dissociates and permits completion
of the COPII coat by Sec13/31. Both TANGO1 and cTAGES
can interact with Sec23/24 and form a complex through inter-
action of their coiled-coil motifs. Therefore, cTAGES seems
to function as a TANGOI1 coreceptor. Sedlin, on the other
hand, is recruited by TANGO1 to COPII buds and binds Sarl
for efficient cycling to prevent membrane constriction and
vesicle formation before the precollagen VII fibers are com-
pletely moved in the buds. In agreement, mutations of the
SEDL gene cause spondyloepiphyseal dysplasia tarda, which
is characterized by defects in chondrogenesis resulting from
impaired secretion of extracellular matrix components includ-
ing precollagen II.

CV: clathrin-coated vesicle

Figure A from Fan et al. (2007) Histochem Cell Biol
128:161.
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CHANGES OF PRE-GOLGI INTERMEDIATES RESULTING FROM TRAFFIC IMPAIRMENT

Transport along the secretory system is temperature-
dependent. At temperatures between 10 and 15 °C, secretory
and viral glycoproteins become arrested. By electron micros-
copy, this is reflected in dilatation of rough endoplasmic
reticulum cisternae, an increase in number of transitional
elements, the formation of long tubular membrane exten-
sions at transitional elements, and an increase in size of pre-
Golgi intermediates (pGI). Similar ultrastructural alterations
can be observed at 37 °C due to the presence of misfolded
proteins or function-inactivating mutations of COPII pro-
teins and other proteins involved in ER export.

Mutant secretory proteins are retained in the endoplasmic
reticulum by the protein quality control (cf. Figs. 24 and 25).
In Akita mice, a missense mutation (Cys96Tyr) of the insulin
2 gene, which disrupts one of the two interchain disulfide
bonds, results in accumulation of misfolded proinsulin. As a
consequence, segments of the endoplasmic reticulum (RER)
including the transitional elements (TE) of pancreatic beta
cells of this mice strain become dilated, resulting in a 1.7-
fold increased volume density of the entire rough endoplas-
mic reticulum. Moreover, the volume density of pGI is
increased by 4.9-fold. Panel A illustrates the changes in a
pancreatic beta cell. Even at this low magnification, the
enlarged pGI can be appreciated. Panel B shows normal-
appearing rough endoplasmic reticulum adjacent to numer-
ous dilated cisternae filled with electron-dense material.
Panels C and D illustrate an enlarged peripheral and Golgi
apparatus-associated pGI, respectively. Morphometric anal-
ysis revealed a~ 5-fold increase in volume density of pGI in
pancreatic beta cells of Akita mice. Although many of the
pGI elements appeared to be vesicular, serial section analysis
demonstrated that most were actually tubules and that their
number was increased &~ 4-fold compared with control mice.
Similar ultrastructural and quantitative changes of the endo-
plasmic reticulum and pGI were observed in CHO cells sta-
bly expressing the mutant insulin 2967y,

Mechanistically different are selective ER exit blockades
caused by mutations in genes encoding COPII proteins and
proteins modifying the assembly process of COPII coats such
as Sedlin. For instance, SARIB mutations cause the chylomi-
cron retention disease, Anderson disease, and Marinesco-
Sjogren syndrome, resulting in lipid malabsorption. SEC23A

is mutated in cranio-lenticulo-sutural dysplasia, causing skel-
etal developmental defects. Mutations of SEDL result in
spondyloepiphyseal dysplasia tarda characterized by defects
in chondrogenesis. Electron microscopic analysis of fibro-
blasts from patients with mutant Sec23A and mutant Sedlin
revealed similar ultrastructural changes. As illustrated in
panel E, they consisted in dilatation of rough endoplasmic
reticulum (asterisk) and the presence of a large number of
long tubular extensions from the endoplasmic reticulum with-
out a recognizable cytoplasmic coat. The tubular extensions
showed constrictions (arrowhead) indicative of frustrated fis-
sion. In the case of mutant Sec23A it was demonstrated that
the Sec13/31 complex was poorly recruited to membranes as
an expression of its impaired function. In agreement, the
tubules were devoid of a recognizable coat. This suggested a
role of Sec13/31 complexes in membrane fission.

Figures B—D modified from Zuber et al. (2004) FASEB J
18:917.
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PRE-GOLGI INTERMEDIATES: OLIGOSACCHARIDE TRIMMING AND PROTEIN QUALITY CONTROL

Machinery components of the protein quality control such as
chaperones, protein disulfide isomerase, lectins (calnexin and
calreticulin), ERp57, glucosidase I, and glucosyltransferase are
all detectable and functioning in the endoplasmic reticulum.

In addition, high-resolution immunogold labeling has
unequivocally shown the presence of glucosidase II and of
glucosyltransferase as well as calnexin in Golgi apparatus-
associated and peripheral pre-Golgi intermediates of various
mammalian cell types. As shown in panel A (pig liver) and B
(rat liver), immunogold labeling for glucosidase II is present
not only in the ER but also in pre-Golgi intermediates (pGI);
the Golgi apparatus cisternal stack and a mitochondrion (M)
are unlabeled. In panel C, immunolabeling for glucosyltrans-
ferase is detected in a peripheral pre-Golgi intermediate
(arrowheads) and the adjacent rough endoplasmic reticulum;
mitochondria (M) are unlabeled. Notably, quantification of
the immunogold labeling for glucosyltransferase showed
enrichment in pre-Golgi intermediates over rough endoplas-
mic reticulum. This indicates that quality control of glyco-
protein folding is not limited to the endoplasmic reticulum
and may additionally occur in pre-Golgi intermediates.
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The scheme depicts major steps in the quality control
of glycoprotein folding in the lumen of the endoplas-
mic reticulum. Glycoproteins bearing monoglucosylated

oligosaccharides either due to trimming by glucosidase
IT (Gls II) or reglucosylation by glucosyltransferase (GT)
are bound by calnexin or calreticulin. Dissociation of such
glycoprotein-lectin complexes is achieved by glucosi-
dase II, and correctly folded glycoproteins are processed
by ER-mannosidase I (ER Man I) and exported from the
endoplasmic reticulum. However, incorrectly folded gly-
coproteins are recognized and reglucosylated by glucos-
yltransferase and enter a new calnexin/calreticulin cycle.
Thus, the opposing actions of glucosidase II and glucos-
yltransferase provide the basis for the on-and-off cycle. If
correct folding cannot be achieved, mannose-trimming by
EDEM 1 occurs followed by dislocation to the cytosol for
endoplasmic reticulum associated degradation (ERAD).
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GOLGI APPARATUS: A MAIN CROSSROADS ALONG SECRETORY PATHWAYS

The Golgi apparatus, named after its discoverer, Camillo
Golgi, who first described the organelle in 1898, is a central
crossroads along the secretory pathways and has an impor-
tant role in endocytosis as well (cf. Figs. 42 and 60). Within
the Golgi apparatus, multiple posttranslational modifications
of newly synthesized secretory and membrane proteins occur
(cf. Figs. 35, 36, 37, 38, 39, and 40) and, from here, mole-
cules are distributed to various other destinations.

The original drawings of the osmium-stained “apparato
reticolare interno” in the somata of spinal ganglion cells pub-
lished by Camillo Golgi already indicate that the entire appa-
ratus is a continuous organelle and is composed of subunits,
that are connected among each other. The individual subunits
are made up of stacks of flat cisternae, which are connected
by no-compact, highly fenestrated or tubular regions (cf.
Fig. 44 — diagram). Within each of the stacks, subcompart-
ments are dedicated to special functions. The formation of
the stacks of cisternae is a complex process, in which numer-
ous adhesive and regulatory proteins, such as Golgi reassem-
bly and stacking proteins (GRASPs) and Golgin tethers, are
involved. Irrespective of which molecules mediate the adhe-
sion, the total amount of adhesive energy is suggested to be
an essential factor for gluing the cisternae. Furthermore,
ubiquitylation pathways have significant roles for the main-
tenance of the Golgi apparatus structure.

The micrograph shows one of the Golgi stacks in a rat
pancreatic acinar cell. The Golgi stack organization clearly
mirrors the involvement in secretion. A clear polarity exists
and the two different sides, the cis and trans sides, can be
readily distinguished. Within the secretory pathway, the cis
side is the import region of newly synthesized molecules
coming from the endoplasmic reticulum, and the frans side
with the trans Golgi network (cf. Figs. 41, 42, 43, and 44)
constitutes the region of export, where molecules modified
within the Golgi stacks leave the organelle and are sorted to
their final destinations. This clear cis-to-trans orientation of
the secretory traffic is reflected morphologically, although
the principles of traffic across the Golgi apparatus stacks are
not definitely answered and different models are in discus-
sion (cf. Fig. 46). Transitional elements (TE) of the rough
endoplasmic reticulum (RER) and pre-Golgi intermediates
(pGI, cf. Figs. 29, 30, 31, 32, and 33) are located close to the
cis side of the stack. Transitional elements correspond to the

RER-export regions and exhibit ribosomes attached to one
surface only. This is particularly visible in the lower right
segment of the electron micrograph. Membranes of pre-
Golgi intermediates are in close spatial relation to the cis
Golgi side, where they are assumed to enter the stack and
contribute to form a new Golgi cisterna. Both cis and medial
cisternae are variably dilated and show fine flaky contents of
secretory materials, which also are visible in the cisternae at
the trans side and within the condensing vacuoles (CV).
Condensing vacuoles correspond to immature secretory
granules and are formed from particular dilations of trans
Golgi cisternae (asterisk). The changes from fine flocculent
contents in the Golgi cisternae and condensing vacuoles to
greatly homogenous and dense contents visible in the mature
zymogen granules (ZG) correspond to condensation and
maturation of the pancreatic secretion taking place in the
condensing vacuoles (cf. Figs. 51, 111, and 112).
M: mitochondria
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PROTEIN SECRETION VISUALIZED BY IMMUNOELECTRON MICROSCOPY

In general terms, immunoelectron microscopy can be defined
as a tool to reveal the relation of cellular constituents such as
nucleic acids, proteins, lipids, and glycans to subcellular
organelles or parts of them, thereby providing information
about organizational and functional principles of cellular
compartments and subcompartments.

In panels A-C, the main compartments of the secretory
pathway of a secretory cell prototype, the exocrine pancreatic
cell, are shown together with immunogold labeling for amy-
lase. The immunogold labeling of ultrathin sections shows
amylase in the cisternal lumen of the rough endoplasmic reticu-
lum (panel A). Labeling for amylase is also detectable in the
transitional elements of the rough endoplasmic reticulum, the
pre-Golgi intermediates, and throughout the cisternal stack of
the Golgi apparatus (panel B). Cisternae at the trans side of the
Golgi apparatus exhibit local distensions filled with electron-
dense material (asterisks). They represent initial stages of
zymogen granule formation, so-called condensing vacuoles
(cf. also Fig. 34). Zymogen granules (ZG) are present above
the frans side of the Golgi apparatus and in the apical cyto-
plasm. Here, regulated secretion may occur by fusion of the
zymogen granule membrane with the apical plasma membrane
(arrows in panel C), which results in the release of the zymogen
granule content in the acinar lumen. Both the zymogen granule
content and the acinar lumen are labeled for amylase.

Immunogold labeling can be quantified and provides a
means to detect sites along the secretory pathway at which
concentration of proteins or conversion of a prohormone into
the mature hormone may occur. Quantitative immunogold
labeling has provided evidence that the exit of proteins from
the endoplasmic reticulum does not occur by bulk flow but is
a selective process through which secretory and membrane
proteins are sorted for packing into transport vesicles.
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PROTEIN N-GLYCOSYLATION: OLIGOSACCHARIDE TRIMMING IN THE GOLGI APPARATUS

AND PRE-GOLGI INTERMEDIATES

Protein N-glycosylation continues in the Golgi apparatus by
trimming and elongation of asparagine-linked oligosaccha-
rides on glycoproteins to yield their mature forms. Trimming
occurs by three mannosidases. Golgi mannosidase I removes
the remaining al,2-linked mannose residues followed by a
first elongation reaction by N-acetylglucosaminyltransferase
I, and Golgi mannosidase II removes one «l,3 and one o
1,6-linked mannose residue (scheme A). Endo-a-
mannosidase trims mono-glucosylated oligosaccharides of
glycoproteins and has a substrate specificity similar to gluco-
sidase II (scheme B). It provides a glucosidase-independent
trimming pathway. In addition, certain mannosidase-trimmed
mono-glucosylated oligosaccharides are substrates for endo-
mannosidase but not for glucosidase II (schemes C, D).
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Golgi mannosidase I has been assumed to be compart-
mentalized in the cis Golgi apparatus. However, depending
on the cell type, it is detectable primarily in medial and trans
Golgi cisternae. Likewise, Golgi mannosidase II shows a cell
type-dependent Golgi distribution in medial (NRK and CHO
cells), medial and trans (pancreatic cells), or trans cisternae
(goblet cells), or across the entire cisternal stack (enterocytes
and hepatocytes). Panel A shows immunogold labeling for
Golgi mannosidase II of a rat liver hepatocyte.

Endomannosidase has a dual distribution: primarily in cis
and medial Golgi cisternae with additional substantial label-
ing in p58-positive (arrowheads in panel C) pre-Golgi inter-
mediates (panels B and C). This shows that glucose trimming
occurs not only in the endoplasmic reticulum and pre-Golgi
intermediates but also in the Golgi apparatus.
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GOLGI APPARATUS: SITE OF MATURATION OF ASPARAGINE-LINKED N-GLYCANS

The maturation of asparagine-linked oligosaccharides (or
N-glycans) takes place in the Golgi apparatus and involves
the families of N-acetylglucosaminyl-, galactosyl-, fucosyl-,
and sialyltransferases, which elongate and diversify the
mannose-GIlcNAc2 core oligosaccharide in a stepwise man-
ner to yield so-called complex-type oligosaccharides. In this
process, elongation and mannose-trimming reactions are
intermingled. The complex-type oligosaccharides may exist
as elaborate tetra-antennary structures with polylactosamine
chains, which are repeats of galactose-N-acetylglucosamine
disaccharides (panel C). On the other hand, they may be
rather simple bi-antennary structures, which are commonly
found (panel D). These structures have to be distinguished
from the high mannose-type oligosaccharides composed of
five to nine mannose residues and two N-acetylglucosamine
residues and hybrid structures that are partly of complex and
partly of high mannose-type.

The elongation reactions occur in a stepwise manner
whereby the product of one glycosylation reaction pro-
vides the acceptor substrate for the next one. In line with
this, sequentially acting glycosyltransferases such as
N-acetylglucosaminyl-, galactosyl-, and sialyltransferase are
located in medial cisternae, trans cisternae, or in trans cister-
nae and the frans Golgi network, respectively (panels A and
B), and serve as markers of these Golgi regions. However,
although distinct, these glycosyltransferases partly over-
lap in the Golgi apparatus, and their distribution may vary
depending on cell types (cf. Fig. 38).

Glycosyltransferases transfer a sugar from the respective
nucleotide sugar (UDP-acetylglucosamine, GDP-fucose,

UDP-galactose, CMP-sialic acid) to the acceptor. These gly-
cosylation reactions take place in the lumen of the Golgi cis-
ternae. Because sugar nucleotides are synthesized in the
cytosol, except for CMP-sialic acid, which is synthesized in
the nucleus, they must be transported in the lumen of Golgi
cisternae. This is effected by transporters, which are multi-
passing Golgi membrane proteins. These transporters are
antiporters because they function in the coupled cytosol-to-
Golgi lumen transport of nucleotide sugars and in the Golgi
lumen-to-cytosol transport of nucleotide derivatives (GMP,
UMP) arising from glycosylation reactions.
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CELL TYPE-RELATED VARIATIONS IN THE TOPOGRAPHY OF GOLGI APPARATUS

GLYCOSYLATION REACTIONS

Biochemical analyses have shown that glycosylation reac-
tions in the Golgi apparatus occur in a stepwise manner by
sequentially acting glycosyltransferases. Early subcellular
fractionation and immunoelectron microscopic analyses
showing enzyme activities in separate fractions and immuno-
labeling in different Golgi regions provided support for the
concept of subdivision of the Golgi apparatus in functionally
distinct cis, medial, and trans compartments. It is now evident
that these are not distinct but overlapping compartments.
Furthermore, there are cell type-related differences in Golgi
distribution of glycosylation reactions. This is illustrated by
the example of the [-galactoside 2,6 sialyltransferase
(ST6Gal-I). In rat colon goblet cells, immunogold labeling
for this sialyltransferase started to become detectable in trans
Golgi cisternae (panel A). Its product, sialic acid as detected
with a gold-labeled sialic acid-specific lectin, also became
first detectable in trans Golgi cisternae (panel B). It should be
noted that the sialyltransferase immunolabeling in the mucus
droplets of the goblet cells represents enzyme proteolytically
cleaved in the Golgi apparatus. In contrast, labeling for the
sialyltransferase and its product of action, sialic acid residues,
was diffuse across the cisternal stack in the neighboring
absorptive enterocytes (panels C and D). The same restricted
versus diffuse immunolabeling was observed for the blood
group A transferase and blood group A substance in these cell
types. Notably, both represent terminal glycosylation reac-
tions in the synthesis of asparagine-linked or serine/threo-
nine-linked oligosaccharides. RER: rough endoplasmic
reticulum; TE: transitional element of RER.
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CELL TYPE-RELATED DIFFERENCES IN OLIGOSACCHARIDE STRUCTURE

Glycosyltransferases constitute large families of enzymes.
About 15 sialyltransferases are currently known that use
CMP-sialic acid as donor substrate to covalently attach sialic
acid to an oligosaccharide. However, the structure of the
acceptor oligosaccharide may vary, and the sugar residues
may be covalently attached in different ketosidic linkages.
This is one reason for the structural heterogeneity of
asparagine-linked oligosaccharides. Hence, sialic acids may
be found attached to galactose or N-acetylgalactosamine in
02,6, a2,3, 02,8 and a2,9-ketosidic linkage. Another reason
for structural diversity of the oligosaccharides lies in differ-
ences in the cellular expression pattern of glycosyltransfer-
ases. Thus, sialyltransferases and other glycosyltransferases
exhibit cell and tissue-specific expression patterns. It should
also be noted that sialyltransferases compete for a common
nucleotide sugar and that differences in their tissue expres-
sion levels influence the structure of the synthesized
sialylated oligosaccharide.

It has been established that specific oligosaccharides of
glycoproteins are involved in a variety of biological functions,
such as the modulation of the activity of proteins, cell-cell and
cell-substratum interactions, and protein quality control and
trafficking. These are important aspects in the production of
recombinant proteins such as erythropoetin, whose activity
critically depends on correct glycosylation. It may therefore
be necessary to modify the glycosylation machinery of host
cells by introducing a specific glycosyltransferase so that they
synthesize a particular oligosaccharide normally not made by
them. For instance, Chinese hamster ovary (CHO) cells syn-
thesize oligosaccharides terminated in a2,3-linked sialic acid

but lack p-galactoside o2,6 sialyltransferase. A lectin specifi-
cally recognizing o2,6-linked sialic acid therefore does not
bind to the cell surface (PM) or intracellular structures such as
Golgi apparatus and lysosomes (Ly) of CHO cells (panels A
and B). After transfection, f-galactoside a2,6 sialyltransferase
can be detected by immunoelectron microscopy in the Golgi
apparatus of CHO cells (panel C). Of note, the immunogold
labeling is diffuse across the Golgi apparatus cisternal stack.
Whether this is caused by protein overexpression or related to
cell type-related variation of glycosyltransferase distribution
in the Golgi apparatus (cf. Fig. 38) is not known. Following
transfection, oligosaccharides bearing o2,6-linked sialic in the
plasma membrane (PM) (panel D) and the Golgi apparatus as
well as lysosomes can be detected by lectin-gold labeling
(panel E).
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TOPOGRAPHY OF THE BIOSYNTHESIS OF SERINE/THREONINE-LINKED O-GLYCANS

In addition to asparagine-linked oligosaccharides
(N-glycans), many glycoproteins carry serine- or threonine-
linked oligosaccharides (O-glycans). The O-glycans con-
sidered here have as the core sugar N-acetylgalactosamine,
which is o-linked to the hydroxyl group of serine or
threonine. Other O-glycans have xylose, fucose, or
N-acetylglucosamine as the core sugar. Mucin glycoproteins
that cover the digestive, respiratory, and genitourinary tract
possess a high number of O-glycans that bind water and
ions, serve as lubricants, and provide a protection against
microbial invaders.

The biosynthesis and structure of O-glycans with the ser-
ine/threonine- N-acetylgalactosamine core linkage is simpler
than that of N-glycans. No lipid-linked oligosaccharide is
preassembled, and no trimming reactions take place. There is
no consensus O-glycosylation sequence, probably because of
the existing numerous polypeptide-N-acetylgalactosaminyl
transferases, which differ in their specificity for acceptor
amino acid sequences. The biosynthetic pathway consists of
a series of sequentially occurring classical glycoslytransfer
reactions, yielding mainly bi-antennary structures. Some of
the simple O-glycans are characteristic features of carci-
noma mucins, such as the Tn antigen (GalNAc-ser/thre) and
its sialylated form (sialic acid a2,6 GalNAc-ser/thre) or the
Thomsen-Friedenreich antigen (Gal 1,3 GalNAc-ser/thre).
Their occurrence seems to be of prognostic significance in
some carcinomas.

In contrast to the biosynthesis of N-glycans, which starts
in the endoplasmic reticulum, those of O-glycans begin in
the cis Golgi apparatus, as illustrated in panels A—C. The
mucus secreted by pig submaxillary glands is highly glyco-
sylated by O-glycans. An antibody specifically recognizing
the non-glycosylated apomucin (panel A) marks the rough
endoplasmic reticulum (RER) and pre-Golgi intermediates
(pGI) but not the Golgi apparatus. An antibody raised against
a polypeptide-N-acetylgalactosaminyl transferase catalyzing

the initial O-glycosylation reaction, the transfer of a
N-acetylgalactosamine residue to serine or threonine, does
not label the rough endoplasmic reticulum (RER) and the
pre-Golgi intermediates (pGI) but cis Golgi cisternae (panel
B). This labeling pattern corresponds to that of lectin-gold
labeling for polypeptide-linked N-acetylgalactosamine,
which starts in cis Golgi cisternae (panel C). Because some
mucin molecules are not further glycosylated, the lectin-gold
labeling extends through the entire Golgi apparatus and in
mucus droplets (MD).
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GOLGI APPARATUS AND TGN: STRUCTURAL CONSIDERATIONS

The pioneering work of Rambourg and his colleagues laid
the foundations for what is today known as the trans Golgi
network (TGN). As early as 1969, he reported the presence
of an extensive system of anastomosing tubules at the trans
side of the Golgi apparatus of intestinal absorptive cells,
which he called the trans-tubular network of the Golgi appa-
ratus. Since then, a multitude of studies proved the ubiqui-
tous nature of the TGN. Rambourg and colleagues, by
analyzing thick sections (0.5—1 pm) by high-voltage electron
microscopy from resin-embedded intestine (and other tis-
sues) stained with phosphotungstic acid at low pH, pointed
out the similarities of the trans-tubular network of the Golgi
apparatus to the internal reticular apparatus discovered by
Camillo Golgi and to the system of GERL described by
Novikoff and colleagues by using acid phosphatase cyto-
chemistry. The stereoscopic analysis of thick sections of
cells contrasted by en bloc stains has revealed its complex
and cell type-specific nature. An important result emerging
from these studies was that the frans-tubular networks (and
cis networks) connect the individual Golgi cisternal stacks to
form a single ribbon-like organelle. The origin of the TGN
from trans Golgi cisternae was demonstrated in thin sections
from low-temperature Lowicryl K4M-embedded liver, which
showed its continuity with 2-3 trans Golgi cisternae. At the
same time, these studies unequivocally assigned specific
Golgi apparatus functions to the TGN such as terminal gly-
cosylation (cf. Fig. 37) and its involvement in secretory pro-
tein transport (cf. Fig. 42). The basic structural feature of the
TGN has been confirmed by using advanced techniques of
high-pressure freezing for fixation (cf. Fig. 44) and electron
microscopy tomography for three-dimensional analysis (cf.
Fig. 45). The many electron microscopic studies and addi-
tional light microscopic studies on living cells have revealed
cell type-related variability in the dimensions of the TGN
and its highly dynamic nature.

The electron micrograph shown illustrates the appearance
of the Golgi apparatus and the TGN in the human hepatoma
cell line HepG2. The cell culture was fixed with 2 % formal-
dehyde in slightly hypertonic buffer solution for 10 min at
37 °C. Ultrathin frozen sections were prepared and embedded
in uranyl acetate-containing methylcellulose according to
Tokuyasu. The cup-shaped cisternal stack of the Golgi appara-
tus is seen cross-sectioned together with the elaborate
TGN. Because of the mild formaldehyde fixation, protein
extraction as indicated by empty spaces in the cytoplasm has
occurred during section retrieval and handling. As a conse-
quence, the membranes appear highly distinct and the content

of the Golgi cisternae and TGN is well contrasted by the ura-
nyl acetate. However, a specific element of the frans-side of
the Golgi apparatus, the trans Golgi endoplasmic reticulum
(cf. Figs. 43 and 44), usually escapes the observation inas-
much as ribosomes cannot be easily discerned in ultrathin fro-
zen sections. It is mainly the transmost Golgi cisterna of the
HepG?2 cells that gives raise to an elaborate tubular network,
which fills most of the space of the cup. As shown at higher
magnification in the inset, numerous buds exist here, which
may give raise to vesicles exhibiting a clathrin coat (arrow).
The subsequent figures provide additional details in regard to
structure of the TGN and discuss its multiple functions in sort-
ing as well as exocytic and endocytic trafficking.
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GOLGI APPARATUS AND TGN - SECRETION AND ENDOCYTOSIS

The Golgi apparatus is not only a pivotal organelle and main
crossroads in the secretory pathway, but also has a central
role during endocytosis (cf. Fig. 60). Studies with multiple
cell types showed that distinct endocytic routes exist from
the plasma membrane to the Golgi apparatus, involving early
and late endosomal compartments. For endocytosed materi-
als, the trans Golgi side is the import region into the Golgi
stacks and transport across the stacked cisternae appears to
be directed from the frans to the cis side, which is opposite
to the transport of secretory molecules that enter the Golgi
stacks at the cis side and travel from cis to trans (cf. Figs. 34,
35, 36, and 37). Different kinds of traffic across the stacks
are discussed and different modes of transport are suggested
to co-exist (cf. Figs. 46, 59, and 60).

Uptake of recycling membrane proteins and of internalized
molecules into the Golgi apparatus plays an important role for
reprocessing of plasma membrane glycoproteins and is of par-
ticular interest in connection with the retrograde pathways of
toxins such as ricin, and pertussis and cholera toxins, which
take routes across the Golgi apparatus stacks back to the endo-
plasmic reticulum and to the cytosol. For these toxins, traffic
across the Golgi apparatus is a prerequisite for exertion of their
deleterious effects and Golgi apparatus disruption (cf. Figs. 47,
48, and 49) prevents cells from intoxications.

Panels A and B show Golgi apparatus stacks engaged in
secretion (panel A) and endocytosis (panel B), thus demon-
strating that secretory and endocytic molecules may visit
both stacked Golgi cisternae and elements of the trans Golgi
network.(TGN). In panel A by immunogold labeling, secre-
tory albumin is shown in a hepatocyte of the rat liver. The
gold marker is localized to all Golgi cisternae from the cis to
the trans side and also labels all parts of the frans Golgi net-
work (arrows). Typically, TGN elements form an extensive
network that is continuous with cisternae at the frans side of
the stacks. The TGN consists of two continuous parts, one
being integrated component of the Golgi stacks and another
turning away and building up a network distant from the
stack (cf. also Figs. 43, 44, and 45). Distended rims of both
parts of the TGN correspond to budding secretory vesicles.

Panel B shows a rat pancreatic endocrine beta cell after
endocytosis of concanavalin A (ConA). For visualization of

the endocytosis pathways, ConA was conjugated with fer-
ritin. Dense ConA-ferritin labeling is apparent in two
prominent TGN-elements covered with extensive bristle
coats and in the fransmost Golgi cisterna (arrows).
Endocytosed ConA is also present in medial cisternae of
the stack and in multiple tubular-vesicular elements in the
stack’s proximity. Detailed kinetic experiments showed an
increased frequency of Golgi apparatus involved in endocy-
tosis with increased incubation time. After 1 h, Golgi stacks
were occasionally labeled; after 3 h, 10 % of the stacks
showed uptake of ConA-ferritin and 65 % of the stacks
were labeled after 14 h.
Ly: lysosomes; M: mitochondria
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GOLGI APPARATUS, TGN, AND TRANS GOLGI-ER

The Golgi apparatus is a highly dynamic organelle that
changes its shape and architecture concomitantly with the
continuous antero- and retrograde flow of membranes and
contents across its compartments. Chemical fixation is too
slow to resolve properly most of the rapid shape changes
and, moreover, in multiple cases, obscures the critical view
of ultrastructural details because of artifacts occurring dur-
ing fixation. These problems and restrictions may be over-
come by using cryotechniques and, in particular, by
employing high-pressure freezing for ultrafast immobiliza-
tion of cells and their subcompartments. This makes it pos-
sible to arrest cellular dynamics in less than half a second.
High-pressure cryo-immobilization of membranes and com-
partments considerably improves the temporal resolution of
cellular dynamics and, by preventing artifacts, improves spa-
tial resolution and permits a view that is closer to the in vivo
state than that obtained by chemical fixation.

Panels A and B show Golgi stacks of HepG2-hepatoma
cells that were grown on carbon-coated sapphire disks,
cryoimmobilized by high-pressure freezing, and subse-
quently freeze substituted and embedded in Epon. Both
panels present a stack of Golgi cisternae with clear struc-
tural cis versus trans differences. Contrasting with the
sights obtained with chemically fixed specimens such as
shown in Fig. 34, in the cryoimmobilized cells clear differ-
ences of the Golgi cisternae membranes are evident.
Membranes show a clearly three-lamellar and “frayed out”
structure in cisternae localized in the medial part of the
stacks. These membrane characteristics are lacking in the
trans Golgi network (TGN), which in HepG2 hepatoma
cells consists of two parts: one part is integrated in the stack
and corresponds to the transmost Golgi cisterna (arrow-
heads in panels A and B). The other part turns away from
the stack (the continuity is shown in panel B) and forms an
extensive network with multiple budding vesicles (TGN in
panels A and B). Both parts of the TGN show distinct,
“non-frayed out” membranes that clearly differ to those of
the medial Golgi cisternae. Both parts of the TGN are
closely associated with cisternae of the endoplasmic reticu-
lum. This trans Golgi-ER (arrows) shows ribosomes
attached to one side only; the other side is smooth and is in
a close spatial relationship to the TGN. These closely
apposed membrane areas are considered to be sites of lipid
transfer from the ER to the Golgi apparatus (cf. Fig. 46).

The differentiated Golgi and TGN-patterns obtained after
cryoimmobilization underline the functional specializations of
the TGN, which is a central part of both the secretory pathway
and the endocytic system (cf. Figs. 42 and 60).
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The diagram summarizes the Golgi stack compartments and
indicates the main directions of traffic into and across a Golgi appa-
ratus stack. Models of traffic are addressed together with Fig. 46.

PGI: pre-Golgi intermediate; Ly: lysosome; EE: early
endosome; LE: late endosome.
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GOLGI APPARATUS, TGN, AND TRANS GOLGI-ER: TILT SERIES

The enormous complexity of the Golgi apparatus is easily
overlooked when electron microscopic studies are restricted to
analyses of single thin sections. Additional studies of semithin
and thick sections, analyses of section series, use of eucentric
goniometer equipment for controlled tilting of the specimens
within the electron microscope, and the introduction of elec-
tron tomography into the field of cell biology has tremendously
improved the knowledge of the morpho-functional architecture
of the Golgi apparatus and its dynamic organization.

Panels A—C show a series of micrographs of the same
Golgi apparatus stack of high-pressure frozen HepG2 hepa-
toma cells taken at different degrees of tilting, minus 43°,
plus 3°, and plus 33°. The series shows how many details of
the complex structures would have been overlooked if only a
single angle had been analyzed. Particular attention should
be drawn to the endoplasmic reticulum (ER) exit site local-
ized at a transitional ER-element (TE) and the heteromor-
phous compartments of the pre-Golgi intermediates (pGI) at
the left-hand side of the micrograph, the cis Golgi architec-
ture, the small densely coated buds at cis- and medial Golgi
compartments presumably corresponding to sites, where
coat protein I (COP I)-coated vesicles are formed (arrow-
heads, cf. also Fig. 29), and the close appositions of the trans
Golgi-endoplasmic reticulum (arrows, cf. also Fig. 46) to
cisternae of the frans Golgi networks.

The diagram below shows a reconstruction of a Golgi
apparatus stack of a principal cell of the rat epididymis (from
Hermo and Smith, 1998), which includes a cisternal (saccular,
S) and an intercisternal connecting region (intersaccular, IS).

From the sparsely granulated endoplasmic reticulum
(sER), buds project toward the pre-Golgi intermediate com-
partment (pGlI, intermediate compartment, IC). The stack
shows a network at the cis side (cis Golgi network, CGN),
eight flattened cisternae (saccules), and trans Golgi networks
(TGN). Large perforations within several of the cis localized
cisternae are in register with each other and form wells (w),
which contain abundant small transport vesicles. At the trans
side, sparsely granulated endoplasmic reticulum (sER) is
closely apposed to the trans cisternae and to the TGN. A face
view of the trans side shows that the eight cisterna is highly
fenestrated. The trans Golgi networks show dilated areas
(asterisks), which presumably represent prosecretory gran-
ules. It is suggested that the trans Golgi networks fragment
and give rise to tubular elements (T), small vesicles (v),
secretory granules (open star), and small compacted residual
trans Golgi networks (RTGN).

The Golgi stacks presented in the diagram and those in
the tilt series, show similarly prominent trans Golgi-ER
apposed to the TGN. These close ER-TGN associations are
assumed to be involved in non-vesicular lipid transfer (cf.
Fig. 46).
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STRUCTURE OF THE TGN

The term “frans Golgi network” (TGN) is used for complex
and dynamic membrane compartments located at the trans
Golgi side (cf. Figs. 42, 43, 44, and 60). Because of its com-
plexity and highly dynamic behavior, the TGN belongs to the
most interesting but also enigmatic and challenging struc-
tures of the cell. The name is solely descriptive, not taking
into account different functions and organizations, and dif-
ferent relationships to the Golgi apparatus and its stacked
cisternae. The TGN is variously extended and organized in
different types of cells, and its organization changes con-
comitantly with the differentiation of cells and functional
states. In some cells, the TGN, as its name indicates, forms
an extended network, whereas in other cells a TGN is hardly
visible. Furthermore, its location is variable. The TGN often
resides at some distance from the stacked Golgi cisternae,
however, parts of it may be attached to the transmost Golgi
cisterna, making it an integrated component of the Golgi
stack. According to these varying appearances, the TGN is
seen differently by different authors, either as a component
of the Golgi apparatus and transmost constituent of the Golgi
stacks, or as an individual organelle and entity. These contra-
dictory interpretations may result from the dual tasks of the
TGN; on the one hand, it has a key role in the biosynthetic-
secretory system for the export of newly synthesized mole-
cules out of the Golgi region and their targeting to different
destinations, and on the other hand, it is involved in endo-
cytic pathways. The TGN organization is influenced by the
retrograde transport in the endocytosis system and changes
concomitantly with endocytic flow.

Panels A-F in this figure display tomographic slices and
different aspects of 3D models of the TGN in a cell of the
human hepatoma HepG2 line showing function-dependent
differences in the organization. In the models, cis and medial
cisternae are colored yellow, the TGN is red, and the trans
Golgi-ER is blue. Panels A and B show the TGN-organization
in a cell 48 h after seeding without further treatments; in pan-
els C-F, the TGN after 30 min uptake of peroxidase-labeled
wheat germ agglutinin (WGA) is displayed, corresponding
to the pattern shown in Fig. 60A. In both cases, a part of the
TGN is attached to the transmost cisterna of the Golgi stack
(arrows in C-F), and in both cases, trans Golgi-endoplasmic
reticulum (ER) is closely associated. The attached TGN is

continuous with other parts located apart from the stack.
Although there is a comparable general order of arranged
Golgi cisternae, attached and nonattached TGN, and trans
Golgi-ER, major differences are visible in the architecture of
the TGN. In the cells not further treated, the TGN consists of
a simple cisterna with attached and nonattached parts,
whereas the endocytic TGN apparent after WGA-endocytosis
exhibits a highly complex, rugged architecture. Both the
Golgi-attached parts (arrows in C-F) and the nonattached
parts of the endocytic TGN are composed of multiple differ-
ent elements building large cylindrical and column-like
structures, interconnected by ridges and bridging arches.
These complex architectures are reduced at later times after
onset of WGA-endocytosis, and the TGN again shows a sim-
pler architecture. Multiple questions remain unanswered as
to the mechanisms and the functional background of these
endocytosis-connected TGN transformations and their rela-
tionships to the tasks of the TGN in the secretory system.
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ER-GOLGI RELATIONSHIPS AND CERAMIDE-CONDENSING COMPARTMENTS: TRAFFIC
INTO AND ACROSS THE GOLGI APPARATUS STACKS

Transport into and across the Golgi apparatus stacks remains
the subject of intense debate. Although many details about
the mechanisms and machineries of vesicle budding, mem-
brane fusion, protein sorting, progression, maturation, and
partitioning of compartments are known and numerous mol-
ecules involved are well characterized, the principles of
operation of antero- and retrograde traffic across the Golgi
apparatus are still not completely understood, and many
details, including transport of endocytozed materials, are
unresolved. Several modes of traffic seem to coexist.
Research centers around two models with multiple varia-
tions, including the formation of transient tubular structures
and the temporary opening of transport gates: The “vesicular
transport model” is based on the assumption that the indi-
vidual Golgi cisternae are stable entities and transport across
the stacks of cisternae occurs via budding and fusion of small
vesicles. In the “cisternal progression-maturation model”
cargo remains confined within the lumen of the Golgi cister-
nae, and the cisternae move through the stack and gradually
“mature” concomitantly with moving from the cis to the
trans side. The anterograde progression of cisternae is
accompanied by retrograde vesicular traffic and recycling of
endogenous Golgi molecules. There are recent results in
favor of a combination of both, and it is becoming increas-
ingly evident that cargo contained in the lumen of Golgi
compartments is an important modulator of Golgi structure
and function. Soluble secretory proteins, such as albumin,
and nondiffusible supramolecular cargoes, such as procolla-
gen I, are transported at different rates and use different
routes. Recent results of transport studies indicate that the
ribbon structure of the Golgi apparatus facilitates antero-
grade transport of large cargos.

For lipids, a non-vesicular mode of traffic into the Golgi
apparatus is at the center of interest. In panel A, the
ER-cisternae (arrows) closely neighboring the TGN and
other frans Golgi compartments point to the sites, where
lipid-binding proteins, such as the ceramide-transfer protein
(CERT), are localized and non-vesicular lipid transfer takes
place (cf. Figs. 43, 44, and 60). Ceramide, which is built in
the ER, has to be transported to the Golgi apparatus to be
further metabolized to higher lipids, such as sphingomyelin.
The intense reaction products at the frans side of the Golgi

apparatus stacks seen in panel B mark those compartments,
in which ceramide is concentrated after uptake and which are
supposed to be sites of sphingomyelin synthesis. The ultra-
structural detection of the ceramide-condensing compart-
ments shown here is achieved by internalization of
BODIPY-ceramide, a fluorescent ceramide-analogue, and
subsequent photo-oxidation of diaminobenzidine; by means
of this technique, the sites of the internalized fluorescent
BODIPY-ceramide can be localized ultrastructurally through
the electron dense reaction products built by oxidized diami-
nobenzidine. It can clearly be seen that the BODIPY-
ceramide-condensing compartments are mainly localized in
trans-Golgi cisternae and the TGN, although they are not
excluded from other parts of the stacks.
Arrowheads: clathrin coated vesicles and buds

References

Beznoussenko GV, Parashuraman S, Rizzo R, Polishchuk R, Martella
O, Di Giandomenico D, Fusella A, Spaar A, Sallese M, Capestrano
MG, Pavelka M, Vos MR, Rikers YGM, Helms V, Mironov AA, Luini
A (2014) Transport of soluble proteins through the Golgi occurs by dif-
fusion via continuities across cisternae. eLife 3:¢02009

De Matteis MA, Di Campli A, D’ Angelo G (2007) Lipid-transfer pro-
teins in membrane trafficking at the Golgi complex. Biochim Biophys
Acta 1771:761

Hanada K, Kumagai K, Tomishige N, Kawano M (2007) CERT and
intracellular trafficking of ceramide. Biochim Biophys Acta 1771:644
Lavieu G, Zheng H, Rothman JE (2013) Stapled Golgi cisternae remain
in place as cargo passes through the stack. eLife 2:e00558

Lavieu G, Dunlop MH, Lerich A, Zheng H, Bottanelli F, Rothman JE
(2014) The Golgi-ribbon structure facilitates anterograde transport of
large cargoes. Mol Biol Cell. 25:3028

Meisslitzer-Ruppitsch C, Rohrl C, Neumiiller J, Pavelka M, Ellinger A
(2009) Photooxidation technology for correlated light- and electron
microscopy. J Microsc 235:322

Patterson GH, Hirschberg K, Polishchuk RS, Gerlich D, Phair RD,
Lippincott-Schwartz J (2008) Transport through the Golgi apparatus by
rapid partitioning within a two-phase membrane system. Cell 133:1055
Prinz WA (2010) Lipid trafficking sans vesicles: where, why, how? Cell
143:870

Rizzo R, Parashuraman S, Mirabelli P, Puri C, Lucocq J, Luini A (2013)
The dynamics of engineered resident proteins in the mammalian Golgi
complex relies on cisternal maturation. J Cell Biol 201:1027

Tuuf J, Mattjus P (2014) Membranes and mammalian glycolipid trans-
ferring proteins. Chem Phys Lipids 178:27

Magnification: x50,000 (A, B)


http://dx.doi.org/10.1007/978-3-7091-1830-6_4

Figure 46




94

The Cytoplasm: The Secretory System

BREFELDIN A-INDUCED GOLGI APPARATUS DISASSEMBLY

Among the agents known to disturb the functions and orga-
nization of the Golgi apparatus, Brefeldin A (BFA) is one of
the most commonly used. BFA is a fungal metabolite well
characterized to prevent assembly of cytoplasmic coat pro-
teins onto membranes by inhibiting nucleotide exchange
onto ADP-ribosylation factor. As a consequence, formation
of COP I-coated vesicles (coat protein I; cf. Fig. 29), involved
in multiple steps of traffic between ER and Golgi apparatus
and within the Golgi apparatus stacks, is inhibited. Within a
few minutes, the Golgi apparatus disintegrates, the stacked
Golgi cisternae transform into tubular-reticular compart-
ments, long tubules grow out of the Golgi region, and both
endogenous Golgi molecules, such as Golgi enzymes, and
itinerant molecules, such as secretory proteins, are redistrib-
uted into the endoplasmic reticulum.

In panel A, the perinuclear Golgi region in a high-pres-
sure frozen HepG2 hepatoma cell with one of the Golgi
apparatus stacks is on display. The micrograph shows all
characteristic features of the Golgi apparatus in these cells, a
complex cis-Golgi side, coated vesicles budding from the
rims of the cisternae (arrowheads), a prominent trans Golgi
network (TGN), and extensive endoplasmic reticulum inter-
posed between trans Golgi cisternae and TGN (arrow). The
small, densely coated vesicles (arrowheads) presumably cor-
respond to COP I-vesicles, known to be involved in transport
between Golgi cisternae and retrograde traffic between Golgi
apparatus and endoplasmic reticulum. In another concept, a
morphogenetic function has been ascribed to the COP I ves-
icles. When monitoring the early effects of BFA-treatment
by using high-pressure freezing with a considerably
improved temporal resolution in comparison to chemical
fixation (cf. Figs. 43 and 44), it could be shown that BFA-
induced Golgi breakdown occurs in distinct steps. As early
as 30 s after BFA-administration coated membrane regions
and coated buds disappear from the Golgi membranes, but
the disassembly of the stacks does not start before 90-120 s

of BFA-treatment have been completed. At this time, the
Golgi stacks start to transform into tubules and networks (cf.
Fig. 48). At 3-5 min of BFA-treatment, stacked Golgi cister-
nae are no longer visible.

Panel B shows the perinuclear cytoplasm with a centriole
(CE) marking the cytocenter of a hepatoma cell after 5 min
of BFA-treatment. Golgi cisternae are entirely missing;
instead multiple long and, in part, branched membrane
tubules prominently occupy the Golgi region, which further
shows an accumulation of small and large vesicles. Some of
the larger vesicles are multivesiculated, and their distinct
thick membranes are similar to those of some of the network-
forming tubules (cf. Fig. 48).
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BREFELDIN A-TREATMENT: TUBULATION OF GOLGI APPARATUS AND ENDOSOMES

Golgi apparatus changes start at 90-120 s after the onset of
Brefeldin A (BFA)-administration and after disappearance
of coated regions at 30—-60 s. The Golgi apparatus stacks
disassemble and long tubules grow out of the Golgi region.
After 3-5 min, a Golgi apparatus is missing in the cells and
instead, the cytoplasm is occupied by a network of mem-
brane tubules being interwoven with membranes of the
endoplasmic reticulum. In places, glomerular membrane
figures form conspicuous “organelles” in BFA-treated cells
(cf. Fig. 49).

Panels A—C show segments of the cytoplasm of high-
pressure frozen HepG2 hepatoma cells 3 min (panels A and
C) and 5 min (panel B) after BFA-treatment. Stacked Golgi
cisternae are not visible. The BFA-induced tubules occupy-
ing wide cytoplasmic areas show different dimensions and
delineating membranes, indicating their origin from different
cellular compartments. BFA induces tubulation not only of
the Golgi apparatus and trans Golgi network but also trans-
formation into tubules of endosomes and lysosomes. The
voluminous tubules delineated by distinct thick membranes
shown in panel A are dilated in places and contain interior
vesicles resembling multivesiculated endosomal compart-
ments. They differ from the more densely stained tubules
with less prominent membranes that are shown in panels B
and C. The latter are commonly found in connection with or
growing out from prominent networks (panel C) that resem-
ble trans Golgi networks in untreated cells.

In panel B, the close spatial relation between a membrane
tubule (arrowhead) and an accompanying microtubule
(arrow) reflects the role of the microtubular cytoskeleton for
the rapid formation of the BFA-induced tubular networks.

BFA-induced tubulation is considered to be a consequence
of disturbed vesicular traffic because of inhibited formation
of coat protein I (COP I)-coated transport vesicles owing to
failed activation of adenosine ribosylation factor (ARF).
Although fusion of tubules with membranes of the endoplas-
mic reticulum have not yet been shown, Golgi membrane
tubulation is considered to be involved in the redistribution of
Golgi molecules into the endoplasmic reticulum.
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BREFELDIN A-TREATMENT: EFFECT ON RETROGRADE TRANSPORT OF INTERNALIZED WGA

Treatment with Brefeldin A (BFA) leads to a protection of
cells from the harmful effects of several toxins. These include
ricin as well as Shiga and cholera toxins. The mechanisms of
this protective BFA-effect presumably are related to the
BFA-induced breakdown of the Golgi apparatus, an event
that leads to an interruption of retrograde pathways from the
plasma membrane to the endoplasmic reticulum (ER) involv-
ing the Golgi apparatus (cf. Fig. 60). Such pathways have to
be traveled by these toxins in order to finally reach the cyto-
sol, where they exert their toxic effects.

Results have revealed that BFA not only can be used as an
agent that disturbs retrograde pathways but can also be used
to induce retrograde transport into the endoplasmic reticu-
lum and to control these routes. A precondition is detailed
knowledge of the dynamics occurring during the transport of
internalized molecules into the Golgi apparatus and deter-
mining the precise time for BFA-application. Studies using
wheat germ agglutinin (WGA) in HepG2 hepatoma cells
showed that endocytic traffic into the Golgi apparatus is a
complex, multistep process, during which three stages can be
discriminated (cf. Figs. 59 and 60).

Vesicular Stage

trans - ER

The stages are summarized in the diagram at the left-hand
side: In stage I (“Vesicular Stage”), vesicular endosomes
accumulate in the trans Golgi region. During stage II (“TGN
Stage”), an extended endocytic frans Golgi network is
formed and, in part, is integrated into the Golgi stacks. In
stage III, (“Golgi Stage”), prominent amounts of internalized
WGA are taken up into the stacked Golgi cisternae.

With respect to the further fate of internalized WGA, the
time of BFA-administration is most critical. This is summa-
rized at the right-hand side of the diagram. Administration of
BFA during the stages I and II, though resulting in tubular-
reticular Golgi transformations (cf. Fig. 48), does not lead to
an uptake of internalized WGA into cisternae of the ER
(upper and middle parts of the diagram). In contrast, when
BFA is administered during stage III, internalized WGA is
redistributed into ER cisternae (lower part of the diagram).
This is most conspicuous after 10 min of BFA treatment.

This particular situation is shown in the micrograph on
the opposite page, which presents a perinuclear segment of a
BFA-treated HepG2 hepatoma cell. Stacked Golgi cisternae
are absent, and multiple glomerular structures (G) dominate.
Most of the cisternae of the ER are labelled with reactions
for the internalized WGA, which also is contained in the
perinuclear cistern (double arrows).

Accumulated and particularly assembled pre-Golgi inter-
mediates are considered to be the functional and structural
bases for formation of the conspicuous glomerular-like struc-
tures that are prominent in BFA-treated cells and increase in
number from 5 to 10 min after BFA application. Several of
these glomerular structures are visible in the micrograph (G).
They also have been considered to correspond to Golgi rem-
nants and are involved in Golgi recovery. The micrograph
shows that the lumina of the glomerular organelles contain
reactions for internalized WGA, which could derive from
residual Golgi materials, on the one hand, but, on the other
hand, could take an indirect route via Golgi redistribution into
the ER and subsequent transfer to the glomerular structures via
vesicle budding at ER export sites.

Abbreviations: ER: endoplasmic reticulum; GA: Golgi
apparatus; pGI: pre-Golgi intermediate; G: BFA induced
glomerular structures
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HEAT SHOCK RESPONSE OF THE GOLGI APPARATUS

Heat shock response is a universal reaction, and the heat shock
proteins are among the most highly conserved proteins. Cells
in living organisms or cultured in vitro respond in a specific
mode to elevated temperature (heat shock) or other stressful
conditions. They rapidly and transiently accelerate the rate of
expression of specific genes, the heat shock genes. This results
in increased levels of constitutively expressed heat shock pro-
teins fulfilling protective functions in that they act as chaper-
ones to assist polypeptides and proteins fold properly. The
other group of stress proteins is the glucose-regulated proteins.
Concomitantly with the activation of heat shock genes, most
other cellular genes are inhibited under conditions of stress. In
cell culture, this results in arrest of cell growth.

Structural changes of many cytoplasmic organelles and
the nucleus as well as rearrangements of the cytoskeleton
can be observed under heat shock conditions by electron
microscopy. The well-organized stacks of cisternae of the
Golgi apparatus as seen in a resting CHO cell (panel A) are
dramatically changed upon heat shock. They were trans-
formed in membrane vesicles of various sizes dispersed in
the cytoplasm and only remnants of Golgi cisternae were
present (panel B). Furthermore, the cisternal lumen of the
rough endoplasmic reticulum becomes distended.
Mitochondria in heat-shocked cells were swollen, their intra-
cisternal spaces were distended, and their oxidative phos-
phorylation impaired. Due to changes of the cytoskeleton,
mitochondria have been observed to accumulate in the peri-
nuclear region. In response to heat shock, the actin filaments
and stress fibers formed by them were found to be increased.
The intermediate filament network collapsed and became
concentrated around the nucleus. However, no apparent
changes of the microtubuli seem to occur. Heat shocks
affected the structure and function of the nucleus as well.
Bundles of intranuclear actin filaments have been observed.

The granular component of the nucleolus was either lost or
became aggregated. Accumulation and aggregation of the
perichromatin granules was also observed.

If the heat shock is severe, cells may die. However, ther-
motolerance can be acquired by mild thermal stress before
normally lethal thermal stress. The hsp70 seems to be par-
ticularly involved in the induction of thermotolerance. Of
medical relevance is that heat shock proteins are elevated in
various human diseases involving ischemia, fever, inflamma-
tion and reactive oxygen species, and neoplasia.
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SECRETORY GRANULES

Secretory granules function as storage compartments for
secretory products and are the main organelles involved in
regulated secretion (cf. Fig. 54). Their transport from the site
of formation to the site of their export out of the cell is a
multiple-step process that involves budding from the TGN,
microtubule- and actin-based transport, tethering, docking,
and fusion with the plasma membrane. Discharge of the
granule content occurs under precise local requirements after
external, either neuronal or hormonal, stimulation. The
micrographs in panels A and B show mature secretory gran-
ules, the zymogen granules (ZG), in the apical cytoplasm of
acinar cells of the rat pancreas. The ultrastructural details
shown in an ultrathin section in panel A and in a freeze-
fracture replica in panel B correspond to each other. The aci-
nar lumen is visible in the centers of the micrographs (AL).
Arrows indicate the apical junctional complexes, by which
the adjacent acinar cells are joined to each other. In the
freeze-fracture replica in panel B, tight junction strands are
visible in the form of prominent networks (arrows) that build
up a broad occluding zone, which prevents reflux of the
secretions from the acinar lumen into the intercellular spaces.
In both micrographs, the lateral plasma membranes of the
neighboring cells are labeled by arrowheads.

The zymogen granules mature from condensing vacuoles.
These are the immature secretory granules (CV in Figs. 34
and 112) formed at the trans Golgi side within the fransmost
cisterna and the trans Golgi network (TGN). The biogenesis
of zymogen granules involves several consecutive steps,
which include aggregation and sorting of the secretory pro-
teins to the frans Golgi and TGN membranes, budding of the
immature granules (condensing vacuoles) from the TGN,
homotypic fusion of immature secretory granules, and
remodeling of membranes and contents. For sorting of pro-
teins into the regulated pathway, their aggregation at the
mildly acidic pH in the TGN lumen is an important event and
interactions with accessory molecules, such as proteogly-
cans, sulfated glycoproteins, and lectin-like proteins, in the
membranes of TGN and condensing vacuoles have crucial
roles. Complex protein-protein and lipid-protein interactions
are required, and results show that particular lipid microdo-
mains (lipid rafts) are involved.

The endoplasmic reticulum, although accumulated in
the basal cytoplasm of the acinar cells (cf. Figs. 1 and
111), is not confined to this cellular area but is also present
between the zymogen granules in the apex of the cells, as
shown in panel A. Ca?', released from the endoplasmic
reticulum, is a trigger for controlled exocytosis of the
zymogen granule contents. The apical cell surface in part
is occupied by microvilli. Microvilli are lacking at bay-
like invaginations of the acinar lumen (upper part of the
lumen in panel A), which possibly correspond to exocyto-
sis domains. In the apical cytoplasm, in addition to small
coated vesicles possibly involved in endocytosis and mem-
brane internalization, small secretory granules with con-
tents less dense compared with the zymogen granules are
present close to the plasma membrane (open arrows in A).
They may be part of the constitutive-like and minor-regu-
lated pathways assumed to be sources for basal secretion.
Detailed studies of the secretory pathways in parotid aci-
nar cells have indicated that the minor-regulated pathway
provides surface docking/fusion sites for zymogen granule
exocytosis.
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SECRETORY GRANULE FORMATION IN THE TGN

The formation of secretory granules is a multistep process and
starts in the frans Golgi network (TGN). Secretory granule
formation involves four distinct steps, and the first two occur
in the TGN. First, aggregation and sorting of secretory pro-
teins occur. Aggregation is promoted by the mildly acidic pH
and the high Ca?* concentration in the TGN. Sorting involves
interaction with specific membrane lipids (cholesterol-rich
membrane domains and phosphatidylinositol-4-phosphate)
and probably with receptors. The second step consists of the
formation of immature secretory granules and their release
from the TGN. The molecular machinery for secretory gran-
ule formation is characterized in great detail. Here, emphasis
is placed on fine structural aspects of the process.

Panel A shows the Golgi apparatus, TGN, and immature
secretory granules (iSG) in a pancreatic beta cell and immu-
nogold labeling for proinsulin. Proinsulin-positive immature
secretory granules formed in distended parts of the TGN are
not detached vesicles and are still connected to nondistended
parts of the TGN (arrowheads). A typical feature of such
early immature secretory granules is the presence of a partial
clathrin coat (arrows) and a tight-fitting electron dense core
in contrast to mature insulin secretory granules that have a
wide lucent halo surrounding their core (cf. Fig. 53). During
further maturation processes, the immature secretory gran-
ules detach from the TGN and remain in the peri-Golgi appa-
ratus region like the three seen in the upper-left corner of the
micrograph. The partially clathrin-coated immature secre-
tory granules have a slightly acidic pH (pH 6.3), which is the
pH optimum for catalytic activity of the prohormone conver-
tases. Indeed, by immunogold electron microscopy applying
monoclonal proinsulin and insulin antibodies, the partially
clathrin-coated, acidic immature secretory granules were
identified as the site of proinsulin—insulin conversion.

Panel B shows part of a Paneth cell, a highly specialized
exocrine secretory cell type (cf. Fig. 117). The formation of
immature secretory granules (iSG) also occurs in the TGN,
and initially they are not detached, distended parts of the
TGN. The arrowheads point to a site of direct continuity of
an immature secretory granule with a TGN cisterna. Adjacent
to this TGN-confined immature secretory granule is a larger,

detached one. Immature secretory granules grow in size
through homotypic fusion. Aggregation of secretory proteins
in the TGN preceding the immature secretory granules for-
mation can also be detected. A transmost cisterna, which is
part of the TGN, contains highly electron dense material in
the dilated lumen (arrows). This is a typical ultrastructural
attribute of high protein content or protein aggregation.

RER: rough endoplasmic reticulum

Figure A from Zuber et al. (2004) FASEB J 18:917.
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SECRETORY GRANULE TYPES

The various exocrine and endocrine glands as well as single
exocrine, endocrine and neuroendocrine cells scattered in
different organs, and certain neurons along with a wide range
of different cell types store their secretory products in secre-
tory granules. In most instances, the secretory granule con-
tent is predominantly of a proteinaceous nature. However,
the secretory granules of type II alveolar epithelial cells, the
lamellar bodies (cf. Fig. 143), and of skin keratinocytes, the
Odland bodies (cf. Fig. 139) contain primarily phospholipids
or glycolipids, respectively. All types of secretory granules
are surrounded by a membrane. But the size and shape of
secretory granules and the appearance of their content differ
greatly by electron microscopy. The latter largely depends on
the chemical nature of the stored products (which can be
identified by immunoelectron microscopy), and a few exam-
ples are presented here.

In the submandibular gland (cf. also Fig. 114), mucous
and serous cells exist. Mucous cells synthesize mucins,
which are highly glycosylated glycoproteins. By electron
microscopy, mucous cell granules appear lucent with some
granular material (panel A; see also the goblet cell granules
in Fig. 115). The serous cell granules contain an electron-
dense material with a tight-fitting limiting membrane (panel
B; see also the zymogen granules in Figs. 51 and 111). The
secretion of the large salivary glands form the saliva, which
is composed of mucins, water, ions, digestive enzymes, and
other proteins. Secreted mucins tightly bind water and form
an insoluble gel on the mucosal surface of many organs,
which functions as a lubricant and a protector against physi-
cal and chemical injury. Saliva, in addition to its digestive
function, also has a protective antibacterial function through
its content of IgA, lysozyme, and lactoferrin.

Endocrine and neuroendocrine cells and certain neurons
contain granules with a dense core, which, depending on the
cell type, may vary greatly in size. Panel C shows part of a
human insulin-producing pancreatic beta cell with numerous
secretory granules. They typically have a dense core and a
lucent halo (arrows in C). The dense core can become crys-
talloid when insulin forms complexes with zinc (arrowhead
in C). By immunoelectron microscopy, the dense core

contains insulin (as indicated by the gold particles in C).
C-peptide is present predominantly in the halo. Panel D
shows part of growth hormone-producing cells from the
human pituitary with immunogold labeling for this hormone.
In this and many other endocrine cell types, the dense core
granules have a tight-fitting membrane.
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REGULATED SECRETION

The canonical types of secretion are regulated secretion and
constitutive secretion. The secretory granules are the organ-
elles of the regulated secretory pathway that release their
content in response to physiological (and nonphysiological)
signals. Secretion occurs by exocytosis, a multistage process
that may result in the discharge of the entire pool of secretory
granules of a given cell (cf. Fig. 56) or only in a fraction of
them. After their formation in the frans Golgi network,
immature secretory granules undergo a series of maturation
steps to yield mature secretory granules. In hormone-
secreting cells, the maturation process takes approximately
2 h. Mature secretory granules may be stored intracellularly
for days. Key events in secretory granule maturation are the
removal of soluble proteins, peptides, and membrane pro-
teins by clathrin-coated vesicles, an increase in size through
homotypic fusion that requires SNARESs (or decrease in size
through membrane remodeling can occur depending on cell
type), and a fast microtubule-mediated transport to the
F-actin rich cell cortex. During this process, further luminal
acidification (from pH 6.3 to pH 4.5-5) for full processing of
proproteins occurs. In many cell types, a rise in intracellular
Ca* is the main trigger for secretory granule secretion, and
synaptogamin is the Ca?* sensor for regulated secretion. This
is followed by ATP-depending priming steps, which include
a reorganization of the cortical F-actin, so that secretory
granules can be recruited to the plasma membrane, and mod-
ification of the SNARE proteins. Afterwards, ATP-depending
secretory granule tethering and docking takes place, fol-
lowed by fusion, not requiring ATP, of the granule membrane
with the plasma membrane and subsequent release of con-
tent. The membrane fusion involves the formation and
expansion of a fusion pore. The expansion of the fusion pore
may be transient and followed by its rapid closure. This is the
kiss-and-run exocytosis, which results in partial release of
secretory granule content. Full fusion results in full release
of granule content and subsequent retrieval of the secretory
granule membrane.

In panel A, an intestinal Paneth cell (cf. Fig. 117), which
is a highly professional secretory cell, is shown at low mag-
nification. Most of its supranuclear cytoplasm is occupied by
highly electron mature secretory granules (SG). The apical
plasma membrane forms part of the lumen (L) of the intestinal

crypt that contains an amorphous material. The boxed field is
shown at higher magnification in panel B and shows a single
mature secretory granule captured in the process of secre-
tion. The secretory granule membrane (arrows) is fully fused
with the apical plasma membrane, resulting in a wide-open
fusion pore through which the secretory granule content
(asterisks) is released in the extracellular lumen (L). Small
vesicles below the fused secretory granule membrane (arrow-
heads) are known to be functioning in membrane recycling.
Recycling of secretory granule membrane also occurs by
clathrin-coated endocytic elements, particularly at synapses
(cf. Fig. 179). Tethering, docking, and priming prepare
secretory granules for fusion with the plasma membrane.
Two secretory granules (SG1 and SG2) are extremely close
to the plasma membrane and may correspond to tethered and
docked secretory vesicles.
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CONSTITUTIVE SECRETION

Constitutive secretion is not regulated and does not involve
the formation of canonical secretory granules. Rather, con-
stitutively secreted proteins are secreted continuously with-
out being stored. Both types of secretion, constitutive and
regulated, can occur in the same cell type. But cells exist that
perform only constitutive secretion, including fibroblasts and
liver hepatocytes to name two extremes. Fibroblasts consti-
tutively secrete procollagen, whereas hepatocytes secrete
various plasma proteins such as albumin, fibrinogen, or
alpha-1 antitrypsin. Although all secretory and membrane
proteins initially share a common transport route from the
endoplasmic reticulum through pre-Golgi intermediates into
the Golgi apparatus, they follow separate paths when leaving
the trans Golgi network. In contrast to the large-size, imma-
ture secretory granules that are formed in the trans Golgi
network, carriers for constitutive secretion are tubules of
varying length and small smooth vesicles. These carriers are
formed in the frans Golgi network by a pulling and cutting
mechanism. The transport of tubular or vesicular carriers of
constitutive cargo from the frans Golgi network to the plasma
membrane is dependent on microtubules.

Obviously, carriers of constitutively secreted proteins
cannot be unambiguously identified on pure morphological
grounds because the trans side of the Golgi apparatus con-
tains a multitude of small vesicles. A tool to identify such
carriers is immunogold electron microscopy to detect consti-
tutively secreted proteins. Immunogold labeling of ultrathin
frozen sections from the hepatoma HepG2 cells that synthe-
size albumin and fibrinogen reveals the two proteins in the
Golgi apparatus cisternal stack and vesicular structures at its
trans side. Panel A demonstrates immunogold labeling for
albumin in smooth-surfaced vesicles (black arrows).
Although sectioned in the middle, other smooth-surfaced

vesicles are not labeled (white arrows). Immunogold label-
ing for fibrinogen (panel B) shows similar results with
smooth-surfaced vesicles labeled for fibrinogen (black
arrows) or not (white arrows). Vesicles with a lacelike coat
(white and black arrowheads) may be labeled or not.
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GOBLET CELLS: COMPOUND SECRETION

The mucin droplets in goblet cells are the storage sites of their
major secretory product, mucin (cf. Fig. 115). In contrast to the
acinar pancreatic cells (cf. Fig. 51), the apical cytoplasm of the
goblet cells is completely filled with mucin droplets. The
release of the mucin by secretion (exocytosis) is tightly regu-
lated and occurs due to different stimuli such as parasympa-
thetic stimulation or chemical and physical irritation.

The micrograph shows the apical portions of goblet cells
and of adjacent absorptive cells with their characteristic
brush border (BB) from human duodenum. In contrast to
kiss-and-run exocytosis, which results in partial release of
the secretory granule content, the compound secretion results
in bulk secretion of the all mucin droplets of the goblet cells.
This eventually results in the almost complete release of the
mucus, after which the mucus stores of the goblet cell is rap-
idly replenished. The impressive, volcano-like look of the
released mucus represents the prototype of compound secre-
tion. Upon hydration, the secreted mucus forms a blanket

protecting the underlying cells from mechanical damage and
bacterial invasion.

Compound secretion can be observed in various other
exocrine and endocrine cell types and involves both the
fusion of secretory granules with each other and with the
plasma membrane.
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UNCONVENTIONAL SECRETION AND INTERCELLULAR COMMUNICATION:

EXOSOMES AND MICROVESICLES

Cells pack their secretory proteins into membrane-limited
vesicles such as secretory granules (for regulated secretion)
or different types of post-Golgi carriers (for constitutive
secretion) for subsequent release in the extracellular space.
In addition to these two canonical pathways of secretion,
nonconventional modes of secretion exist and, among them,
secretion by exosomes and by microvesicles are undergoing
intense study.

The biogenesis of exosomes involves part of the endo-
cytic pathway, the multivesicular endosomes (multivesicular
bodies), which can have a profoundly divergent fate.
Multivesicular endosomes either fuse with lysosomes for the
degradation of their content, or with the plasma membrane
for release of their vesicles into the extracellular space. Panel
A shows an ultrathin frozen section with part of an Epstein-
Barr virus-transformed B lymphocyte. A multivesicular
endosome (MVE) is immunogold-labeled for MHC class 11
molecules. The complete fusion between a former multive-
sicular endosome and the plasma membrane (PM; large
arrows) resulted in an exosome that released its vesicular
content. Small arrows indicate immunogold labeling for
MHC class II molecules and arrowheads point to bovine
serum albumin-gold complexes as an endocytosis marker. It
is obvious from the electron micrograph that the vesicles
released from the exosome have differing sizes that may
range from about 40 nm to 100 nm. The upper-left inset in
panel A shows exosome-derived vesicles from melanoma
cells that differ in size and shape. The latter is probably a
preparation artifact because they were contrasted with uranyl
acetate and embedded in methyl cellulose. However, as
shown for vesicles isolated from prostate epithelial cells,
which were only deep-frozen and observed by cryo-electron
microscopy, they are spherical (upper-right inset in panel A).
Panels B and C show double immunogold-labeled exosome-
derived vesicles that are positive for MHC II class molecules
(large gold particles) and CD63 (small gold particles). Panel
D illustrates the multivesicular endosome-related part of the
biogenesis of exosomes and the release of their vesicle
content.

Vesicles of similar size to those derived from exosomes
are formed through a completely different mechanism. The
so-called microvesicles bud and shed directly from
the plasma membrane as schematically depicted in panel D.

The formation of microvesicles can be viewed as a minus-
cule version of decapitation or apocrine secretion observed
for Clara cells (cf. Fig. 142) and lactating mammary gland
epithelia. Exosome-derived vesicles and microvesicles can
fuse with other cells and deliver their content into the target
cells. Both types of vesicles have been isolated from the vari-
ous body fluids and analyzed for their content. Interestingly,
mRNA and miRNA in addition to heat shock protein HSP70,
B-catenin, and other cargo were detected. The diverse cargo
delivered to recipient cells is actively influencing cellular
function. Thus, exosomes, by transmitting signaling pro-
teins, lipids, and RNAs, have important roles in processes as
diverse as cell-to-cell communication, immune response,
transmission of infectious agents, and tumor invasion and
angiogenesis.

Figure A modified from Raposo and Stoorvogel (2013) J
Cell Biol 200:373, and figures B and C modified from
Colombo et al. (2013) J Cell Sci 126:5553.
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RECEPTOR-MEDIATED ENDOCYTOSIS VIA CLATHRIN-COATED VESICLES

AND VIRUS ENDOCYTOSIS

Adsorptive and receptor-mediated endocytosis via clathrin-
coated vesicles provides the major and best-characterized
portal for uptake of multiple molecules and particles into
cells. Via clathrin-dependent endocytosis, cells receive nutri-
ents, regulate receptors and other plasma membrane constit-
uents, take up antigens, and remove senescent, excess, and
potentially harmful substances from the extracellular fluid.

Because of their typical bristle-like coats, the pits, buds,
and vesicles formed during clathrin-dependent endocytosis
can easily be differentiated under the electron microscope
(panels A and C). The coat consists mainly of clathrin and
adaptor proteins. The individual cytosolic clathrin molecules
are triskelions, which assemble and recruit to the cytoplas-
mic face of the plasma membrane in concerted interactions
with adaptor proteins and the lipid bilayer, which results in
the formation of a mainly hexagonal lattice. Through rapid
disassembly and reassembly of the clathrin triskelions, the
membrane deforms into pits and deeply invaginated buds
coated by a clathrin basketwork of polygons in which penta-
gons and heptagons are juxtaposed to hexagons. The basket
seems to function as a stabilizing coat for the molecular
machineries necessary to concentrate plasma membrane pro-
teins into the endocytic pits and vesicles. Adaptors, such as
the AP-2 adaptor protein complex, facilitate selection of the
cargo for uptake into the vesicles and connect the clathrin
coat with the transmembrane receptors. Detachment of the
buds from the plasma membrane involves the action of
dynamins, a class of scission-molecules essential for the
pinching-off of the buds to create vesicles. Shortly after a
vesicle is formed, the clathrin coat disassembles and detaches
from the membrane, and the coat-free endocytic vesicle is
capable of fusing with other endosomes. By correlating fluo-
rescence microscopy of key proteins and electron tomogra-
phy, protein-mediated consecutive events during endocytosis,
such as membrane bending, membrane constriction, scis-
sion, and vesicle formation, could be studied in detail in bud-
ding yeast.

Panels A and C show coated pits during internalization of
Ricinus communis I lectin-ferritin in cultured pancreatic beta
cells. They are covered at the cytoplasmic face with the char-
acteristic bristle-like clathrin coat. The ferritin particles con-
centrated in the coated pits and along the outer surface of
the plasma membrane reflect the lectin binding to the
galactose-bearing oligosaccharides in the plasma membrane.
In panel C, endocytic vesicles containing internalized lectin-
ferritin are already devoid of a clathrin coat. In the freeze

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,

DOI 10.1007/978-3-7091-1830-6_4, © Springer-Verlag Vienna 2015

fracture replica in panel B, filipin-sterol complexes are visi-
ble as small protuberances. They are absent from the pits,
indicating that they have a lower cholesterol content than the
surrounding plasma membrane.

In panels D and E, human immunodeficiency virus (HIV)
particles (arrowheads) bound to the surface of a macrophage
are shown. They are seen attached to the plasma membrane
(PM), contained in large endocytic vacuoles or surface invag-
inations (arrows in panel E). Viruses use different endocytic
pathways; in addition to internalization by clathrin-coated
vesicles, viruses can be taken up into cells via caveolae (cf.
Fig. 63), lipid-raft-mediated endocytosis routes, macropino-
cytosis, and presumably other mechanisms as well. HIV1
enters cells by direct fusion with the plasma membrane and
by fusion with the membrane of macropinosomes. The large
vacuoles in panel E containing HIV particles possibly corre-
spond to macropinosomes formed by deep plasma membrane
invaginations and closure of membrane ruffles.

SG: secretory granule
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ENDOSOMES AND ENDOCYTIC PATHWAYS

Different endocytic portals and pathways are known in mam-
malian cells (see diagram), roughly classified as clathrin-
dependent (1, cf. Fig. 58) and clathrin-independent ones.
The latter include endocytosis by budding of “smooth” vesi-
cles lacking a distinct morphologically visible coat (2, cf.
Fig. 64A), uptake via pits containing lipid rafts (3), traffic via
caveolae (4, cf. Fig. 63) and caveolar carriers (C), phagocy-
tosis (5, cf. Fig. 64B) and uptake via macropinocytosis (6)
leading to the formation of large endocytic vacuoles, termed
macropinosomes (MP, cf. Fig. 58). The routes traveled by
endocytosed molecules involve complex endosomal com-
partments with mosaics of specialized structural and func-
tional domains. Endosomes belong to the most dynamic
cellular compartments and transform in response to
endocytosis-connected signals. Early endosomes, classified
in early sorting endosomes (SE) and recycling endosomes
(RE), represent first stations from where proteins and lipids
are sorted to different routes. These can be either routes to
late endosomes (LE) and lysosomes (LY) for degradation, or
recycling pathways to the plasma membrane (PM), or routes
to other destinations involving frans Golgi networks (TGN),
and the Golgi apparatus (GA). The endoplasmic reticulum
(ER) is reached by retrograde pathways across the Golgi
apparatus and pre-Golgi intermediates (pGI), or via more
direct routes, as is known for caveolae-derived endosomes.
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Panels A—E show early endosomal compartments after
internalization of peroxidase-labeled wheat germ agglutinin
(WGA, panels A, B, and E) and a multivesicular body con-
taining internalized Ricinus communis I lectin-ferritin (panel
C). Different domains on early endosomes, such as large
vacuolar parts (asterisks in panels A and E), small vesicles
budding outward from the limiting membranes, and long
tubular appendices, reflect the sorting to different destina-
tions. Inward budding of vesicles leads to the formation of

“vesiculated” endosomes and multivesicular bodies (MVB,
panels B and C). The early endosome in panel B contains
some interior vesicles and a long outward tubule, and its lim-
iting membrane exhibits a conspicuous coated area (arrows).
A similar region is visible at one of the multivesicular bodies
in panel C (arrow). Specialized bilayered clathrin coats on
vacuolar endosomes have been suggested to have a role in
the targeting of proteins to lysosomes.

In HepG2 hepatoma cells, internalized WGA is taken up
into the Golgi apparatus by a complex multistep process (cf.
also Fig. 60), which starts with an accumulation of early
vesicular endosomes at the trans Golgi side (panel D). The
Golgi apparatus is small and inconspicuous in the control
cells. It expands during endocytosis, and an endocytic TGN
starts to form. Initial endocytic networks labeled with inter-
nalized WGA (TGN) are visible in panel D (cf. also Fig. 60).
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ENDOCYTIC TRANS GOLGI NETWORK AND RETROGRADE TRAFFIC INTO THE GOLGI

APPARATUS

Different itineraries from the plasma membrane and early
endosomes to the Golgi apparatus have been characterized,
either involving or not late endosomes (cf. diagram in Fig. 59).
A direct pathway traveled by the Shiga toxin B-fragment,
TGN38, and the cation-independent mannose-6-phosphate
receptor in part leads from the early recycling compartment
en route to the trans Golgi network (TGN). The pathway
from endosomes to the TGN and Golgi apparatus has increas-
ingly been recognized as having a central role not only in
physiology but also in the pathogenesis of diseases.

Studies with peroxidase-labeled wheat germ agglutinin
(WGA) in HepG2 hepatoma cells have shown early endo-
somes a few minutes after onset of endocytosis appearing in
close proximity to the Golgi stacks (cf. Fig. 59, panel A),
which are small and inconspicuous at that time. Uptake of
internalized WGA into the Golgi apparatus is a complex,
multistep process. After accumulation of early vesicular
endosomes at the frans Golgi side, endocytic networks are
formed (panel D in Fig. 59), expand in size, and closely asso-
ciate with the Golgi stacks within 15-30 min. Panels A and
B show Golgi stacks in HepG2 cells at 30 and 60 min of
WGA-endocytosis, respectively. At 30 min, internalized
WGA is localized within cisternae in transmost position,
parts of which turn away from the stack and are continuous
with extended trans Golgi endocytic networks, from where
clathrin-coated vesicles are budding (arrowhead).

Vesicular stage Early TGN stage

©
54O

Lo}
P&

[CG——
—V ="
- s
sl L=
Late TGN stage Golgi stage
* trans - ER
»

Endocytic cisternae and networks are closely associated
with cisternae of trans Golgi-endoplasmic reticulum (trans-
ER). The endocytic trans Golgi networks decrease in size
during the next 30 min and internalized WGA is taken up
into the stacked Golgi cisternae, as shown in panel B. A
TGN is not visible, but many clathrin-coated vesicles (arrow-
heads) occupy the trans Golgi region and most of the stacked
Golgi cisternae contain internalized WGA (arrows). At both
30 and 60 min, large vacuolar endosomes are prominent
close to the Golgi cisternae (asterisks in panels A and B).
The successive stages of endocytic traffic into the Golgi
apparatus, the vesicular stage, the early and late TGN-stages,
and the Golgi stage are additionally outlined in the diagram.

Endocytic traffic into and across the Golgi apparatus
stacks is of particular interest in connection with the retro-
grade routes of toxins and the development of drug targeting
systems.
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TUBULAR PERICENTRIOLAR ENDOSOMES

Endosomes consist of pleomorphic vacuoles of 0.5-1 pm
diameter and tubules of 250 nm diameter (cf. Fig. 59). In a
large variety of cultured cell types, including fibroblasts,
CHO cells, epithelial cell types, and several endocrine cell
types, an additional structural component has been identified
that consists of tubules of approximately 60 nm in diameter
with a length of up to 2 pm, hence the name tubular endo-
somes. These tubules can be loaded with the fluid phase
marker horseradish peroxidase and with markers of receptor-
mediated endocytosis (transferrin, a-2-macroglobulin, lec-
tins). These multibranching tubules form local networks that
are preferentially found in the perinuclear cytoplasm in asso-
ciation with centrioles and also in patches elsewhere in the
cell and are positive for Rab11 and unreactive with the early
endosome marker EEA1.

From the results of uptake studies, they represent a spe-
cialized distal segment of early endosomes involved in recep-
tor recycling and are distinct from late endosomes. Transferrin
receptors seem to pass sequentially from early endosomes to
pericentriolar tubular endosomes, followed by their return to
the cell surface. However, passage through tubular endo-
somes seems to not be obligatory and followed only by a frac-
tion of recycling transferrin receptors. With regard to other
functional aspects of the pericentriolar endosomes, it has
been proposed that they direct recycling receptors along
microtubules radiating from the centrioles to particular cell
surface regions of the cultured and migrating cells. It has been
shown that recycling transferrin receptors are preferentially
delivered to the leading lamella of migrating fibroblasts.

In panel A, a cluster of tubular endosomes (outlined by a
broken line) is present in the perinuclear region of Ehrlich
tumor cells grown in monolayer culture. Because the cells
had been fixed and embedded in situ in the Petri dishes, this
cell monolayer is preserved. Note also the presence of large
endocytic vacuoles in adjacent parts of the cytoplasm. As
shown at higher magnification in panel B, the tubular endo-

somes surround a centriole (arrow). Although many profiles
of tubular endosomes can be observed in this 60 nm ultrathin
section, the networks formed by them can be appreciated
only by the electron microscopic investigation of thicker
(1.0 pm) sections. In the electron micrograph shown here,
endocytic vacuoles and lysosomes are also present. The
labeling is with gold-labeled lectin. In panel C, a detail of the
cytoplasm of a cultured pancreatic beta cell is shown with
endocytozed ferritin-conjugated Ricinus communis 11 lectin.
The ferritin label can be seen in typical tubular endosomes
(arrowheads), which surround the centriole (double arrow),
and is also present in lysosomes (Ly). Sometimes a close
spatial relation between a tubular endosome and a microtu-
bulus is obvious (upper-left corner of the micrograph). SG:
insulin secretory granule.

References

Hopkins C, Gibson A, Shipman M, Miller K (1990) Movement of inter-
nalized ligand-receptor complexes along a continuous endosomal retic-
ulum. Nature 346:335

Hopkins C, Gibson A, Shipman M, Strickland D, Trowbridge 1 (1994)
In migrating fibroblasts, recycling receptors are concentrated in narrow
tubules in the pericentriolar area, and then routed to the plasma mem-
brane of the leading lamella. J Cell Biol 125:1265

Lin SX, Gundersen GG, Maxfield FR (2002) Export from pericentriolar
endocytic recycling compartment to cell surface depends on stable,
detyrosinated (glu) microtubules and kinesin. Mol Biol Cell 13:96
Sheff D, Pelletier L, OConnell CB, Warren G, Mellman I (2002)
Transferrin receptor recycling in the absence of perinuclear recycling
endosomes. J Cell Biol 156:797

Tooze J, Hollinshead M (1991) Tubular early endosomal networks in
AtT20 and other cells. J Cell Biol 115:635

Ullrich O, Reinsch S, Zerial M, Parton R (1996) Rab11 regulates recy-
cling through the pericentriolar recycling endosome. J Cell Biol
135:913

Verges R, Havel RJ, Mostov KE (1999) A tubular endosomal fraction
from rat liver: biochemical evidence of receptor sorting by default. Proc
Natl Acad Sci USA 96:10146

Magnification: x7,300 (A); x28,000 (B); x19,250 (C)



Figure 61

123




124

The Cytoplasm: The Endocytic System

LANGERHANS CELLS AND BIRBECK GRANULES:

ANTIGEN-PRESENTING DENDRITIC CELLS OF THE EPIDERMIS

Langerhans cells are antigen trapping dendritic cells of the
epidermis. They capture and endocytose antigens and there-
after migrate from the epidermis to draining lymph nodes.
Before arrival at the lymph nodes, Langerhans cells undergo
maturation into activated dendritic cells and, as a conse-
quence, present antigens to naive T cells. They are involved
in cutaneous immune responses.

Langerhans cells differ from dendritic cells in other loca-
tions by the presence of Langerin at their cell surface and of
Birbeck granules in their cytoplasm. Birbeck granules are
formed as a consequence of Langerin endocytosis and are
the result of accumulation of Langerin in tubular endosomes.
Thus, Birbeck granules represent endocytic structures that
are formed during receptor-mediated endocytosis. Because
Langerin colocalizes with Rabl1, the Langerin endocytic
structures including the Birbeck granules represent the
equivalent of tubular pericentriolar endosomes found in
other cell types (cf. Fig. 61). Langerin itself recycles to the
surface of Langerhans cells. However, on maturation of
Langerhans cells, the capacity of Langerin to recycle is grad-
ually lost, and this explains the dramatic reduction in the
number and size of their Birbeck granules.

In panel A, a Langerhans cell of human epidermis is
shown that contains a large number of Birbeck granules in
proximity to the Golgi apparatus. A few of its typical cyto-
plasmic processes that extend among keratinocytes can be
seen partially (arrows). Birbeck granules are highly charac-
teristic, rod-shaped structures of variable length with an
internal periodically striated lamella corresponding to
Langerin (panel B and inset). Often, Birbeck granules exhibit
coated pits at their tips (arrowhead in inset), and this is the
morphological manifestation of receptor-mediated endocytic

processes. Furthermore, they characteristically exhibit local
distensions (asterisks in panel B and arrow in inset).
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CAVEOLAE

Caveolae are flask-shaped, invaginated domains of the
plasma membrane in various kinds of cells and measure
50-100 nm in diameter. They have been known for about
50 years, since the early days of electron microscopy, but a
question remains as to their vital functions and controversy
exists about their properties and capabilities. Caveolae are
particularly abundant in adipocytes, endothelial cells (cf.
Figs. 146 and 148), and muscle cells (panel A), but are miss-
ing from some other types of cells, such as lymphocytes and
cells of the nerve system. The caveolar membrane is enriched
with cholesterol and glycosphingolipids. A characteristic
coat at the cytoplasmic face of the membrane is composed of
caveolins, the major structural proteins of caveolae. Recently,
the family of cavins has been identified. Results indicate a
multimeric protein complex containing all cavin members,
which associate with caveolins at the plasma membrane.
Cavins act as regulators and are involved in caveolae forma-
tion (Cavin-1), creation of elongated caveolae (Cavin-2),
caveolae budding, and transport of caveolae along microtu-
bules (Cavin-3); cavin-4 is muscle specific. Recent studies
showed that caveolin-1 is targeted to endolysosomes for deg-
radation and independent organelles termed ‘“caveosomes”
do not exist.

Panel A shows segments of smooth muscle cells. Extended
areas of the cell surface are occupied by caveolar invagina-
tions (arrows). In sections perpendicular to the cell surface,
the flask shape and the narrow necks are apparent, but the
small superficial pores are discernible only rarely.
Neighboring caveolae may be continuous, forming multi-
caveolated spaces (arrowheads). The cytoplasm beneath
“caveolated” areas is free of myofibrils, and both perpendic-
ular and cross sections show profiles of smooth membranes
closely apposed to the membranes of caveolae (asterisks).
These observations raise questions as to whether connections
may exist to one of the tasks of caveolae in Ca?* signaling
and regulation of Ca?** homeostasis. Caveolae in smooth
muscle cells have been proposed to represent the counterpart
of the transverse tubules in skeletal muscle cells (cf. Fig.
170).

Multiple other functions both in physiology and patho-
physilogy have been ascribed to caveolae, although differ-
ences may exist between different kinds of cells. Caveolae
are important in relation to several types of signaling. They
are involved in cholesterol transport and homeostasis,
transendothelial traffic, bacterial entry, and development of

the transverse tubule system in muscle cells. Caveolae are
connected with endocytosis pathways and are responsible
for potocytosis, a specialized triggered uptake of small mol-
ecules across the caveolar membrane; they have an important
role in virus internalization. However, opinion is divided
with respect to several properties and functions of caveolae,
in particular concerning their mobility, budding, and inter-
nalization. Although they are rather seen as immobile, stabi-
lized platforms within the plasma membrane, caveolae can
become internalized in special situations and subsequent to
special stimuli. Distinct caveolae-mediated pathways have
been characterized, which either involve the Golgi apparatus
and, from there, lead to one of the retrograde routes to the
endoplasmic reticulum, or, bypassing the Golgi apparatus,
directly target the endoplasmic reticulum.

Panels B and C show cholera toxin-coated gold particles
associated with the surface entrances into caveolae (arrows
in panel B) and located within the small caves (arrows in
panel C). The B subunit of cholera toxin binds to a glycolipid
receptor, the Gy, ganglioside, present in caveolae. Because
cholera toxin-gold complexes are concentrated within the
caveolar invaginations, they have been used as a marker for
caveolae. However, caveolae are not the sole structures for
uptake of cholera toxin. It has been shown that internaliza-
tion of cholera toxin is dependent on lipid rafts and the
receptor, Gy, is also present in clathrin-coated pits.
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FLUID-PHASE ENDOCYTOSIS AND PHAGOCYTOSIS

Cells continuously take up fluid from their neighborhood by
a process designated as fluid-phase endocytosis. Unlike other
types of uptake, this kind of endocytosis is not preceded by a
specific binding to the plasma membrane or concentration of
molecules at special sites. It is considered that cells use this
continuous unspecific uptake of fluid for a kind of surveil-
lance of the surroundings or for the purpose of “cleaning”
the plasma membrane in the acidic interior milieu of endo-
somes on the passage through endocytic compartments.
Different ports have been proposed for unspecific fluid-phase
uptake and different types of vesicles suggested to be
involved, including clathrin-coated vesicles, macropino-
somes, and other, poorly characterized, clathrin-independent
vesicles. Small amounts of fluid from the surroundings of the
cells are internalized together with the cargo concentrated in
clathrin-coated pits (cf. Fig. 58) and together with substances
internalized via caveolae. By macropinocytosis, large vol-
umes of fluid are internalized in some cells, such as in den-
dritic cells that use this mechanism for immune surveillance.
Horseradish peroxidase (HRP) has often been used for visu-
alization of fluid-phase endocytosis. Panel A shows intrave-
nously applied HRP in the rat small intestinal mucosa,
visualized by the electron-dense reaction products after cyto-
chemical oxidation of diaminobenzidine. HRP is distributed
within all extracellular spaces surrounding smooth muscle
cells and the endothelium of a lymph capillary (open and
black arrowheads, respectively) and is transported across the
endothelium by vesicular transport carriers (arrows). In
places, the vesicles seem to fuse, forming channel-like com-
partments. The apical surface of the endothelial cells is lined
by multiple HRP-filled pits (inset), and abundant HRP-
containing caveolae (arrows) occupy the surface of smooth
muscle cells. Lipoprotein particles (asterisk) are contained
within the lumen of the lymph capillary, appearing nega-
tively stained by the dense HRP-reactions.

By phagocytosis, large particles, such as senescent and
dead cells, apoptotic bodies, bacteria, inhaled carbon parti-
cles, and other nonbiological foreign materials are elimi-
nated from the body. The process involves specialized motile

cells, microphages (cf. also Figs. 190 and 191) and macro-
phages (cf. also Figs. 156, 157, and 159). Uptake of a parti-
cle via phagocytosis is initiated by attachment to the plasma
membrane and activation of receptors. A signal transduction
cascade triggers rearrangement of the actin cytoskeleton that
leads to an extension of the plasma membrane along the
sides of the particle, which increasingly becomes internal-
ized and finally is enclosed in a phagocytic vacuole. The
phagocytic vacuole matures by multiple fusion and fission
processes involving mainly endosomes, and in specialized
cases the endoplasmic reticulum, and becomes prepared for
fusion with lysosomes. Phagocytosis has a main role in the
immune system, in the remodeling of tissue and programmed
elimination of cells and matrix constituents. In panel B, a
Kupfter cell present in the lumen of a rat liver sinus is shown
after phagocytosis of a red blood cell (RBC). The engulfed
erythrocyte is contained in a huge phagosome that occupies
an extended part of the intracellular space of the macro-
phage. Gold particles show labelling with the galactose-
binding Ricinus communis [ lectin being particularly
abundant in a lysosome (Ly).
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LYSOSOMES

Lysosomes are enriched in hydrolytic enzymes working at
low pH, which include proteases, lipases, glycosidases,
nucleases, phosphatases, and sulfatases, and are responsible
for elimination of “unwanted” molecules derived from both
the cell itself (autophagy, cf. Fig. 74) or from outside of the
cells (heterophagy). However, contrary to the historic view
of the lysosome as a terminal degradation compartment and
as a unit used in the cells mainly as a disposal for garbage, it
is increasingly becoming clear that lysosomes are dynamic
organelles that receive continuous input from three sides, via
the biosynthetic, endocytic, and autophagic pathways. Today,
lysosomes cannot be seen as terminal or dead-end compart-
ments. They are able to fuse with late endosomes involving
“kiss-and-run”’-mechanisms and are also capable of fusing
with the plasma membrane.

In panels A, B, and C, lysosomes (Ly) in the cytoplasm of
rat small intestinal absorptive cells (panels A and B) and in a
rat hepatocyte (panel C) are on display. In panel C, the liver
cell lysosomes show a particularly distinct and intense con-
trast after special uranyl acetate/methyl cellulose adsorption
staining, to which the ultrathin sections of the tissue embed-
ded in Lowicryl K4M were exposed (cf. also Fig. 103). The
extreme heterogeneity in the lysosomal sizes, shapes, and
luminal materials is evident. Densely packed membrane
“whirls,” as they occur at high frequency, are visible in most
of the lysosomes in panels A and B and are particularly prom-
inent in the large lysosome shown in the inset of panel B.
Lysosomes are distributed throughout the cytoplasm of the
cells but show higher concentrations in the perinuclear area
close to the Golgi apparatus (panels A and C). Lysosome
morphologies and the favorite localizations in the Golgi area
are considered to be regulated by Rab7 and Rab34 proteins
interacting with a particular region of a Rab-interacting lyso-
somal protein (RILP). In the absorptive cell shown in panel A,
numerous lipoprotein particles (LP) are accumulated in
dilated Golgi cisternae and large vesicular carrier compart-
ments. The cell segments shown in the micrographs also con-
tain autophagosomes (AV) and multiple mitochondria (M).

GIcNAc-1-Phosphodiester
a-N-Acetylglucosaminidase

GlIcNAc-1-Phosphotransferase
+ 2 UDP-GIcNAc

— Asn-— —Asn —
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DOI 10.1007/978-3-7091-1830-6_5, © Springer-Verlag Vienna 2015

The lysosomal enzymes, synthesized and initially glyco-
sylated within the rough endoplasmic reticulum, receive
characteristic glycan modifications in the Golgi apparatus.
By a two-step process that starts at the cis-Golgi side and
continues in medial cisternae of the Golgi stacks, mannose-
6-phosphate residues are added to the asparagine-linked oli-
gosaccharides of newly synthesized lysosomal enzymes
involving two sequentially acting enzymes, N-acetyl-
glucosaminyl (GlcNAc)-phosphotransferase and GlcNAc-I1-
phosphodiester alpha-N-acetylglucosaminidase (diagram).
Presence of the mannose-6-phosphate recognition marker
provides the basis for effective sorting through the mannose-
6-phosphate receptor of newly synthesized lysosomal
enzymes into the lysosomal pathway (cf. Fig. 66).
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LYSOSOMES: LOCALIZATION OF ACID PHOSPHATASE, LAMP, AND POLYLACTOSAMINE

Lysosomal enzymes and membrane proteins can be located
by cytochemical and immunogold methods. Panel A shows
enzyme cytochemical staining for acid phosphatase in an
acinar cell of the rat pancreas. Electron-dense reaction prod-
uct for acid phosphatase is visible within cisternae at the
trans Golgi side, coated vesicles budding from those sites
(arrow), within condensing vacuoles (CV), and lysosomes
(Ly), but not within the mature secretory granules. The
enzyme localizations at the trans Golgi side reflect the well-
studied routes of lysosomal enzymes from the Golgi appara-
tus to endosomes and lysosomes, although they also are seen
in connection with activities of endo-proteases or are
involved in the breakdown of cytidine monophosphate dur-
ing terminal glycosylation (cf. Fig. 37).

Lysosomal enzymes are sorted from the Golgi apparatus
and trans Golgi network to the lysosomal pathway by spe-
cific binding of the mannose-6-phosphate groups present on
the lysosomal enzyme precursors (cf. Fig. 65) by receptors in
a divalent cation-dependent or independent manner. The
respective receptors, the cation-dependent and independent
mannose-6-phosphate receptors (CD-MPR and CI-MPR),
are localized in the membranes of the trans Golgi network
(TGN). By interactions of acidic cluster-dileucine signals
present in their cytosolic domains with Golgi-localized,
gamma ear-containing ARF-binding proteins (GGAs) and
cooperation of GGAs with adapter protein-1 (AP-1), the
lysosomal enzyme-MPR complexes are packaged into
clathrin-coated carriers that bud from the TGN and function
in transporting the lysosomal enzymes to early and late
endosomes. The enzymes dissociate from the receptors at the
acidic pH of the endosomes and, together with the fluid
phase, are transferred to lysosomes. The receptors are
retrieved to the TGN by mechanisms involving AP-1 and a
complex of proteins called “retromer.”

Panels B and C show constituents of the lysosomal mem-
brane in human cells. The lysosomal membrane, which con-
tains proton (H*) pumps for transport of H ions into the
lumen and proteins that transport the final products of diges-
tion into the cytoplasm, has to resist hydrolysis by its own
lytic enzymes. The structural membrane proteins, the
lysosome-associated membrane proteins (lamps), lysosomal
integral membrane proteins (limps), and lysosomal mem-
brane glycoproteins (Igps) are highly glycosylated at the
luminal surfaces. Human lamp-1 and lamp-2 have been char-

acterized as major sialoglycoproteins carrying polylactos-
amine chains. Panel B shows immunogold labeling for lamp
at the membranes of lysosomes (Ly) in HeLa cells. In
panel C, polylactosamine is located in lysosomes of HeLa
cells by means of gold-labeled Datura stramonium lectin.
In some cells, the lysosomal compartment is modified and
also has a role as a secretory compartment. Although there
are some exceptions, such as the melanocytes, most cells
containing secretory lysosomes are derived from the hemato-
poietic lineage and include granulocytes (cf. Figs. 190 and
191), mast cells (cf. Fig. 159), macrophages (cf. Figs. 157
and 159) and dendritic cells, B and T lymphocytes (cf. Fig.
194), platelets (cf. Figs. 195 and 196), and osteoclasts (cf.
Fig. 168). There is a close relationship to compartments
termed “lysosome-related organelles,” which comprise cell
type-specific organelles that show some features of endo-
somes and lysosomes and have functions in different cellular
processes, such as immunity, pigmentation, and hemostasis.
Secretory granules in cytotoxic T-lymphocytes and platelets,
melanosomes, and Weibel-Palade bodies belong to this

group.
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I-CELL DISEASE

The I-cell disease (mucolipidosis II) is a lysosomal storage
disease and is inherited in an autosomal recessive manner.
The defect lies in the biosynthesis of the mannose 6-phosphate
recognition marker for the targeting of lysosomal enzymes
into lysosomes. The effect is therefore most far reaching
because it affects all lysosomal enzymes. Specifically, the
N-acetylglucosaminyl-1-phosphotransferase, which cata-
lyzes the first step in the synthesis of mannose 6-phosphate
(cf. Fig. 65), is defective. The lack of the recognition marker
on de novo synthesized lysosomal enzymes results in their
secretion into the extracellular space. The detection of ele-
vated serum concentrations of multiple lysosomal enzymes
is therefore diagnostic. Clinically, I-cell disease is character-
ized by early onset and progressive severe psychomotoric
retardation accompanied by skeletal abnormalities and
coarse facial shape. Surprisingly, not all body cells are devoid
of lysosomal enzymes, although they are all lacking phos-
photransferase. This indicates that certain cells such as hepa-
tocytes, Kupffer cells, and leukocytes are able to endocytose
lysosomal enzymes through an unknown alternate, mannose
6-phosphate-independent mechanism.

Phosphotransferase is a complex molecule and is com-
posed of three dimeric subunits (a,f,Y,). The gene encoding
the o and P subunits has been mapped to chromosome 12p
and that for the y subunit to chromosome 16p. The causative
genetic defects are not well known except for the lack of
transcripts of the a and  subunits, probably due to point
mutations or small deletions.

Morphological investigations have revealed the presence
of numerous membrane-limited vacuoles, which have given
the disease its name: Inclusion cell disease. In panel A,
numerous such inclusions are prominently seen in the cyto-
plasm of dermal fibroblasts of a skin biopsy from a patient.
The inset shows the characteristic appearance of the inclu-
sion bodies, which are part empty and part filled with fine

granular material. Occasionally, larger electron-dense depos-
its exist, as seen in the inset. Panel B is a field from the same
skin biopsy showing affected Schwann cells and fibroblasts
(arrows). Myelinated nerve fibers (NF) are not affected. The
unique ultrastructural features exhibited by the inclusions is
highly indicative of I-cell disease.
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GAUCHER DISEASE

Gaucher’s disease is one of the most common lysosomal
storage diseases and comprises three different types. All of
them are caused by defective hydrolysis of glucosylceramide
(glucocerebroside), which results in lysosomal accumulation
of this glycolipid, mainly in phagocytic cells. The three dis-
ease types differ in the clinical course and organ manifesta-
tions of the storage.

Gaucher’s disease is X-linked autosomal recessively
inherited and caused by mutations in the gene coding for
lysosomal acid p-glucosidase (glucocerebrosidase), which
was mapped to chromosome 1q21. Gaucher’s disease is most
common in the Ashkenazi Jewish population. The disease-
causing mutations are mainly missense mutations, and the
N370S mutation is the most common one. The mutations
result in the synthesis of an enzyme with decreased catalytic
activity and stability.

As already mentioned, three types of Gaucher’s disease
exist: type 1 without, type 2 with acute, and type 3 with sub-
acute primary involvement of the central nervous system.
Characteristically, the disease is quite heterogeneous geno-
typically and phenotypically, and type 1 is the most common.

In type 1 Gaucher’s disease, engorged macrophages
cause enlargement of liver and spleen and sometimes their
functional impairment. The bone marrow can be filled with
storage cells (macrophages), which affects the normal hema-
topoiesis. Thus, bleeding caused by thrombocytopenia is
commonly observed. Bone lesions are often detected as well.

The ultrastructural features observed in cells affected in
type 1 Gaucher’s disease are of such a characteristic appear-
ance that they permit diagnosis by electron microscopy in
biopsies. The lysosomal accumulation occurs in phagocytic
cells, especially in the bone marrow, liver, and spleen.
Gaucher’s cells become often greatly enlarged (up to 200 pm
in diameter) because of the presence of large numbers of
elongated and distended lysosomes. Panel A shows an

affected Kupffer cell in a liver biopsy of a Gaucher’s patient.
The pathognomic appearance of the cytoplasm has been
described as wrinkled tissue paper. At higher magnification
(panel B), the stored substrate in the lysosomes consists of
typical sheaves of twisted tubulus-like structures.

Type 1 Gaucher’s disease represents a classical example
of enzyme replacement therapy. The efficacy of the treat-
ment was improved with the use of enzyme genetically tai-
lored to carry oligosaccharides recognized by the cell surface
mannose receptor present on macrophages. This resulted in
preferential and efficient internalization of the enzyme by
macrophages.
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FABRY DISEASE

Fabry’s disease is an X-linked, recessively inherited, lyso-
somal storage disease caused by a deficiency in catalytic activ-
ity or absence of lysosomal a-galactosidase A. This results
in the lysosomal accumulation of glycosphingolipids with
terminal a-galactosyl residues such as globotriaosylceramide
and to a lesser extent of galabiosylceramide and blood group
B substance. Clinically, classically affected hemizygotes with
undetectable enzyme activity and early disease onset have to
be distinguished from atypical hemizygotes with varying lev-
els of residual enzyme activity and either no clinical symp-
toms or late onset of disease restricted to the heart.

The gene coding for a-galactosidase A has been mapped
to chromosome Xq22.1. It is difficult to establish a genotype/
phenotype correlation inasmuch as neither the type nor the
location of a mutation has been of clear-cut predictive value.

In Fabry’s disease, the pattern of glycospingolipid deposi-
tion is highly characteristic and classically affects the endo-
thelium and smooth muscle fibers of vasculature, as shown
in panel A. The endothelia and smooth muscle fibers contain
a high number of lysosomes containing large amounts of
crystalline, birefringent depositions (asterisks in A), which
cause cellular enlargement. Ultrastructurally, the lysosomal
inclusions consist of concentric or parallel lamellar arrange-
ments as shown in panel B. At high magnification, alternat-
ing electron-dense and lucent bands are obvious, as illustrated
in panel C. The same ultrastructural features can be observed
in lysosomes in neurons of the central and peripheral ner-
vous system, podocytes and tubular epithelia of kidney, and
epithelial cells of cornea and heart muscle. In skin, Fabry’s
disease manifests as angiokeratoma consisting of markedly
dilated capillaries of the dermal papillae.

The accumulated glycosphingolipids can be detected
by the Bandeiraea simplicifolia lectin reactive with
terminal a-galactosyl residues or a monoclonal anti-
globotriasylceramide antibody. The main source for the stored
glycosphingolipids is endocytosed globotriasylceramide
(secreted by liver hepatocytes) associated with low-density

lipoprotein and high-density lipoprotein and globoside of red
blood cells, a precursor for globotriaosylceramide.

The functional consequences of the deposits manifest in
characteristic clinical signs. The changes of endothelia and
smooth muscle fibers of vasculature in kidney, heart, and
brain cause ischemia and may result in thrombosis, condi-
tions known to generate infarcts in these organs. Vascular
and tubular lesions together result in end-stage renal disease
and systemic hypertension. Depositions in nerve cells may
be the reason for paraesthesia, pain, hypohydrosis, and other
general neurological symptoms. In the heart, left ventricular
hypertrophy and mitral valve insufficiency are observed, in
addition to chronic ischemic disease and infarcts, because
these are the sites of preferential glycosphingolipid deposits.
In atypical hemizygotes, cardiac hypertrophy resulting in
cardiomyopathy may be the sole clinical manifestation of
Fabry’s disease.
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Gu, GANGLIOSIDOSES

The Gy, gangliosidoses represent a heterogeneous group of
lysosomal storage diseases characterized by the deposition
of Gy, ganglioside and related glycolipids. They are inher-
ited in an autosomal recessive manner. The basis for the vari-
ous forms of Gy, gangliosidoses lies in the multifaceted
catabolism of Gy, ganglioside, which requires complex for-
mation with the Gy, activator before hydrolysis by
B-hexosaminidase A and B can occur. Hence, mutations in
any of the genes coding for one of these three proteins can
result in disease.

Tay-Sachs disease and its variants are caused by muta-
tions of the HEXA gene mapped to chromosome 15, which
encodes the o subunit of hexosaminidase A. Sandhoff’s dis-
ease and variants are caused by mutations of the HEXB gene
mapped to chromosome 5, which encodes the § subunit com-
mon to hexosaminidase A and B. Gy, activator deficiency is
caused by mutations of the GM2A gene mapped to chromo-
some 5.

In Sandhoff’s disease, accumulation of glycosphingolip-
ids occurs not only in neurons but also in visceral organs
such as the liver, spleen, lymph nodes, lung, and kidneys. In
the liver, storage can be observed in Kupffer cells and in
hepatocytes (panels A and B), which occurs in the form of
clustered and confluent membranous cytoplasmic bodies
(arrows in panel B). However, storage bodies composed of
irregular lamellar structures are often found in hepatocytes.

The clinical phenotypes of the Gy, gangliosidoses are as
complex as the genetic causes. All three, infantile and adult
as well as late onset forms, are known to have acute, sub-
acute, or chronic courses. All have in common the involve-
ment of the nervous system, with storage occurring in all
neurons. Characteristically, the perikarya are enlarged and
filled with storage bodies. Ultrastructurally, they consist of
concentrically arranged multilamellar membranous bodies.
Their fine structural appearance is therefore different from
those observed in Fabry’s (cf. Fig. 69), I-cell (cf. Fig. 67),

and Farber’s diseases (cf. Fig. 71) as well as in metachro-
matic leukodystrophy (cf. Fig. 187) and neuronal ceroid
lipofuscinosis (cf. Fig. 188). The presence of membranous
cytoplasmic bodies in perikarya causes malfunctioning of
neuronal circuits, resulting in dystonia, spinocerebellar
degeneration, and motor neuron disease. Abnormal wiring of
the neuronal circuits seems to be causative because of the
formation of aberrant synaptic contacts. The exact pathoge-
netic mechanism is unclear, however.

SER: smooth endoplasmic reticulum; M: mitochondria;
arrowheads: glycogen particles.
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FARBER DISEASE

Farber’s disease, also called acid ceramidase deficiency or
Farber lipogranulomatosis, is an autosomal, recessively
inherited lysosomal disorder in which ceramide accumu-
lates. Although present in large amounts in cells affected by
the disease, this ceramide does not function as a signaling
molecule because it is enclosed in lysosomes.

The prominent histological lesions are granulomas con-
sisting of foam cells (lipid-loaded macrophages) surrounded
by macrophages, lymphocytes, and multinucleated cells or
solely lipid-filled macrophages and histiocytes. In panel A,
which is from a skin biopsy of a patient with classic Farber’s
disease, a macrophage is shown that contains numerous,
large (2-3 pm), irregularly shaped inclusions that have a lim-
iting membrane (asterisks). The limiting membrane repre-
sents the lysosomal membrane. At higher magnification, the
highly characteristic ultrastructural appearance of the con-
tent of the inclusions is apparent (panel B). It consists of
comma-shaped curvilinear tubules referred to as Farber bod-
ies. Because of this shape, they are also called banana bod-
ies. These structures are pathognomonic for Farber’s
disease.

The disease is caused by a deficiency of lysosomal acid
ceramidase, which in its mature form is a 53 kDa glycopro-
tein composed of a 13 kDa o subunit and a 40 kDa f subunit.
The rate of ceramide synthesis is normal, but ceramide
resulting from the degradation of complex sphingolipids
cannot be hydrolyzed. The gene coding for both ceramidase
subunits has been mapped to chromosome 8p21.3/22. Thus
far, a few disease-causing point mutations and two splice site
mutations causing deletions of exon 6 and exon 13 have been
found, which account for the different types of Farber’s dis-
ease. Clinically, seven phenotypes can be distinguished, of
which five differ solely in severity of illness and organ mani-
festation. Type 6 is a combination of Farber’s disease and
Sandhoff’s disease, and type 7 corresponds to a combined
deficiency of acid ceramidase, glucocerebrosidase, and
galactocerebrosidase. The classical symptoms consist of

painful swelling of joints, presence of subcutaneous nodules
at affected joints and pressure points, and progressive hoarse-
ness due to involvement of the larynx. Additional symptoms
are hepatosplenomegaly (type 4) or progressive neurological
symptoms (type 5).

The diagnosis can be made on the basis of the typical
clinical symptoms mentioned above, measurement of acid
ceramidase activity, which is dramatically reduced (<6 % of
normal), and electron microscopic analysis of skin biopsies.
Prenatal diagnosis is possible by measuring acid ceramidase
activity in cultured amniotic cells or chorionic villus
samples.
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WOLMAN DISEASE

This lysosomal storage disease is an autosomal recessively
inherited disorder and is caused by a deficiency of lysosomal
acid lipase activity. The structural gene for acid lipase has
been located on chromosome 10q23. The mutations in
Wolman’s disease are diverse and include nonsense muta-
tions, frameshifts, missense mutations, and exon skipping.
The deficiency in acid lipase results in massive lysosomal
accumulation of cholesteryl esters and triglycerides, which
causes hepato-splenomegaly. Deposits also occur in the
adrenal glands, causing necrosis and calcification. As a con-
sequence of defective release of free cholesterol from lyso-
somes, low-density lipoprotein receptors and HMG-CoA
reductase are upregulated. This results in enhanced de novo
cholesterol synthesis and enhanced receptor-mediated cho-
lesterol endocytosis. The outcome of this vicious cycle is
additional increases in lysosomal deposition of lipids.

In hepatocytes of a liver biopsy from an affected individ-
ual, droplet-like, enlarged lysosomes (asterisks) that occupy
most of the cytoplasm can be easily detected by transmission
electron microscopy. These droplet-like structures are lim-
ited by a membrane representing the lysosomal membrane
(inset). The stored material has no particular texture, which
is in contrast to other lysosomal storage diseases such as
Gaucher’s (cf. Fig. 68), Fabry’s (cf. Fig. 69), and Farber’s
disease (cf. Fig. 71), in which the appearance of the accumu-

lated material can be a specific structural hallmark for a sin-
gle disorder or a group of disorders. Wolman’s disease results
in hepato-splenomegaly.
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GLYCOGENOSIS TYPE Il

This lysosomal glycogen storage disease is autosomal reces-
sively inherited and also named acid maltase deficiency or
Pompe’s disease. In all other types of glycogenoses, glyco-
gen deposits are cytosolic. The lysosomal glycogen storage
results from defective lysosomal acid a-glucosidase activity
whose gene has been mapped to chromosome 17q25. A large
number of mutations are spread throughout the gene.
Clinically, the disease spans a range of phenotypes, all of
which are associated with myopathy caused by glycogen
accumulation in cardiac, skeletal, and smooth muscle.

The glycogen accumulation in lysosomes of liver hepato-
cytes, which is also a tissue of major glycogen deposition, is
shown in panel A (asterisks). In the inset, the presence of the
lysosomal membrane is illustrated (arrows). Structurally, the
glycogen appears normal. In addition, large areas of the
hepatocyte’s cytoplasm are occupied by glycogen, which is
not pathological.

CYSTINOSIS

This is an autosomal recessively inherited, rare disorder of
lysosomal membrane transport. The defect lies in the carrier-
mediated transport of cystin across the lysosomal membrane.

The disease is characterized by the accumulation of free
cystine in lysosomes (10-100 times the normal lysosomal
amount), which then forms crystals that can be detected in
the electron microscope (asterisks in panel B). These crys-
tals, which can be observed in the lysosomes of many tis-
sues, lead to a progressive damage of lysosomes. Rectangular
cystin crystals are birefringent. The disease manifests mainly
in the kidney and causes the renal tubular Fanconi syndrome
and glomerular damage. An elevated cystine content in leu-
kocytes of peripheral blood is diagnostic.

The cystinosis gene, CNTS, is located on chromosome
17p13 and transcribes a 2.6 kb mRNA that codes for the 367
amino acid long cystinosin, which is a polytope membrane
protein. Most cystinosis patients from northern Europe are
homozygous for a 57 kb deletion extending from exon 10
upstream.
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AUTOPHAGY: LIMITED SELF-DIGESTION

Macroautophagy, named autophagy, is a basic process that
operates under physiological and pathological conditions
and represents a third digestive cellular system, which is
functionally connected with lysosomes. Autophagy is typi-
cally enhanced during starvation and after functional over-
load or cellular injury. It results in remodeling of the
cytoplasm and removal of excess organelles. Although long
regarded as a nonspecific process, autophagy can be selec-
tive, involving autophagic adaptor proteins. Autophagy is not
only an important cellular degradation mechanism, but also
plays active roles in cancer, immune defense, and apoptosis.

Autophagy results in the segregation and digestion of part
of the cytoplasm, which involves the sequential formation of
the isolation membrane, autophagosomes, and autolysosomes.
The highly coordinated process and various machinery pro-
teins encoded by a family of autophagy related genes (ATG)
are well characterized. LC3 (Atg8 in yeast) is a useful marker
for the immunocytochemical detection of autophagosomes.
Initially, the double-membraned, cup-shaped isolation mem-
brane is formed. As shown in panels A, B and C, the isolation
membrane (arrowheads) may by narrow or shallow and sur-
rounds part of the cytoplasm. The origin of the isolation mem-
brane remains a matter of debate, but there probably is not a
single source. In the maturation model, the isolation mem-
brane is derived from plain rough endoplasmic reticulum
(RER), although transitional elements of the RER and endo-
plasmic reticulum — mitochondria junctions may be involved
as well. Isolation membranes originate from omega-shaped
subdomains of the RER called omegasomes. From three-
dimensional tomograms, RER subdomains have been shown
to surround the isolation membrane and to be continuous with
each other. Panels D and E show the intimate relation between
RER and an isolation membrane (IM), of which a part is
sandwiched between two RER cisterna (panel D). Panel E is
representative of isolation membrane elongation, which pro-
gressively engulfs part of the cytoplasm. The expansion and
finally closure of the isolation membrane by the sealing of its
edges results in the formation of a unique double-membrane-
limited vesicle, the autophagosome. Such a double-mem-
brane-limited autophagosome, which contains cytoplasm, is
shown in panel F (arrowheads point to cross-sectioned parts of
the double membrane). The formation of the autophagosomes

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,

DOI 10.1007/978-3-7091-1830-6_6, © Springer-Verlag Vienna 2015

is a fast process and it seems that the Golgi apparatus, the
plasma membrane, and endosomes contribute to the expan-
sion process. Autophagosomes have no digestive capacity.
Only following fusion with lysosomes (cf. Fig. 75) do they
obtain both lysosomal membrane proteins and lysosomal
enzymes, and they are then termed autolysosomes.
Autolysosomes initially are double-membraned, but their
inner limiting membrane is gradually digested by lysosomal
enzymes (AL 1 in panel G), which results in a single-mem-
braned autolysosome (AL 2 in panel G). Initially, autolyso-
somes contain well-recognizable cytoplasm, but later, as a
result of lysosomal digestion, unstructured electron-dense
material becomes prevalent (AL 2 in panel G), making it dif-
ficult to distinguish them from typical secondary lysosomes.
Fusion between autophagosomes and endosomes may occur,
resulting in the formation of amphisomes. Amphisomes con-
tain not only cellular but also endocytosed foreign material.
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SELECTIVE AUTOPHAGY OF PEROXISOMES: PEXOPHAGY

The autophagic removal of peroxisomes is called pexoph-
agy and represents one form of selective autophagy involv-
ing specific interactions between Atg proteins and receptor
molecules at the surface of peroxisomes. In mammalian
cells, LC3 (Atg8 in yeast) and Atg7, and the peroxin Pex14
interact with each other. The autophagic adaptor proteins
sequestosome1/p62 and NBR1 are also involved in pexoph-
agy and interact with monoubiquitinated peroxisomal
membrane proteins with their ubiquitin-binding domain
and with LC3 of the autophagosome membrane through
their LC3-interacting region. It should be noted that most
of the studies on pexophagy were performed with yeast and
that the molecular processes are different from those in
mammalian cells.

Pexophagy occurs at a basal level, but it also comprises
the removal of excess peroxisomes induced by experimen-
tal manipulation of rats as illustrated and discussed here.
As shown in panel A, excess peroxisomes (PO), induced in
rat liver by administration of di-(2-ethylhexyl)phthalate,
are surrounded and sequestered by a double membrane, the
isolation membrane-derived autophagosome (arrowheads
in panel A). In favor of its origin from the endoplasmic
reticulum, at this stage the autophagosomes exhibit the
endoplasmic reticulum markers glucose-6-phosphatase,
carboxyesterase 1, and the endoplasmic reticulum located
trimming glucosidase II. Initially, autophagosomes lack
lysosomal hydrolases, and the isolation membrane lacks
lysosomal membrane glycoproteins. However, fusion
between autophagosomes and lysosomes results in the
delivery of lysosomal hydrolases and membrane proteins
and creates autolysosomes. Panel B shows the fusion
between an autophagosome, which contains a peroxisome
and a mitochondrion, and a lysosome (the site of membrane
fusion is marked by arrows). Arrowheads mark the autopha-
gosome membrane. Note the locally distended space
between the inner and outer autophagosome membrane
resulting from the delivery of lysosomal content. Panel C
also shows fusion between autophagosomes and lyso-
somes (arrows). The immunogold labeling for a lysosomal

membrane glycoprotein is restricted to the fusing lyso-
somes (arrows) and not yet detectable along the autophago-
some membrane (arrowheads). The fusion between
autophagosomes and lysosomes, as illustrated in panels B
and C, results in the formation of autolysosomes. The pres-
ence of lysosomal hydrolases results in the degradation of
the inner membrane of the original autophagosomes and
their content. In panel D, intense immunogold labeling for
the lysosomal enzyme cathepsin B is present in several
autolysosomes (asterisks). An early autolysosome (arrow-
heads) is only weakly labeled for cathepsin B. On comple-
tion of the digestion, the autolysosomes may contain dense,
lamellar material composed of peroxidized lipids and other
indigestible substances. Such structures are referred to as
residual bodies and their origin from autolysosomes is not
more obvious.
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SELECTIVE AUTOPHAGY OF CELLULAR ORGANELLES AND CYTOSOLIC PROTEIN AGGREGATES

Selective autophagy occurs under steady state at low rate and
is promptly observed following organelle proliferation after
barbiturate-induced excess of smooth endoplasmic reticu-
lum, ER stress-induced excess rough endoplasmic reticulum,
and drug-induced supernumerary peroxisomes.

Reticulophagy or ER-phagy is illustrated in panels A and
B. An isolation membrane (IM in panel A) engulfs a cisterna
of rough endoplasmic reticulum (RER) and some cytoplasm
(cf. also panel C of Fig. 74). Because another RER cisterna
is present on the outside of the isolation membrane, this
could also represent an early stage of isolation membrane
formation from the RER (cf. Fig. 74). ER-phagy is clearly
visible in panel B, which depicts a double-membraned
autophagosome (AP) that contains RER and a small amount
of cytoplasm.

Mitophagy in liver hepatocytes is illustrated in panels C
and D. In panel C, cytoplasm with rough endoplasmic reticu-
lum cisternae (RER) and a mitochondrion (M) engulfed by
an isolation membrane (IM) is seen. Panel D shows an
autophagosome (AP) containing a mitochondrion (M 1).
Another mitochondrion (M 2) is surrounded to a large extent
by a ribosome-covered RER cisterna.

Autophagic removal of cytosolic protein aggregates that
can be commonly observed in chronic neurodegenerative
diseases or experimentally induced by overexpression of
mutant proteins or proteasome inhibition occurs by selective
autophagy. Panel E shows part of a CHO cell with numerous
electron-dense protein aggregates in the cytoplasm (arrows)
formed after proteasome inhibition with lactacystin. As
exemplified in panel F, protein aggregates become segre-
gated in autophagosomes (asterisk in AP) and as shown in
panel G are degraded in autolysosomes (AL).

Selective autophagy involves recognition of the respec-
tive organelle or protein aggregates and interaction with
autophagic adaptor proteins. The mechanism(s) involved in
pexophagy (cf. Fig. 75), mitophagy, and selective autophagy
of protein aggregates are well known, whereas those for
ER-phagy, lipophagy, and nucleophagy are far from being
understood.

Mitophagy in mammalian cells may be receptor-mediated
or ubiquitin-mediated. The former involves the outer mito-
chondrial membrane protein FUNDCI, which is phosphory-
lated and inactive under normoxic conditions. Following
hypoxia, the LC3-interaction region (LIR) of FUNDCI1
becomes de-phosphorylated and a substrate for LC3 of the

isolation membrane, which activates mitophagy. Mitophagy
physiologically occurs during reticulocyte-erythrocyte matu-
ration and is mediated by the outer mitochondrial membrane
protein NIX. Because NIX has a WXXL-like motif for inter-
action with LC3 of the isolation membrane, this mediates the
sequestration of reticulocyte mitochondria in autophago-
somes. Among the ubiquitin-mediated pathways of mitoph-
agy, the PINK1-Parkin pathway is well characterized. When
translocated to damaged mitochondria, PINK1 associates
with the TOM complex of the outer mitochondrial mem-
brane and is activated by autophosphorylation. Activated
PINK1 phosphorylates and recruits Parkin to damaged mito-
chondria, which in turn ubiquitinates mitochondrial sub-
strates. The autophagic adaptor protein sequestosomel/p62
interacts with ubiquitinated mitochondria through its
ubiquitin-binding domain UBA and with LC3 of isolation
membranes through its LIR domain and activates mitophagy.
Loss of function mutations of PINKI and PARKINI have
been shown to be associated with certain forms of Parkinson
disease.

The autophagy of cytosolic aggregates of (misfolded)
proteins is ubiquitin-mediated and involves the autophagic
adaptor proteins sequestosomel/p62, NBR1 and Alfy that
interact with ubiquitinated protein aggregates through their
UBA domain and target them either to LC3 (p62, NBR1) or
PI3P (Alfy) of isolation membranes for subsequent autopha-
gic degradation.
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MITOCHONDRIA: CRISTA AND TUBULUS TYPES, MITOCHONDRIAL NETWORKS, AND FISSION

Although known since the early days of microscopy,
mitochondria continue to attract extraordinary interest because
of their unique functions in both cell life and death. Dimensions,
shapes, and locations of mitochondria are strikingly different in
diverse types of cells in relation to the specific cellular func-
tions. Because of their obligatory double membranes and char-
acteristic inner compartmentalization, it is easy to discriminate
mitochondria from other membrane-bound organelles, such as
peroxisomes (cf. Fig. 79), under the electron microscope.

Panel A shows a mitochondrion of the crista type in a rat
pancreatic acinar cell, surrounded by cytoplasm with densely
packed cisternae of the rough endoplasmic reticulum.
Mitochondria are located mainly at sites where energy is
needed and, according to the requirements, change their
locations and undergo temporary alterations in shape, form-
ing long “filamentous” organelles and extended intracellular
networks. A mitochondrial network with a ring-like architec-
ture and branching arms is shown in panel C. Outer and inner
mitochondrial membranes enclose the intermembrane space.
The outer membrane contains voltage-dependent anion
channels, the mitochondrial “porins” that allow ions and
small molecules to enter the intermembrane space, creating a
milieu resembling that of the cytoplasm. The inner mem-
brane is impermeable to ions because of its enrichment in the
phospholipid cardiolipin. It surrounds the mitochondrial
matrix and contains the proteins for the oxidation reactions
of the respiratory electron-transport chain, adenosine tri-
phosphate (ATP) synthesis, and regulation of the metabolite
transport into and out of the matrix. The inner membrane
consists of two domains: the inner boundary membrane
residing adjacent to the outer membrane and invaginations,
which in most cells have the form of cristae (arrowheads in
panel A), although other forms, such as tubular projections,
occur as well. The latter are typical for steroid hormone-
producing cells and are shown in panel B in an endocrine cell
of the ovary (T-tubular projections). Inner boundary mem-
branes and cristae membranes are connected by tubular
openings, the crista junctions. For their maintenance and for-
mation of contact sites to the outer membrane, a large
heterooligomeric protein complex of the inner membrane,
termed MICOS (mitochondrial contact site and cristae orga-
nizing system), has a pivotal role.

The matrix contains the enzymes of the citric acid cycle
and enzymes engaged in fatty acid p-oxidation. In panel A,
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dense matrix granules are visible, being important for the
storage of Ca** and other divalent cations. Furthermore, the
mitochondrial DNA and the machineries for protein synthe-
sis, ribosomes, and tRNAs are contained in the matrix. Only
some of the mitochondrial proteins are encoded by the mito-
chondrial genome and synthesized in the matrix. Most of the
mitochondrial proteins are synthesized on free ribosomes in
the cytoplasm and are posttranslationally translocated across
the mitochondrial membranes to reach their functional desti-
nations inside the mitochondria. Three membrane protein
complexes, the translocase of the outer membrane (TOM),
the presequence translocase of the inner membrane (TIM
23), and the protein insertion complex of the inner mem-
brane (TIM 22), build up the central machineries for recog-
nition and translocation of mitochondrial precursor
proteins.

Mitochondria are highly dynamic organelles. They
increase in number by division throughout the interphase,
taking place independent of the cell cycle. Ongoing fusion
and fission events are required for the maintenance of regular
mitochondrial structures and functions. A fission event is
shown in panel D (arrows).

Mitochondria are sensitive to cellular stress and have a
pivotal role in the initiation of programmed cell death. As a
major event, cytochrome c is released from the intermem-
brane space into the cytoplasm, initiating the cascade of pro-
teolytic reactions that result in the apoptotic changes of the
cell (cf. Fig. 15).
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ABNORMALITIES OF MITOCHONDRIA

Structural abnormalities of mitochondria are found most
often in inherited disorders affecting the skeletal muscle
(myopathies) and central nervous system and in addition can
be caused by drug toxicity (alcohol, hydrazine, some antiret-
roviral drugs). Although these are quite different diseases
and involve different pathogenetic mechanisms, the observed
structural changes of the mitochondria are alike. These
abnormalities consist not only of an increase of the number
of mitochondria but also of an enlarged and abnormal shape,
variations in the number of cristae and particular patterns of
cristae, and abnormal inclusions. The functional conse-
quences of these mitochondrial abnormalities can be far
reaching and systemic due to the common underlying impair-
ment of oxidative phosphorylation.

In panel A, a detail from a skeletal muscle fiber (cross-
sectioned myofibrils marked by an asterisk) is shown with
numerous mitochondria that contain several paracrystalline
inclusions. Such paracrystalline inclusions can be observed
in mitochondrial encephalomyopathies, which are a hetero-
geneous group of disorders. Furthermore, such inclusions
occur in specific mitochondrial disorders.

In panel B, a group of mitochondria of various sizes and
shapes is shown. Some contain cristae arranged in parallel
order, which is normal, as is their size (arrows). However,
other mitochondria are greatly enlarged and are filled with
concentric cristae, which is abnormal (arrowheads). The
mitochondrial matrix appears to be inexistent.

In panel C, a mitochondrial abnormality caused by drug
toxicity is exemplified. These mitochondria of hepatocytes
are from a liver biopsy of a patient receiving an antiretroviral
drug. Cristae can be observed only rarely (arrow), and the
matrical substance is increased. However, the outer and inner
mitochondrial membrane is unmistakably seen, excluding
the possibility that these could be peroxisomes (cf. Fig. 79).

Paracrystalline mitochondrial inclusions as shown in panel A
can also occur during the course of treatment with antiretro-
viral drugs. Antiretroviral treatment with nucleoside analog
reverse transcriptase inhibitors results in impaired oxidative
phosphorylation through inhibition of DNA polymerase Y.
This causes myopathy, neuropathy, hepatic steatosis (lipid
accumulation in hepatocytes), and lactic acidosis. Treatment
with AZT (zidovudine) results in oxidative damage of mito-
chondrial DNA through production of peroxide. As a conse-
quence, this seems to affect mitochondrial DNA replication
and to reduce mitochondrial renewal. However, free radical
scavengers can be applied to protect against the AZT-induced
oxidative damage of mitochondrial DNA.

References

Barile M, Valenti D, Quagliariello E, Passarella S (1998) Mitochondria
as cell targets of AZT (zidovudine). Gen Pharmacol 31:531

Divi RL, Haverkos KJ, Humsi JA, Shockley ME, Thamire C, Nagashima K,
Olivera OA, Poirier MC (2007) Morphological and molecular course of
mitochondrial pathology in cultured human cells exposed long-term to
Zidovudine. Environ Molec Mutagenesis 48:179

Garcia de la Asuncion J, del Olmo M, Sastre J, Millan A, Pellin A,
Pallardo F, Vina J (1998) AZT treatment induces molecular and ultra-
structural oxidative damage to muscle mitochondria. Prevention by
antioxidant vitamins. J Clin Invest 102:4

Lewis W, Dalakas M (1995) Mitochondrial toxicity of antiviral drugs.
Nat Med 1:417

Li V, Hostein J, Romero NB, Marsac C, Mezin P, Bost R, Degoul F,
Fardeau M, Fournet J (1992) Chronic intestinal pseudoobstruction with
myopathy and ophthalmoplegia. A muscular biochemical study of a
mitochondrial disorder. Dig Dis Sci 37:456

Lindal S, Lund I, Torbergsen T, Aasly J, Mellgren SI, Borud O, Monstad P
(1992) Mitochondrial diseases and myopathies: a series of muscle
biopsy specimens with ultrastructural changes in the mitochondria.
Ultrastruct Pathol 16:263

Nunnari J, Suomalainen A (2012) Mitochondria: in sickness and in
health. Cell 148:1145

Magnification: x56,000 (A); x9,500 (B); x62,500 (C)


http://dx.doi.org/10.1007/978-3-7091-1830-6_8

Figure 78 157

g o

>

&
. I




THE CyTOoPLASM: PEROXISOMES AND PEROXISOMAL DISEASES

PEROXISOMES: MULTITALENTED ORGANELLES

Peroxisomes are ubiquitous organelles that contain cata-
lase and oxidative enzymes producing H,0O,. Depending
on cell type, their number, shape, and size vary. By elec-
tron microscopy, peroxisomes have a single membrane
that encloses a dense matrix that contains a crystalloid
core in some species (e.g., rat hepatocytes) but not in oth-
ers (e.g., human hepatocytes). The typical fine structure of
peroxisomes (PO) in rat liver hepatocytes with a dense
crystalloid core (asterisk) is shown in panel A, which also
illustrates how they differ in their fine structure from mito-
chondria (M). Cisternae of the endoplasmic reticulum
(ER) can be closely associated with peroxisomes and with
mitochondria (cf. Fig. 97). Usually, peroxisomes are
spherical, with a diameter as large as 1 pm in hepatocytes
and as small as 0.1 pm in fibroblasts. However, in kidney
tubular cells they may be angular. In specialized mamma-
lian cells, proliferating hepatocytes after partial hepatec-
tomy and some yeast, peroxisomes may form an
interconnected network of tubules and cup-shaped struc-
tures, which are referred to as peroxisomal networks.

A main function of peroxisomes is lipid metabolism.
Oxidases catabolize long-chain unsaturated fatty acids by
B-oxidation to acetyl CoA, and p-oxidize bile acid intermedi-
ates, leukotrienes, and prostaglandins. The oxidative
enzymes use molecular oxygen to carry out oxidative reac-
tions that result in the formation of hydrogen peroxide.
Hydrogen peroxide is used by peroxisomal catalase to oxi-
dize substrates such as alcohol, phenol, formaldehyde, and
formic acid. In hepatocyte and kidney epithelia, this repre-
sents an important detoxification reaction. In the liver, per-
oxisomes function in cholesterol metabolism and
gluconeogenesis. In the central nervous system, peroxisomes
catalyze the first biosynthetic reaction in the formation of
plasmalogens, the most abundant class of myelin phospho-
lipids. In the sebaceous glands of skin, they are involved in
the synthesis of complex lipids in sebum.

Immunoelectron microscopy has shown a remarkable
degree of compartmentation in peroxisomes. Catalase was
detectable in the matrix but not in the crystalloid core of rat
hepatocyte peroxisomes (panel B). On the contrary, urate
oxidase (panel C), a-hydroxy acid oxidase A, and xanthine
oxidase were confined to the crystalloid core. These cores
are composed of parallel bundles of hollow tubules. Ten
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primary tubules (5 nm inner diameter) are arranged in a
circle and form a centrally located secondary tubule (20 nm
outer diameter). Remarkably, both urate and xanthine oxi-
dase were restricted to the lumen of primary tubules. An
extreme example of compartmentation was observed for
angular peroxisomes of beef kidney. The crystalline core
contained urate oxidase, the noncrystalline central region
of the matrix D-amino acid oxidase, the peripheral matrix
region catalase and a-hydroxy acid oxidase A, and the mar-
ginal dense plates close but separated from the peroxisomal
membrane a-hydroxy acid oxidase B. Panel D shows the
presence of the 70 kDa peroxisomal membrane protein
(PMP-70). Under conditions of peroxisome proliferation,
the PMP-70 was found not only along the peroxisomal
membrane (panel D) but additionally in membranous loops
in continuity with it.
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PEROXISOME BIOGENESIS

All peroxisomal membrane and matrix proteins are encoded
by the nucleus and synthesized on polysomes. Peroxisome
biogenesis is multifaceted, and two models prevail that are
not mutually exclusive: de novo biogenesis involving transit
of peroxisomal membrane proteins through the rough endo-
plasmic reticulum and formation of peroxisomes by growth
and division of preexisting peroxisomes.

Originally, the endoplasmic reticulum was proposed as
the source of peroxisomes. More recently, this concept has
been revived. There is ample evidence that most peroxisomal
membrane proteins after synthesis on polysomes enter the
rough endoplasmic reticulum via the Sec61 translocon and a
few through the GET (Golgi to ER Traffic) complex. The
peroxisomal membrane proteins Pex3, Pex13, and PMP-70
assemble in endoplasmic reticulum subdomains and give rise
to preperoxisomal vesicles through budding. Pex19 and
Pex 16, which are mostly cytosolic proteins, become enriched
at the Pex3 endoplasmic reticulum subdomains and are
required for the budding process. This is followed by hetero-
typic fusion of preperoxisomes to form import-competent
preperoxisomes. Then import of peroxisomal matrix pro-
teins results in the formation of mature peroxisomes. In con-
trast to the membrane proteins, peroxisomal matrix proteins
are directly imported from the cytosol into the (pre-)peroxi-
somes. Their targeting depends on two different peroxisomal
targeting signals. The translocation of peroxisomal matrix
proteins is a multistep process involving the importomer of
the peroxisomal membrane.

Formation of peroxisomes by growth and division appears
to be not fully independent from de novo biogenesis; rather,
both are linked. It is well established that division of mature
peroxisomes occurs by fission. During the preceding growth
phase, preperoxisomes may fuse with daughter peroxisomes
derived from division of mature peroxisomes. Moreover, pro-
liferation and elongation of peroxisomes seems to involve
Pex11. Peroxisome fission, like mitochondrial fission (cf. Fig.
77), requires the action of dynamin-related proteins (DRP)
such as DRP Vpslp and Fislp. In addition, members of the
Pex30 peroxisomal membrane protein family also seem to
affect both the size and the number of peroxisomes. Three-
dimensional reconstruction of proliferating peroxisomes in
regenerating liver has provided strong morphological evidence
for the growth and division model. Panels A and B are electron
micrographs from regenerating liver in which peroxisomes

(PO) were revealed by catalase histochemistry. Based on
reconstructions from consecutive serial thin sections, the exis-
tence of both single spherical peroxisomes and elongated
interconnected peroxisomes was demonstrated (panel A).
Elongated peroxisomes showed constrictions (arrowheads in
panel A) as indications of incipient peroxisomal division.
Peroxisomes with tail-like extensions of 30-50 nm diameter
(arrows in panel B) were observed and the 3D reconstruction
demonstrated that as many as five peroxisomes were con-
nected by the tail-like extension to from a peroxisomal
network.

Altogether, it appears that peroxisomal biogenesis in
yeast and mammalian cells has many aspects in common, in
particular that both de novo biogenesis and formation by
growth and division co-exist.

M: mitochondria

References

Baumgart E, V6lkl A, Hashimoto T, Fahimi HD (1989) Biogenesis of
peroxisomes: immunocytochemical investigation of peroxisomal mem-
brane proteins in proliferating rat liver peroxisomes and in catalase-
negative membrane loops. J Cell Biol 108:2221

Geuze HJ, Murk JL, Stroobants AK, Griffith JM, Kleijmeer MJ, Koster
Al, Verkleij AJ, Distel B, Tabak HF (2003) Involvement of the endo-
plasmic reticulum in peroxisome formation. Mol Biol Cell 14:2900
Hoepfner D, Schildknegt D, Braakman I, Philippsen P, Tabak HF
(2005) Contribution of the endoplasmic reticulum to peroxisome for-
mation. Cell 122:85

Islinger M, Grille S, Fahimi HD, Schrader M (2012) The peroxisome:
an update on mysteries. Histochem Cell Biol 137:547

Ma C, Agrawal, Subramani S (2011) Peroxisome assembly: matrix and
membrane biogenesis. J Cell Biol 193:7

Schrader M et al (1998) Expression of PEX11f mediates peroxisome
proliferation in the absence of extracellular stimuli. J Biol Chem
273:29607

Tabak H, Braakman I, van der Zand A (2013) Peroxisome formation
and maintenance are dependent on the endoplasmic reticulum. Annu
Rev Biochem 82:723

Tam Y, Fagarasanu A, Fagarasanu M, Rachubinski R (2005) Pex3p ini-
tiates the formation of a preperoxisomal compartment from a subdo-
main of the endoplasmic reticulum in Saccharomyces cerevisiae. J Biol
Chem 280:34933

van der Zand A, Gent J, Braakman I, Tabak HF (2012) Biochemically
distinct vesicles from the endoplasmic reticulum fuse to form peroxi-
somes. Cell 149:397

Yamamoto K, Fahimi HD (1987) Three-dimensional reconstruction of
a peroxisomal reticulum in regenerating rat liver: evidence of intercon-
nections between heterogeneous segments. J Cell Biol 105:713

Magnification: x49,000 (A); x83,000 (B)


http://dx.doi.org/10.1007/978-3-7091-1830-6_7

Figure 80

161




162

The Cytoplasm: Peroxisomes and Peroxisomal Diseases

PEROXISOMES: ADAPTIVE CHANGES

Peroxisomes are remarkably flexible organelles that adapt
quickly to changing requirements. It is therefore not surpris-
ing that changes in the size and number of peroxisomes and
in the composition and amount of oxidative enzymes occur
in response to treatment with certain drugs and after expo-
sure to environmental pollutants. The enzyme induction is
not only dose-dependent but usually stronger in male com-
pared with female experimental animals and is species-
related; for example, rat and mice respond in a more
pronounced way than guinea pigs and humans. The adaptive
response is mediated by proteins belonging to the superfam-
ily of steroid hormone nuclear receptors referred to as per-
oxisome proliferator activated receptors (PPARs). It has
been shown that the peroxin Pex11 is involved in the regula-
tion of peroxisome proliferation, whereas Pex14 has an
essential role in peroxisome degradation by selective autoph-
agy, known as pexophagy (cf. Fig. 75).

An example of the peroxisomal changes observed in the
liver after treatment of rats with a hypocholesterolemic drug
is given in panels A and B. These animals received a drug that
inhibits 7-dehydrocholesterol-A’-reductase. Peroxisomes
were detected by histochemical demonstration of cata-
lase. Panel A shows a control with catalase-positive (black
stained) peroxisomes (PO) and mitochondria (M) and rough
as well as smooth endoplasmic reticulum in a hepatocyte.
As shown in panel B, treatment with the drug resulted in a
marked proliferation of peroxisomes (PO), which tended to
form clusters and showed high variability in shape and size.
Aggregates of peroxisomes were more frequently observed
in female rats. These changes were more pronounced in the
perivenous zone of the hepatic lobules. A similar region-
ally different response of peroxisomes in liver occurred in
response to xenobiotics. The proliferation of peroxisomes
was accompanied by a proliferation of the smooth endoplas-
mic reticulum. Peroxisomes were often surrounded by mul-
tiple layers of smooth endoplasmic reticulum. This change
was more pronounced in female animals.

Panels C and D provide examples of immunoelectron
microscopic evaluation of a specific peroxisomal enzyme in
response to different treatments. The changes in immunogold

labeling can be assessed quantitatively by counting the num-
ber of gold particles and relating them to surface unit of per-
oxisomal matrix. Treatment of rats with recombinant human
tumor necrosis factor-a (TNF-a) resulted in a marked reduc-
tion in immunogold labeling for the multifunctional peroxi-
somal enzyme hydratase-dehydrogenase-epimerase, as
shown in panel C. The higher labeling intensity for this per-
oxisomal enzyme in peroxisomes of untreated control rats
can be appreciated easily in panel E. Treatment of rats with
the cholesterol synthesis inhibitor bezafibrate, however,
resulted in induction of the enzyme, and this was reflected in
a marked increase of immunogold labeling (panel D).
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PEROXISOMAL DISORDERS

Peroxisomal disorders are inherited recessively and are due
either to deficiencies in single peroxisomal enzymes or in
peroxisome biogenesis.

Single peroxisomal enzyme deficiencies mainly affect
lipid metabolism and are represented by p-oxidation disor-
ders, defects in plasmalogen biosynthesis, isoprenoid bio-
synthesis, and detoxification. Peroxisome biogenesis
disorders (PBDs) are as complex as the biogenesis of peroxi-
somes. For example, the Zellweger spectrum comprises the
Zellweger syndrome, neonatal adrenoleukodystrophy, and
infantile Refsum’s disease. All PBDs are characterized by
defective peroxisomes. In patients with Zellweger syndrome,
absence of peroxisomes and structurally altered mitochon-
dria are a classic finding. Depending on the severity of a
PBD, a noticeable number of peroxisomes can be observed
by electron microscopy. The explanation for these findings is
that PBDs are caused by defects in peroxisomal matrix pro-
tein import. However, the targeting of peroxisomal mem-
brane proteins is not affected. Therefore, varying numbers of
peroxisome ghosts can be observed by electron microscopy.
Depending on the severity of the import defect, some peroxi-
somes may contain different amounts of matrix proteins.

The molecular defect in PBDs lies in mutations in various
peroxin genes, and most of the human PEX genes can be
affected. The peroxin Pex5 is the receptor for PST1 and is
involved in the initial steps of peroxisomal matrix transport.
Severe Pex5 deficiency causes Zellweger syndrome and a
less severe deficiency causes infantile adrenoleukodystro-
phy. By electron microscopy, all studied patients deficient in
Pex5 had cells with numerous peroxisomes that were lacking
matrix proteins to different degrees.

Animal models of Zellweger syndrome were created by
disrupting the PEX5 gene, which permitted detailed morpho-
logical and biochemical analyses. In contrast to normal mice,
the PEX57 animals had a severe peroxisomal matrix import
defect and no detectable peroxisomes. Panel A shows several
catalase-positive peroxisomes (PO), abundant glycogen, and
mitochondria (M) in a hepatocyte from control mouse

(PEX5**). Panels B and C illustrate the fine structural changes
in hepatocytes of Zellweger syndrome (PEX57") mice. They
lacked typical peroxisomes, but a few hepatocytes contained
peroxisome ghosts as identified by immunolabeling for
PMP-70. Moreover, hepatocytes had an increased number of
aggregates of pleomorphic mitochondria, which showed
abnormalities of their outer and inner membrane and most
prominently of cristae. The latter consisted mainly of rarefi-
cation of cristae, and curvilinear and circular alterations of
the cristae (arrows). These ultrastructural changes were asso-
ciated with lower expression levels and reduced activity of
mitochondrial respiratory chain complexes. It has been pro-
posed that the mitochondrial alterations were caused by
defective rescue of reactive oxygen species and defective
detoxification function of peroxisomes.
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THE CyTOPLASM: PARAPLASMIC INCLUSIONS

LIPID DROPLETS

Lipid droplets (LDs) are neutral lipid-containing structures
that play an essential role in energy storage and also have
additional functions. In addition to being a major structural
component of adipocytes (cf. Figs. 164 and 165), they are
ubiquitous organelles and their number and size in non-
adipocyte cell types can vary greatly. For instance, in liver
hepatocytes they are impressively increased following nutri-
tional overload, tissue hypoxia, and poisoning.

By conventional electron microscopy, lipid droplets (LD)
are observed as spherical bodies with a rather homogenous
content (panel A). Depending on cell type, the core of the
lipid droplets consists of varying ratios of triglycerides and
cholesterol and of diacylglyceride. Lipid droplet phospholip-
ids are phosphatidylcholine and lysophosphatidylcholine,
phophatidylethanolamine and lysophophatidylethanolamine,
and phosphatidylinositol. Lipid droplets are limited by a
single phospholipid layer, as shown in panel B from cryo-
electron microscopic analysis of isolated lipid droplets and
as schematically depicted in panel C. Hence, no distinct lim-
iting membrane can be observed by conventional electron
microscopy. This is in contrast to other cytoplasmic organ-
elles that are surrounded by a phospholipid bilayer (panels D
and E), which can be seen as a double-layered unit mem-
brane. It is generally assumed that the proteins of lipid drop-
lets such as perilipin, adipocyte differentiation-related
protein (ADRP), and TIP47 (named PAT proteins) as well as
caveolin-1 and a variety of other proteins are embedded in
their surface.

For the biogenesis of lipid droplets, various models have
been proposed. It is generally agreed that the endoplasmic
reticulum is the site of lipid droplet formation, although the
initial stage of formation has not convincingly demonstrated
by electron microscopy. Panel F illustrates the intimate rela-
tionship between the two organelles. The endoplasmic retic-
ulum (ER) forms what is called an ApoB-crescent
(arrowheads in panel F) upon immunohistochemical local-
ization of adipocyte differentiation-related protein (ADRP)
and apolipoptotein B-100. The ApoB-crescent should not be

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,
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confused with contact sites between endoplasmic reticulum
and lipid droplets (cf. Fig. 97). Panel G depicts schematically
two proposed models of lipid droplet biogenesis. They have
in common the presence of a tiny lipid ester droplet between
the inner and outer phospholipid leaflet of the ER membrane.
This lipid droplet leaves the ER either by a budding-fission
process, which is currently widely accepted, or by hatching.
In either case, the cytoplasmic phospholipid leaflet forms the
surface phospholipid layer of the lipid droplet.

Figures A-G from Fujimoto et al. (2008) Histochem Cell
Biol 130:263.
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The Cytoplasm: Paraplasmic Inclusions

GLYCOGEN

Glucose is an important source for energy, and glycogen is
its cellular storage form, which is most abundant in liver and
muscle. Glycogen is found in the cytoplasm in the form of
granules ranging from 10 to 40 nm in diameter, the so-called
B particles, which are typical for muscle cells. In hepato-
cytes, the p particles assemble to form characteristic rosettes
of glycogen, the a particles (arrows). The o particles do not
consist solely of glycogen but additionally contain various
enzymatic proteins involved in the synthesis of glycogen,
hence the name glycosomes. During glycogen synthesis,
glycogenin, which initiates the synthesis, and glycogen syn-
thase, which elongates the glucose chain, form a complex
with glucose.

The glycosomes are often closely related to the smooth
endoplasmic reticulum. The smooth endoplasmic reticulum
contains glucose-6-phosphatase, which is involved in the
final step of breakdown of glycogen and hydrolyses

GLYCOGENOSISTYPEI

As has been described, the biosynthesis and breakdown of
glycogen are complex. Equally multifaceted are the inherited
disorders of glycogen metabolism, of which more than 12
disease types are presently known.

The type I glycogen storage disease (glycogenosis type I,
glucose-6-phosphatase deficiency, von Gierke’s disease) is
an autosomal recessive trait that is caused by deficiency of
glucose-6-phosphatase activity. The disease may be caused
by a partial or complete deficiency of the -catalytic
enzyme subunit or the entire enzyme. The gene coding for
the enzyme has been mapped to chromosome 17q21 and that
for the translocase to chromosome 11q23. Mutations that
affect the transmembrane domain of glucose-6-phosphatase
cause more severe reduction in enzyme activity than muta-
tions in one of the two luminal loops. Interestingly, ethnic-
specific mutations have been found.

By electron microscopy, the glycogen deposits are
observed as glycogen particles in the cytosol of the hepato-
cytes (panel B). These deposits are massive and fill most of
the cytoplasm of the hepatocytes. Structurally similar cyto-
solic glycogen depositions occur in the other types of glyco-
gen storage diseases, with the exception of one lysosomal
glycogen storage disease (cf. Fig. 73A). The accumulation of
glycogen occurs in liver, kidney, and intestinal mucosa and

glucose-6-phosphate to glucose and phosphate. Remarkably,
this enzyme is present in high levels only in liver, kidney, and
the insulin-producing pancreatic beta cells. Inherited defi-
ciency of this enzyme results in a glycogen storage disease
(see below).

M: mitochondrion; PO: peroxisome
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causes hypoglycemia and lactic acidosis. The treatment is
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centrations by special nutritional regimen.
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The Cytoplasm: Paraplasmic Inclusions

ERYTHROPOIETIC PROTOPORPHYRIA

This is an autosomal dominant disease in which a partial
deficiency of the enzyme ferrochelatase is the causative
defect. Ferrochelatase is present in the inner mitochondrial
membrane and is the last acting enzyme in the heme bio-
synthesis. It inserts the iron into protoporphyrin IX to
yield the heme. The gene locus coding for the enzyme is at
chromosome 18q23.1 and a whole spectrum of disease-
causing mutations has been detected in all 11 exons. In
patients, protoporphyrin accumulates in the erythroid cells
of bone marrow and circulating erythrocytes, is elevated in
the plasma, bile, and feces, and can cause cutaneous
photosensitivity.

The liver is affected in a minority of patients, giving rise
to characteristic hepatobiliary complications. By electron
microscopy, numerous starburst, crystalline inclusions of
varying sizes (arrows) are found in the cytoplasm of hepato-
cytes. These characteristic inclusions are composed of a fila-
mentous crystalline material. They are also present in
Kupfter cells, bile ductal epithelia, and ductal lumen as well
as bile canalicular lumens.
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THE CyTOoPLASM: CYTOSKELETON

CYTOCENTER, CENTROSOME, AND MICROTUBULES

The electron micrograph shows the cytocenter of a bone
marrow cell of the granulopoietic lineage. It consists of the
centrosome with one of the pair of centrioles in the center,
abundant radiating microtubules (arrows), and stacks of the
Golgi apparatus organized in a circle around the centrosome.
In interphase cells, the cytocenter is most commonly located
close to the nucleus, which can be seen in the uppermost part
of the micrograph. The centrosome is dynamic and, thus, it is
important to distinguish between growing and quiescent
cells. It contains the centrioles embedded in an amorphous
protein matrix and functions as the microtubule-organizing
center with gamma-tubulin rings in the matrix, serving as
nucleation sites for the growth of microtubules.
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The biogenesis of centrioles either takes place associated
with a preexisting centriole or de novo. The diagram (drawn
according to Bornens 2002) shows the main components of
the centrosome of a cell in the G1 phase containing a
differentiated mother centriole (MC) and a daughter centri-
ole (DC). The centrioles are linked by a matrix (dotted line)
and embedded in a larger pericentriolar area (outer line, dou-
ble arrows). Assembly of the matrix is assumed to be trig-
gered by the centrioles through various microtubule-binding
proteins (open arrowheads). Juxtacentriolar structures,
known as satellite (S), are seen as precursor complexes
occurring during centriole duplication. Microtubules are
nucleated in the vicinity of both centrioles (Mt), but only the
fully differentiated mother centrioles possess appendages,
distal appendages (arrow) and subdistal appendages (aster-
isk), where microtubule asters (filled arrowheads) are
anchored. The centriole shown in the micrograph is cross
sectioned through its distal part, thus both the centrin core
and a corona of subdistal appendages with prominent tips are
visible. Part of a microtubule aster is to be seen associated
with the right lower appendage.
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EFFECTS OF MICROTUBULE DISRUPTION

The involvement of microtubules in main cellular tasks can
indirectly be studied by impairment of microtubule function
either by disruption of the microtubule network, for exam-
ple, by treatment with colchicine or nocodacole, or by
administration of substances that stabilize microtubules,
such as taxol. Because of the important role of microtubules
in the intracellular traffic, application of antimicrotubular
agents leads to an impairment or block of multiple cellular
pathways, including biosynthetic and secretory routes, endo-
cytosis pathways, and transcytosis. Microtubules are required
for regular organization and localization of the Golgi appara-
tus and also have a crucial role in the polarization of cells.
Disruption of the microtubule system leads to characteristic
cell changes.

In many types of cells, the Golgi apparatus is localized
around the centrosome (cf. Fig. 86) and several nonmotor
microtubule-binding proteins have been shown to be associ-
ated with the Golgi apparatus. The transport of pre-Golgi
intermediates from endoplasmic reticulum exit sites in
peripheral regions of cells to the cytocenter and finally to the
Golgi apparatus also occurs along microtubules and involves
minus end-directed motor proteins. After disruption of the
cytoplasmic microtubules, the Golgi apparatus loses its char-
acteristic position, becomes vacuolized, and is dispersed
throughout the cytoplasm. This is shown in small intestinal
absorptive cells of rats 6 h after treatment with colchicine
(panels A and B). The Golgi apparatus, which is localized
normally in the supranuclear cytoplasm of the absorptive
cells (cf. Fig. 128), has disappeared from this site and vacu-
olized Golgi components are present in uncommon positions
close to the basal cell surface (arrowheads). The former
Golgi stacks, although redistributed and vacuolized, still
contain lipoprotein particles (asterisks), similar to Golgi cis-
ternae of untreated cells. Treatment with colchicine also
leads to changes of the typical polarity of the absorptive
cells. A brush border of densely packed microvilli, which is
usually restricted to the apical cell surfaces, occurs at the
basolateral cell surfaces (Bb in panels A and C). It occupies
more than 3 % of the basolateral surface at 6 h after colchi-
cine administration. The diagram summarizes the cellular
changes occurring after microtubule disruption 6 h after
administration of colchicine.
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ACTIN FILAMENTS

Actin filaments form a dynamic skeletal and motility system
in all eukaryotic cells. Interacting with the other main com-
ponents of the cytoskeleton, microtubules (cf. Fig. 86) and
intermediate filaments (cf. Fig. 89), they are involved in all
kinds of cellular motion, including cell migration and divi-
sion, changes of cell shapes during exocytosis and endocyto-
sis, formation of filopodia and lamellipodia during cell
crawling, and transport of organelles and particles, including
internalized microorganisms. Free actin molecules (G-actin)
in the cytoplasm assemble by polymerization into a linear
double helical array to form filaments, measuring 6—8 nm in
diameter. Similar to microtubules, actin filaments are polar-
ized structures possessing a dynamic, fast-growing plus end
and a slowly growing minus end. Multiple actin-associated
proteins are involved in the regulation of actin polymeriza-
tion, and the arrangements and remodeling of higher archi-
tectures, such as networks and filament bundles. Actin is
recognized to be responsible for the viscoelastic properties
of cells. According to the requirements, actin filaments build
up stabile or dynamic zones, cortical networks beneath the
cell surfaces reinforcing the plasma membrane and exclud-
ing organelles, stress fibers forming cables between adhesive
junctions, or tracks for movement of myosin motor proteins.
Actin assembly also is reported to power the movement of
intracellular organelles. By actin filament comets, internal-
ized pathogens such as Listeria monocytogenes propel them-
selves through the cytoplasm.

Panels A-E show examples of actin filament arrangements.
Within the microvilli of the brush border of resorptive cells,
actin filaments, crosslinked and stabilized by associated pro-
teins, such as fimbrin, fascin, and villin, and connected with
the plasma membrane by myosins and calmodulin, form
regular bundles shown longitudinally sectioned in panel
A and cross sectioned in panel C. The filamentous core of
the microvilli continues into rootlets that protrude into the
cytoplasm beneath the brush border and, by being intercon-
nected by spectrins and attached to intermediate cytokeratin
filaments, contribute to the arrangement of the terminal web.
The filamentous system of the brush border and the terminal
web has a dual stabilizing and motility function. It is respon-
sible for the upright positions of the microvilli and the allover

organization of the brush border. Furthermore, by being in con-
nection with the belt desmosome of the junctional complex, it
builds up a cell-to-cell spanning motion system that changes
the diameters of the apical parts of the resorptive cells. This
leads to a tilting of the brush border microvilli, facilitating
contact with nutrients to be ingested. Panel D shows cross-
sectioned actin filament rootlets. Profiles of plasma membrane
invaginations are visible close to the actin filament bundles.
They are assumed to represent a membrane reservoir for
adaptations of the apical cell surface. Panels B and E show
actin filament bundles and tuft-like filament arrangements
(arrows) in the cytoplasm of high-pressure-frozen cultured
hepatoma cells. Close associations with vesicular organelles
(panel B) and cisternae of the endoplasmic reticulum (panel E)
are visible, recalling the prominent function of actin filaments
as a traffic system for cell constituents including transport of
messenger-RNAs.
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INTERMEDIATE FILAMENTS

The network of intermediate filaments, in addition to those
of microtubuli (cf. Figs. 86 and 87) and actin filaments (cf.
Fig. 88), constitutes the third part of the distinct, yet inter-
connected, cytoskeletal systems required for cellular stabil-
ity and dynamics. Intermediate filaments, which are often
organized in thick fibrils, provide mechanical support for the
cell. However, the intermediate filament scaffolds within
cells are not rigid but are dynamic, motile elements of the
cytoskeleton. Intermediate filaments proved to be even more
dynamic than other parts of the cytoskeleton. They are inter-
connected and in crosstalk with the microtubuli and actin
filament motion systems. With the aid of molecular motors,
such as kinesins and dyneins, filament precursors and short
filaments are delivered with high speed to specific cellular
regions, where they assemble to form long filaments.

The architecture of cytokeratin intermediate filaments is
illustrated in panels A and B. Cytokeratins (keratins), grouped
into acidic cytokeratins (type I) and basic cytokeratins (type II),
are the proteins of intermediate filaments of epithelial cells.
The electron micrographs show keratinocytes of the epider-
mal spinous layer. Cytokeratin filaments are bundled to form
thick fibrils, the tonofilaments (arrows), which form a dense
network within the cytoplasm excluding only the perinuclear
areas. Tonofilaments radiate into the intercellular bridges and
associate with the desmosomes, thus connecting adjacent
cells and forming a cell-spanning mechanical support of the
tissue. In panel C, immunogold labeling for keratin is shown,
which resulted in an intense labeling of the network of cyto-
keratin filaments in a keratinocyte.

The term “intermediate filament” refers to the 10 nm diam-
eter of the filaments, being in between the 24 and 7 nm diam-
eters of microtubules and actin filaments, respectively.
Intermediate filaments are assembled from fibrous proteins
encoded by a multigene family of more than 50 members. The
proteins possess a mostly alpha-helical central rod domain that
is flanked by globular domains on either end. Apolar protofila-
ments of 3 nm diameter are formed from pairs of helical
monomers that twist around each other to generate coiled-coil
dimers, which again twist around each other in an antiparallel
manner to form staggered tetramers. By lateral associations,

two protofilaments form protofibrils, and four protofibrils
associate to build up a 10 nm intermediate filament.
Intermediate filament proteins, including the lamins of the
nuclear lamina (cf. Fig. 13), are classified on the basis of
sequence similarities in the rod domain into six types. The pat-
terns of intermediate filament protein expression are cell-type
specific, and several distinct proteins are often co-expressed in
a given cell type for a certain time during cell differentiation
(cf. Figs. 138 and 139) and embryonic development.
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MALLORY BODIES

Mallory bodies represent cytoplasmic inclusion bodies that
are different from aggresomes (cf. Fig. 26). They are charac-
teristically observed in hepatocytes in chronic alcoholic liver
disease. However, they are not specific for alcohol-induced
hepatocyte damage inasmuch as they can be experimentally
induced in mice by prolonged feeding of griseofulvin or
dicarboxy-diethoxydihydro-collidine and were observed
under various other diseased states and experimental condi-
tions. Furthermore, Mallory bodies are not hepatocyte-
specific inclusion bodies, as they have been observed in other
cell types, such as alveolar epithelial cells and muscle fibers.
Mallory bodies share compositional similarities with Lewy
bodies found in Parkinson’s disease, neurofibrillar tangles in
Alzheimer’s disease, and neuronal inclusions in motor neu-
ron disease.

Mallory bodies are of a complex filamentous nature, com-
posed of hyperphosphorylated and ubiquitinated keratins 8
and 18 and several non-keratin proteins such as proteasomes,
sequestosomel/p62, and chaperones. Their size can be vari-
able, approaching that of the nucleus as seen in panel A. By
electron microscopy, Mallory bodies consist of a meshwork
of randomly oriented intermediate filaments and are free of
organelles such as the endoplasmic reticulum, mitochondria
(M), and Golgi apparatus (panels A and B). The dashed line
in panel B marks the border between the cytoplasm and a
Mallory body. The intermediate filaments can be identified
by immunoelectron microscopy as keratins (panel C). The
Mallory bodies shown in panels A—C were induced in cul-
tured rat hepatocytes stably expressing a misfolded polytope
membrane protein.
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THE PLASMA MEMBRANE

Cells are surrounded by the plasma membrane, which forms the
boundary between their cytoplasm and the environment. The
principal components of the plasma membrane and of all other
cellular membranes are (glyco)lipids and (glyco)proteins.

In ultrathin sections, the plasma membrane appears quite
simple in structure (panel A). It consists of two electron-
dense leaflets and a lucent space in between, together reach-
ing a thickness of about 75 nm. In the electron micrograph
shown, the trilamellar plasma membranes of two adjacent
enterocytes and the narrow intercellular space are visible.
This fine structural monotony does not reflect the asymmet-
ric and complex composition and the dynamic nature of the
plasma membrane, which differs between cell types.

Freeze-fracture electron microscopy is highly suitable for
the study of membranes and has provided proof of the pres-
ence of membrane-spanning proteins. The fracture plane pref-
erentially passes through the hydrophobic membrane interior
and produces two membrane halves: the P-face, which is the
cytosolic membrane half, and the E-face, which corresponds
to the external membrane half. In panel B, the E- and the
P-faces of two neighboring red blood cells are shown. Both
membrane faces are studded with intramembranous particles,
which are related to fractured transmembrane proteins. The
smooth parts of the fracture faces principally correspond to
membrane lipids. As seen in panel B, the P-face usually con-
tains a higher density of intramembranous particles. Variants
of the freeze-fracture technique applied to cell cultures permit-
ted the preparation of plasma membrane fracture faces of
enormous size, as shown in panel C. In contrast to the uniform
distribution of intramembranous particles in the erythrocyte
plasma membrane, those of cultured hepatocytes are irregu-
larly arranged. The clusters of intramembranous particles cor-
respond to coated pits involved in receptor-mediated
endocytosis (cf. Fig. 58). The numerous elevations correspond
to plasma membrane processes (cf. Fig. 92).

The plasma membrane performs two basic functions. On
the one side, the lipid bilayer constitutes an impermeable
barrier for most water-soluble molecules. On the other, its
membrane-spanning proteins make it porous for bidirec-
tional transmembrane transport and diffusion, communica-
tion and signaling, and cell-cell and cell-matrix interactions.
The lipid bilayer represents a two-dimensional fluid in which
both lipids and proteins are relatively mobile in the plane of
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the membrane. However, lipids and proteins may be con-
fined to specific membrane regions, the microdomains.
Hence, the name “fluid mosaic model of membranes.”

The lipid bilayer consists of phospholipids, cholesterol,
and glycolipids, which are differentially distributed in the
two membrane leaflets. The oligosaccharide side chains of
glycolipids are exclusively found on the outer plasma mem-
brane surface together with the oligosaccharides of glyco-
proteins and form the glycocalyx (cf. Fig. 94).

The plasma membrane asymmetry is not only confined to
the two lipid layers. The apical and the basolateral plasma
membrane in polarized cells can differ in their protein and
lipid composition in relation to their specific functions.
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CELLS IN CULTURE

Various cell types, including stem cells and epithelial, neuronal
and mesenchymal cells, as well as different tumor cell types,
can be grown in vitro as monolayers or in suspension. Routinely,
plastic tissue culture dishes are used and cells can survive and
multiply when supplied with appropriate culture medium, tem-
perature, and atmosphere. Epithelial cells in tissues are polar-
ized and monolayers of polarized epithelial cells can be
obtained when grown on porous tissue culture membranes.
Cell cultures provide excellent experimental tools because they
can be studied microscopically or analyzed biochemically and
can be used as host to synthesize and secrete foreign proteins
such as monoclonal antibodies and recombinant proteins.

Observation of living cells by light microscopy and of fixed
cells by scanning electron microscopy has provided a wealth
of information on cell spreading and locomotion under culture
conditions. Spreading of fibroblasts from a cell suspension
occurs through thin, thread-like protrusions, the filopodia,
which establish initial contacts with the substrate (arrowhead
in panel A) that finally result in a well-attached, flattened cell.
Attached fibroblasts and other cell types can crawl over the
substratum. This represents a directional movement associ-
ated with the formation of lamellipodia, which are flat, two-
dimensional protrusions formed at the leading edge of the
cells. Thus, moving cells are distinctly polarized (arrows in
panel A). Both types of cell protrusions contain actin: filopo-
dia have long, bundled filaments and lamellipodia orthogo-
nally cross-linked meshworks essentially arranged parallel to
the substratum. The actin filaments of the lamellipodia in con-
cert with myosin and microtubules and accessory cytoskeletal
proteins are the active principle for the cell movement. The
cytoskeleton is actively reorganized during cellular locomo-
tion and includes the formation, contraction, and disassembly
of actin networks in lamellipodia.

Panel B shows a group of rat hepatocytes attached to a
plastic support, which form a coherent, monolayered sheet.

Their surface is covered by microvilli-like membrane exten-
sions that can be clearly seen in an ultrathin section cut per-
pendicularly to the plane of the cell monolayer (panel C). The
ultrathin section shown in panel C reveals that the microvilli-
like extensions are restricted to the free cell surface and that
the basal cell surface is rather flat and focally attached to the
plastic support. Epithelial cells grown on a solid plastic or
glass support have a discoid shape, as seen in panels B and C,
and form adherens junctions and desmosomes at sites of lat-
eral cell-cell contacts. As mentioned, when grown on perme-
able, porous membranes, epithelial cells such as kidney
epithelial cells form a highly polarized cell monolayer. This
represents a most useful system to analyze aspects of polarity
of cellular traffic and cytoarchitecture.

Cell crawling is a basic phenomenon in living organisms
during embryogenesis and in adult organs. It is important for
the function of cells involved in inflammation and immune
defense, wound healing, and tissue remodeling as well as the
spread of malignant cells.
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BRUSH CELL

Specialized surface differentiations exist in brush cells, alter-
natively called tuft cells, caveolated cells, or solitary chemo-
sensory cells. Brush cells belong to a cell population that is
widely distributed in the epithelial organs of the gastrointesti-
nal and respiratory tracts, including the stomach, small and
large intestine, bile duct, gallbladder and pancreatic duct, tra-
cheal epithelium, and lung. The cells are so named for their
brush-like or tuft-like apical surface specializations formed
by long and thick microvilli, which differ from the microvilli
of the brush borders of absorptive cells (cf. Figs. 88 and 128).
A brush cell of the rat colon, which shows cytochemical
labeling for demonstration of sialic acid residues, is on dis-
play. The apical microvilli forming the tuft (arrow) protrude
into the gut’s lumen and tower above the brush border micro-
villi of the neighboring absorptive cells (arrowhead). The dif-
ferences in dimensions are clearly visible. Densely packed
actin filaments build up the core of the tuft microvilli and
extend into deep regions of the apical cytoplasm, where they
still are bundled (open arrow) and accompanied by microtu-
bules, intermediate filaments, and membrane vesicles.

Structural and functional characteristics point to the func-
tional connection with chemoreceptive tasks and with the
regulation of electrolyte concentrations in the secretory flu-
ids of hollow organs. The apical ultrastructure resembles
receptor cells in sensory epithelia, such as the sensory cells
in taste buds. Brush cells of the stomach, intestine, and pan-
creatic duct system express a taste cell-specific GTP-binding
protein, alpha-gustducin, which is particularly concentrated
in the apical pole of the cells, similar to the taste cells, where
it is associated with sweet and bitter gustatory functions.
Brush cells also are particularly rich in enzymes involved in
the production of nitric oxide (NO), such as NO synthase
I. Brush cells may have a role as chemoreceptive cells and
use NO as a paracrine gaseous messenger.

The microvilli plasma membrane contains a specialized
composition of glycoconjugates and seems to be turned
over rapidly. Both features are discussed in favor of a recep-
tive cell function of brush cells, a concept that is supported
further by the presence of intermediate filaments that are
characteristic for mature neurons. Brush cells express two

types of intermediate filaments, cytokeratin 18 filaments
and neurofilaments, a combination that is not known to
occur in other healthy cells. Cytokeratin 18 is densely con-
centrated in a network of intermediate filament bundles
extending from the cell periphery to the perinuclear cyto-
plasm, whereas it is absent from the apical cytoplasmic
regions, where actin filaments and microtubules are assem-
bled with neurofilaments.

Results show that brush cells localized in the mucosal epi-
thelium of the respiratory tract are cholinergic chemosensory
cells. They are able to detect products of bacteria, such as
quorum sensing molecules (QSM), in the fluid that lines the
airways, leading to changes in respiration and influences on
the regulation of mucociliary clearance.
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GLYCOCALYX (CELL COAT)

The outer surface of all animal cells is covered by a glycoca-
lyx composed of oligosaccharides (glycans) of glycoproteins
and glycolipids and a layer of secreted mucus, particularly in
the gastrointestinal, respiratory, and urogenital tracts. The
biological roles of the glycocalyx are diverse. In general
terms, it exerts stabilizing and protective functions. Specific
functions are related to the glycan structure and cell type and
to specific recognition and interaction of glycans with other
molecules. Certain glycans are important for development
and differentiation of organs through modulation of cell-cell
and cell-matrix interactions and signaling. They also can
function as receptors for certain pathogens or may represent
ligands for various receptors and can be involved in turnover
and trafficking of molecules.

The glycocalyx may be so well developed that it can be
observed by ordinary transmission electron microscopy.
The intestinal absorptive cells are an example. In panel A,
the brush border of an absorptive enterocyte is shown. At
the tips of the microvilli, the glycocalyx appears as promi-
nently visible antennulae microvillares (arrows). Panel B
represents cross-sectioned microvilli of an enterocyte and
staining with ruthenium red, a cationic dye that binds elec-
trostatically to ionized carboxylic acid groups of acid muco-
polysaccharides. This staining results in a highly increased
contrast of the glycocalyx. The drawbacks of this staining
are the nondiscriminatory reaction with polyanions and the
membrane impermeability of the dye, which limit its use for
compact tissues and staining of intracellular glycans. These
major limitations have been overcome with the use of lec-
tins and monoclonal anti-carbohydrate antibodies of defined
specificity and the use of tissue sections from Lowicryl
K4M embedded tissue or ultrathin frozen tissue sections. In
panel C, the sialic acid specific lectin from Limax flavus has

been used to detect sialic acid residues in the glycocalyx of
absorptive enterocytes. This resulted in gold particle label-
ing of the antennullae microvillares in the Lowicryl thin
sections. In panel D, a monoclonal antibody against the
blood group A substance has been applied to thin sections
from Lowicryl-embedded human duodenum of a blood
group A subject. The blood group A determinant, which is
terminal nonreducing N-acetylgalactosamine, is present in
the glycocalyx, and the adhering mucus as indicated by the
gold particle labeling.
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GLYCOCALYX: CELL TYPE SPECIFICITY AND DOMAINS

The analysis of the expression of various glycosyltransfer-
ases by Northern blot analysis and specific enzyme assays
has shown their differential tissue expression. On this basis,
the view is held that specific glycan structures in general
reflect the expression of the respective glycosyltransferases.
Cytochemical in situ studies provide distinct advantages
over Northern blot analyses and specific enzyme assays
because particular glycans can be localized to specific cell
types in organs with complex cellular composition. With the
application of lectins and monoclonal antibodies, histochem-
istry therefore represents an important tool in studies of cell
type-specific glycosylation and may provide a clue about
their possible functions.

Panel A shows the apical portions of a dark and a light
cell of normal human breast duct epithelium and provides an
example of cell type-specific and plasma membrane domain-
related expression of a glycan. This Lowicryl thin section
was incubated with a monoclonal antibody reactive with an
O-glycan in normal human breast and breast carcinoma. The
plasma membrane of the dark cell type is labeled (filled
arrowheads), and that of the adjacent light cells is unlabeled
(open arrowheads). A further detail is that the labeling of the
dark cell is restricted to the apical plasma membrane domain,
which is separated from the lateral plasma membrane by
junctions (arrows).

In panel B, part of a capillary loop from rat renal glomeru-
lus is seen and exemplifies another grade of glycocalyx domain
formation in the podocyte plasma membrane. The labeling in
the base of the podocyte foot processes (arrowheads) is the
result of binding of gold-labeled Helix pomatia lectin, which
has a nominal specificity for terminal, nonreducing
N-acetylgalactosamine residues. Lectin binding did not occur
to the rest of the podocyte plasma membrane as no labeling
was detectable in the capillary endothelial cells (asterisk) and

glomerular basement membrane. This showed that the podo-
cyte foot process plasma membrane is highly specialized in
terms of the composition of their glycocalyx. In contrast, the
wheat germ lectin, which has a nominal specificity for
N-acetylglucosamine residues, did label all regions of the
podocyte plasma membrane, the glomerular basement mem-
brane, and capillary endothelia (panel C). RBC: red blood cell.
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GLYCOCALYX CHANGES IN TUMORS

Particular glycans exhibit spatiotemporal expression patterns
during embryonic development and may become reexpressed
in malignant human tumors. Carcinoma-associated cell sur-
face glycans can be involved in invasive and metastatic growth
or of clinical importance as predictive markers. A commonly
observed change is the increased synthesis of B 1,6-branched
tri- and tetra-antennary glycans. This correlates with the meta-
static potential of certain tumors and is an independent predic-
tive marker in colon carcinoma. Sialylated glycans terminated
in a2,6-linked sialic acid or the sialosyl-Tn antigen are associ-
ated with colon carcinoma progression and of predictive value.
These findings, however, cannot be generalized.

Sialic acids also exist as homopolymers in a2,8-ketosidic
linkages and such a polysialic acid is present on the neural
cell adhesion molecule NCAM. This unique glycan modu-
lates cell-cell and cell-substratum interactions during brain
development and neuronal functions in the adult.
Unexpectedly, polysialylated NCAM was detected in embry-
onic kidney and found to be reexpressed in the Wilms tumor,
a highly malignant kidney tumor. In panel A, the presence of
an electron dense surface coat of variable thickness (arrow-
heads) in a Wilms tumor is demonstrated. Small lumina
(asterisks in panels A and C) are formed at sites of high sur-
face coat thickness because of reduced cell adhesion. This
surface coat has also been interpreted as a basement mem-
brane, but, as shown in panels B and C, consists of polysialic
acid as revealed by immunogold labeling with a monoclonal
antibody. Polysialic acid exists in malignant neuroendocrine
tumors and is of diagnostic importance. Experimental stud-
ies with small cell lung carcinoma cells have directly demon-
strated the role of polysialic acid for invasive and metastatic
growth properties. Clinical studies revealed the importance

of measuring serum levels of polysialic acid in patients with
neuroendocrine tumors as an indicator of tumor stage and
progression.
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CONTACT SITES OF ROUGH ENDOPLASMIC RETICULUM WITH MITOCHONDRIA,

THE PLASMA MEMBRANE, AND LIPID DROPLETS

The rough endoplasmic reticulum (RER) in mammalian
cells forms an intricate network. It has long been noticed that
it can be in close apposition to other organelles such as mito-
chondria. Electron microscopic analysis and biochemical
analysis have provided insight in the functional importance
and molecular composition of such organelle contact sites.

Contact sites between RER and mitochondria are exem-
plified in panels A—C. In a thin section from HepG2 hepa-
toma cells, a cisterna of the RER and a mitochondrion (M)
are observed in close proximity (arrowheads in panel A). At
the site of membrane contact, the RER is not covered by
ribosomes. In panel B, a RER cisterna is located between
two mitochondria (M). A membrane contact site with a
synapse-like appearance is established with the upper mito-
chondrion (arrowhead). The surface of the cisterna facing the
lower mitochondrion is covered by ribosomes and well sepa-
rated from the outer mitochondrial membrane (arrow). At
contact sites, the space between the apposing membranes is
narrow. In addition, panel C shows how spatially restricted
the membrane contact sites can be. Here, a RER cisterna
curves along a mitochondrion (M) and forms ribosome-free
contact sites only over a short distance (arrowheads). The
part of the RER cisterna between the two contact sites
(arrow) is covered by ribosomes. The RER-mitochondria
contact sites are involved in Ca?* exchange, signaling as well
as lipid flipping during lipid biosynthesis.

A different type of contact site involves the RER and the
plasma membrane. Panel D shows four consecutive serial
sections with a branching RER cisterna and the plasma
membrane (PM). In sections D2 and D3, a minuscule contact
site (arrowheads) can be observed. Although the RER mem-
brane involved in the contact site is ribosome-free, its surface
towards the cytoplasm is covered by ribosomes. The RER-
plasma membrane contact sites are involved in Ca* signal-
ing, in store-operated Ca?* influx or excitation-contraction
coupling in muscle cells. As other organelle contact sites,
they are implicated in lipid transport. Other membrane con-
tact sites exist between the RER and endosomes, lysosomes,
and the trans-Golgi apparatus (cf. Figs. 43 and 44).

Panels E and F illustrate a contact site between RER and
lipid droplets. Of note, lipid droplets are not limited by a
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membrane (cf. Fig. 83). As observed for the other contact
sites, a limited ribosome-free part of an RER cisterna is in
close apposition (arrowheads) with a lipid droplet (LD).
Panel F shows an extreme example of a common contact site
of RER with a mitochondrion (M) and a lipid droplet (LD).
The outer mitochondrial membrane is in close contact with
the smooth part of the RER membrane (arrowheads in M).
Likewise, close contact between the smooth part of the RER
membrane and the lipid droplet surface can be recognized
(arrowheads in LD). RER-lipid droplet contact sites function
in the transfer of neutral lipids to lipid droplets. In contrast to
other organelle contact sites, the molecular composition of
RER-lipid droplet contact sites is unclear. Rab18, a small
GTPase, may be involved. Furthermore, an interaction of the
ER protein fatty-acyl Coenzyme A ligase FATP1 with DAG
acyltransferase DGAT?2 of the lipid droplet surface has been
proposed. It must also be noted that the relation between
RER and lipid droplets is a dual one inasmuch as the RER is
the site of lipid droplet biogenesis (cf. Fig. 83).
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JUNCTIONAL COMPLEX

Cell to cell contacts are necessary for any higher organiza-
tion of cells and provide the basis for the formation of tissues
and organs. In epithelia, sheets of cells are formed by close
attachment of cells to each other, which is facilitated by cell
adhesion molecules and further stabilized and differentiated
by formation of specialized cell junctions. In multiple epi-
thelia, cells are attached to each other by junctional com-
plexes, composed of a characteristic combination of
occluding and adhering junctions that regulate paracellular
traffic and stabilize the tissue. Junctional complexes are sym-
metrical structures formed between adjacent cells and con-
sist of three components: a band of tight junctions, forming
an occluding zone in the top position (zonula occludens, ZO,
cf. also Fig. 99); a band of anchoring junctions in the middle
position (belt desmosome, zonula adhaerens, ZA); and a
circle of spot desmosomes in the bottom position (maculae
adhaerentes, MA, cf. also Fig. 101). The complexes are
localized mainly in the apical epithelial regions, as shown in
panel A, where all three parts of a junctional complex of the
small intestinal epithelium are on display (bracket), together
with adhering interdigitated regions of the lateral cell sur-
faces (arrow).

The uppermost occluding zone (ZO) occupies cell surface
areas close to the apical microvilli and determines the border
between apical and basolateral regions of the plasma mem-
brane. The plasma membranes of the neighboring cells are
completely linked at regular intervals, the sealing sites form-
ing interconnected ridges and networks that surround the
cells completely. In the thin section of the occluding zone
shown in panel A, the sealing ridges appear as connection
points (“kissing points”). The anastomozing ridges are visi-
ble in freeze fracture replica electron micrographs shown on
the next page (cf. Fig. 99).

The zonula adhaerens (ZA) is usually localized below the
occluding zone. It also forms a belt surrounding the cells
completely. In panel A, the adherent zone is cross sectioned.
A flat section through the adherent belt at a connection site of
three neighboring cells is displayed in panel B. The adherent
belt is associated with densely packed actin filaments. In the
cytoplasm nearby, multiple cross sections of the actin fila-
ment rootlets of the brush border microvilli extending into
the terminal web are visible (arrows; cf. Fig. 88). Formation
of belt desmosomes requires interactions of membrane-
spanning cadherins (desmocollins, desmogleins), plaque
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proteins  (desmoplakin, plakoglobin), and catenins.
E-cadherin molecules bind to partners localized in the appos-
ing plasma membrane of neighboring cells. At the cytoplas-
mic side, interactions of the E-cadherin tails with alpha- and
beta-catenins and formin-1 induce actin polymerization and
the assembly of the adherent belt-associated actin cytoskel-
eton, which is responsible for the cell-to-cell spreading
skeleton and motion systems (cf. also Fig. 88). The unravel-
ing of the molecular mechanisms of adherens junction orga-
nization with the involvement of actin, microtubules and
endocytosis led to greater insight into the processes of tissue
morphogenesis.

Spot desmosomes are shown in panel A (MA) and, at
higher magnification, in panel C. In a circle-like arrangement
below the belt desmosome, they represent the third part of
junctional complexes, but they also exist independently of
other cell contacts and, like buttons, attach cells to each other
at multiple sites of the lateral cell surfaces. They are associ-
ated with intermediate filaments, bands of which build up
interconnections between the individual spot desmosomes at
the lateral walls of cells and the basal hemidesmosomes (cf.
Fig. 109). The intercellular space is wider than it is in the
adhering belt and is occupied by the extracellular glycosyl-
ated portions of cadherins appearing as a dense, zipper-like
midline (arrow in panel C). Cytoplasmic plaques (arrow-
head) attached to the plasma membrane function as anchors
for the cadherins and for the intermediate filaments, which
insert into the plaques in a hairpin-like fashion (cf. Fig. 101).
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TIGHT JUNCTIONS AND GAP JUNCTIONS

Tight junctions have several major functions. They seal the
intercellular space in epithelial and endothelial cell layers
and prevent free paracellular passage of substances. They
determine the polarity of epithelial cells by creating a bound-
ary between the apical domain of the plasma membrane and
the basolateral domain and prevent diffusion of lipids and
proteins between them. Tight junctions recruit multiple cyto-
skeletal and signaling molecules at their cytoplasmic sur-
faces, which is seen in connection with regulatory processes
involving the actinomyosin cytoskeleton and with intercel-
lular adhesion signaling within epithelia and endothelia.
Furthermore, actual cell biology research is focused on the
roles of tight junction proteins in cell proliferation, transfor-
mations, and metastasis. Tight junctions may occur indepen-
dently of other cell contacts but are more often part of
junctional complexes forming an occluding belt in the top
position (cf. Fig. 98).

In freeze-fracture replica electron micrographs, tight
junctions are particularly visible as continuous, anastomoz-
ing strands of particles appearing on the protoplasmic face
(P-face; TJ in panels A and B), forming a band or complex
network. The number of tight junction strands is a crucial
factor in determining the barrier properties of tight junctions.
Transepithelial resistance increases with the number of par-
allel tight junction strands. The strands consist mainly of
aggregations of the proteins claudin and occludin, and asso-
ciated zonula proteins (ZO-1, ZO-2, and Z0O-3). Individual
strands associate with those of the apposing membrane of an
adjacent cell to form paired strands and to establish the “kiss-
ing points,” visible in thin sections under the electron micro-
scope (cf. Fig. 98). There is evidence that claudins form the
backbone of tight junction strands. Not only proteins but also
lipids are assumed to contribute to the formation of tight
junction strands by forming inverted cylindrical micelles.

Most types of epithelia and endothelia contain occlud-
ing junctions. They have a crucial role in the formation of
distinct barriers, such as the blood-brain barrier (cf. Fig.
178) and the blood-thymus barrier in endothelial cells, the
blood-testis barrier built by the Sertoli cells, and the barrier
sealing the bile canaliculi in the liver epithelium. The lat-
ter is shown in an in vitro culture system, using hepatoma
cells that organize themselves three dimensionally and form
anastomizing canaliculi lined by an apical dense microvilli
border (panel A, inset). Peroxidase-conjugated wheat germ

agglutinin, visualized by electron dense oxidized diamino-
benzidine, labels both the apical microvilli membrane of the
canaliculi and the basolateral plasma membrane, shown at
the left-hand side, but is prevented from entering the tight
junction area (TJ).

Gap junctions, or communicating junctions or nexus, are
cell contacts providing cell-to-cell communication by trans-
port of ions and small molecules up to approximately 1 kDa.
They are formed by integral membrane proteins, the connex-
ins. Six connexins assemble to form a hollow cylindrical
structure called a connexon. Connexons align with connexon
partners present in the apposing membrane of neighboring
cells, forming hydrophilic channels of communication
between the cytoplasms of adjacent cells. High Ca**- con-
centrations lead to a closing of the connexon channels. Gap
junctions allow chemical and electrical coupling of adjacent
cells that are particularly critical for heart and smooth mus-
cle cell action and regular embryogenesis.

The connexons are visible in freeze fracture replicas
under the electron microscope, appearing as aggregated par-
ticles organized in spots or large areas (GJ in panel B). They
can be distinguished clearly from the tight junction strands
(TJ). Electron micrographs of thin sections show that the gap
junction plasma membranes are closely apposed. The inter-
cellular space is extremely regular and narrow but is visible
as a gap none the less (panel B, inset), which is how the term
“gap junction” was coined.
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TUNNELING NANOTUBES

Cells in diverse organs and also when grown in culture can
communicate with each other by several means, including gap
junctions (cf. Fig. 99) and chemical synapses (cf. Figs. 178
and 179). A novel type of cell-cell communication has been
discovered, which is represented by tunneling nanotubes.

Tunneling nanotubes are membranous nanotubes with a
diameter varying depending on the cell type. In the pheo-
chromocytoma cell line PC12, their diameter is 50-200 nm
and their length is up to several cell diameters, as shown in
panel A. This is a scanning electron micrograph showing a
tunneling nanotube bridging two PC12 cells (arrow), the cell
type in which tunneling nanotubes were discovered. In con-
trast to other cellular protrusions, tunneling nanotubes of cul-
tured cells do not contact the substratum and bridge two cells
at their nearest distance. In panel B, a transmission electron
micrograph of a tunneling nanotube (arrow) connecting two
PC12 cells is shown. Panels C and D are higher-resolution
micrographs from consecutive serial sections of this tunnel-
ing nanotube, which demonstrate the continuity between the
tunneling nanotube membrane and the plasma membrane of
the two connected cells (arrowheads). In all cell types ana-
lyzed, tunneling nanotubes contain F-actin. The seamless
membrane contact provided by tunneling nanotubes permits
the lateral diffusion of certain plasma membrane proteins
and viruses between the connected cells. Probably equally
important, tunneling nanotubes permit the intercellular trans-
fer of organelles and cytoplasmic proteins and protein aggre-
gates as well as ions. Organelles delivered between cells by
tunneling nanotubes are represented by endosomal/lyso-
somal elements and mitochondria. Tunneling nanotubes have
been reported to mediate bacterial communication.

Tunneling nanotubes are formed de novo and have a
dynamic nature with a variable lifetime, thereby providing
only transient cell-cell contacts. For their formation, actin
polymerization appears to be important.

There is evidence for structural diversity of tunneling
nanotubes. In PC12 cells and many other cell types, tunneling

nanotubes are open-ended structures as described above and
illustrated in the panels B-D. In T-cells, however, the tunnel-
ing nanotubes are of closed-end type. Here, the tunneling
nanotubes formed by one cell only protrudes into an invagi-
nation of the other cell and establishes a junctional contact.

Although tunneling nanotubes were observed in many
types of cultured cells, they appear to exist also in tissues
where they probably participate in communicative processes
in embryonic and adult tissues.
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SPOT DESMOSOMES

Spot desmosomes (maculae adhaerentes) are anchoring
junctions associated with intermediate filaments. They are
arranged in circles in the lower-most position of junctional
complexes (cf. Fig. 98) but are common also outside com-
plex junctions, occurring independently of other cell con-
tacts. Spot desmosomes are particularly abundant in all
tissues that are exposed to mechanical stress. Like buttons,
they link neighboring cells to each other and help to stabilize
cells and tissues and make them resistant to mechanical inju-
ries. However, it is becoming clearer that spot desmosomes
do not merely play a mechanical role by welding cells
together. They also perform signaling functions and are con-
sidered to have a role as sensors that respond to cellular and
environmental signals by changing their organization and
modulating their assembly state. Intracellular calcium
homeostasis is crucial for desmosomal adhesion.

Panel A shows a segment of the stratified epithelium of
the spinous layer of the epidermis (cf. Figs. 138 and 139).
Within the extended interdigitations, the neighboring kerati-
nocytes are attached to each other by numerous spot desmo-
somes (arrows). Intermediate (cytokeratin) filaments, called
tonofilaments, form thick bundles of tonofibrils (TF). They
build up stabilizing cables within the cytoplasm, and are
anchored in the plaques of the spot desmosomes (arrows). At
higher magnification (inset), the dense midline and the inner
and outer zones of the plaques, where the tonofilaments
attach, are visible. The arrowheads in panel A point to mela-
nin granules.

In panel B, cytokeratin in the epidermis is localized by
immunogold labeling by the use of an anti-cyto-keratin
monoclonal antibody recognizing a conserved epitope local-
ized on the surface of cytokeratin filaments. Gold particles
label in the outer parts of the dense desmosome plaques
(arrows), where cytokeratin filaments are anchored by inter-
acting with desmoplakin, which is one of the plaque pro-
teins. Desmoplakin, via other plaque proteins, plakoglobin

and plakophyllin, in turn is connected with membrane-
spanning proteins of the cadherin family, desmocollins and
desmogleins. Heterophilic rather than homophilic interac-
tions of desmocollins and desmogleins are required for des-
mosomal adhesion and are responsible for the electron-dense
midline visible under the electron microscope (inset and
Fig. 98C). Results point to different roles of cadherins in the
assembly of the desmosome complex and regulation of its
structural integrity. Furthermore, studies on the presence of
desmosomal cadherins outside of desmosomes and their
functions in adhesion-dependent and adhesion-independent
signaling provide increased insights into mechanisms
involved in pemphigus skin blistering.
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SELECTIN - LIGAND-MEDIATED CELL-CELL INTERACTION

Neutrophil leukocytes and naive lymphocytes may interact
in a specific manner with the endothelial cells lining the cap-
illaries in various organs. This occurs during physiological
recirculation (or homing) of lymphoid cells and diapedesis
(extravasation) of leukocytes, and during infection or injury
as well as inflammation by interaction of these cells with the
activated endothelium. For this cell-cell interaction to occur,
selectins (as receptors) and cell-surface glycans (as ligands)
are important.

In panel A, a neutrophil leukocyte is shown, which has
established contact with an endothelial cell (End) of the
sinus in the liver. In panel B, part of a lymphoid cell is shown
that appears firmly attached to the endothelium (End) of a
liver sinus. In both instances, this cell-cell interaction was
strong enough to withstand the mechanical sheering forces
during vascular perfusion with the fixative through which all
circulating blood cells were washed out. The labeling by
gold particles seen in panels A and B is for lectin binding
sites and not related to the particular cell-cell interaction dis-
cussed. The interaction between neutrophil leukocytes and
lymphoid cells on one side and normal endothelium on the
other is mediated by L-selectin molecules expressed in their
plasma membrane microvilli. L-selectins interact with
ligands present in the plasma membrane of the endothelia.
Such ligands are represented by a spectrum of different
fucosylated and sialylated O-glycans.

The process of this interaction can be divided into dis-
tinct, well-coordinated steps. The selectin—ligand-mediated
interactions enable leukocytes or lymphoid cells to tether to
and role along the endothelium. This interaction is weak and

reversible. This is followed by adhesion to the endothelium,
which is a strong interaction. The adhesion is eventually fol-
lowed by transendothelial migration. Although the initial
phase of this cell-cell interaction is mediated only by selec-
tins, integrins become involved during adhesion and later on.
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CELLULAR INTERDIGITATIONS

Within tissues and organs, the individual cells are organized
according to specific patterns, which require particular cell
contacts and attachments. Cell junctions of different types
are responsible for mechanical, chemical, and electrical cou-
pling of cells and for formation of particular barrier func-
tions in epithelia and endothelia (cf. Figs. 98, 99, 100 and
101). However, cell contacts also exist outside the specific
junctions. For example, the formation of sheets of epithelia
building up the lining of internal hollow organs requires tight
attachment of cells to each other and to the basal lamina.
This is shown in micrographs of the small intestinal epithe-
lium cross sectioned and sectioned perpendicularly to the
surface, presented in panels A and B, respectively.
Throughout extended areas, neighboring cells are tightly
attached to each other, and the epithelium is stabilized addi-
tionally by multiple interdigitations of the adjacent cells
(arrows in panels A and B). Flat ridges of neighboring cells
are intensely interlocked, and the intercellular spaces are
closed. Howeyver, the cell to cell attachments are variable and
intercellular spaces open and close, depending on the func-
tional state of cells (cf. Fig. 129). Panel B of Fig. 129 shows

a segment of the small intestinal epithelium with multiple
interdigitating ridges of adjacent absorptive cells, but dilated
intercellular spaces containing lipoprotein particles, prod-
ucts of the cells secreted at the lateral surfaces.

The electron micrographs shown on the opposite page in
panels A and B show thin sections of tissue embedded in
Lowicryl K4M and exposed to a special uranyl acetate/
methyl cellulose adsorption staining, which yields intense
contrast of the plasma membrane and cell junctions (cf.
Fig. 98). Intracellularly, membranes of organelles involved
in the synthesis and transport of complex glycans show par-
ticularly intense staining. Such intense membrane contrast is
visible in the Golgi apparatus of the absorptive cells (Golgi
in panels A and B).
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BASAL LABYRINTH

Epithelia involved in extensive transcellular transport not
only have characteristic apical differentiations (cf. Figs. 130
and 131) but also show basal characteristics, summarized
with the term “basal membrane labyrinth.” The basal laby-
rinth is a huge membrane convolute at the basal cell domain,
consisting of infoldings of the basal plasma membrane and
interdigitating basal ridges of neighboring cells, which both
lead to a tremendous increase of the basolateral surfaces of
the epithelial cells. Close to the membranes, mitochondria
are accumulated and possibly aligned in a vertical basal to
apical orientation. Basal labyrinths are particularly promi-
nent in the epithelia of the renal proximal and distal tubules,
in the renal cortical collecting ducts, and in the striated ducts
of salivary glands. The “striations” visible in the light micro-
scope result from the vertically aligned mitochondria.
Panels A—C show segments of renal proximal and distal
tubules. According to their transport functions, both of those
parts of the nephron are equipped with a basal labyrinth,
which is shown in survey in panel A, where a proximal tubule
(PT) is visible in the upper part of the micrograph and a distal
convoluted tubule (DCT) is on display in the lower micro-
graph segment. Adjacent epithelial cells of a proximal tubule
are shown at higher magnification in panel B and the basal
domains of distal tubular cells are featured at higher magni-
fication in panel C. Both proximal and distal tubular cells in
panels B and C show lectino-gold labeling for demonstration

of sialic acid residues. In the polarized epithelial cells of the
proximal tubules, the apical surface is the site of reabsorption
of a high percentage of the filtered glucose, water, Na*, CI-,
K*, and small proteins from the primary urine (cf. Fig. 130).
The basal cell pole is equipped for excretion into the extra-
cellular space. Membranes of the basal labyrinth contain the
enzymes for active transport of ions and the long mitochon-
dria localized nearby provide the adenosine triphosphate
necessary. Distal tubular cells possess short apical microvilli,
but basal mitochondria are more numerous and the basal
infoldings of the plasma membrane and interdigitating cell
ridges are more extended and more regular in comparison
with the proximal tubule cells (panels A and C).

References

Fukudome H (2001) A combined SEM and TEM study on the basal
labyrinth of the collecting duct in the rat kidney. Arch Histol Cytol
64:339

Roth J, Lucocq JM, Charest PM (1984) Light and electron microscopic
demonstration of sialic acid residues with the lectin from Limax flavus:
a cytochemical affinity technique with the use of fetuin-gold com-
plexes. J Histochem Cytochem 32:1167

Tsuchiya K, Wang W, Giebisch G, Welling PA (1992) ATP is a cou-
pling modulator of parallel Na, K-ATPase-K-channel activity in renal
proximal tubule. Proc Natl Acad Sci USA 89:6418

Magnification: x73,000 (A), x15,200 (B), x18,000 (C)


http://dx.doi.org/10.1007/978-3-7091-1830-6_15
http://dx.doi.org/10.1007/978-3-7091-1830-6_15
http://dx.doi.org/10.1007/978-3-7091-1830-6_15

Figure 104 209

i e,
(7%“;1,,“‘”73:%?*: 3;{“\ e

..q ,}tn

‘g i, ‘u‘ ,l
¥ }J}

ety




210

Cell-Cell and Cell-Matrix Contacts and Disorders

INVADOSOMES: DEVICES FOR PROTEOLYTIC CELL INVASION

Cells of the lymphoid and myeloid lineages are
physiologically motile and thus are capable of moving
through the connective tissue and passing endothelia to func-
tion in immune defense and inflammation and to reach sites
of tissue damage for repair. Likewise, cancer cells are motile
and, as a result, invade and destroy the tissue surrounding the
tumor, traverse basement membranes, and blood and lymph
vessels to metastasize. The mechanism through which nor-
mal and cancer cell move in the connective tissue is mecha-
nistically similar and involves podosomes and invadopodia,
respectively, collectively named invadosomes. In general
terms, invadosomes are specialized cellular protrusions for
cell-matrix contact causing local tissue breakdown by prote-
olysis. It should be noted that much of the data were obtained
in two-dimensional or three-dimensional in vitro systems.
Panels A and B show part of a highly malignant human
dendritic cell tumor. Invadopodia formed by tumor cells are
marked by arrows and are lengthy, finger-like extensions of
the cytoplasm that protrude for several micrometers in the
adjacent extracellular matrix. Panel A shows a tumor cell
with an invadopodia extending toward a capillary (End). It is
also apparent that the invadopodia in contrast to the remain-
ing tumor cell cytoplasm are free of organelles such as
rough endoplasmic reticulum (RER) and mitochondria.
Nonetheless, they have a complex internal composition.
As visible in panel C, numerous actin filaments organized
in parallel bundles exist at the tip of invadopodia and in
addition smooth vesicles (black arrowheads) are abundant.
At the plasma membrane of the invadopodia, membrane
invaginations of the caveolae-type can be observed (arrow).
It has been proposed that actin filaments are necessary
for the formation of invadopodia and that the elongation of

invadopodia requires in addition microtubules and vimentin-
type intermediate filaments. Microtubules are also important
for the transport of the smooth vesicles. Often, such vesicles
are seen in contact with microtubuli (white arrowheads). As
already mentioned, invadopodia degrade the extracellular
matrix through proteolysis. Various proteinases such as
metalloproteinases (in particular matrix metalloproteinases),
serine proteinases, and cathepsin proteinases are contained
in the smooth vesicles transported along microtubules and
are eventually secreted.
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BASEMENT MEMBRANE

Basement membranes are thin sheets of specialized
extracellular matrix, supporting epithelial cell layers and
covering muscle cells and nerve fibers. Basement mem-
branes not only provide a particular support for tissues but
also have essential roles in cell differentiation and move-
ment, in morphogenesis and new formation of organs, and in
multiple pathological processes, such as tumor growth and
migration. Basement membranes consist of two different
layers (laminae) that can easily be distinguished under the
electron microscope: the basal lamina (Lb, lamina basalis)
and the reticular lamina (Lf, lamina fibroreticularis).

The basal lamina is in direct contact with the plasma
membrane of those cells that synthesize and secrete its com-
ponents, epithelial cells, glial cells, and muscle cells. The
basement membrane of a smooth muscle cell is shown on
the opposite page. With few exceptions, the basal lamina
is clearly visible as a continuous, fine, electron-dense layer
close to the surface of the respective cells (lamina densa,
Ld), but frequently separated from the plasma membrane
by a narrow space, designated as lamina rara (Lr, cf. also
Fig. 109). The basal lamina mainly contains type IV colla-
gen, fibronectin, laminin, entactin (also known as nidogen),
and heparan sulfate proteoglycans (also called perlacan). The
characteristic structure results from a self-assembly process
of laminin molecules with type IV collagen, entactin, and
proteoglycans. Integrins localized in the plasma membrane
are the major adhesion receptors connecting cells with com-
ponents of the extracellular matrix. Integrins interact directly
with laminin and fibronectin present in the basal lamina and
intracellularly contact actin through intermediate proteins,
such as alpha-actinin, vinculin, and talin. Integrin-mediated

cell adhesion modulates different signal transduction cas-
cades, influences the expression of genes related to cell dif-
ferentiation, and is involved in cell migration, proliferation,
and survival. Other proteins of the lamina basalis participat-
ing in diverse supramolecular structures belong to the family
of fibulins. ADAMSs, named after their adhesive and metallo-
proteinase domains, are considered to be modulators of cell-
matrix interactions and have a crucial role in the remodeling
of components of the extracellular matrix.

The reticular lamina is a product of fibroblasts of the adja-
cent connective tissue and mainly contains type III collagen.
It supports the lamina basalis. As shown in the inset, the
reticular lamina may form a sheet of regularly organized
reticular fibrils beneath and close to the dense part of the
lamina basalis.
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GLOMERULAR BASEMENT MEMBRANE

The glomerular basement membrane shown in panel A
differs from basement membranes in other locations in that it
is faced by a cell layer on either side, namely the endothelia
and the podocytes, and it is thicker because it is the product
of fusion of the basement membrane of endothelial cells and
podocytes. It is composed of three layers: a central, electron-
dense lamina densa and a layer of lower electron density on
either side, the lamina rara interna toward the endothelia, and
the lamina rara externa toward the podocytes. The lamina
densa is composed of a compact meshwork of 3 nm fila-
ments. The lamina rara interna contains 10 nm fibrils and
both laminae rarae are crossed by filamentous material that
reaches the plasma membrane of endothelia and podocytes.
The glomerular basement membrane is extensively cross-
linked by disulfide bonds and collagen-type bonds. It is made
up of various components also found in other basement
membranes: type IV collagen, heparan sulfate and chondroi-
tin sulfate proteoglycans, laminin, nidogen, and BM-40/
osteonectin/SPARC. Collagen type IV does not form fibrils
and represents the scaffold of the lamina densa. The proteo-
glycans form a quasi-regular, lattice-like array in both
laminae rarae, whereas laminin and nidogen are present in
all three layers of the glomerular basement membrane. It is
disputed whether or not fibronectin is a glomerular basement
membrane component. Arrows: slit diaphragms between
podocyte foot processes; arrowheads: tangentially sectioned
pores of endothelia.
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ALPORT’S SYNDROME (HEREDITARY
NEPHRITIS)

This inherited disease manifests in childhood and is
progressive. The mutations are located in the COL4AS5 gene
encoding the a5 chain of type IV collagen. Autosomal Alport

syndrome is caused by mutations in the COL4A3 and
COLA4A4 genes encoding the a3 and a4 chain of type IV
collagen. The role of integrin «1f1 and transforming growth
factor-p1 as well as laminin a2 in the pathogenesis of Alport
syndrome has been demonstrated.

Electron microscopic findings typically consist of a
thickening of the glomerular basement membrane (GBM)
and longitudinally lamination, splitting, fragmentation and
formation a net-like pattern of the lamina densa (panel B).
Other segments of the glomerular basement membrane are
extremely thin (not seen in the micrograph). These changes
are accompanied by endothelial hypertrophy, podocyte
edema, and podocyte foot process effacement or fusion. The
serrated outer and inner contours of the glomerular basement
membrane are also obvious (panel B). The presence of all
these changes permits the diagnosis.

Clinical symptoms include hematuria, proteinuria, and
edema, and sensory-neural deafness is usually associated
with Alport’s syndrome.
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DESCEMET’S MEMBRANE

Descemet’s membrane is an extraordinary thick basement
membrane, which is unique in the body with respect to both
its dimension and composition. It is built by the cells of the
flat squamous epithelium that lines the posterior surface of
the cornea and is designated as corneal endothelium.
Measuring 5-10 pm in thickness, the membrane of Descemet,
like other basement membranes, consists of two distinct lay-
ers, a posterior layer, adjacent to the endothelium and pro-
duced by the endothelial cells, and an anterior layer, formed
by collagen lamellae and proteoglycans. Both layers are
shown in panel A, which also shows the endothelium in the
upper segment and the corneal stroma in the lower segment.
The different organization of the Descemet’s membrane in
comparison to the collagen fibril organization in the stroma
is clearly visible. Panel B shows the posterior part of
Descemet’s membrane at higher magnification.

The membrane of Descemet is composed of a range of pro-
teins, including laminin and fibronectin, and proteoglycans
that contain keratan sulfate, heparan sulfate, and dermatan
sulfate. Comparable with the situation in the corneal stroma,
content and qualities of proteoglycans are essential for hydra-
tion of the tissue, which in turn is responsible for its transpar-
ency. Descemet’s membrane also contains collagen with types
IV and VIII being predominant. Type IV collagen is a usual
component of the basal lamina part of basement membranes
(cf. Fig. 106). In contrast, type VIII collagen is rare in other
parts of the body but is contained in Descemet’s membrane at
high concentration. It forms characteristic lattices and net-
works, which appear as ladder-like structures under the elec-
tron microscope. Such structures are particularly prominent
and well visible in the micrograph shown in panel A.

The thickness of Descemet’s membrane increases
throughout life. At birth, the membrane of Descemet in the
human is about 3 pm thick and consists mainly of the ante-
rior part, whereas the posterior layer is produced by the
endothelial cells after birth. It slowly increases in thickness
measuring about 10 pm in older adults.

Using atomic force microscopy, the biophysical proper-
ties of each layer of the cornea (cf. Figs. 137, 160, and 161)

of the rabbit including the Descemet’s membrane were
studied in comparison to the human cornea. Considerable
differences were found between the two species, which are
of particularly high interest, because the rabbit cornea is
preferably used for evaluation of new corneal prosthetics and
substrates for in vitro studies of corneal cellular behavior.

The corneal endothelium visible in panels A and B in the
upper segments of the micrographs holds pivotal functions in
regulating corneal hydration and maintaining the critical
state of hydration required for transparency of the corneal
tissues. The endothelium permits passage of nutrients from
the aqueous humor contained in the posterior and anterior
chambers of the eye into the cornea. On the other hand, it
counteracts swelling of the corneal stroma by removing
excess stromal fluid through the activity of “ionic pumps”
localized in the basolateral plasma membranes. Aquaporins
forming water selective channels also have an important role
in the traffic of fluids across the endothelium.
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Cell-Cell and Cell-Matrix Contacts and Disorders

SKIN BASEMENT MEMBRANE AND KERATINOCYTE HEMIDESMOSOMES:
AN EPITHEL-CONNECTIVE TISSUE JUNCTIONAL COMPLEX

In the skin, the squamous epithelial layer of the epidermis
and the connective tissue of the underlying dermis are firmly
connected to each other as illustrated in panels A and B. The
structural arrangement of their interface, the dermal-
epidermal junction, provides an illuminating example of how
these two tissue components are linked together.

The main structures involved are the basement membrane
derived from the basal cell layer of the epidermis, the
hemidesmosomes present in the basal plasma membrane of
this cell layer and anchoring fibrils of the dermis.

The basement membrane is composed of a lamina densa
with a thin lamina rara toward the basal cell layer of the epi-
dermis, as seen in panels A and B. The dermis (asterisk in
panel B) is composed of fibroblasts, bundles of collagen
fibers and other types of fibers. Hemidesmosomes, in con-
trast to desmosomes, are asymmetrical, highly specialized
integrin-mediated junctions with a complex molecular com-
position strikingly different from that of desmosomes (cf.
Fig. 101). By electron microscopy, each hemidesmosome is
composed of a dense cytoplasmic plaque that sits on a plate
and thin anchoring filaments extending from the plate across
the lamina rara to the lamina densa of the basement mem-
brane (arrows in panels A and B). The major components of
the hemidesmosome are the of, integrin, type VII collagen
(identical to bullous pemphigoid antigen 2) and the bullous
pemphigoid antigen 1. Intermediate filaments of the keratin-
type associate with the cytoplasmic plaque establishing the
cytoskeleton-hemidesmosom association. They are linked
through plectin and the bullous pemphigoid antigen 1 to the
unusually long tail of , integrin. The basal cells of the epi-
dermis contain keratins K5 and K14. The hemidesmosome-
basement membrane association occurs through complexes
formed by f, integrin and laminin 5. The latter, which forms
thin, thread-like structures of 2—4 nm in diameter, acts as
anchoring filaments. This represents another major differ-

ence with desmosomes, which link neighboring epithelia by
the glycosylated extracellular domain of interlocking cad-
herins such as desmogleinl and desmocollin 3. The dense
lamina of the basement membrane is attached through fibrils
to the dermis. The involvement of type VII collagen—laminin
5 interactions in linking the lamina densa with the underly-
ing dermis has been demonstrated. The type VII collagen
itself entraps banded collagen fibers, elastic microfibrils, and
beaded microfilaments present in the stroma of the dermis.

Although it has long been established that hemidesmo-
somes are anchors for epithelial cells to the basement mem-
brane and that perturbation of their integrity results in
separation and blisters, there is evidence accumulating for
their involvement in signaling phenomena.
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Cell-Cell and Cell-Matrix Contacts and Disorders

EPIDERMOLYSIS BULLOSA SIMPLEX

Disruption of the dermal-epidermal junction is associated
with diseases of the skin resulting in skin fragility and for-
mation of blisters. These changes are most apparent in
regions susceptible to mechanical trauma such as the palms
and sole of the foot.

Epidermolysis bullosa simplex is a disorder of keratins
K5 and K14 present in the basal cell layer and it occurs in
different clinical forms. Different point mutations in the
keratin-encoding genes cause defects in the assembly of the
keratin filaments. Depending on the location of the mutation
in the gene, clinically severe forms with defects in the elon-
gation of keratin filaments or mild forms with impaired lat-
eral interactions within the filaments can be observed. Severe
forms are always associated with mutations either in the
N-terminal end of helix 1A or the C-terminal end of helix 2B.

In panels A and B, the epidermolysis bullosa simplex
Weber-Cockayne, a mild form, is shown. By electron micros-
copy, lysis of basal cells is obvious and rupturing of cells can
occur between the nucleus and the hemidesmosomes. The
separation of epidermis from dermis resulting in blister for-
mation can be unequivocally seen in panel A. In this mild
form, keratin filaments and filament bundles may appear
structurally normal (panel B) as do the hemidesmosomes
(arrows in panel B). In severe epidermolysis bullosa simplex
Dowling-Meara, clumps or aggregates of keratin filaments in
the basal cell cytoplasm are the fine structural hallmark of
this form.

In addition to the disorders of keratins K5 and K14, disor-
ders of keratins present in the suprabasal cell layers are
known. They involve the keratins K1 and K10 and cause epi-
dermolytic hyperkeratosis with excessive keratinization and
breakdown of the epidermis. Although the suprabasal cells
are degenerating, the basal cells are not affected because of
lack of keratins K1 and K10. Furthermore, disorders related
to intermediate linker proteins such as plectin and bullous
pemphigoid antigen 1 have been detected. Impaired anchor-
ing of keratin filaments to the hemidesmosomes results. In
humans, an epidermolysis bullosa simplex with muscular

dystrophy caused by mutant bullous pemphigoid antigen 1
has been described.

Epidermolysis bullosa is a group of disorders in which
laminin 5 and type VII collagen, the anchoring fibrils
between hemidesmosomes, basement membrane and dermis
are involved. Junctional epidermolysis bullosa is caused by a
lack of laminin 5. By electron microscopy, blisters occur as
the result of separation in the lamina rara with the lamina
densa and anchoring fibrils being unaffected. Dystrophic
epidermolysis bullosa results of mutations in the type VII
collagen gene with morphological altered anchoring fibrils
that may be reduced in numbers or completely missing.
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SECRETORY EPITHELIA

PANCREATIC ACINUS

The pancreas is a combined exocrine and endocrine gland,
localized close to the posterior abdominal wall and com-
posed of four anatomic components — a head, a neck, a body,
and a tail.

The acinus, as shown cross sectioned in the micrograph
on the opposite page, represents the structural and functional
secretory unit of the exocrine part of the pancreas (for the
endocrine pancreas cf. Figs. 119 and 120).

The exocrine pancreas is the major digestive gland in the
human body, draining directly into the duodenum at the
ampulla of Vater. It is a tubuloacinar gland, which means that
the tubular excretory ducts end up in grape-like bodies, the
pancreatic acini, being composed of groups of secretory
cells, which produce the precursors of the pancreatic
enzymes. The pancreatic fluid (pancreatic juice) contains of
a mixture of 22 digestive enzymes. Inactive precursor
enzymes are synthesized, processed, and stored in zymogen
granules. They are secreted into the acinar lumen in a regu-
lated manner via the vegetative nerve and the endocrine sys-
tems, transported along the excretory ducts and finally
activated in the lumen of the duodenum, then being able to
digest all classes of nutrients.

The grape-like acini are built up by multiple pyramidal
secretory cells, which are joined to each other by apical junc-
tional complexes and with their apical surfaces line the
lumen in the center of the acinus (AL). The acinar cells’
ultrastructures clearly mirror their functions and remind us
that these secretory cells were used as model cells in basic
studies of the intracellular pathways of protein synthesis.

Flattened cisternae of the rough endoplasmic reticulum
are densely packed in the basal and perinuclear parts of the
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cells (RER). They define the “ergastoplasm” domain of the
cells (cf. Fig. 19) and are the sites of synthesis of the pancre-
atic enzymes. After co-translational folding, release into the
RER-lumen, and passing quality controls, the newly synthe-
sized enzymes are exported out of the ER and taken up into
the Golgi apparatus. The Golgi apparatus stacks (Golgi) are
in typical supranuclear position. In the Golgi stacks, the
newly synthesized enzymes are modified and, at the trans
Golgi side, packed into secretory vesicles (for details cf. Fig.
34). The immature secretory vesicles or condensing vacuoles
are sites of further processing and condensation of the
enzymes; they are intermediates that develop to mature
zymogen granules (ZG), containing the densely packed,
mostly still inactive precursors of the digestive enzymes. The
numerous zymogen granules accumulated in the apical cyto-
plasm of the cells are the intracellular storage compartments
of the proenzymes. The proenzymes are released into the
acinar lumen upon specific stimulation after dietary intake.

Situated closely side by side, the acini comprise the major
portion of the pancreatic parenchyma. Acini are surrounded
by fine connective tissue leading blood capillaries, lymphat-
ics, and unmyelinated nerve fibers (cf. Fig. 148).
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Secretory Epithelia

ACINAR CENTER: ACINAR AND CENTROACINAR CELLS

The narrow ductuli in the center of the acini build up the
initiation of the secretory duct system. Small intercalated
canaliculi (intercalated ducts) export the secretion out of the
acini and lead to the intralobular excretory ducts, which con-
verge to form interlobular ducts. These, by anastomoses, fur-
ther build up the main large pancreatic duct.

The micrograph shows details of the center of an acinus.
The secretory acinar cells are joined both to each other and
to adjacent centroacinar cells (CAC) by junctional com-
plexes (asterisk), composed of a zone of tight junctions, a
zone of adhering junctions, and a circle of spot desmosomes
(cf. Fig. 98). The apical tight junctions prevent leakage of
pancreatic proenzymes from the acinar lumen (AL) into the
intercellular spaces.

All parts of the secretory system are displayed in the
secretory acinar cells shown in the micrograph: rough endo-
plasmic reticulum in the basal and lateral parts of the cells,
Golgi apparatus (Golgi), condensing vacuoles (CV), and
zymogen granules (ZG) dominating in the apical cytoplasm.
The increased electron densities of the zymogen granules
compared with the condensing vacuoles reflect the conden-
sation processes occurring at this level of the secretory path-
way (cf. Figs. 37 and 51). Condensing vacuoles originate
from trans Golgi cisternae and therefore are found mostly
close to the trans Golgi side. In contrast, the multiple mature
zymogen granules are abundant in the entire apical cyto-
plasm and often take position close to the apical plasma
membrane. The contents of the zymogen granules, consist-
ing of mostly still inactive proenzymes, are released into the
acinar lumen by regulated exocytosis, which is connected
with the fusion of the granule membrane with the apical
plasma membrane and formation of a pore (for details cf.
Figs. 51, 52, 53, and 54). Proenzyme discharge occurs after
dietary intake and is mainly induced by binding of cholecys-
tokinin to specific receptors localized in the basolateral
plasma membrane of the acinar cells.

Autophagosomes and lysosomes multiply in the apical
cytoplasm of the acinar cells and mirror lysosomal degrada-
tion of excessively produced secretory enzymes by a mechanism,

common to many secretory cells of the regulated type, called
crinophagy. A highly flexible secretory system, with new
production of enzymes, storage, release into the acinar
lumen, and degradation, is necessary because of the amount
of pancreatic fluid produced, and the concentration of
enzymes in the zymogen granules varies with the dietary
intake. A diet rich in carbohydrates induces a selective pro-
duction of amylases and a decreased protease synthesis.
Insulin produced by the pancreatic islets’ beta cells (cf.
Fig. 119) regulates amylase gene expression, an event that
stresses the significance of an insulo-acinar portal system,
built up by capillaries that leave the endocrine islets and sup-
ply blood to the surrounding acini.

Two acinar lumina are on display in the micrograph. They
are shown at different functional states and demonstrate the
high plasticity of the duct system. The lower acinar ductulus
lacks secretory contents, and its wall shows occupation by
dense microvilli. In contrast, the upper one apparently is in a
state following zymogen discharge. The lumen is filled, the
lining plasma membranes are flat, and only a few microvilli
protrude into the luminal space. It is evident that the acinar
lumina are lined by the apical plasma membranes of both
secretory acinar cells and centroacinar cells. Centrocinar
cells are the most proximal epithelial cells of the small inter-
calated ducts and reside in the center of the acini. Centroacinar
cells are unique to the pancreas. They lack zymogen gran-
ules, contain abundant free polyribosomes and sparse endo-
plasmic reticulum, and, with their apical domains, together
with those of the secretory acinar cells, form the walls of the
acinar ductuli.
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PANCREATIC INTERCALATED DUCT

The narrow secretory ductuli in the acinar centers (cf.
Figs. 111 and 112) continue into small intercalated ducts that
lead out of the acini into the connective tissue stroma and
further converge to form the intralobular and interlobular
excretory ducts. Striated ducts, such as those present in other
salivary glands (cf. Fig. 114) and myoepithelial cells, are
lacking in the pancreas. Intercalated ducts are surrounded by
a basal lamina and are localized within small roads of con-
nective tissue.

Panel A shows a cross section and panel B a longitudinal
section through a small pancreatic intercalated duct. In both
pictures, pancreatic fluid is present in the lumen and appears
as a dense or flocculent content. In panel B, amylase con-
tained in the pancreatic fluid is shown by immunogold
labeling.

The pancreatic fluid contains mostly still inactive
enzymes, such as trypsin, chymotrypsin, and carboxylpepti-
dases, which are activated in the duodenal lumen by HCO;~
ions and the alkaline secretion of Brunner’s glands in the
submucosa of the duodenum. Trypsin and other proteases are

prevented from earlier activation within the ducts by an
inhibitor, which is produced and released into the lumen by
the secretory acinar cells together with the enzymes.

As occurs in most exocrine glands, the primary secretion
is modified in the duct system. Bicarbonate and water are
added to the secretion by the intercalated duct epithelium,
triggered by specific binding of the small intestinal hormone
secretin to plasma membrane receptors.

Multiple basolateral folds, as are visible in the left-hand
side of panel A, indicate an involvement of the intercalated
duct cells in ion transport. The cells interact with each other
by cell-to-cell contacts that build up extensive apical junc-
tional complexes (arrows). In the apical parts of the com-
plexes by a belt of tight junctions, the epithelium is sealed
and pancreatic fluid prevented from entering the intercellular
spaces.

In the duct lumen shown in panel A, several microvilli
and fine cilia appear cross sectioned. Some of them contain
microtubuli, resembling the end pieces of kinocilia (cf. Fig.
140).

Magnification: x28,000 (A), x30,000 (B)
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SUBMANDIBULAR GLAND

This low magnification electron micrograph of a pig sub-
mandibular gland shows main functional parts of a com-
pound salivary gland, a secretory end piece with mixed acini
(1 and 2), and the proximal portions of the excretory duct
system, which include intercalated (3) and striated (4) ducts.

The submandibular gland is a compound tubuloacinar
gland that produces a mixed mucous and serous secretion
that makes up to 70 % of the saliva. Together with the prod-
ucts of other major and minor salivary glands, the salivary
fluid of the submandibular gland has a role that is important
in multiple ways in lubricating the surfaces of the oral cavity
and forming a thin protective film, dissolving and moistening
food, and protecting against microorganisms, with its con-
tent of lysozyme, lactoferrin, and immunoglobulin A.

The saliva-producing end-pieces of the gland either are
serous acini or form mixed pieces, in which mucous and
serous secretory cells coexist in the same acinus. The micro-
graph shows mixed sero-mucous acini in its right-hand side.
Typically, the mucous cells (1), containing abundant, densely
packed secretory mucous droplets, reside closer to the lumen
of the acinus, compared with the serous cells, and their api-
cal domains build up the luminal walls. The serous cells (2)
are localized at the acinus base and form a crescent-like
region embracing the mucous cells (serous demilune). Fine
intercellular canaliculi connecting the serous cells with the
acinar lumen serve to transport the serous secretion. The
serous cells are in contact with the basal lamina or are sur-
rounded by myoepithelial cells, which in this very low mag-
nification electron micrograph are hardly discernible. The
contractile myoepithelial cells form a kind of basket around
the acini and support secretion of the salivary fluid, which is

drained sequentially by intercalated ducts, striated ducts, and
large interlobular excretory ducts.

Two intercalated ducts (3) are visible in the left upper
corner of the micrograph, showing a cuboidal epithelium
and flat myoepithelial cells located at the epithelial base. At
the left lower corner, a segment of a striated duct (4) is
shown. This duct consists of columnar epithelial cells exhib-
iting multiple basal infoldings that indicate its involvement
in ion and water transport. In the striated ducts, kallikrein is
secreted, which processes several proteins in the primary
saliva. Furthermore, Na* and Cl~ are reabsorbed and the
saliva becomes hypo-osmotic. Via transcytosis, IgA secreted
by plasma cells in the connective tissue surrounding the
acini is transported into both the acinus and striated duct
lumina.

The complex duct system of salivary glands is formed dur-
ing embryonic development by epithelial branching connected
with repetitive cleft and bud formation. Growth factors, actin
microfilaments, and components of the basement membrane
have key roles in the formation of clefts and buds. In particu-
lar, fibronectin is important in controlling type III collagen
accumulations at clefts. It is assumed that local, developmen-
tally programmed expression of epithelial cell fibronectin
might regulate branching morphogenesis associated with the
conversion of cell-cell adhesions to cell-matrix adhesions.
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GOBLET CELLS: UNICELLULAR GLANDS

Exocrine glands are highly complex organs composed of
single or different secretory cell types, which form secretory
units, so-called acini (cf. Figs. 111 and 114). However, there
exist secretory cells forming unicellular glands in the mucosa
of the respiratory, digestive and urogenital tract as well as in
the conjunctiva of the eye and in the gall bladder. The arche-
type of such a unicellular gland is represented by the flask-
shaped, mucus-producing and -storing intestinal goblet cells
shown in the electron micrograph. Mucus-producing single
secretory cells exist dispersed in the mucosa of various other
organs. Mucus, their major secretory product, together with
water, ions, and other glycoproteins, forms a highly hydrated,
viscoelastic blanket at the surface of the mucosa of various
organs. This mucus layer not only protects against mechani-
cal and chemical irritants and bacterial infection, it also pre-
vents dehydration of the mucosa and is a regulator of the
specific organ flora.

As seen in the electron micrograph taken from a human
duodenal biopsy, a single goblet cell is typically flanked by
absorptive enterocytes exhibiting their characteristic apical
brush border. The arrows point to intercellular digitations
(cf. Fig. 103) formed by the plasma membrane of the neigh-
boring cells. The apical cytoplasm of the goblet cell is filled
with mucus droplets. The nucleus and the Golgi apparatus
and endoplasmic reticulum cisternae, which has a character-
istic wide lumen, are located in the lower half of the cell. The
mucus droplets, like other secretory granules (cf. Figs. 51
and 53), are formed in distended parts of trans Golgi cister-
nae and mature to form membrane-limited, mucin-containing
granules (cf. Fig. 52).

The content of the secretory granules of the goblet cells
consists of highly glycosylated proteins and is rich in cal-
cium. Mucin proteins consist of a heterogeneous group of
secretory and membrane proteins. They all have in common
a high content of serine/threonine-linked O-glycans that can
make up more than 50 % of their molecular mass. Depending
on the tissue and cell type, the apomucin and their O-glycans
can differ significantly in structure. Despite this diversity, all
mucin proteins have the same kind of domain structure. A
central domain consists of repeats of serine and threonine-
rich sequences, all of which represent potential glycosylation

sites. Both the N- and C-terminal domains are rich in cyste-
ine. De novo synthesized apomucin in the endoplasmic retic-
ulum is modified by N-glycans and becomes dimerized by
disulfide bridges at the C-terminal part. Upon transport to the
cis Golgi apparatus, apomucin is further modified by
O-glycans (cf. Fig. 40). In the trans Golgi apparatus, further
dimerization at the C-terminal region takes place, which
results in the formation of the mature multimeric mucins.

The content of the mature mucin droplets is released by
regulated secretion. In addition to a basal secretion rate,
compound secretion can be observed (cf. Fig. 56). Such
compound secretion can occur after various stimuli such as
nonspecific mechanical and chemical irritation. Specific
stimuli involve activators of phospholipase C and of adenyl-
ate and guanylate cyclase. Details of the mechanism of regu-
lated secretion are described in Fig. 54.
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PARIETAL CELLS OF STOMACH: SECRETION OF ACID

The parietal cells are located in the middle part of the glands
of the fundus-body region of the stomach. They secrete gas-
tric acid, i.e., hydrochloric acid (approximately 0.16 M,
pH>0.8), and the intrinsic factor, which is a vitamin B,-
binding protein.

The highly specialized function of the gastric parietal
cells is reflected in a particular fine structure (panel A) and it
changes dependent on different functional states. Their api-
cal plasma membrane forms numerous channels, the so-
called canaliculi, which reach deep into the cytoplasm, as
can be easily recognized in longitudinal (asterisks in panel
A) and cross sections (asterisk in panel B). The canaliculi are
rich in microvilli. Beneath the apical plasma membrane and
around the canaliculi is a complex membrane system, which
consists of numerous tubulo-vesicles and cisternae (tv in
panel C). The tubulo-vesicles are rich in H*, K*-ATPase.
Another characteristic feature of parietal cells is their abun-
dance of mitochondria (M). They are required because one
ATP molecule is consumed for the coupled export of a single
H* and the import of a single K*. The H*, K*-ATPase of the
parietal cells is a P-type ATPase, which consists of a cata-
lytic a-subunit and a B-subunit. The a-subunit contains a rec-
ognition sequence for apical sorting and the B-subunit is not
only important for the stabilization of the a-subunit but also
for recycling because it contains a recognition sequence for
endocytosis. The H*, K*-ATPase is the primary gastric pro-
ton pump. Under resting conditions, it is preferentially
located in the intracellular tubulo-vesicles.

Since its discovery, the exact three-dimensional structure
of the membrane system of the parietal cells is a matter of
debate. It was and continues to be intensely studied not only
by conventional techniques of tissue preparation, but more
importantly by high-pressure, rapid-freezing fixation and
subsequent freeze-substitution of tissue. The 3D reconstruc-
tion is then achieved by serial section analysis. In resting
parietal cells, the membrane system was found to be mainly
composed of cisternae that were not connected to canaliculi,
and of a network of winding tubuli. Following stimulation of
acid secretion, translocation of H*, K*-ATPase-containing
tubulo-vesicles in the apical plasma membrane occurred,
which resulted in an approximately tenfold enlargement of
its surface. In parallel, the number of microvilli of the cana-
liculi increased. In the expanded apical plasma membrane,

the presence of H*, K*-ATPase resulted in K* and CI~ con-
ductance. This led to active proton pumping with secretion
of H* and Cl~ and water. Therefore, the H*, K*-ATPase cata-
lyzes the electro-neutral exchange of intracellular protons
for extracellular potassium ions, thus generating the enor-
mous proton gradients associated with gastric acid secretion.
Upon termination of the stimulus, membrane recycling
results in the reestablishment of the elaborate intracellular
membrane system. Currently, the recruitment-recycling
model of parietal cell activation for gastric acid secretion is
most widely accepted.

The secretion of gastric acid is tightly regulated. In pari-
etal cells, ligands such as acetylcholine, gastrin, and hista-
mine bind to their receptors present at basolateral plasma
membrane. Stimulation by histamine released from neigh-
boring entero-endocrine cells is most important.

The autoimmune gastritis is caused by autoantibodies
directed against the gastric H*, K*-ATPase and results in lack
of gastric acid and intrinsic factor. The resulting vitamin B,
deficiency causes pernicious anemia.

N: nucleus
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PANETH CELLS: INNATE MUCOSAL DEFENSE AND CHRONIC INTESTINAL

INFLAMMATORY DISEASE

Paneth cells are highly specialized secretory cells of the
small intestine and are typically found at the base of the
crypts of Lieberkiihn. Characteristically, they exist as small
cell clusters intermingled with undifferentiated, mitotically
active enterocytes (cf. Fig. 14). In panel A, the base of two
crypts of Lieberkiihn is shown and, even at this very low
magnification, several Paneth cells containing numerous
electron-dense secretory granules in their apical cytoplasm
are easily discernable. The arrow in panel A points to two
Paneth cells that are shown at higher magnification in panel
B. The basal part of the cells contains the nucleus (N), abun-
dant rough endoplasmic reticulum (RER), the supranucle-
arly situated Golgi apparatus, and immature secretory
granules forming in the trans-Golgi network (cf. Fig. 52 for
details). The upper portion of the cells is filled with numer-
ous secretory granules (SG in panels B and C) that are not
only a structural but also a functional hallmark of the Paneth
cells. Mature secretory granules range between 1 and 3 pm
in size, exhibit various shapes, and have a homogenous,
highly electron-dense content. The secretory granule content
is released in the crypt lumen by regulated secretion (cf. Fig.
54), which involves the complete fusion of the secretory
granule membrane with the apical plasma membrane. The
arrow in panel B indicates the secretion of a single secretory
granule.

Despite its homogenous appearance in the electron micro-
scope, the Paneth cell's secretory granule content comprises
many different proteins, including lysozyme, phospholipase
A,, trypsin, the metalloproteinase matrilysin, xanthinoxi-
dase, DNase I, epidermal growth factor, and bactericidal
peptides such as a-defensins. In addition, the high content of
zinc ions is typical of the secretory granules. The original
finding of lysozyme in Paneth cell secretory granules was the
starting point for studies about their function in host defense,
and the detection of a-defensins (cryptdins) was seminal for
defining their role in gut innate immunity. The various bacte-
ricidal peptides secreted by Paneth cells are not only protec-
tive against enteric pathogens but also have an important
function in the regulation of the intestinal microbial
colonization.

Like any other cell type, Paneth cells perform autophagy
(cf. Fig. 74), and defects in autophagy have been related to

the pathogenesis of Crohn’s disease, a severe inflammatory
disease of the small intestine. In mice with disrupted Atg1611
and humans carrying the Crohn's disease risk allele of
ATGI16L1, the number of Paneth cell secretory granules was
greatly reduced and the few remaining secretory granules
exhibited striking fine structural abnormalities. Furthermore,
the secretory granules of ATG16L1-deficient mice lacked
lysozyme. Surprisingly, Paneth cells of ATG16L1-deficient
mice showed gains of function effects that resulted, among
others, in increased expression of two adipocytokines, leptin
and adiponectin, involved in the intestinal injury responses.
Together, these studies demonstrated an important role of a
specific autophagy-related protein for Paneth cell secretory
granule composition and secretion and revealed an important
role of Paneth cells in Crohn’s disease.

Another most important function of Paneth cells is in
stem cell niche signaling (cf. Fig. 14).
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INTERCALATED CELLS OF KIDNEY: IMPORTANT REGULATORS OF ACID-BASE BALANCE

Intercalated cells (ICs) mediate H* and HCO—; secretion, and
CI” and K* reabsorption. They are primarily present in the
cortical and outer medullary collecting ducts of kidney as
well as connecting tubules and, depending on animal spe-
cies, may extend into distal convoluted tubules and more dis-
tal parts of collecting ducts. ICs are interspersed among the
segment-specific principal cells (panels A and B, arrowheads
point to lateral interdigitations) and express specific proteins
such as carbonic anhydrase II, H*-ATPase, and band 3
through which they can be identified immunocytochemi-
cally. The expression of vacuolar H*-ATPase is the most
characteristic feature of ICs.

By transmission electron microscopy, ICs are distin-
guished by a dark cytoplasm and, for this reason, are often
called dark cells (panel A). They are also distinguished by a
high density of mitochondria, tubulovesicular structures in
the apical cytoplasm (recognizable even at low magnification
in panel B), and abundant apical microvilli and microfolds.
In contrast to the principal cells, a basal membrane labyrinth
is less extensively developed (panels A and B). In terms of
fine structure, ICs show considerable variability. The cyto-
plasm may be less dark and the number of mitochondria
lower in ICs of the outer medulla (panel B) compared with
ICs of cortex (panel A). Furthermore, the apical pole of ICs
can be wide and protruding and covered by many microvilli
but with only few cytoplasmic tubulovesiclar profiles (panel
A). Conversely, the apical pole may be extremely narrow and
constricted at the level of the tight junction belt but with
abundant flat profile vesicles in the apical cytoplasm (panel
B). These structural differences of the apical part of ICs are
related to different functional states and manifestation of an
extensive membrane recycling between the apical plasma
membrane and intracellular vesicles.

Functionally and immunocytochemically, at least two
major subtypes of ICs can be distinguished: the a and f§ ICs.
Both subtypes exist in cortical collecting ducts, whereas
outer medullary collecting ducts have only o ICs. The o ICs
have an apical H*ATPase and a basolateral CI":HCO~; anion
exchanger and excrete HCO™; basolaterally through apical
proton (H*) secretion. They function as both sentinels and

effectors in the defense against urinary infections. The § ICs
have an opposite membrane polarity of these transporters
and secrete HCO™; apically in the tubular lumen and are also
critical in maintaining sodium balance. There is evidence for
plasticity of this functional polarity resulting in the conver-
sion of p ICs in an a-like IC phenotype. Both, o and  ICs
have chloride channels and a H*K*ATPase, which are present
in the basolateral plasma membrane.
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ENDOCRINE SECRETION: INSULIN-PRODUCING BETA CELLS OF ISLETS OF LANGERHANS

Endocrine cells can form distinct organs such as the thyroid
and adrenal glands, a microorgan in a larger organ such as
the islets of Langerhans in the exocrine pancreas, and exist
as single cells dispersed in other organs such as the respira-
tory and digestive tract. They synthesize, store, and secrete
polypeptide or steroid hormones that are important signaling
molecules. Endocrine glands secrete their products in the
blood circulation, through which they are transported to dis-
tant target cells. Accordingly, endocrine glands are rich in
capillaries. Upon binding of the secreted hormone to its
receptor on the target cells, an intracellular signaling cascade
is initiated that regulates essential functions such as prolif-
eration, differentiation, and metabolism.

The polypeptide hormone insulin plays a major role in the
control of blood glucose homeostasis and is also involved in
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lipid and protein metabolism. Its target cells are hepatocytes,
skeletal and cardiac muscle, adipocytes, and fibroblasts.
Insulin is synthesized by the beta cells of the islets of
Langerhans. The cytoplasm of beta cells contains abundant
rough endoplasmic reticulum, numerous mitochondria, a
well-developed Golgi apparatus, and plentiful secretory
granules (SG), which is typical of a professional secretory
cell. The secretory granules consist of an electron-dense core
of insulin and a halo, mainly of C-peptide. The anastomosing
cords of the endocrine cells and the network of capillaries
form a functional unit. Insulin becomes secreted by regu-
lated secretion (cf. Fig. 54) and afterwards reaches the fenes-
trated capillaries.

Insulin, like other polypeptide hormones, is synthesized as a
large preproprotein, the preproinsulin. Removal of the signal
peptide in the endoplasmic reticulum yields proinsulin, com-
posed of an A and a B chain linked by two interchain disulfide
bonds and connected by the C-peptide. Proinsulin becomes con-
verted into insulin by the combined action of two endoproteases
and carboxypeptidase H (see scheme). Endoprotease PC 2
cleaves the dibasic pair Args-Args, at the B-chain/C-peptide
junction of proinsulin, and endoprotease PC 3 cleaves the diba-
sic pair Lyse-Arggs in the A-chain/C-peptide junction. The
exposed dibasic amino acids are removed by carboxypeptidase
H. The proinsulin-insulin conversion occurs in acidifying, par-
tially clathrin-coated immature secretory granules in the trans
Golgi network (cf. Fig. 52).
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IMPAIRED INSULIN PROCESSING IN HUMAN INSULINOMA

Disorders of pancreatic beta cell function cause different
clinically important diseases. Among the pancreatic endo-
crine tumors, functioning insulinomas give rise to persistent
hyperinsulinemic hypoglycemia. This is due to inappropriate
proinsulin-insulin conversion and faulty insulin secretion.
However, like normal beta cells, functioning insulinomas
form and store secretory granules that contain insulin, shown
in panel A. The cytoplasm of this tumor cell contains numer-
ous dense secretory granules that are all positive for insulin
as detected by immunogold electron microscopy. Despite
this, the insulin-containing secretory granules differ ultra-
structurally from those in normal human beta cells (cf. Figs.
53 and 119). Most of them have no halo and crystalloid cores
are only occasionally detectable. Therefore, the secretory
granules resemble immature secretory granules of normal
beta cells. Patients with functioning insulinomas have not
only high plasma insulin levels but also high plasma proinsu-
lin levels. By immunoelectron microscopy, proinsulin in
functioning human insulinomas as compared with normal
beta cells was not only detectable in the Golgi apparatus and
immature secretory granules but additionally in secretory
granules present throughout the cytoplasm and beneath the
plasma membrane. This is illustrated in panel B, which is an
ultrathin section consecutive to the one in panel A showing
the same region of an insulinoma cell. Obviously, many of
the secretory granules exhibit immunogold labeling for pro-
insulin. This indicates that a fraction of the proinsulin was
not converted to insulin but nonetheless was sorted and
packed into secretory granules. Eventually, secretory gran-
ules positive for insulin and for proinsulin may undergo exo-
cytosis. It has been shown for beta cells and other
neuroendocrine cells that immature secretory granules may
be released preferentially over mature granules. Enhanced
proinsulin secretion may also be caused by defective sorting
in secretory granules. Carboxypeptidase E acts as a sorting
receptor in the trans Golgi network of neuroendocrine cells.

Mice deficient in carboxypeptidase E showed hyperproinsu-
linemia caused by unregulated proinsulin secretion via the
constitutive secretory pathway. The significance of this pro-
cess in human insulinoma is uncertain.

In functioning insulinoma, the hormone conversion
appears to be affected at different levels. It is not only incom-
plete but it already occurs in the Golgi apparatus and not in
immature secretory granules as in normal beta cells. The
basis for these topographical abnormalities in hormone con-
version in functioning insulinomas is unclear. There is evi-
dence that the amounts of endoprotease PC3 are reduced in
insulinoma cells, which results in a reduced rate of proinsulin-
insulin conversion.
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THE DISSEMINATED ENDOCRINE SYSTEM

Endocrine cells exist in the mucosa of the digestive, respira-
tory, and urogenital tract as well as in the skin, either as sin-
gle cells or in small clusters. Although the various cells of
the disseminated (neuro-) endocrine system share many
morphological and biochemical features, they differ greatly
not only in their tissue distribution but, more importantly, by
the different peptides they synthesize and secrete. Despite
the many-fold differences, they constitute a functionally
related network of cells. In fact, the cells of the disseminated
endocrine system of the digestive tract together represent the
largest endocrine gland of the body. The pathology of the
disseminated endocrine system is complex and is represented
by hyperplastic changes and benign as well as malignant
tumors, which may be associated with severe forms of hor-
monal dysregulation.

Panel A shows an example of two endocrine cells located
in the duodenal mucosa, and panel B exemplifies a single
endocrine cell in a small exocrine pancreatic duct. The endo-
crine cells in panels A and B contain numerous dense core
secretory granules, typically observed in (neuro-) endocrine
cells (cf. Fig. 53). In panel A, a somatostatin-producing
D-cell is seen together with a TG-cell, which produces a
gastrin-cholecystokinin-like polypeptide. The D-cell repre-
sents the so-called closed-type of an intraepithelial endo-
crine cell without contact to the intestinal lumen (L). In
contrast, the TG-cell represents an endocrine cell of the
open-type because its apical, microvilli-rich plasma mem-
brane (arrowheads) is in open contact with the intestinal
lumen (L). Between the TG-cell and the neighboring non-
endocrine, absorptive epithelial cells, junctional complexes
exist (arrows). Of note, the same endocrine cell type can be
either of the closed- or the open-type simply depending on
its location. For instance, gastrin-producing G-cells located
in the mucosa of the pyloric region of the stomach are of the
open-type, whereas those present in the mucosa of the gas-
tric body are of closed-type.

Panel B represents an isolated insulin-producing B-cell
present in the mucosal lining of a small excretory pancreatic
duct. The presence of insulin in the core of the secretory
granules is demonstrated by immunogold labeling for insu-
lin. In a single ultrathin section, the B-cell appears to be of
the closed-type because it appears to be covered by adjacent
duct epithelia (arrowheads). However, as demonstrated in
the inset, serial section analysis revealed that it is indeed of
the open-type because its apical plasma membrane (arrow-
head) is exposed to the duct lumen (L). Junctional complexes

exist between the B-cell and duct epithelia (arrows in the
inset).

Following a stimulus, the endocrine cells of open- or
closed-type release their specific secretory products in the
surrounding connective tissue, from where they gain access
to lymph or blood capillaries and consequently to the circu-
lation. After their release, the polypeptides can act in a para-
crine manner on resident cells such as other endocrine cell
types, exocrine cells, muscle fibers, and nerve cells.
Furthermore, an autocrine feedback loop may be observed.
Altogether, the diverse cells of the disseminated (neuro-)
endocrine system produce more than 100 bioactive sub-
stances, which include typical polypeptide hormones such as
insulin, somatostatin and gastrin, various neuropeptides, and
different growth factors as well as regulatory peptides such
as orexin, leptin, and ghrelin. Of note, different polypeptides
may be synthesized by a single endocrine cell type.
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LIVER

The epithelium of the liver exhibits a unique organization
that guarantees that this central organ of the body is equal to
its multiple tasks. In the liver lobules, which are morphologi-
cal and functional units of the liver tissue, the epithelial cells
(hepatocytes) form branching plates, which are surrounded
by spaces that contain the sinusoidal blood capillaries
(sinus). The picture shows a flat section through the liver epi-
thelium, in which the close relationships between hepato-
cytes and the capillaries are evident. The sinusoidal
capillaries collect both venous blood from the portal vein
enriched with substances absorbed in the intestine and
oxygen-rich blood from the hepatic artery. Within the liver
lobules, the slow blood stream in the sinus facilitates uptake
of substances from the blood into the liver cells for further
metabolizing. In a radial organizational structure, the sinus
proceeds to the centers of the lobules; the blood is collected
in the central veins and further conducted via the large col-
lecting veins to the vena cava inferior.

The picture shows several voluminous hepatocytes con-
taining large nuclei that are surrounded by broad bands of
cytoplasm, in which a large number of mitochondria (M) and
accumulations of glycogen (Glyc) are apparent. The polarity
of the cells is clearly visible; wide areas of the basal cell
surfaces are directed towards the sinus, the lateral surfaces
form the cell borders between the neighboring cells (arrow-
heads), and the apical cell surfaces form the wall of the bile
canaliculi; their lumina are labeled by asterisks. The liver
epithelial cells have characteristics of an endocrine gland,

which exports products (e.g., plasma proteins, lipoprotein
particles, and components of the blood clotting system) at
the basolateral cell surfaces to be taken up into the blood, and
of an exocrine gland, secreting at the apical surface into an
excretory duct. The exocrine secretory fluid of the liver is the
bile, and the bile canaliculi form the first part of the excre-
tory duct system of the liver. From the intercellular spaces,
the bile canaliculi are sealed off by tight junctions (cf.
Figs. 123 and 124), thus preventing bile from entering the
lumen of the sinus and mixing with the blood, which would
cause jaundice. Tight junctions also constitute the borders
between the apical and basolateral parts of the plasma
membrane.

Flat endothelial cells (End) line the capillaries. Only those
cellular parts that bear the nucleus exhibit some height and
protrude into the sinus lumen, as shown in the lower part of
the picture, whereas the other parts of the endothelial cells
are extremely flat and perforated by numerous large and
small pores. Through these perforated parts of the endothe-
lial cells, blood plasma leaves the capillary lumen and enters
the small space surrounding the endothelium, the space of
Disse (cf. Figs. 123 and 124). This mechanism enables direct
contact between blood and the basal cell surfaces of the
hepatocytes, facilitating traffic between blood and liver cells.
The basal cell surfaces of the hepatocytes are enlarged by
numerous microvilli and filamentous extensions protruding
into the space of Disse; they reflect the intense endocytic and
secretory traffic at these poles of the cells.
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LIVER: HEPATOCYTES, KUPFFER CELL, CELL OF ITO

The picture shows a part of the liver epithelium and its close
relationship to the sinusoidal capillaries. In the right-hand part
of the micrograph, it is clearly visible that a liver cell plate is
constructed of a one-cell layer. In the upper left corner of the
micrograph, a flat section through the cell plate gives insight
into the organization of the apical liver cell domains that join
to form the walls of the bile canaliculi (arrows).

Laterally, the plasma membranes contact the neighboring
cells and build up a system of tight, adhering, and communi-
cating junctions (cf. Fig. 124). The basal cell domains are
directed toward the space of Disse, a narrow space in between
liver epithelial cells (hepatocytes) and the endothelial cells
lining the blood capillaries. Extended areas exist for trans-
port and exchange of substances in both directions between
hepatocytes and blood plasma. The sinusoidal lumen is lined
by the sinus endothelium of specialized, extremely thin
endothelial cells with a discontinuous basal lamina. Multiple
small and large pores (arrowheads) perforate the endothelial
cells and provide gates for the blood plasma to come in direct
contact with the basal surfaces of the liver cells. The multi-
tude of endocytosis and secretion events taking place at the
basal cell surfaces is mirrored by the abundant microvilli
extending into the space of Disse and being in contact with
blood plasma.

Specialized mesenchymal cells, called cells of Ito, fat-
storing cells, or stellate cells, reside in the space of Disse or are
localized in between neighboring hepatocytes, as shown in the
upper right quarter of the micrograph. Cells of Ito are the major
fibrinogenic cells of the liver. They produce extracellular
matrix components (ECM), including procollagen, and ECM-
degrading metalloproteinases, and they play a central role in
ECM-remodeling. Multiple lipid droplets are accumulated in
the Ito cells’ cytoplasm (asterisks), mirroring their function as

major storage cells of lipid-soluble vitamins. Containing more
than 80 % of total vitamin A of the body, cells of Ito have an
essential role in the maintenance of vitamin A homeostasis.
Activated by pathologic conditions, they transform into prolif-
erative myofibroblastic cells that express type I collagen and
alpha-smooth muscle actin. Cells of Ito play a pivotal role in
development of liver fibrosis and cirrhosis.

In contrast to the cells of Ito, which reside outside of the
sinusoids, Kupffer cells localize in the sinusoidal lumen.
With their voluminous cell bodies and multiple processes,
they are in close contact with the blood stream. Kupffer cells
are phagocytic cells of the unspecific immune system that
are able to catch substances and filter them out of the blood.
Owing to their outstanding position, Kupffer cells can inter-
act directly with circulating materials and cells, and may also
be involved in immuno-modulation. A Kupffer cell with a
typical star-like appearance with three processes bridging the
sinusoidal lumen is shown in the left part of the micrograph.
The processes are in contact with the sinus endothelium and,
through the endothelial pores, enter the space of Disse.
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LIVER EPITHELIUM: BILE CANALICULI

The liver parenchyma functions as both an exocrine gland
producing excretory products to be secreted into the biliary
duct system, and an endocrine gland, synthesizing products
to be directly delivered to the blood. Delicate canaliculi (BC)
bordered by the apical liver cell surfaces build up the initial
parts of the bile transport system visible in the central part of
both panels A and B.

The particular bile canaliculi organization within a one-cell
layer plate of hepatocytes is illustrated in the diagram below.

— — — — —

Branched bile canaliculi lined by the apical plasma mem-
branes (BC) run around the cuboidal hepatocytes. The lateral
and basal cell surfaces interact with neighboring cells and
are directed towards the sinusoidal capillaries (sinusoid).
White curved arrows indicate the sites of exocrine secretion,
and black arrows label the sites of endocrine secretion. K:
Kupfter cell; Ito: cell of Ito.

Bile is released into the narrow lumina of the bile cana-
liculi and, at the periphery of the liver lobules, drained by the
ductuli of Hering, which further merge to form the larger bile
ducts of the portal spaces.

Bile is the exocrine product of the hepatocytes and con-
tains bile salts, cholesterol, phospholipids, conjugated biliru-
bin, and electrolytes. Bile salts are necessary for emulging
dietary lipids in the small intestine and are essential for regu-
lar fat absorption. Furthermore, through the bile, metabolic
products of drugs and heavy metals are excreted and IgA is
transported to the intestinal mucosa.

The apical hepatocyte cell surfaces lining the canaliculi
(BC) display multiple microvilli, possibly occupying
major parts of the luminal space, as shown in panel A. The
surrounding cytoplasm contains abundant membrane pro-
files of endoplasmic reticulum, Golgi apparatus stacks
(Golgi), mitochondria (M), peroxisomes (PO), lysosomes,
and autophagic vacuoles (AV). Export of bile constituents
takes place via ATP-dependent export pumps; hence, par-
ticular secretory granules are not visible. Molecular trans-
porters for cholesterol, phospholipids, bilirubin, and bile
salts (“ABC transporters” — “ATP binding cassettes”) make
up essential components of the apical plasma membrane.
The bile canalicular lumen is sealed by tight junctions
forming an occluding belt (arrows in panel B), which pre-
vents components of the bile from entering the intercellu-
lar space, the space of Disse, and the sinusoidal lumen.
Defects of the occluding junctional system lead to leak-
ages and allow bile to mix up with the blood, clinically
resulting in jaundice.

In panel A, it is clearly visible that there exist different
domains in the cytoplasm of the liver cells, with either rough
or smooth endoplasmic reticulum dominating (cf. Fig. 27).
Cisternae of the Golgi stacks are filled with multiple lipopro-
tein particles (cf. Fig. 125).
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LIVER EPITHELIUM: PATHWAY OF SECRETORY LIPOPROTEIN PARTICLES

At their extended basal domains, the hepatocytes are in direct
contact with blood plasma that enters the space of Disse via
multiple pores perforating the endothelial cells (cf. Fig. 123).
By constitutive secretion, multiple endocrine products of the
hepatocytes, including albumin and a series of plasma pro-
teins required for blood clotting, such as prothrombin, fibrin-
ogen, and coagulation factors V, VII, and IX, are delivered to
the blood.

Lipoprotein particles (LPs) assembled within the endo-
plasmic reticulum (ER) lumen and, crossing the Golgi
apparatus stacks, are transported to the basolateral cell
domains by a microtubule-dependent mechanism.
Lipoprotein particles produced by hepatocytes belong
mainly to the class of very low density lipoproteins
(VLDLs) measuring 50-80 nm in diameter. They are per-
fectly visible under the electron microscope because of
their intense contrast after osmification, and their routes
can be followed readily from the assembly sites in the ER
(panel A) across the Golgi apparatus (panel B) to the exo-
cytosis sites and their extracellular destination within the
space of Disse (panel C).

Panel A shows a boundary region between rough (RER)
and smooth endoplasmic reticulum domains of a liver cell.
Located in close proximity to mitochondria (M), peroxi-
somes (PO), and glycogen particles, multiple cross sections
of LP-containing endoplasmic reticulum segments (arrows)
are apparent.

LPs are taken up into the Golgi apparatus (panel B),
where the major glycosylation of LP-associated proteins and
further modifications take place. Within the Golgi apparatus,

LPs (arrows) are confined to dilated cisternal subregions.
Multiple LP-containing vesicles (arrows) presumably corre-
spond to pre- and post-Golgi LP carriers.

Close to the basolateral cell surface of a hepatocyte shown
in the lower left corner of panel C, multiple LP-containing
vesicles (arrows) are visible. They exclusively belong to a
class of small vesicles enclosing only one LP. By exocytosis,
the LPs are secreted into the space of Disse, where they enter
the blood. Arrowheads indicate LPs visible in the space of
Disse, where fine collagen fibrils (C) form a delicate network
surrounding the sinusoidal endothelial cells. A continuous
basal lamina is lacking.
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CONGENITAL HEPATIC FIBROSIS

Autosomal recessive polycystic kidney disease/congenital
hepatic fibrosis is an inherited disease characterized by a
nonobstructive fusiform dilatation of collecting ducts in the
kidney and ductal plate malformation in the liver. This results
in enlarged spongiform kidneys and in congenital hepatic
fibrosis. The abnormal ductal plate remodeling results in
dilated bile ducts that show abnormal branching and in
fibrosis.

The electron micrograph from a liver biopsy of a patient
shows characteristic features such a dilated bile duct (BD)
with otherwise normal appearing epithelial lining. The
increased number of bile ducts and their abnormal branching
cannot be observed in this single ultrathin section. The
excessive fibrosis is manifested by the presence of numerous
large bundles of collagen fibers (asterisks). Numerous sheet-
like, cytoplasmic processes of fibroblasts are obvious as
well. These changes result in periportal thickening.
Congenital hepatic fibrosis leads to portal hypertension.
Furthermore, patients with congenital hepatic fibrosis are at

increased risk of liver tumors, especially cholangiocarci-
noma. Often, the liver of these patients has an abnormal large
left lobe.

Autosomal recessive polycystic kidney disease/congeni-
tal hepatic fibrosis is caused by mutations in the PKHDI
gene located on chromosome 6pl2. The gene encodes for
fibrocystin, which is a hepatocyte growth factor receptor-like
protein with a function for primary cilia of collecting duct
and biliary epithelia.
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CHOROID PLEXUS EPENDYMA

The ependymal cell layer that covers the surface of the ven-
tricles of the brain and the central canal of the spinal cord
consists of a simple cuboidal epithelium; the cells are linked
by belt desmosomes. Specialized ependyma regions are
present in the third ventricle, characterized by the presence
of tanycytes, which contain basal processes that form end-
feet on blood vessels and are attached to each other by zones
of tight junctions building up a barrier.

The choroid plexus epithelium is another ependyma spe-
cialization, which differentiates during development at con-
tact sites with the highly vascularized meninges. Tela
choroidea are formed in the roofs of the third and fourth and
in the walls of the lateral ventricles. Here, the ependyma cells
differentiate into cells with both secretory and resorptive
functions and, together with the loose connective tissue lead-
ing dense networks of blood vessels, form the choroid plexus.

The choroid plexus is the site of production of the cere-
brospinal fluid (CSF), which circulates through the brain
ventricles and the subarachnoidal space around the central
nervous system and forms a supporting coat that protects
brain and spinal cord from external impact. The figure shows
both components of the choroid plexus playing a main part in
CSF production, the highly polarized choroid plexus epen-
dyma, and the blood capillary system located beneath, close
to the basal lamina. The capillary endothelial cells (arrow-
heads) are fenestrated and lack tight junctions. In a first step
of CSF-production, an ultrafiltrate of the blood plasma is
built, passing through the fenestrated capillary endothelium
in the surrounding connective tissue. In a secondary step, this
ultrafiltrate is transformed by the choroidal ependyma cells
in an excretory product, the cerebrospinal fluid. Direct pas-
sage of the ultrafiltrate into the ventricle lumen is prevented
by the choroid ependyma. Adjacent cells are extensively

interdigitated and the intercellular space is sealed by occlud-
ing junctions (circle), forming part of the CSF barrier. The
choroid ependyma cells contain abundant mitochondria,
plenty of endoplasmic reticulum membranes, and a promi-
nent Golgi apparatus (Golgi). They exhibit surface special-
izations characteristic of epithelia involved in transcellular
transport. The surfaces of the basolateral and the apical cell
domains are enlarged by extended interdigitating folds and a
brush border of densely packed microvilli (arrows).
Components of the ultrafiltrate enter the cells at the basolat-
eral surfaces. Na*, K*— ATPases, present in the membranes
of the microvilli, pump Na+ into the extracellular space,
which produces an osmotic gradient facilitating the passage
of water into the lumen of the ventricle. The brush border
microvilli are also involved in endocytosis and form irregular
convolutes on the ependyma cells’ surfaces. The choroid
plexus, like many other organs, expresses endocytic recep-
tors, such as megalin.

Cells of the immune system known to be present in the
CSF, not only under pathological conditions but also in
healthy individuals, are assumed to enter CSF directly from
the systemic circulation, and there is evidence for passage
through the meninges and choroid plexus.
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SMALL INTESTINE: ABSORPTIVE CELLS

The ultrastructures of small intestinal enterocytes, which line
the villi and are continually renewed, mirror their main tasks
in the absorption of digested food. Panels A and B show the
apical cell domain of absorptive cells with the prominent
brush border made up of numerous densely packed micro-
villi, which are the sites of final digestion and uptake of
nutrients. Microvilli exist in an approximate number of 3,000
per cell, which greatly increases the luminal cell surface.
They measure 1-2 pm in length and contain a filamentous
core, composed of actin filaments, crosslinked by fimbrin
and villin, and attached to the plasma membrane by myosin
I and calmodulin. The rootlets of the filament bundles project
into the terminal web located beneath the brush border (tw).
They are interconnected by intestine-specific spectrin, attach
to cytokeratin intermediate filaments of the terminal web,
and are part of the apical cytoskeletal apparatus that is
responsible for maintaining the upright positions of the
microvilli and the overall organization of the brush border
(cf. also Fig. 88). Components of the terminal web are asso-
ciated with the junctional complex. In particular, actin fila-
ments connected with the belt desmosome in the middle part
of the junctional complex (panel B-2; cf. also Fig. 98) con-
tribute essentially to the cells-cells expanding motion sys-
tem. This is responsible for changes of the diameter of the
apical cell domains, leading to a tilting of the brush border
microvilli, which facilitates contact with the digested nutri-
ents and supports absorption.

The luminal cell surface is lined by a 10 nm thick plasma
membrane, clearly visible in panel B as a distinct three-lamellar
structure covered by the fuzzy, filamentous network of the gly-
cocalyx (cf. Fig. 94). Intramembraneous enzymes are responsi-
ble for the final breakdown of oligosaccharides and oligopeptides.
The products, such as amino acids, di- and tripeptides, and sug-
ars, are transported across the plasma membrane, which involves
specific membrane channels and carrier systems.

Brush border enzymes and other membrane constituents
have to be continually renewed and are inserted into the
plasma membrane at areas located between the microvilli.
These are the only membrane sites of the apical surface
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accessible for fusion and budding events and, from here,
membrane invaginations deeply extend into the terminal web
region. They appear as pleiomorphic compartments and api-
cal tubules close to the microvilli rootlets (cf. Fig. 88, panels
A, D and Fig. 98, panel B). Their membranes exhibit lipid
microdomains different from those of the microvilli mem-
branes and are considered to function as a membrane reser-
voir for adaptative changes at the apical cell surface.

Regular absorption requires a clear cell polarity with dis-
tinct boundaries between apical and basolateral cell surfaces,
which are constituted by tight junctions forming the most
apical zone of the junctional complex that connects adjacent
cells. Panel A shows the apical part of an absorptive cell with
numerous mitochondria, lysosomes (Ly), and the Golgi
apparatus in typical supranuclear position (Golgi). Bars indi-
cate the profiles of the junctional complex, which is shown at
higher magnification in panel B. Close to the apical cell sur-
face, tight junctions form an occluding belt, which defines
cell polarity, seals the intercellular spaces, and controls the
intercellular passage of substances (1; zonula occludens).
The second and the third parts of the junctional complex are
built up by adhering junctions forming a belt desmosome
closely below the tight junctions (2; zonula adhaerens) and
an additional circle of spot desmosomes (3; maculae adhaer-
entes). At more basal regions, adjacent cells are often inter-
locked by extended interdigitations (panel C).
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SMALL INTESTINE: PATHWAY OF LIPIDS

Through the absorptive enterocytes, digested nutrients cross
from the lumen of the gut to the connective tissue underlying
the epithelium. After ingestion and specific processing by
the absorptive cells (cf. Fig. 128), nutrient constituents are
transported to the basolateral cell surfaces, where they again
leave the cells and enter blood or lymph capillaries to be dis-
tributed in the body. A particular route across the absorptive
cells is traveled by lipids, which in the majority are packed
into lipoprotein particles, secreted by exocytosis, and moved
into the lumen of lymphatics. Some stages of the transcellu-
lar and extracellular lipid pathways can readily be followed
under the electron microscope.

In the gut lumen during fat breakdown, mixed micelles
containing bile salts and the main products of fat digestion are
assembled and have immediate access to the brush border
through movements of villi and microvilli. Free fatty acids
and monoglycerides liberated from the micelles diffuse into
the microvilli and associate with fatty acid-binding proteins,
to be transported into the apical cytoplasm. In the smooth
endoplasmic reticulum, triglycerides and other lipids are
resynthesized and packaged into lipoprotein particles (LPs).
Subsequently exported out of the endoplasmic reticulum and
transported to the Golgi apparatus, they are glycosylated and
packaged into vesicles to be transported to the basolateral cell
surfaces. Via exocytosis, they leave the cell into the intercel-
lular spaces. Particularly large LPs, which are known as chy-
lomicrons, are formed during postprandial lipid absorption.
However, LPs are not only formed after intake of food. Lipids,
mainly derived from the bile and shedded cells, are also
absorbed during starvation. The LPs formed during starvation
measure 50-80 nm in diameter and belong to the class of very
low density lipoproteins (VLDLs; cf. Figs. 124 and 125).

Panels A-D show the intra- (A) and extracellular (B-D)
pathways of the small intestinal VLDL particles in the
mucosa of a starving rat. VLDL particles are visible in all
compartments along the secretory pathway. They are partic-
ularly prominent in the dilated cisterns of the Golgi appara-
tus stacks (arrows in panel A), in which they are taken up
after export out of the endoplasmic reticulum. Golgi cister-

nae are the sites of VLDL glycosylation. In the Golgi appa-
ratus, VLDL particles are packed into large carrier vesicles
for transport to the lateral cell surface. One of the carriers is
shown in panel A at the left side of the Golgi stack. Secretion
of VLDLs is known to occur via exocytosis. Extracellularly,
VLDL particles are apparent in the dilated region of the
intercellular space (arrowheads in panel B) located between
extended cell-cell interdigitations and are accumulated in the
connective tissue of the mucosal lamina propria (arrowheads
in panel C). They do not enter the blood but move into the
lumen of the lymphatics. This is shown in panel D. Here,
lipoprotein particles appear negatively stained because all
extracellular fluid of the lamina propria of this rat small
intestinal mucosa contains peroxidase, applied intravenously
in connection with transport experiments, and visualized by
oxidation of diaminobenzidine. The lumina of blood capil-
laries are devoid of lipoprotein particles (panel C).
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RENAL PROXIMAL TUBULE: A REABSORPTION PLANT

The plasma ultrafiltrate generated in the glomeruli is exten-
sively modified and concentrated along the renal tubule. In
the proximal tubules, some 70 % of the filtered water, glu-
cose, ions, vitamins, low molecular mass proteins, drugs,
and other substances are reabsorbed to the blood or degraded
in lysosomes of kidney epithelia.

Proximal tubules have function-related structural special-
izations: an apical brush border (cf. Fig. 128) for absorption
from the lumen and a basal membrane labyrinth (cf. Fig.
104) for excretion in the extracellular space. These special-
izations are important for transcellular transport because
they provide vast membrane surfaces for receptors, carriers,
and transporters. The apical and basolateral plasma mem-
brane domains are functionally different and thereby estab-
lish the epithelial asymmetry. Besides the transcellular route,
a paracellular route exists for water and ions, which pass the
tight junctions by osmosis.

In proximal tubules, an apical endocytic apparatus occu-
pies most of the apical cytoplasm (panel A), which consists
of endocytic vesicles (arrow in B) and dense tubules (arrow-
heads in B). The sections shown in panels A and B have been
stained to preferentially contrast the glycocalyx of the
plasma membrane and glycans of the apical endocytic appa-
ratus. Various substances that undergo receptor-mediated
endocytosis via coated pits situated between the bases of
microvilli are routed to this endocytic apparatus and from
there to lysosomes for degradation. The dense tubules repre-
sent structures for membrane recycling.

In proximal tubules, two major endocytic receptors have
been identified: megalin and cubilin. In panel C, megalin, as
detected in an ultrathin frozen section by immunogold label-
ing, is present in brush border microvilli and the apical endo-
cytic apparatus. The lateral plasma membrane (PM) is
unlabeled. Megalin was initially described as the Heymann
nephritis antigen gp 330. Many organs and cell types (e.g.,
inner ear, type II alveolar epithelial cells, thyroid, choroid
plexus) in addition to kidney express megalin. Megalin
belongs to the low density lipoprotein receptor family. It is a

single-spanning type 1 membrane glycoprotein with a
molecular mass of about 600 kDa and is structurally differ-
ent from cubilin, which is a 460 kDa peripheral membrane
glycoprotein. Both receptors contain a large extracellular
domain, which functions in ligand binding, and they form a
dual receptor complex. Because megalin binds a multitude of
ligands, it is regarded as a scavenger receptor. Megalin is
involved in vitamin homeostasis; it binds at least three
vitamin-binding proteins: transcobalmin-vitamin By,
retinol-binding protein, and vitamin D-binding protein.
Other ligands for megalin involve different carrier proteins
(e.g., albumin, lactoferrin, transthyretin), various lipopro-
teins, hormones (e.g., insulin, parathyroid hormone, epider-
mal growth factor), enzymes, and enzyme inhibitors.
Polybasic drugs such as the antifibrinolytic aprotinin, poly-
myxin B, and aminoglycosides such as gentamycin are reab-
sorbed by megalin and accumulate in lysosomes of proximal
tubules. This is probably the basis for the known nephrotox-
icity of polymyxin B and gentamycin.
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Resorptive Epithelia

PARATHYROID HORMONE RESPONSE OF RENAL PROXIMAL TUBULES

The epithelia lining the proximal tubules must adapt to vary-
ing functional demands imposed by changes in the water-
electrolyte homeostasis. Experimental studies in which
animals were adapted to certain salt diets or subjected to hor-
mone treatment have provided a mechanistic insight into
these adaptive changes and will be illustrated by the example
of phosphate ion reabsorption in proximal tubular epithelia.

Phosphate ions (Pi) are filtered by the glomeruli, and
approximately 80 % of phosphate is reabsorbed in the proxi-
mal tubules. Reabsorption occurs through the brush border
membrane and requires the presence of sodium ions. Among
the three types of Na/Pi cotransporters, the Na/
Pi-cotransporter NaPi-Ila has been shown to be the most
important one for phosphate ion reabsorption in the proximal
tubules. It is a polytope membrane glycoprotein with eight
transmembrane domains, four extracellular loops, and three
intracellular loops. Intracellular loop 1 and extracellular loop
3 are involved in Na/Pi-cotransport. The cotransporter is
found exclusively in the brush border of proximal tubules
and its amount in this location determines the capacity for
the reabsorption of phosphate ions. NaPi-Ila cotransporter
becomes rapidly downregulated in response to parathyroid
hormone, which results in inhibition of phosphate ion reab-
sorption. Quantitative electron microscopy and immunoelec-
tron microscopy revealed the steps resulting in the parathyroid
hormone-induced NaPi-Ila downregulation. The brush bor-
der membrane became greatly depleted of cotransporter,
which accumulated in the apical endocytic apparatus through
an increased rate of endocytosis. This resulted in an enlarge-
ment of the apical endocytic apparatus. Panel A illustrates
the steady state situation, and panel B shows the acute
changes in the apical tubulovesicules in response to parathy-
roid hormone treatment. The difference in the extent of the
apical endocytic apparatus is indicated by bars, and the

greater abundance of endocytic structures, in particular of
the dense tubules, is clearly visible in panel B. This accumu-
lation of the NaPi-Ila cotransporter is transient and followed
by its degradation in lysosomes, which resulted in its rapid
downregulation. It could also be shown that the lysosomal
delivery of the cotransporter is dependent on a taxol-sensi-
tive apical-to-basal rearrangement of microtubules.

In human genetic disorders that result in renal phosphate
wasting, the expression of the NaPi-Ila cotransporter seems
to be decreased by serum factors such as elevated concentra-
tions of fibroblast growth factor-23.
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SENSORY EPITHELIA

PHOTORECEPTOR CELLS OF THE RETINA: SIGNALING OF LIGHT

Photoreceptor cells are part of the inner sensory retina and
become activated by light. Two major types of photoreceptor
cells exist, and they reside in specific regions in the retina.
The rod cells, which contain the photopigment rhodopsin
and occupy the periphery of the retina, are exceptionally sen-
sitive to low light levels and specialized for night vision. The
cone cells occupy central parts of the retina and are special-
ized for high resolution at high light levels and for color
detection. Three types of cone cells exist, which permits dis-
crimination of blue, green and red depending on the phot-
opigment they contain.

Both rod and cone cells are elongated, highly polarized
cells. Their main structural and functional features are the
inner and outer segments above the nuclear region.
Infranuclear lies the synaptic region, establishing contact
with interneurons, which transmit light-induced electrical
signals to the retinal ganglion cells. Inner segments contain
numerous elongated mitochondria in addition to endoplas-
mic reticulum and the Golgi apparatus. The border between
the inner and outer segment in rod cells is indicated by open
arrows in panel A and shown at higher magnification in pan-
els B (cross section) and C (longitudinal section). This dem-
onstrates that inner and outer segments are connected by a
modified cilium (asterisk in panel C) with a 9+0 symmetry.
The light-sensing outer segments are derived from the modi-
fied cilium.

In mammals, the outer segments of rods and cones are
cylindrically shaped. Outer segments contain stacks of dou-
ble membrane disks (details shown in Fig. 133), in which the
photosensitive visual pigment molecules are embedded. The
various components of the discs are synthesized in the inner
segments and transported into the outer segments through
the narrow cytoplasm surrounding the connecting cilium
(panel B). The visual pigment present in the disc membranes
of rods and cones is rhodopsin, a multispanning membrane
protein that detects photons. It bears two N-linked oligosac-
charides that are required for its full signal transduction
activity. Rhodopsin consists of opsin apoprotein to which the
chromophore is covalently linked. The chromophore is vita-
min A,-derived 11 cis-retinal. Its extended structure accounts

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,

DOI 10.1007/978-3-7091-1830-6_16, © Springer-Verlag Vienna 2015

for its visible light absorption properties. Upon photon cap-
ture, the 11 cis-retinal is photoisomerized into all-trans-
retinal. This initiates a signaling cascade that results finally
in hyperpolarized cells.

The apical ends of the outer segments of cones and rods
are embedded in the retinal pigment epithelium that contains
melanin granules, which absorb excess light and prevent its
reflection. Between the two cell types lies the interphotore-
ceptor matrix, which functions as a glue. Separation of the
two layers results in retinal detachment, with severe conse-
quences for vision. The function of the retinal pigment epi-
thelium with regard to outer segment turnover is discussed in
Fig. 133. In addition to its nutritional function for the retina,
the retinal pigment epithelium has an essential role for rho-
dopsin regeneration in the visual cycle. Photoisomerized
rhodopsin disassembles in opsin and all-trans-retinal. The
all-trans-retinal is transported to the pigment epithelium,
enzymatically oxidized and re-isomerized to 11 cis-retinal.
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Sensory Epithelia

PHOTORECEPTOR CELLS OF THE RETINA: LIGHT-INDUCED APOPTOSIS

Photoreceptor cells are highly polarized and specialized cells
unable to undergo mitotic division. However, they display a
remarkable phenomenon in that the light-sensitive rod and
cone outer segments are continuously renewed while the
remainder of the cells are relatively stable. In panel A, the
detailed fine structural organization of rod outer segments is
shown. It consists of parallel arranged, densely packed mem-
brane discs that in rods are separated from the plasma mem-
brane (inset in panel A). The space between the apical parts
of the outer segments is filled with processes of the pigment
epithelium.

Although still a matter of debate, the formation of the
outer segment membrane discs is proposed to occur through
fusion of rhodopsin-containing membrane vesicles that rep-
resent the disc precursors. Newly formed discs then move
from the base of the outer segment to their tip. Tips contain-
ing discs finally shed and are phagocytized and degraded by
the pigment epithelium. Thus, discs are continuously elimi-
nated and renewed. The retinal pigment epithelia, which rep-
resents professional phagocytes, degrade photoreceptor discs
and are involved in the recycling of their components. The
renewal of the rod outer segments seems to be regulated and
to follow a circadian rhythm. Related to their differential
visual function, phagocytosis of rod discs commences
shortly after the onset of light, whereas phagocytosis of cone
discs occurs at the onset of darkness.

The phagocytic activity of the retinal pigment epithelia is
also of importance when rapidly changing illumination con-
ditions require adaptation and following photoreceptor dam-
age resulting in apoptosis. Not only in relation to the
circadian rhythm but also in abruptly increasing light inten-
sity, the light sensitivity of rods requires downregulation.
This occurs, at least in part, through changes in the pattern of
disc shedding from the outer segment tips and their phagocy-
tosis by the retinal pigment epithelium. In addition, the rho-
dopsin levels are adapted to low and high light levels.

Panel B depicts the enormous structural alterations occur-
ring in rod outer segments after acute bright light exposure
(up to 1,000 Ix for 2 h) of albino rat eye. At higher light
intensities, apoptotic photoreceptor death occurs. White light
and certain wavelengths of the visible spectrum, namely blue
light, preferentially induce photoreceptor apoptosis in verte-
brates. In mice, the availability of rhodopsin during light

exposure is one determinant for the sensitivity to light-
induced apoptosis. With some delay to photoreceptor cells,
apoptosis of retinal pigment epithelium takes place.
Collectively, these data indicate that retinal degeneration can
result from prolonged exposure to intense light. In experi-
mental settings with mice, evidence for two different apop-
totic pathways in light-induced retinal degeneration was
obtained. The pathway triggered by bright light is indepen-
dent of transducin-mediated signaling but requires activation
of rhodopsin. The other one induced by low-intensity light
depends on transducin-mediated signaling.

Autophagy (cf. Fig. 74) has been shown to occur as a
basal process in photoreceptor cells and retinal pigment epi-
thelia and to be enhanced after light-induced damage in both
cell types.
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Sensory Epithelia

THE COCHLEA AND THE ORGAN OF CORTI

The spiral canal of the cochlea, winding two and three quar-
ters of a turn around a central axis, houses the sensory epithe-
lium of the auditory system, the organ of Corti. Panel A shows
scanning electron microscopy of the Corti’s organ within the
endolymphatic space of the cochlear duct (scala media —
SM), which lies along the length of the bony cochlea and is
separated from the perilymphatic spaces of the scala vestibuli
and the scala tympani by the Reissner’s membrane (RM) and
the basilar membrane (BM), respectively (diagram part A). In
part B, the structures of the organ of Corti with the inner and
outer sensory cells (hair cells) and the different supporting
cells are outlined corresponding to the pictures exhibited in
the plate opposite, which shows scanning (panels A, C-E)
and transmission (Panel B) electron micrographs of the
human organ of Corti from the upper middle cochlear turn.

A B

RM — Reissner's membrane

HC - Hensen cells

Spiral ganglion
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The sensory cells in the organ of Corti are arranged in
three to four rows of outer hair cells (panel A: green, panel B
asterisks, panel C: OHC) and one row of inner hair cells
(panel A: red, panels B and C: IHC). Together with various
supporting cells, such as the Hensen cells (HC), Deiters cells
(DC; panel A: blue), and pillar cells (PC; panel A: pink), they
form the organ of Corti. It rests on the vibratory basilar mem-
brane (BM). Two pillar cells form rigid structures through
their content of tonofilaments, and between them is the tunnel
of Corti. The tunnel harbors freely traveling efferent crossing
nerve fibers, which are visible in panel A (yellow).

At the apical pole, stereocilia bundles of the hair cells (open
arrow — OHCs, white arrow — IHCs) are bathed in the endo-
lymph of the scala media (SM). It contains high concentrations
of K* ions. Surrounding fluid spaces in the sensory epithelium
and scala tympani (ST) contain high concentrations of Na* ions.
These ion gradients establish the electrochemical driving force

Phalangeal processes

m»-@
Tympanic covering cell layer

s« — Outer hair cells

for quick depolarization of hair cells. Movements of the basilar
membrane and tectorial membrane (TM; panel A: blue) cause
shearing motions and deflection of the stereocilia. This opens
mechano-electric transduction channels and induces electric
currents in the hair cells. Stereocilia contain polymerized actin.
Their stiffness is inversely correlated with the length of the ste-
reociliary bundles. Therefore, each cell has a best resonant fre-
quency. Physiological data indicate that in mammals both IHCs
and OHC:s are tonotopically arranged and sharply tuned.

The locations of the hair cells follow a well-ordered mosaic
pattern of the reticular lamina formed by the apical poles of the
hair cells and supporting cells (panel C) and separating endo-
lymph from perilymph. There may occur some deviations in the
human organ of Corti with supernumerary inner hair cells
(arrows in panels C and D) and seemingly missing outer hair
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cells in the 3rd and 4th row (panel C). The heads of the inner pil-
lar cells (IP) form the rectangular gap between OHCs and IHCs.

Stereocilia emerge from the cuticular plate (CP), which
forms a dense actin-rich terminal web. While IHC stereocilia
are arranged in several parallel fairly straight rows (panel D),
OHC stereocilia show a typical W-shaped array (panel E). The
tallest stereocilia of both IHCs and OHCs are situated laterally.

Panel A is modified from Rask-Anderson et al. (2012)
Anat Rec 295: 1791

References

Rask-Andersen H, Schrott-Fischer A, Pfaller K, Glueckert R (2006)
Perilymph/modiolar communication routes in the human cochlea. Ear
Hear 27:457

Rask-Andersen H, Liu W, Erixon E, Kinnefors A, Pfaller K, Schrott-
Fischer A, Gliickert R (2012) Human cochlea: anatomical characteris-
tics and their relevance for cochlea implantation. Anat Rec 295:1791

Magnification: x200 (A), x250 (B), x500 (C), x1,450 (D), x3,400
E)



Figure 134 271




272

Sensory Epithelia

THE ORGAN OF CORTI: HAIR CELL INNERVATION AND SPIRAL GANGLION NEURONS

The diagram shows the apical pole of the organ of Corti with
the typically arranged stereocilia of the outer and inner hair
cells and the different supporting cells (cf. Fig. 134). The
reticular lamina is formed by the cuticular plates of the hair
cells and the apical poles of supporting cells containing high
amounts of actin fibers.

Stereocilia
Inner hair cells

Outer hair cells

Reticular lamina

HC - Hensen cells
DC - Deiters cells

IP - Inner pillar cells
BC - Border cells

Outer hair cells (OHCs) vary in length from base to apex,
with the longest cell somata and stereocilia located in the
apical low tone region (panel A, green) and the shortest in
the basal high-frequency region (panel B). They sit with their
basal poles on the Deiters cells (DC); their lateral membrane
is immersed in the fluid contained in the space of Nuel (SN),
which biochemically seems to correspond to perilymph.

The ordered movements of the OHCs facilitate the exqui-
site sound sensitivity and frequency selectivity of the cochlea
and are regulated by pronounced efferent innervation. Images
C and D show synaptic terminals at the basal pole of OHCs
and inner hair cells (IHCs). Nerve terminals from the medial
efferent olivo-cochlear system reach the basal pole of the
OHC:s (e). These cells show specializations such as subsur-
face cisterns (arrow in panel C), probably containing calcium
buffer systems. Afferent terminals (a) are fast glutamatergic
ribbon synapses (panel C, asterisk) that control and facilitate
vesicle fusion with the presynaptic membrane. Afferent

terminals of the IHCs (a in panel D) resemble the outer hair cell
synapses but are larger. Contrary to the OHC system, where
efferent synaptic terminals contact the OHC body, efferents
to the IHC system contact the afferent terminals. One THC is
innervated by 10-15 bipolar type I spiral ganglion neurons,
while many OHCs are innervated by a single type II neuron.
Transmission electron microscopic images of type I and II
spiral ganglion neurons are shown in panels E and F. A
minority of the bipolar spiral ganglion cells are small, unmy-
elinated type II neurons (Il in panel E) that gather around the
intraganglionic spiral bundle. This bundle contains myelin-
ated and unmyelinated (asterisk) efferent nerve fibers from
both the medial and lateral olivo-cochlear systems.

About 95-98 % of the spiral ganglion cells are large type
I neurons sending peripheral processes to the IHCs.
Myelination of axons enables fast spike propagation.
Perikarya and pre- and postsomatic segments of type I neu-
rons are unmyelinated in humans in contrast to fully myelin-
ated neurons in other studied mammals. A few type I cells
are also fully myelinated in humans (arrow in panel E).

All bipolar neuron somata are surrounded by satellite
glial cells (arrowheads in panels E and F) that are thought to
have an astrocyte-like function as in the central nervous sys-
tem. Type I neurons may form clusters in human with com-
mon satellite glial cells and direct contacts, possibly acting
as functional units (asterisk in panel F).
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Sensory Epithelia

OLFACTORY EPITHELIUM

The olfactory epithelium localized in the olfactory area of
the nasal cavities represents the sensory organ for the highly
sensible odorant reception. The epithelium bears the bipolar
sensory neurons, which are embedded in surrounding sup-
porting cells. The neuronal dendrites form the characteristic
knob-like sensory endings on the luminal side of the epithe-
lium; the basal cell areas give rise to the axonal projections
(neuritic processes), which leave the epithelium, become
surrounded by extensions of olfactory myelin-producing
cells, and form the fila olfactoria, which pierce the cribriform
plate of the ethmoid bone and approach special synapse
regions at the olfactory bulb. Basal cells, immature neurons,
and supporting cells are found in the basal and medial regions
of the epithelium. The basal cells are mitotically active; their
daughter cells differentiate into neurons during adult life.
Two different types of microvilli-bearing epithelial cells
exist, which in part are seen in connection with sensory
properties and in part are comparable with brush cells
(cf. Fig. 93), and are involved in transport processes respon-
sible for an optimal ionic milieu at the epithelial surface.
The olfactory epithelium is similarly constructed in all
vertebrates. Panels A and B show parts of the olfactory epi-
thelium of the mouse as visualized by electron microscopy
of thin sections; in panel C, a freeze fracture preparation is
shown. In the apical part of the olfactory epithelium shown
in panel A, the knob-like endings of the cilia-bearing den-
drites of three neurons are particularly prominent. By means
of complexes of occluding and adhering junctions, the neu-
rons are connected with the surrounding supporting cells
(SC). In the most apical cytoplasmic area of the supporting
cells, the light zone of the terminal network can be clearly
distinguished from the cytoplasm lying beneath, in which
abundant mitochondria and densely packed membranes of
the endoplasmic reticulum are predominant. In panel C,
arrowheads indicate the ridges of tight junctions that form
the broad band of the occluding zone (cf. Fig. 99). The knob-
like endings of the dendrites extend beyond the surface of the
epithelium. They bear 10-20 modified cilia, in the plasma
membrane of which the receptor molecules are localized.

The dendritic knobs are surrounded by abundant microvilli
of the supporting cells, which form a layer at the surface of
the epithelium. Both the dendritic knobs of the neurons and
the microvilli are floating in the fluids of the secretions of the
Bowman’s glands, in which odoriferous substances are dis-
solved. The olfactory glands of Bowman are situated in the
subepithelial connective tissue and end in short ducts in the
epithelium. In addition to protective molecules and immuno-
globulin A, the secretions of the olfactory gland contain the
odorant-binding protein with a strong binding affinity for
numerous odorant molecules. With the aid of this protein,
odorants are carried to the receptors in the membrane of the
cilia and again removed after they have been sensed.

The basal bodies (kinetosomes) of the cilia are prominent
structures in the cytoplasm of the knob-like dendrite endings
(panels A and B); in the freeze-fracture preparation shown in
panel C, the lace-like plasma membrane particles of the cilia,
comparable to those of cilia in the ciliated epithelium of the
respiratory tract, are clearly visible; the circular areas from
where the long, whip-like cilia arise are labeled by arrows. In
the cilia, the 9+2 arrangement of microtubules becomes irregu-
lar in the distal segments of the cilia; here, microtubule doublets
are missing, as is visible in the cross-sectioned cilia in panel B.
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STRATIFIED EPITHELIA

CORNEAL EPITHELIUM

The stratified epithelium of the cornea is part of the corneo-
scleral coat that forms the outer tunic of the eyeball, protect-
ing its inner structures and, together with the pressure of the
intraocular fluid, maintaining the eye’s shape and consis-
tency. The anterior surface of the cornea is built up by the
corneal epithelium shown in this figure.

The corneal epithelium exhibits all characteristics of a
simple stratified squamous epithelium of five to seven layers
of cells. In the most basal layer, high polygonal cells are
aligned along the basal lamina. They are anchored to the
basal lamina and to the adjacent Bowman’s layer by hemides-
mosomes (cf. Fig. 161). The Bowman’s layer represents the
anterior part of the corneal stroma and is visible in the most
basal section of the figure. Basal cells are mitotically active
and replace the differentiated cells of the upper layers. The
corneal epithelium has a remarkable wound healing capacity.
Cytokeratin intermediate filaments are associated with mul-
tiple desmosomes that attach the cells to one another. In the
basal layers, cells are connected by long bridges that span the
wide intercellular spaces.

The cells change shape during differentiation, migration,
and transport to the upper layers, increasingly becoming flat.
The squamous superficial cells in the outermost layer are
particularly rich in cytokeratin filaments. They protect the
cells lying beneath from the external environment. On their
apical domains, short microvilli are present. They are in con-
tact with a protective film of tear, by which the surface of the
corneal epithelium is continually kept wet. Mucins in the tear
film lubricate the epithelial surface during the blinking of the
eyelid. They stabilize the tear film, preventing desiccation of
the underlying epithelial cells, and form a barrier to penetra-
tion of pathogens.

A barrier leading to impermeability of the corneal epithe-
lium to water-soluble substances is formed by tight junctions
between the superficial cells. Tight junctions are established
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during differentiation from the basal to the superficial cells
and may regenerate within one hour after abrasion of the
superficial cells.

For maintenance of corneal transparency, a precise regu-
lation of water content is necessary (cf. Fig. 160). Data pro-
vide evidence that the water-transporting proteins aquaporin
5 and 1, expressed in the corneal epithelium and in the cor-
neal endothelium, respectively, provide main routes for
water transport across the epithelial and endothelial barriers
of the cornea.

The biophysical properties of each layer (cf. Figs. 108,
160, and 161) of the rabbit cornea from the epithelium to the
endothelium in comparison to the human cornea have been
determined by atomic force microscopy. The differences
found between the two species are particularly interesting,
inasmuch as the rabbit cornea is commonly used for evalua-
tion of new keratoprosthetics and substrates for in vitro stud-
ies of corneal cellular behavior.
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Stratified Epithelia

EPIDERMIS

The stratified squamous keratinized epithelium of the
epidermis, which forms the outermost layer of the skin,
protects the body against various external influences, such as
mechanical stress, radiation, microbial penetration, and
exsiccation. The epidermis is self-renewing, and differentia-
tion of the cells from the innermost germinative layer, where
cells undergo mitosis, to the surface is connected with kera-
tinization of the epithelium and the construction of a fluid
barrier that is essential for terrestrial life form. The barrier
consists of three main components, the terminally differenti-
ated cells with their cell envelope, extracellular lipid and
tight junctions.

Most epidermal cells belong to the class of keratinocytes,
which are arranged in four layers (strata) reflecting the
mechanical and barrier functions of the epithelium and the
process of keratinization. All four layers of the epidermis are
shown in the figure. The epidermis covers the connective tis-
sue of the dermis, which is apparent in the lowermost part of
the figure.

The polygonal cells of the basal layer (stratum basale),
resting on the basal lamina, contain plenty of cytokeratin
intermediate filaments of the keratin types 5 and 14, in the
low-magnification micrographs appearing as dense fibrils
(tonofibrils, cf. also Figs. 89 and 109). They are associated
with desmosomes connecting adjacent cells and with
hemidesmosomes anchoring the basal cell domains to the
basement membrane, which forms the bordering layer
between dermis and epidermis (cf. Fig. 109).

In the spinous layer (stratum spinosum), tonofibrils are
particularly prominent. They protrude into fine cell processes
bearing desmosomes. The processes connect the neighbor-
ing cells and, like bridges, span the dilated intercellular
spaces. In the light microscope, these intercellular bridges
appear as the “spines,” hence this layer’s designation.

Both cells of the basal and of the spinous layers contain
multiple melanin granules appearing as particularly dense
dots within the cytoplasm (arrows). Melanin is produced
in melanocytes (M) by oxidation of tyrosine to
3,4-dihydroxyphenylalanin by the enzyme tyrosinase, pri-
marily stored in premelanosomes and subsequently trans-
formed to melanin accumulating in melanosomes.
Melanocytes originate in the neural crest and migrate into
the epidermis. They settle in the basal layer and develop
multiple cell processes extending between the keratinocytes.

Melanosomes are transported into the melanocyte
cytoplasmic extensions and transferred into keratinocytes via
a still enigmatic process. Mainly, four mechanisms are con-
sidered, including cytophagocytosis, formation of intercel-
lular bridges, shedding of melanosome-containing tips of
melanocytes and subsequent phagocatosis, and export of
melanosomes by exocytosis followed by endocytosis. One
melanocyte contacts approximately 36 keratinocytes, form-
ing a functional unit: the epidermal melanin unit. In the
micrograph, one melanocyte (M) is apparent in the central
part of the basal layer. Multiple melanocyte processes are
visible between the keratinocytes in Fig. 109.

The third layer is designated the granular layer (stratum
granulosum) after the prominent keratohyalin granules
occurring in the cytoplasm of the keratinocytes. At the tran-
sition from the spinous to the granular layer, the cells become
flattened. They still are interconnected by multiple desmo-
somes. In addition, tight junctions are established in the
granular layer. Together with the extracellular lipid layers
formed by the secretions of the keratinocytes in the granular
layer, tight junctions are important parts of the epidermal
permeability barrier preventing exsiccation of the body.

The horny layer (stratum corneum) in its lower parts con-
sists of transforming keratinocytes. It represents a particular
stratum lucidum in the thick epidermis covering the palms
of the hands and the soles of the feet. The outermost part of
the horny layer is made up of terminally differentiated kera-
tinocytes lacking cell organelles and nuclei. They form flat-
tened squames with a highly resistant compound envelope
(cf. Fig. 139).
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Stratified Epithelia

DIFFERENTIATION OF KERATINOCYTES AND FORMATION OF THE EPIDERMAL FLUID BARRIER

Keratinocytes undergo a specific program of differentiation
on their passage through the various epithelial layers from
the basal regions of the epidermis to the outer surface.
Regulated biochemical events result in characteristic cell
transformations that ultimately lead to the keratinocytes’
death. The dead cells embedded and sealed in their lipid
secretions form the insoluble and fluid impermeable superfi-
cial horny layer of the epidermis.

Panel A shows keratinocytes of the spinous layer contain-
ing thick bundles of tonofilaments (tonofibrils) that extend
into the spinous-like cell bridges and attach to the plaques of
the spot desmosomes (maculae adhaerentes; cf. Fig. 101)
connecting the neighboring cells. The keratin types 5 and 14
present in the basal keratinocytes are replaced by keratins 1
and 10 and finally keratins 2e and 9 when the cells move from
the basal over the spinous to the granular layer. Two desmo-
somes are shown at higher magnification in the inset. Both
the dense cytoplasmic plaques containing desmoplakin and
plakoglobin proteins and the intercellular dense materials
composed of the glycosylated extracellular domains of the
interlocking cadherins, such as desmogleinl and desmocol-
lin3, are well visible. Tonofilaments are anchored to the dense
plaques. Some of the events leading to the characteristic cell
changes during keratinization start in the spinous layer.

Panel B shows part of the uppermost granular layer and
part of the horny layer. In the granular layer, the keratohyalin
granules (KG) make up the most prominent structures within
the keratinocytes. They contain the protein filaggrin and are
associated with keratin tonofilaments (arrowheads), which
are anchored to desmosomes (arrows). In a stepwise process,
the keratinocytes of the granular layer differentiate into the
cornified flat squames of the horny layer, apparent in the
upper half of panel B. Concomitantly, cell organelles and
nuclei are degraded. A cell envelope consisting of a coat
underneath the plasma membrane (arrowheads in panel C),
composed of keratin-filaggrin complexes, involukrin and the
plakin proteins envoplakin and periplakin forms. It becomes
further reinforced by insertion of additional structural

proteins such as loricrin and small prolin-rich proteins.
Desmosomes seem to nucleate the initial processes leading
to the formation of this scaffold underneath the plasma mem-
brane. During this process, cells become permeable, and by
Ca?* — influx transglutaminases are activated that irreversibly
cross-link the scaffold proteins, resulting in the formation a
continuous layer at the inner surface of the plasma mem-
brane (arrowheads panel C). Numerous lamellar bodies
(Odland bodies; arrows in panel C) are apparent in the cyto-
plasm of keratinocytes. They start to occur in the spinous
layer. Their lamellar product, the glycoplipid acylglucosyl-
ceramide, is secreted into the intercellular space (asterisks in
panel C) and covalently linked to involucrin. The cell enve-
lope together with the multilamellar extracellular lipid con-
stitutes the compound cell envelope. Under the electron
microscope, the extracellular lucid and multilamellar mate-
rial and the dense compact cell surface correspond to the two
parts of the compound cell envelope (arrowheads and aster-
isks in panel B).

Changes of the keratin-filaggrin complexes continue to
occur after the cells have lost their transcriptional ability.
This is mirrored by the ultrastructural changes during pro-
gression from the inner to the outer horny layers, as shown in
the upper part of panel B. The outermost cells are continu-
ously shed. Cell desquamation is connected with a progres-
sive loss of desmosomes, remnants of which can be seen in
the horny layer.
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EPITHELIUM OF THE RESPIRATORY TRACT

THE TRACHEO-BRONCHIAL EPITHELIUM

The upper part of the respiratory tract functions as an air-
conducting system. Here, warming and moistening of the inhaled
air and removal of inhaled particles occurs. It is lined by the
pseudostratified respiratory epithelium, which consists of four
cell types: (1) columnar ciliated cells, which possess cilia that
project from their apical plasma membrane and function in the
autonomous, coordinated movement of luminal content; (2) gob-
let cells (MC in A), unicellular glands synthesizing and secreting
mucus, forming part of the mucus blanket, which functions as a
lubricant and a protective layer; (3) a small number of neuroen-
docrine cells (also referred to as Kultschinsky cells), dispersed in
the epithelium; and (4) basal cells, which function as stem cells
for the regeneration of the respiratory epithelium.

The cilia, 4-6 pm in length, are motile cytoplasmic exten-
sions of the ciliated cells (panel A). Their core structure is the
axoneme (AX in panel B), a microtubule-based structure, sur-
rounded by the plasma membrane (panels B-D, and diagram).
The axoneme is composed of one central microtubule pair and
nine peripheral arranged microtubule doublets, the so-called
9+2 arrangement (panel C, and C in diagram). As shown in
panel C and the diagram, the peripheral microtubule doublets
consist of one complete microtubule (A-microtubule composed
of 13 protofilaments), which is attached to an incomplete
microtubule (B-microtubule composed of 10 protofilaments).
Toward the tips of the cilia, the axoneme consist of 9 single
peripheral microtubules and a central pair (panel D).

The 9+2 arrangement is joined and stabilized by accessory
proteins. Radial spokes (S in diagram) extend from the
A-microtubules and insert toward the inner sheet, which sur-
rounds the central microtubule pair. They participate in the
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conversion of the microtubule sliding into a bending move-
ment. The peripheral microtubule pairs are connected to each
other by nexin filaments (N in diagram), which are important
for the maintenance of the axoneme structure during microtu-
bule sliding. From the A-microtubules, pairs of dynein arms (O
and I in the diagram) extend. Dyneins, which are microtubule-
associated ATPases, are instrumental in microtubule sliding.
Upon ATP hydrolysis by dyneins, the outer doublets slide rela-
tive to each other, resulting in bending of the cilia. Thus, sliding
and bending is the basis for ciliary movement. Cilia move with
a rapid effective forward stroke and a slow, whip-like recovery
stroke. All cilia beat in the same direction, slightly out of phase,
and transport the mucus layer with entrapped particles toward
the pharynx. In the absence of the outer dynein arms, slow cil-
iar beating is still possible. In addition to this function in
mechanical defense, motile cilia have bitter taste receptors.
Axonemata are anchored to basal bodies (BB in panel B),
which consist of nine microtubule triplets (panel E). Basal
bodies are modified centrioles and act as growth templates for
the outer microtubule pairs. At the distal ends of basal bodies,
so-called roots can be recognized (R in panel B). Between the
cilia, short, often branched, microvilli-like extensions of the
plasma membrane can be observed (panel A, MV in panel B).
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Epithelium of the Respiratory Tract

CILIOPATHIES: IMMOTILE CILIA SYNDROME AND KARTAGENER SYNDROME

Functional impairment or lack of the ciliary machinery of the
respiratory epithelium, the ciliopathies, results in serious
chronic airway disease. Owing to lacking, deficient, or unco-
ordinated ciliar motility, muco-ciliary clearance is affected.
This results in accumulation of mucus and particles, includ-
ing bacteria and viruses. This condition is known as the
immotile cilia syndrome or ciliary dyskinesia and includes
the Kartagener syndrome.

The immotile cilia syndrome is a heterogeneous disease,
and several different ultrastructural alterations of the cilia
have been documented. However, the relation between func-
tional impairment and altered ultrastructure of cilia is not
always clear. In extreme cases, only isolated cilia (arrow in
panel A) or no cilia at all may be found, as illustrated in panel
B. Only microvilli-like structures exist (MV in panels A and
B). Sometimes, remnants of basal body-like structures can be
observed (arrowheads in panel A). More commonly observed
are the following defects of cilia: (a) absence or reduction in
number of outer and inner dynein arms; (b) outer or inner
dynein arm deficiency; (c) shortening of outer dynein arms
and absence of inner dynein arms (panel C); (d) spoke defects
such as complete absence or missing spoke heads; (e) periph-
eral microtubule abnormalities with single microtubules
(panel D); (f) missing pair of central microtubuli with trans-
position of a peripheral one (upper axoneme in panel E); (g)
supernumerary pair of central microtubuli (upper axoneme in
panel F); and (h) or single central microtubulus (upper axo-
neme in panel G). It should be noted that cilia with normal
ultrastructure may be immotile or dysmotile.

The Kartagener syndrome is a subgroup of the immotile
cilia syndrome and is caused by dynein deficiency. Clinically,
it is characterized by an situs inversus, bronchiectasis,
chronic sinusitis, and male sterility. The relation between the
immotile cilia syndrome and sifus inversus is not entirely
clear. However, it has been proposed that functional impair-
ment of primary cilia in early embryonic development is
causative. Primary cilia on embryonic cells, specifically the
primitive node, rotate rapidly in a clockwise direction and

are assumed to be involved in the establishment of the left-
right asymmetry of the body. With immotile or dysmotile
primary cilia, there is a 50 % chance for situs inversus.

The immotile cilia syndrome is an autosomal recessively
inherited trait. Because many axonemal proteins are poten-
tially involved, mutations in different genes exist. For
instance, mutations in the gene coding for an intermediate-
chain dynein located at chromosome 9p13-p21 have been
shown to be associated with the absence of outer dynein arms.
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Epithelium of the Respiratory Tract

CLARA CELLS: AIRWAY DEFENDERS AND PROGENITOR CELLS

Bronchioles are the most distal part of the air-conducting
system. Their epithelial lining is composed of cuboidal cili-
ated cells, which are similar to the cylindrical ciliated cells
present in the upper part of the respiratory tract (cf. Fig. 140),
neuroepithelial cells, and nonciliated Clara cells. Clara cells
are professional secretory cells of the bronchioles that lack
goblet cells. They can be easily identified by their typical
dome-shaped apex that extends into the bronchiolar lumen
(panel A). Characteristically, the supranuclear cytoplasm
contains numerous secretory granules with a highly electron-
dense content (arrows in panel A) and numerous mitochon-
dria (arrowheads in panel A). The secretory granules have a
particular distribution because most are peripherally located,
as can be observed in longitudinally (panel A) and cross-
sectioned (panel B) Clara cells. As typical for secretory cells
with regulated secretion, Clara cell secretory granules (SG in
panel C) are separated from the plasma membrane by the
cortical actin network. The mitochondria (M in panel D)
have stubby cristae that can be best seen in tangentially sec-
tioned mitochondria (arrows in panel D).

Clara cells secrete Clara cell secretory proteins (CC10,
CC16), the surfactant proteins A, B, and D, as well as prote-
ases, anti-microbial peptides, chemokines, cytokines, and
mucins. The mode of secretion is somewhat particular inas-
much as it may occur by the shedding of the entire cell apex,
named decapitation secretion or apocrine secretion, and by
conventional regulated secretion of individual secretory
granules. Through their secretory products, Clara cells have
lung protective function during inflammation, regulate innate
immunity, participate in the clearance of environmental pol-
lutants and microbes, and metabolize xenobiotics. A particu-
lar feature of Clara cells is their phenotypical and functional
plasticity in response to changing lung milieu. Moreover,
Clara cells have been recognized to be facultative progenitor
cells during lung regeneration after injury. After airway

damage, they repopulate the airway epithelium by self-
renewal and form differentiated ciliated cells.
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ALVEOLI: GAS EXCHANGE AND HOST DEFENSE

The alveoli, as the most distal part of the respiratory tract,
function primarily in gas exchange. They provide a surface
of approximately 75 m? in humans for oxygen and carbon
dioxide exchange between air and blood, which occurs by
passive diffusion. The gas exchanging part of the alveolar
septum consists of (1) a thin-walled continuous capillary; (2)
a dual basal lamina synthesized by endothelia and type I
alveolar epithelial cells; (3) thin cytoplasmic extensions of
type I alveolar epithelial cells; and (4) red blood cells (RBC)
(panels A and B). The flat type I alveolar epithelial cells rep-
resent about 40 % of the alveolar epithelial cell population
and cover some 90 % of the alveolar surface. The cuboidal
type II alveolar epithelial cells (panel C), the second alveolar
epithelial cell type, cover only 10 % of the alveolar surface
and are found predominantly in the alveolar niches. They are
indirectly involved in gas exchange by producing the pulmo-
nary surfactant, which consists of phospholipids, cholesterol,
and specific surfactant proteins. The active surfactant phos-
pholipids, mainly dipalmitoylphosphatidylcholine, reduce
the alveolar surface tension and prevent alveolar collapse.
Type II alveolar epithelial cells have secretory granules, the
multilamellar bodies (MLB in C and D), which contain the
pulmonary surfactant. The surfactant is secreted in the alveo-
lar lumen (panel D) and spreads as a monolayer of phospho-
lipids (arrows in D) over the aqueous hypophase. In the
hypophase, secreted surfactant phospholipids are stored as
tubular myelin (asterisk in D). The surfactant proteins B and
C have their most important roles in the organization of the
multilamellar bodies and the extracellular tubular myelin,
and in the formation of a stable extracellular surfactant
monolayer. Inherited deficiency of surfactant protein B
results in lethal neonatal respiratory distress syndrome.

The surfactant proteins A and D are involved primarily in
host defense, although surfactant protein A additionally
functions in the organization and metabolism of the surfac-
tant phospholipids. They belong to the collectin protein fam-
ily, which possess a C-type lectin domain that binds
oligosaccharides found on the surface of bacteria (e.g., group
B Streptococcus, Pseudomonas aeruginosa), viruses (e.g.,
respiratory syncytial virus, Haemophilus influenzae), fungi,

and mycobacteria. These pathogens become opsonized by
the surfactant proteins A and D, which facilitates their
phagocytosis by pulmonary macrophages and monocytes.
However, surfactant proteins A and D also have direct anti-
microbial effects and inhibit the growth of Gram-negative
bacteria.

Type 1I alveolar epithelial cells are the stem cells of the
alveolar epithelium and thus progenitors of type I alveolar
epithelial cells, making them important for repair after lung
injury. Both type I and II alveolar epithelial cells function in
ion and water transport and therefore are important for the
homeostasis of the surfactant hypophase.
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UROTHELIUM

UMBRELLA CELL: SURFACE SPECIALIZATIONS

The wall of the urinary passages, including the surfaces of
the renal pelvis, the ureters, the urinary bladder, and proxi-
mal parts of the urethra, is covered by a unique specialized
epithelium, the transitional epithelium or urothelium. The
urothelium is stratified and composed of three types of cells:
basal precursor cells, intermediate cells, and large superficial
umbrella cells. The latter line the lumina of the organs and
are responsible for the main specific urothelial functions.
Results indicate that in the adult bladder after injury, inter-
mediate cells function as progenitors for superficial cells.
The urothelium enables the retention of urine and forms a
barrier that makes it impermeable to water and movement of
ions and metabolites. The various types of superficial cells in
the distinctive parts of the urinary tract epithelium differ con-
siderably in the expression of uroplakins, cytokeratins, and
in the structure of the apical cell surface. In the bladder, the
urothelium adapts to the cyclical changes of luminal contents
and must maintain the permeability barrier under variations
in pressure during filling and voiding. The permeability bar-
rier (“blood-urine barrier”) between tissue fluids and urine
depends on the high-resistance tight junctions between the
superficial cells, and on their unique apical plasma mem-
brane visible under the electron microscope.

The survey electron micrograph of a segment of the
mouse urothelium in panel A shows three cell layers contain-
ing basal cells in the lower part of the picture, neighbored by
intermediate cells in the middle part of the micrograph, and
an umbrella cell in superficial position. The wrinkly apical
surface of the umbrella cell visible in the transmission elec-
tron micrograph in panel A is shown in scanning micro-
graphs in panels B and C. The arrows in the rectangle in
panel B label the borders between three neighboring umbrella
cells. The wrinkly character of the luminal surfaces of the
umbrella cells, indicated by arrowheads in the circle, is
achieved by the scalloped membrane formations shown at
higher magnification in panel C. A particular area marked by
a rectangle is further enlarged in the inset. Multiple ridges
and microplicae are visible corresponding to the “hinge”
regions of the scalloped formations, which are seen as small
concave areas. The scalloped membrane formations are cov-
ered almost entirely with plaques consisting of two-dimen-
sional crystals of hexagonally packed 16 nm particles
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composed of uroplakins (UP), a family of at least five pro-
teins that include the tetraspan proteins UPIa and UPIb and
the type I single-span proteins UPII, UPIIIa, and UPIIIb. The
formation of correct heterodimers (UPIa/UPII and UPIb/
UPII) is required for uroplakins to exit from the endoplas-
mic reticulum on their way to the cell surface. In the frans
Golgi network, heterodimers interact to form heterotetra-
mers (UPIa/UPII-UPIb/UPIII) before they leave the Golgi
apparatus to form 16 nm particles. Morphologically, plaque
areas are characterized by an asymmetric unit membrane
(AUM), shown in the inset in panel A. Because of the par-
ticular shapes and locations of the uroplakin particles, the
outer membrane leaflet seems about twice as thick as the
inner leaflet. The plaques constitute a main part of the barrier
system of the urothelium. In the center of the scanning
micrograph in panel C, the borders between three adjacent
cells are visible as thin lines. Here, the cells are connected by
complexes of tight and adhering junctions.

Inactivation of the uroplakin III gene in the mouse results
in vesico-ureteral reflux (VUR), and urothelial abnormalities
by uroplakin defects can lead to renal failure. The bladder
urothelium of patients suffering from primary VUR is het-
erogeneous. Panel D shows the apical surface of immature
superficial cells of the urothelium of a VUR patient exhibit-
ing abundant microvilli but only a small number of ridges
and microplicae.
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Urothelium

UMBRELLA CELL: FUSIFORM VESICLES

Plaques are not restricted to the apical plasma membrane of
the umbrella cells (cf. Fig. 144); they are also found in spe-
cial membrane vesicles, termed “fusiform vesicles,” which
are abundant in the cytoplasm of these cells; they are
assumed to have an important role in the formation of the
umbrella cells’ specialized asymmetric membrane areas.
Fusiform vesicles are accumulated in the apical cytoplasm
of the umbrella cells. They may occur as single vesicles but
are often arranged in groups or tightly packed stacks closely
associated with components of the cytoskeleton, which
include a trajectorial network of cytokeratins, especially of
cytokeratin 20, in the subapical cytoplasm of the cells.
Three-dimensional analyses of high pressure—frozen uro-
thelium from the mouse bladder using electron tomography
revealed that the vesicles actually are not “fusiform” but
have the shapes of flattened discs. They measure up to
1.2 pm in diameter and in their central parts exhibit narrow
lumina of 5-10 nm. Here, the opposing membranes are
asymmetrically thickened and contain urothelial plaques,
as revealed by freeze-fracture studies and immunolabeling.
The tightly packed stacks of membrane disks are discussed
as representing perfect membrane storage compartments
for transport of large amounts of urothelial plaques while
occupying only small amounts of the cells’ cytoplasm.
Results point to the role of myelin-and-lymphocyte protein
(MAL) in facilitating the incorporation of uroplakin-con-
taining vesicles into the apical plasma membrane of the
umbrella cells.

Panels A and B show fusiform vesicles in umbrella cells
of the mouse urothelium in an ultrathin section and in a
freeze fracture replica, respectively. The asymmetric mem-
brane (AUM) of plaques is visible in the high-magnification
electron micrograph in the inset of panel B. As in the apical
plasma membrane, the asymmetric membrane character is
the result of the presence of uroplakin particles. In the freeze
fracture replica of panel B, exoplasmic fractured surfaces of

fusiform vesicle plaques are shown containing arrays of
densely packed uroplakin particles (arrowheads). Fusiform
vesicles presumably are preformed in the Golgi apparatus of
the umbrella cells. In the highly differentiated umbrella cells,
the uroplakin-positive membrane regions of the apical
plasma membrane are excluded from internalization, sug-
gesting that uroplakin plaques hinder endocytosis.

AUM particles and plaques are not rigid but change their
shapes, and it is assumed that interactions of the head
domains may have a crucial role in determining shapes and
sizes and allowing morphological alterations.
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ENDOTHELIA

CONTINUOUS CAPILLARY, WEIBEL-PALADE BODIES

The inner lining of blood and lymphatic vessels is a simple,
squamous epithelium, designated as “endothelium.” The endo-
thelium performs multiple tasks and is diversely developed
according to the different functions in the various segments of
the macro- and microvascular systems. It may be tight or more
or less open for traffic between the lumen and the tissue outside
in one or both directions, with specific transendothelial trans-
port mechanisms existing in capillaries. Capillaries are exchange
vessels and can be classified as three main types: continuous
capillaries (panels A and B), discontinuous capillaries, and
fenestrated types (cf. Figs. 122 and 148, respectively).

Panel A presents a continuous capillary with the complete
endothelium (E) and an embracing pericyte. Details of the
endothelium are shown in panel B. The adjacent endothelial
cells are overlapping. They are in contact and linked to each
other (arrows in B) by both tight and adhering junctions.
A barrier is formed, which impedes intercellular transport. In
continuous capillaries, the multitude of transendothelial traf-
fic including fluids, solutes, and macromolecules occurs by
transcellular transport via small vesicles, which are trans-
ported in both directions from apical to basolateral cell sur-
faces and vice versa. In the endothelial cells shown in panels
A and B, numerous caveolae are visible close to the cell sur-
faces, and small transport vesicles are abundant in the cyto-
plasm. There is evidence that the endothelial barrier function
is regulated in part by the transcellular transport of albumin
and other macromolecules via caveolae (cf. Fig. 63). In
microvascular endothelial cells, interactions between a
60-kDa endothelial cell surface albumin-binding protein and
caveolin-1 have been identified being supposed to activate
signalling pathways eventually leading to vesicle formation
and transendothelial vesicle transport. Other proteins, such
as transferrin, are transported via clathrin-dependent mecha-
nisms (cf. Fig. 58). The endothelial cells form prominent
basal processes, which in places accompany the capillary
and build up a second endothelial layer between the basal
lamina and the pericyte (panel A). The complete endothelial
part of the capillary is surrounded by a continuous basal lam-
ina (arrowheads in A and B), which also continuously covers
the surface of the pericyte embracing the endothelium.

Within endothelial cells, a number of bioactive sub-
stances including hormones, adhesive molecules, and factors
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of the coagulation system, are stored and, upon distur-
bance, are promptly delivered to the surface of the cells.
By this mechanism, endothelial cells are able to change
the microenvironment of perturbed regions and modulate
and control inflammatory and hemostasis processes. The
insets in panel B show endothelial cell-specific storage
vesicles, the Weibel-Palade bodies, in cross section and
longitudinal section (insets 1 and 2, respectively). In both,
the typical tubular substructures are visible. Weibel-
Palade bodies represent the storage compartments for von
Willebrand factor, which has a pivotal role in controlling
adhesion and aggregation of platelets at sites of vascular
injury. Recently, new insights into the biogenesis of
Weibel-Palade bodies, mechanisms of their release from
the endothelial cells, and remodeling of von Willebrand
factor during exocytosis have been provided by advanced
microscopic technologies, including cryo-methods and
three-dimensional analyses.

References

Berriman JA, Li S, Hewlett LJ, Wasilewski S, Kiskin FN, Carter T,
Hannah MJ, Rosenthal PB (2009) Structural organization of Weibel-
Palade bodies revealed by cryo-EM of vitrified endothelial cells. Proc
Natl Acad Sci USA 106:17407

Minshall RD, Tiruppathi C, Vogel SM, Malik AB (2002) Vesicle for-
mation and trafficking in endothelial cells and regulation of endothelial
barrier function. Histochem Cell Biol 117:105

Mourik JA, Valentijn JA, Voorberg J, Koster AJ, Valentijn KM,
Eikenboom J (2013) Von Willebrand factor remodeling during exo-
cytosis from vascular endothelial cells. ] Thromb Haemost 11:2009
Reininger AJ (2008) Function of von Willebrand factor in haemostasis
and thrombosis. Haemophilia 14:11

Valentijn KM, Valentijn JA, Jansen KA, Koster AJ (2008) A new look
at Weibel-Palade body structure in endothelial cells using electron
tomography. J Struct Biol 161:447

Weibel ER, Palade GE (1964) New cytoplasmic components in arterial
endothelia. J Cell Biol 23:101

Van Hooren KWEM, Spijkers LJA, van Breevoort D, Fernandez-Borja
M, Bierings R, van Buul JD, Alewijnse AE, Peters SLM, Voorberg J
(2014) Sphingosine-1-phosphate receptor 3 mediates sphingosine-1-
phosphate induced release of Weibel-Palade bodies from endothelial
cells. PLoS ONE 9:91346

Zenner HL, Collinson LM, Micheaux G, Cutler DF (2007) High-
pressure freezing provides insights into Weibel-Palade body biogene-
sis. J Cell Sci 120:2117

Magnification: x16,000 (A), x29,500 (B), x65,000 (inset I),
x90,000 (inset 2)

294


http://dx.doi.org/10.1007/978-3-7091-1830-6_14
http://dx.doi.org/10.1007/978-3-7091-1830-6_20
http://dx.doi.org/10.1007/978-3-7091-1830-6_4
http://dx.doi.org/10.1007/978-3-7091-1830-6_4

Figure 146 295




296

Endothelia

HYALINE ARTERIOLOSCLEROSIS

Hyaline arteriolosclerosis is a common pathological lesion of
arterioles and results in a thickening of the vessel wall. The
deposition of hyaline material begins as a focal process that
eventually involves the entire circumference of the vessel and
may extend into the media. The hyaline material is composed
of precipitated plasma proteins, a major component being the
inactive form of complement C3b. It therefore is a consequence
of leakage of plasma proteins across the endothelium, which
become trapped, and of synthesis of increased amounts of
basement membrane components by the smooth muscle cells.

In the electron micrograph, which shows a cross-sectioned
arteriole, the deposition of hyaline, an amorphous, slightly
electron-dense material (asterisks) is obvious. Hyaline
deposits appear in several layers around the entire circumfer-
ence of the vessel. The endothelium of the arteriole is indi-
cated by arrows. Often, a narrowing of the vessel lumen can
be observed, which results in ischemic atrophic changes
such as loss of nephrons in the affected kidney. The vessel
lumen in the electron micrograph shown, however, appears
normal. The inset shows a structurally normal arteriole for
comparison, arrows indicate the endothelium.

Hyaline arteriolosclerosis is observed in different set-
tings such as aging, hypertension, diabetes mellitus, and
focal segmental glomerulosclerosis. In cerebral arterioles,
it is usually related to age and in renal arterioles to hyper-
tension. It is more prevalent and more severe in association
with diabetes mellitus, which is a general predisposing
factor.
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FENESTRATED CAPILLARY

Fenestrated capillaries are characterized by the existence of
pores within the endothelial cells and form specialized
regions of the capillary bed in the mucosa of the intestinal
tract, in the pancreas, in endocrine organs, in the choroid
plexus, and in the ciliary processes of the eye. The pores,
however, are not free for passage of blood plasma, as is true
for the endothelial pores and gaps in the liver sinus endothe-
lium (cf. Fig. 123). The pores in the fenestrated capillaries
like windows (fenestrae) are spanned by a diaphragm formed
by radially oriented fibrils. They are homogenous in diame-
ter (70-80 nm) and constitute specific transport sites within
the endothelial cells, also referred to as filtration pores. The
basal lamina is complete, which again contrasts with the dis-
continuous sinusoidal capillaries in the liver, spleen, and
bone marrow possessing only rudiments of basal laminae.
The micrograph of a fenestrated capillary of the rat pan-
creas in panel A shows that the endothelial cells are over-
lapping and linked to each other. Different cell domains
are apparent. At the left-hand side, the endothelial cell
shows abundant caveolae and transcytosis vesicles resem-
bling the situation in continuous type capillaries (cf.
Fig. 146). At the lower right-hand side, the endothelium is
extremely flat and typical fenestrae are inserted (arrow-
heads). The basal lamina is not interrupted and continu-
ously covers fenestrated and non-fenestrated endothelial
cell domains. Panels B and C show that the extremely flat
fenestrated endothelial cell domains (arrowheads) reside

side by side with higher parts of the endothelium charac-
terized by the presence of multiple transcytosis vesicles.
Caveolae show characteristic narrow neck regions, as they
occur during their budding to form transport vesicles or
transport channels by fission from the plasma membrane.
In panel C, an unmyelinated nerve fiber of the vegetative
nerve system is visible in between the pancreatic secretory
epithelium on the left-hand and the fenestrated endothe-
lium on the right-hand side. Abundant synaptic vesicles
are accumulated in the axon (A), which is embedded in the
cytoplasm of a Schwann cell.
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ENDOTHELIO-PERICYTE AND ENDOTHELIO-SMOOTH MUSCLE CELL INTERACTIONS

The ultrastructures of endothelial cells of a capillary and a
large artery shown in panels A and B, respectively, provide
visual evidence that the vascular endothelium is not a simple
inner lining of vascular tubes but is involved in multiple
functions. All compartments of the biosynthetic apparatus
and secretory system are well developed. Endothelial cells
possess abundant ribosomes, extended rough and smooth
endoplasmic reticulum, Golgi apparatus, storage granules,
and multiple mitochondria, indicating a high functional cell
activity. Endothelial cells not only trigger blood coagulation
(Weibel-Palade bodies, cf. Fig. 146) but also are involved in
preventing intravascular clot formation. By secretion of
smooth muscle cell relaxing and contraction factors, such as
nitric acid and endothelin 1, respectively, endothelial cells
modulate the activities of smooth muscle cells. They also are
involved in the regulation of trans-endothelial migration of
inflammatory cells and control vascular cell growth.
Endothelial cells reorient in response to shear stress, a pro-
cess connected with extensive remodeling of the actin
cytoskeleton.

The uneven apical micro-architecture of the cell surfaces
mirror the high dynamics connected with the multiple exocy-
tosis and endocytosis events. Endothelial cells also show
bizarre basal surfaces, reflecting their interactions with other
components of the vascular wall. At the basal domains,
endothelial cells form processes, which penetrate the basal
lamina and interact with matrix components and neighboring
cells. In capillaries, feet-like protrusions of endothelial cells
contact the surrounding pericytes (panel A). Particularly
extended protrusions possibly form additional endothelial
sheets (cf. Fig. 146). In the arterial wall shown in panel B,
several prominent long, thin cell processes (arrows) pene-
trate the broad internal elastic lamina. They stick in basal

lamina sheets, which cover the innermost smooth muscle
cells and are continuous with the endothelial cells’ basal
lamina. Each smooth muscle cell is embedded in a basal
lamina coat. The panel B micrograph also shows that the
subendothelial layer is thin and the space between the endo-
thelium and smooth muscle cells is mainly occupied by the
internal elastic lamina. In the wall of vessels, precursors of
elastic fibers (cf. Fig. 158) are smooth muscle cell products.
Arrowheads label a spur-like dense area in the innermost
muscle cell (cf. also Fig. 175).

Endothelio-matrix interactions are crucial for the vessel
wall organization and new formation of vascular tubes dur-
ing both vasculogenesis in the embryo and angiogenesis
from pre-existing vessels, as occurs during wound healing,
chronic inflammation, development of collateral circulation,
and vascularization of tumors.
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GLOMERULUS AND DISORDERS

GLOMERULUS: A SPECIALIZED DEVICE FOR FILTERING

The glomeruli of kidney are selective filtering corpuscles
composed of a capillary network, podocytes, and mesangial
cells (panel A). The glomerular basement membrane (GBM)
is situated between capillary endothelia and podocytes (cf.
Fig. 107). All three cell types and the GBM are important for
the ultrafiltration of plasma. The fenestrated endothelia
(arrowheads in panel B) face the blood and differ from other
fenestrated endothelia (cf. Fig. 148), with their larger size of
pores and lack of diaphragms. The podocytes protrude in the
urinary space (US) and their peculiar shape is best appreci-
ated by scanning electron microscopy (panel C). From their
cell body, long ramifications originate, the primary pro-
cesses, which embrace the capillaries. From them, interdigi-
tating secondary processes originate, the foot processes,
which form the narrow filtration slits (30—40 nm wide) that
are bridged by slit diaphragms (arrows in panel B). Slit dia-
phragms resemble adherens intercellular junctions and mark
the border between the apical and basal podocyte plasma
membrane. The foot process base inserts into the GBM. The
transmembrane proteins podocalyxin and podoplanin as well
as the podocyte-associated talin 1 are important for the shape
of podocytes.

Podocytes possess a glycocalyx rich in negatively charged
sialic acids, the glomerular epithelial polyanion, which is
formed mainly by podocalyxin. The filtration slits stay open
by repulsion through negatively charged sialic acids of podo-
calyxin, which acts as an antiadhesin. Nephrin, which
belongs to the immunoglobulin superfamily of adhesion
molecules, is found exclusively in the slit diaphragm and is
an important component of an isoporous zipper-like filter
structure. Nephrin is linked to the cytoskeleton through
ezrin.

Accordingly, the filtration machinery is constituted by
endothelia, the highly hydrated GBM, and the diaphragms
bridging the filtration slits. Podocalyxin, nephrin, podocin,
and CD2-AP represent its main molecular components in
addition to negatively charged GBM components. The filter
is highly permeable for water, and only the slit diaphragm
poses a barrier. The negative charges of endothelia and the
GBM are important to filter macromolecules according to
their charge, whereas the selection according to molecular

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,
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mass and configuration occurs in the GBM and at the level of
the slit diaphragms. Through their endocytotic activities,
podocytes and mesangial cells contribute to the functional
maintenance of the glomerular filter by removing escaped
proteins from the slit diaphragms and from the subendothe-
lial space. RBC: red blood cells.
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Glomerulus and Disorders

PATHOLOGY OF THE GLOMERULAR FILTER: MINIMAL CHANGE GLOMERULOPATHY

AND CONGENITAL NEPHROTIC SYNDROMES

The impairment of the glomerular filter occurring in various
acquired and inherited diseases results in nephrotic syndrome,
characterized by proteinuria, edema, hypoalbuminemia, and
hyperlipidemia. In minimal change glomerulopathy, diffuse
effacement of podocyte foot processes (panels A and B),
absence of slit diaphragms (arrows in panel B), lipid droplets
in podocytes (asterisks in panel B), and microvilli hypertro-
phy (arrowheads in panels A and B) are observed. Podocyte
detachment from the glomerular basement membrane (GBM)
may occur. Protein reabsorption by proximal tubular epithelia
results in cytoplasmic protein-filled vacuoles (open asterisks
in panel C). In puromycin-induced nephrotic syndrome, a rat
model of human minimal change glomerulopathy, reduced
sialylation of podocalyxin, and downregulation of podo-
planin was observed. Genetic ablation of sialic acid synthesis
recapitulated the morphology of minimal change glomeru-
lopathy, including reduced sialylation of podocalyxin.

Various congenital nephrotic syndromes result in similar
fine structural changes, and few of the causative genes have
been identified. The congenital nephrotic syndrome of the
Finnish type is the result of mutations of the NPHSI gene
coding for nephrin. In a less severe, steroid-resistant, familial
nephrotic syndrome, the causative gene, NPHS2, was
mapped and identified to encode for podocin. These patho-
logical conditions show the importance of nephrin and podo-
cin in normal glomerular filtration.

An immunoglobulin superfamily protein, the CD2-
associated protein (CD2-AP), known to be involved in con-
tact stabilization between T cells and antigen-presenting
cells, has been shown to cause a congenital nephrotic syn-
drome in mice that are deficient in CD2-AP. In normal mice,
CD2-AP is expressed in podocytes and associated with
nephrin present in the slit diaphragm.
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Glomerulus and Disorders

PATHOLOGY OF THE GLOMERULUS: MEMBRANOUS GLOMERULONEPHRITIS

Membranous glomerulonephritis represents an immune
complex-mediated disease and is associated with the
nephrotic syndrome or isolated severe proteinuria. Primary
idiopathic forms are caused by unknown antigens and sec-
ondary forms are associated with infections, such as hepatitis
B and syphilis, autoimmune diseases, such as systemic lupus
erythematosus and rheumatoid arthritis, or various drugs,
such as penicillamine and gold. Depending on the structural
alterations four stages of membranous glomerulonephritis
can be distinguished.

The fine structural hallmarks of the membranous glomer-
ulonephritis are electron-dense amorphous deposits that are
located between the outer aspect of the glomerular basement
membrane and the podocytes (asterisks). In the postinfec-
tious forms, the deposits are dome-shaped humps (see also
inset), and polymorphonuclear neutrophil granulocytes
(PMN) can be detected in the capillary lumen. Because of
their location, they are called subepithelial deposits and are
found along virtually all glomerular capillaries, as can be
appreciated in the electron micrograph. The subepithelial
deposits are not the only fine structural change, inasmuch as
extensive effacement of podocyte foot processes occurs as
well.

The deposits are composed of immune complexes, which
can be detected by immunofluorescence and are positive for
IgG and other components such as C3 and light chains (pri-
mary forms) or Clq (secondary forms with systemic lupus
erythematosus). The immune complexes are probably
formed in situ by circulating antibodies binding to an uniden-
tified glomerular antigen of the capillary walls or binding to
ill-defined extrinsic antigens deposited here.

An example of in sifu immune complex formation is the
experimental Heyman nephritis. The nephritogenic antigen
megalin (formerly gp330) is located in coated pits along the
free surface and the bases of the podocyte foot processes
facing the glomerular basement membrane, and is also
found in the brush border of proximal tubular epithelia.
Circulating anti-megalin antibodies bind in sifu to the anti-
gen, which results in progressive formation of subepithelial
immune complexes. GBM: glomerular basement membrane;
US: urinary space.
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Glomerulus and Disorders

PATHOLOGY OF THE GLOMERULUS: MEMBRANOPROLIFERATIVE GLOMERULONEPHRITIS

Membranoproliferative glomerulonephritis is representative
of different disease entities with different etiologies and clin-
ical signs. The type 1 membranoproliferative glomerulone-
phritis is an immune complex-mediated disease that can be
classified in primary (idiopathic) forms caused by unknown
antigens and secondary forms. The latter are associated with
different diseases such as infections, tumors, and systemic
immune abnormalities. Among the infectious diseases, hepa-
titis C is the predominant cause. The causative factors of the
membranoproliferative glomerulonephritis are circulating
immune complexes, and this results in the secondary activa-
tion of the classical complement pathway.

The fine structural hallmark of the membranoprolifera-
tive glomerulonephritis type 1 consists of dense amor-
phous deposits located between the inner aspect of the
glomerular basement membrane (GBM) and the endothelia
(asterisks and inset). Because of their location, they are
called subendothelial deposits and are found along virtu-
ally all capillaries in a given glomerular lobulus. These
deposits can be massive, as illustrated in the micrograph.
The deposits are composed of C3, IgG and IgM, which can
be visualized by immunofluorescence. In addition to the

subendothelial deposits, deposits can be also present in the
mesangial matrix, and scattered subepithelial deposits
(between the outer aspect of the glomerular basement
membrane and podocytes) can be occasionally observed as
shown in the micrograph. The occurrence of glomerular
basement duplications is another characteristic feature,
which, however, is not evident in the micrograph.
Furthermore, podocyte effacement can be observed. In the
micrograph, the narrowed lumen of the capillary caused by
swelling of the endothelia and expansion of mesangial
cells is evident.
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PATHOLOGY OF THE GLOMERULUS: IGA NEPHROPATHY (BERGER)

IgA nephropathy (Berger’s disease) is an immune complex-
mediated glomerulonephritis, which is the most common
primary glomerulopathy. It is an idiopathic disorder and
many factors are believed to contribute to its development.
Most prominent in the deposited immune complexes is IgA,
either as the sole or the dominant immunoglobulin. In about
50 % of the patients, the synthesis of IgA is increased.
Furthermore, its glycosylation may be abnormal, which
would hinder its clearance. Specifically, an abnormality in
the glycosylation of the hinge region of the IgA1 isotype of
IgA appears to be of critical importance.

Characteristically, the IgA-containing immune complexes
localize preferentially in the mesangium, as shown in the
electron micrograph. Activation of the alternative comple-
ment pathway subsequently results in proliferation of mesan-
gial cells and increased mesangial matrix. By electron
microscopy, electron-dense, large deposits of round shape
are prominent in the mesangium and some of them are
marked by asterisks in the micrograph. Notably, there are no
capillary wall deposits. Furthermore, in the biopsy from the
early stage case shown, glomerular podocytes are not
affected and exhibit numerous foot processes in the urinary
space (US). During the progression of the disease, secondary
changes of the glomeruli and tubuli can be observed.

IgA nephropathy most often affects children and young
adults with a history of upper respiratory tract infection and
begins with gross hematuria, which may recur every few
months and may be associated with proteinuria.
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PATHOLOGY OF THE GLOMERULUS: CHRONIC ALLOGRAFT GLOMERULOPATHY

The morphology of the chronic rejection reaction is highly
complex and occurs secondary to immunological events
affecting the renal vasculature and interstitium. Functionally,
renal performance declines continuously.

The chronic allograft glomerulopathy represents only one
aspect of the chronic transplant rejection and can occur in the
sequel of acute allograft glomerulopathy. The fine structural
alterations affect all parts of the capillary wall, as can be seen
in the electron micrograph. The glomerular basement mem-
brane is prominently thickened, exhibits duplications, and is
laminated (arrowhead). In the subendothelial regions of the
glomerular basement membrane, depositions of amorphous
material can be present over long distances (asterisks). The
lamina rara interna is expanded and can contain fragments of
interposed cells, vesicular structures, and membrane profiles
(open arrow). Segmental effacement of the podocyte foot

processes occurs in advanced stages. The endothelia are
affected as well and show morphological signs of dedifferen-
tiation with loss of fenestrations. The capillary lumen is usually
narrow. By immunofluorescence, IgM, Clq, and C3 can be
detected in the capillary wall and in the expanded mesangium.
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ConNEcTIVE TISSUE

LOOSE CONNECTIVE TISSUE

The connective tissue, composed of cells and extracellular
matrix, forms a framework designated as stroma, which con-
nects and supports all other tissues of the body. However, it is
not only an inert scaffolding to stabilize other tissues and
organs, but is dynamic and the site of multiple regulatory pro-
cesses involved in tissue organization, development, wound
healing, immune response, and organ repair. The extracellular
matrix is constantly renewed and molecules of the extracellu-
lar matrix modulate the functional activities of cells. They also
play key roles in disease processes, including inflammatory
and degenerative diseases and cancer. The matrix is involved
in tumor invasion, metastasis, and tumor angiogenesis.

The extracellular matrix is produced by fibroblasts, and
mainly consists of fibrils and fibers of collagen and elastin
embedded in a ground substance of non-collagenous glyco-
proteins and proteoglycans. Fibrils, fibers, and components
of the ground substance differ between the different types of
connective tissue. Contents and architectures of the diverse
collagen and elastic fibers determine the tissue’s properties,
such as consistency and elasticity. This in turn forms the
basis for the classification in loose connective tissue shown
in this figure, in dense irregular and dense regular connective
tissues (cf. Fig. 160), and in reticular and elastic tissues.
Collagen is constituent of thick collagen fibers (type I colla-
gen, cf. Fig. 158) and of fine reticular fibers (mainly type II1
collagen) present in the fibrillar layers of basement
membranes (cf. Fig. 106) and in the reticular connective
tissue of the bone marrow and lymphatic organs.

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,
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Loose connective tissue is shown in this survey
micrograph. It is found in multiple organs, surrounding
blood vessels, lymphatics, nerves, and muscles. The figure
shows a section of the wall of the rat small intestine.
A group of smooth muscle cells of the muscle layer is on
display in the left lower corner. The main part of the micro-
graph presents the submucosal loose connective tissue with
sections of cell bodies of a fibroblast and a macrophage.
The fibroblast cytoplasm is stuffed with rough endoplasmic
reticulum. The prominent Golgi region (G) is in perinuclear
position. It is clearly visible that the main architecture of
the tissue is made up of two types of networks, the one
consisting of fine fibroblast processes (F), the other built by
collagen fibrils and fibers (C). Longitudinal and cross sec-
tions of collagen fibers are apparent side by side, indicating
the reticular arrangement. Collagen fibrils also accompany
multiple unmyelinated nerve fibers of the vegetative nerve
system (asterisks).
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Connective Tissue

FIBROBLAST, FIBROCYTE, MACROPHAGE

In panels A and B, respectively, an active fibroblast and its
inactive counterpart, referred to as fibrocyte, are shown.
Fibroblasts constitute the main resident cells of the connec-
tive tissue. They synthesize and secrete both the components
of the connective tissue ground substance and the precursor
molecules of various types of collagen and elastic fibers. The
secretory program of the fibroblasts determines the composi-
tion of the extracellular matrix and, as a consequence, pro-
vides the basis for the construction of a certain type of
connective tissue. Fibroblasts are spindle-shaped and show
all the characteristics of cells active in protein synthesis. In
the karyoplasm, nucleoli are prominent. The long cytoplas-
mic extensions with multiple surface folds contain densely
packed rough endoplasmic reticulum (ergastoplasm). In the
Golgi apparatus, the secretory proteins are modified and,
after completion, packaged into small vesicles or other post-
Golgi carriers to be subsequently transported to the cell sur-
faces and exported via exocytosis. All components of the
ground substance, as well as procollagens and components
of elastic fibers, are secreted constitutively. Unlike the events
during regulated secretion, cell products are continuously
packaged at the Golgi apparatus and subsequently exported;
they are not accumulated in the cells. Both transport of
nascent secretory molecules across the Golgi stacks and their
pathways from the Golgi apparatus to the cell surface were
subjects of extensive studies. In contrast to soluble secretory
proteins such as albumin, procollagen molecules traverse the
Golgi apparatus without leaving the cisternal lumen (cf. Fig.
46). The extremely fine end pieces of the fibroblasts’ pro-
cesses (arrows) are in contact with each other and build up a

network, which, together with bundles of collagen fibrils
(C), make up the basic architecture of the connective tissue.

In the inactive fibrocytes (panel B), the cytoplasm is less
voluminous compared with the active fibroblasts. Fibrocytes
lack ergastoplasm. Their cell processes like wings surround
collagen fibers (C), leading to a compartmentalized organi-
zation of the tissue. In tendons, the respective fibroblasts are
called “wing cells.”

In panel C, a higher magnification of the macrophage
shown in Fig. 156 is on display. The surface is jagged and
shows deep invaginations of the plasma membrane and mul-
tiple endocytosis profiles. Macrophages are mobile cells
deriving from monocytes in the blood (cf. Fig. 193). They are
equipped with extensive phagocytic properties and contain
abundant lysosomes and phagosomes. As in other tissues and
organs, macrophages fulfill important tasks during unspecific
and specific immune reactions. In the connective tissue, mac-
rophages also are involved in the turnover of extracellular
matrix materials and senescent fibers. Elastic fibers (E) and
collagen fibrils (C) are apparent close to the surface of macro-
phages and are present in the spaces that are formed and sur-
rounded by deep plasma membrane invaginations.
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Connective Tissue

COLLAGEN AND ELASTIC FIBERS

Both the precursors of collagen and elastic fibers are syn-
thesized and secreted by fibroblasts and assemble extracel-
lularly to form fibrils and fibers. Panel A shows collagen (C)
and elastic fibers (E) in the loose connective tissue of the
small intestinal wall. It is the type I collagen that forms par-
ticularly thick fibers measuring up to 20 pm in diameter.
Collagen fibers are composed of collagen fibrils (C in panel
B), which show a characteristic striated pattern effected by
differentiated staining caused by the staggered array of the
individual tropocollagen molecules (diagram). Arrows in
panel A indicate unmyelinated nerve fibers.

Formation of collagen fibers is summarized in the
diagram:

1. Procollagen synthesis on ribosomes bound to the RER,
hydroxylation of prolin and lysine, initial glycosylation
and formation of triple helices.

2. Terminal glycosylation in the Golgi apparatus.

3. Packaging into secretory vesicles and procollagen
exocytosis.

4. Extracellular removal of the non-helical domains of pro-
collagen by action of procollagen peptidase, formation of
tropocollagen.

5. Formation of collagen fibrils by self-aggregation of tro-
pocollagen molecules in a staggered array. Crosslinks
between tropocollagen molecules are catalyzed by lysyl
oxidase.

6. Side-by-side cross-linking of collagen fibrils to form a
collagen fiber mediated by proteoglycans (double arrows)
and FACIT collagens (arrow, FACIT stands for fibril
associated collagens with interrupted #riple helices, types
IX, XII, and XIV collagens). For correct assembly and/or
turnover of collagen fibrils, other molecules, such as
tenascin-X, also are required.

The diagram is drawn with modifications according to
Kierszenbaum (2002).

Elastic fibers (E in panels A, C and D) have unique prop-
erties. Like a rubber, they recoil passively after tissues have
been stretched. They are made up of elastin and microfibrils
(arrows in panel D), composed of fibrillins 1 and 2 and asso-
ciated glycoproteins. Microfibrils initiate formation of elas-
tic fibers and form a scaffolding for elastin. Panel D shows
that elastin and microfibrils are closely associated.
Microfibrils are present in the fibers’ interior and form an
enclosing layer outside (arrows). The elastic fiber in panel D
is surrounded by fine branching processes of fibroblasts (F).

Precursors of elastic fibers are produced by fibroblasts
and also by chondroblasts in the elastic cartilage and by
smooth muscle cells in the walls of blood vessels. All three
components of elastic fibers — tropoelastin, fibrillins 1 and 2,
and microfibril-associated glycoproteins — are synthesized
on the rough endoplasmic reticulum and, after glycosylation
in the Golgi apparatus, packaged into secretory vesicles and
exported via exocytosis. Extracellularly, tropoelastin assem-
bly is initiated by bundles of microfibrils. Cross-linking of
tropoelastin is catalyzed by lysyl oxidase. Oxydized lysins
condensate into a desmosin ring that covalently cross-links
tropoelastin molecules to each other. Fibrillins 1 and 2 pro-
vide a force-bearing support and regulate further tropoelastin
assembly. Immature elastic fibers formed initially aggregate
to build up mature elastic fibers. The two amino acids des-
mosin and isodesmosin are characteristic for elastin; they are
necessary for cross-linking mature elastic fibers and are
responsible for their “elastic” properties, allowing stretching
and recoil.
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EOSINOPHILIC GRANULOCYTE, PLASMA CELL, MACROPHAGE, MAST CELL

In contrast to fibroblasts and fibrocytes, which are resident
cells, a range of connective tissues cells are blood- and bone
marrow-derived and secondarily migrate into the connective
tissues. They are commonly designated as “mobile connec-
tive tissue cells” and altogether fulfill key roles in the spe-
cific and unspecific immune system. Mobile cells are
particularly abundant at all sites where contacts with harmful
substances and microbial invasion are facilitated. Particularly
rich in mobile cells are the mucosal connective tissues of the
respiratory and the alimentary tracts.

Panel A shows an eosinophilic granulocyte (E) and a
plasma cell (P) embedded in collagen fibrils and in close
contact to processes of fibroblasts (F). Eosinophilic granulo-
cytes make up approximately 2—4 % of the total leukocytes
in the blood (cf. Fig. 191), and in connective tissues are par-
ticularly prominent in the lamina propria of the small intes-
tine. The specific eosinophilic granules, because of their
crystalline center (asterisk), show a unique appearance under
the electron microscope. The main component of the crystal-
line center is the “major basic protein,” which disrupts the
membranes of parasites. After binding to the surface of para-
sites, the granule contents are released directly onto the para-
sites” membranes. Other cell products modulate mast cell
activities and protect against potentially harmful effects of
mast cell degranulation. The eosinophilic granules, such as
those of mast cells and other cells derived from the hemato-
poietic lineage, are also designated as secretory lysosomes
(cf. Figs. 65, 66, and 191).

Plasma cells are the immunoglobulin-producing cells of
the specific humoral immunity. They derive from the differ-
entiation of B lymphocytes after antigen stimulation. Plasma
cells synthesize and secrete antibodies that bind specifically
to that antigen, which originally activated the precursor B
lymphocyte. Plasma cells remain in the tissue, while their
products, the antibodies, are distributed throughout the body.
The plasma cell nucleus exhibits a typical cartwheel configu-
ration, of which one “spoke” is visible in the cell shown in
panel A. The cytoplasm is stuffed with rough endoplasmic
reticulum (ergastoplasm), reflecting the cells’ engagement in
the synthesis of high amounts of glycoproteins. Another seg-
ment of a plasma cell (P) is on display in panel C.

Panel B shows a macrophage (MA) with huge lysosomes
(Ly) accumulated in the cytoplasm. Its ultrastructural appear-
ance mirrors the crucial functions of macrophages in the
immune defense connected with phagocytosis, breakdown of
engulfed substances in lysosomes, presentation of antigens,
and degradation and turnover of extracellular matrix materi-
als and senescent fibers.

A mast cell (M) and part of a plasma cell (P) are on dis-
play in panel C. Mast cells have a crucial role in the defense
system and also are involved in pathologic immune reac-
tions, such as allergies. Products of mast cells facilitate the
movement of cells and molecules into sites of foreign inva-
sion. Histamine released from the storage granules upon
mast cell activation increases vascular permeability, and
mast cell-derived chemotactic mediators attract mobile cells,
such as monocytes, and neutrophilic and eosinophilic granu-
locytes to the site of mast cell activation. In the cytoplasm of
nonactivated cells, storage granules (asterisks) are accumu-
lated. They mainly contain histamine, heparin, proteogly-
cans, and a set of proteases, such as tryptase and chymase.
The granule contents are released on activation of the cells,
together with inflammatory activators produced at the time
of activation. Mast cells are activated by binding of a specific
antigen, which bridges two immunoglobulin E molecules
anchored to receptors in the plasma membrane. A particu-
larly rapid release of mast cell granule contents is possible
by compound exocytosis. Upon stimulation, granules fuse
with each and form channels to the surface for extrusion of
the contents. Findings indicate that microtubule-dependent
movement of the secretory granules plays an important role
in the mast cell exocytic response.
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DENSE CONNECTIVE TISSUE: COLLAGEN BUNDLES IN THE CORNEA

The cornea forms the front part of the outer tunic of the eye-
ball, which protects the inner structures and helps to main-
tain the eye’s shape. The corneal center coincides with the
anterior pole of the eyeball. Being part of the optic apparatus,
the cornea is transparent, leads numerous nerve fibers, but
lacks blood vessels and lymphatics. Immune elements are
thus prevented from invading the cornea, which makes the
cornea an ideal organ for transplantation, with minimal risk
of being rejected by the immune system of the host.

The anterior surface of the cornea is covered by a strati-
fied epithelium (cf. Fig. 137). The basal cells are attached to
a thin basal lamina, composed of an inner rare and an outer
dense part (lamina rara and lamina densa). The latter is con-
nected with the neighboring Bowman’s layer or Bowman’s
membrane (cf. Fig. 161), which lacks characteristics of a
membrane but is the anterior most part of the corneal stroma.

The corneal stroma (substantia propria) represents 90 %
of the thickness of the cornea. It is made up of a particularly
dense connective tissue mainly consisting of types I and V
collagens. The collagen fibrils are arranged regularly in thin
and flat layers. In the successive planes, they cross at various
angles, thus forming a complex fibrillar lattice, which makes
the cornea highly resistant to any kind of deformation or
trauma. The micrograph shows a segment of the middle part
of the corneal stroma, displaying one of the stromal fibro-
blasts and a very thin process of another one. The cells are
extremely flat and spanned between the collagen lattices that
occupy the entire extracellular space.

Both cross sectioned and longitudinally sectioned seg-
ments of the layers of collagen fibrils show that there are
regular distances between the individual collagen fibrils.
The regularity and spacing of collagen fibrils are closely
related to the water content of the cornea, and this in turn is
connected with the corneal transparency and dependent on
the contents and qualities of proteoglycans. For transpar-
ency of the cornea, a precise regulation of the water content
is required. Collagen fibrils are embedded in a ground

substance enriched in proteoglycans containing keratan
sulfate and dermatan sulfate. It is the high abundance of
keratan sulfate in the corneal stroma that seems to be pivotal
in the precise regulation of the corneal water content and in
the maintenance of a level of tissue hydration critical for
transperancy. The keratan sulfate linked proteins mainly are
lumican, keratokan, and mimecan. Keratan sulfate and der-
matan sulfate linked proteoglycans possess distinct water
binding properties. Whereas dermatan sulfate is fully
hydrated at hydration levels typical for normal corneal tis-
sue, keratan sulfate is only partially hydrated and seems to
function as a buffer for hydration.

The mechanical properties of the cornea of the rabbit are
of particular interest because the rabbit cornea is preferably
used for evaluation of new corneal prosthetics and for in vitro
investigations of corneal cellular behavior, especially in con-
nection with wound healing. Considerable differences in the
biophysical properties were found by atomic force micros-
copy of each of the layers of the cornea (cf. Figs. 108, 137,
and 161) of the rabbit in comparison with the human cornea;
the rabbit cornea was found to be much softer and there were
differences in the collagen organization with considerably
less intertwining of collagen fibers in the rabbit cornea as
compared with human tissue.
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BOWMAN'’S LAYER

Originally, the layer of Bowman was termed Bowman’s
membrane analogously to Descemet’s membrane at the inner
side of the cornea. However, the layer of Bowman does not
correspond to a basement membrane as is true for the mem-
brane of Descemet (cf. Fig. 108). The layer of Bowman is the
anterior most part of the corneal stroma, although differently
organized. It is 69 pm thick and formed by densely packed,
mainly type I collagen fibrils. The micrographs of a human
cornea in panels A and B show segments of the basal cells of
the corneal epithelium (cf. Fig. 137) and the associated basal
lamina with the lamina rara close to the plasma membrane of
the epithelial cells and the adjacent lamina densa labeled by
asterisks in panel B. The lamina densa continues into the
Bowman’s layer, which is shown in the middle part of the
survey micrograph in panel A. The different organization of
the collagen fibrils in the Bowman’s layer in comparison
with their organization in the stroma shown in the lower part
of panel A is evident. Whereas in the corneal stroma colla-
gen fibrils are piled up forming a lattice of thin and flat lay-
ers, they are organized in a dense network in the layer of
Bowman presented at higher magnification in panel B.
Bowman’s layer is transparent, as are all parts of the cornea,

and builds up a protective barrier to trauma and microbial
invasion.

Biophysical properties of each layer of the cornea (cf.
Figs. 108, 137, and 160) of the rabbit in comparison to the
human cornea have been determined by atomic force micros-
copy. Considerable differences between the two species have
been found being of particularly high interest with respect to
the fabrication of new keratoprosthetics and evaluation of
substrates for in vitro studies of corneal cellular behavior.
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AMYLOIDOSIS OF KIDNEY

Amyloidosis is a term describing the deposition of proteins
in various organs in a large variety of diseases. The deposited
proteins form f-pleated sheet fibrils of 75-100 A in diameter
that accumulate in the extracellular space. The ordered
deposits of amyloid fibers are birefringent and have a selec-
tive affinity for the histochemical dye Congo red, which is of
diagnostic importance for the differentiation from other
fibrillar protein deposits.

Amyloidosis can be an inherited or acquired disorder
affecting either single organs or whole organ systems.
Several types of amyloidosis can be distinguished depending
on the composition of the fibril subunits. The most common
form is the amyloidosis of Ig light chains (AL amyloidosis),
in which the subunit protein is the variable portion of mono-
clonal immunoglobulin light chains, and the reactive amlyoi-
dosis (AA amyloidosis), in which the subunit protein is the
amyloid A. As the consequence of progressive amyloid
deposits, the normal tissue structure and function becomes
disrupted.

In renal amyloidosis, the AA type is prevailing (about half
of the cases) but the AL type is not uncommon either.
Amyloid deposits can be found in the glomeruli, blood ves-
sels, the interstitium, and peritubular basement membranes.
In the glomeruli, amyloid deposits are present in the mesan-
gial matrix (asterisks) and along, as well as inside, the glo-
merular basement membrane (arrowheads). Podocytes
usually show effaced foot processes and are focally detached
from the glomerular basement membrane, which results in
the extension of amyloid fibrils in the urinary space. The
amyloid deposits may result in lamination of the glomerular
basement membrane or its complete replacement. The inset
illustrates the presence of large masses of amyloid fibrils
(asterisk) between endothel and podocyte, which in this
instance have resulted in the replacement of the glomerular
basement membrane. These apparently unbranched fibrils

are haphazardly arranged for the most part. At the podocyte
aspect of the glomerular wall, spicular arrangements of amy-
loid fibers can often be observed. Such amyloid spicules rep-
resent morphological signs of active amyloid deposition and
are observed more often in primary amyloidosis. They disap-
pear with clinical signs of regression of renal amyloidosis or
are primarily not observed in cases with glomerular base-
ment lamination. The distortion of the normal glomerular
architecture by the amyloid deposits resulting in the expan-
sion of the mesangium, widening of glomerular basement
membranes, and narrowing capillary lumen is obvious in the
electron micrograph. Evidently, such structural alterations
are incompatible with normal glomerular function.
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AMYLOID FIBRILS: GROWTH AS SEEN BY TIME LAPSE, ATOMIC FORCE MICROSCOPY

Amyloid deposits are composed of fibrils when investigated
by transmission electron microscopy. The fibrils are insolu-
ble and highly stable structures. Amyloid fibrils can be
grown in vitro by using synthetic proteins such as amylin,
which is the subunit protein of amyloid deposits observed in
human type 2 diabetes mellitus.

The atomic force microscopy is an imaging technique that
can be applied to study single macromolecules at high reso-
lution in an aqueous environment. As such, this technique is
a useful complementary tool to electron microscopy because
it permits studies by time lapse imaging under quasi-
physiological conditions. The example shown here concerns
time lapse imaging by atomic force microscopy of amyloid
fibril growth.

Panel A shows protofibrils formed on a mica surface by
amylin in a buffer solution. Such protofilaments are assem-
bled by the stacking of twisted -sheets perpendicular to the
fibril axis and represent the building blocks from which the
formation of higher order fibrils takes place. Panels B-D
show the growth of individual amylin protofilaments on the
mica surface. The same field was recorded over periods of
times of several hours. Such imaging as shown here has
allowed not only the study of individual fibrils but also moni-
toring of their growth. From the time lapse observation,
growth rates of the fibrils could be calculated and were found
to be 1.1 (SD=0.5) nm/min. In addition to the observation of
single fibrils and their growth profiles, the formation of pro-
tofilaments from nucleation centers seen as small dots on the
mica surface has been possible. Individual fibrils and proto-
filaments could be distinguished unequivocally by their dif-
ferent diameters. Such experiments, visualizing the formation
and growth of protofilaments and the assembly in fibrils,
may be applicable to study the effect of drugs developed to
interfere with the process of amyloid fibril formation.
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WHITE ADIPOSE TISSUE

Adipose tissue exists chiefly in two different forms: white
and brown adipose tissue. Both have a highly differing fine
structure and their location differs significantly. White adi-
pose tissue is found in the subcutaneous tissue, where it
exists mainly as single adipocytes (panel A) and in small
groups often along capillaries (inset in panel A), or in the
peritoneal cavity where it forms a compact tissue, the vis-
ceral fat. White adipocytes contain a single lipid droplet
whose size can vary between 40 and 120 pm. In the white
adipose tissue, brown-like adipocytes, named beige or brite
(brown-in-white) adipocytes, exist, which undergo revers-
ible transition with white adipocytes.

Panel A shows an entire white adipocyte and parts of
adjacent white adipocytes of the subcutaneous tissue. The
predominant feature is the single, slightly electron dense
lipid droplet (L), which gives them the appearance of signet
ring. The adipocytes are surrounded by a basement mem-
brane and its dense lamina is well visible in panel B (Lb).
The cytoplasm exists only as a small peripheral rim, which
contains a flat nucleus, ER, mitochondria (M), and the Golgi
apparatus The area marked in panel A is shown at higher
magnification in panel B. Along the plasma membrane,
numerous caveolae exist (arrows). The lipid droplet is not
surrounded by a double-layered membrane (cf. Fig. 83).
However, a flat network of intermediate filaments exists
between the cytoplasm and the lipid droplet, which can be
only fully appreciated in grazing sections.

The white adipose tissue represents an important source
for energy. Depending on the energy need of the organism,
triglycerides of the lipid droplet will be metabolized or
stored. The principal source for the synthesis of the triglyc-
erides of the lipid droplet are free fatty acids. They arrive
with chylomicrons from the intestine or with very-low-
density lipoproteins from the liver. The lipoprotein synthase
of the white adipocytes, after transport to adjacent endothe-
lial cells of capillaries, releases the fatty acids from their pro-
tein carriers for subsequent transport to the adipocytes. Here,
triglycerides are synthesized from them in the smooth endo-
plasmic reticulum and subsequently integrated in the lipid
droplet. The mobilization of free fatty acids from the lipid
droplet triglycerides occurs by the action of a hormone-
sensitive lipase. After phosphorylation of the lipase by glu-
cagon, ACTH, or adrenalin, lipolysis occurs. On the other
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hand, insulin and prostaglandins exhibit an inhibitory effect
on the lipase, which stimulates the storage of triglycerides in
the white adipose tissue.

In addition to its main function in energy metabolism,
white adipose tissue also acts as an insulator and represents a
storage site for water. From a mechanical point of view, it is
important for the correct positioning of various organs such
as the kidneys and eyes and functions as an elastic cushion at
sites of high mechanical stress such as the soles and palms as
well as joints.

The white adipose tissue is also active as an endocrine
organ by secreting various adipocytokines such as leptin,
adiponectin, resistin, visfatin, tumor necrosis factor a, and
plasminogen activator inhibitor-1. The adipocytokines play
important roles in metabolic homeostasis and their dysregu-
lation results in metabolic disease and arteriosclerosis.

Disorders of adipose tissue development, differentiation,
and death are called lipodystrophies, which can be classified
in autosomal recessive and autosomal dominant. They are
characterized by partial or complete lack of adipose tissue
either due to mutations of genes important for development
and/or differentiation or mutations in lamin A/C causing pre-
mature adipocyte death.
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BROWN ADIPOSE TISSUE

Brown adipose tissue is structurally and functionally differ-
ent from white adipose tissue. Current evidence indicates the
existence of two distinct types of brown adipocytes: the clas-
sical brown adipocytes as shown here in the panel, and beige
or brite adipocytes that can be found intermingled with white
adipocytes. Although abundant at birth, in the adult it exists
only as small depots at specific anatomical locations. The
brown color of the tissue is due to an abundance of mito-
chondria. In contrast to white adipocytes, the classical brown
adipocytes contain numerous lipid droplets that differ greatly
in size and are therefore named plurivacuolar (or plurilocal)
adipocytes. Brown adipocytes are polygonal and as a rule
smaller in size (20—40 um) than white adipocytes. The brown
adipose tissue is compact and rich in capillaries and sympa-
thetic nerve fibers.

All the features mentioned above can be easily recognized
in the electron micrograph that shows several classical brown
adipocytes at low magnification. The round nucleus is usu-
ally centrally located, in contrast to the peripherally located
nucleus of white adipocytes. The cytoplasm is filled with
numerous scattered mitochondria (M) and both rough and
smooth endoplasmic reticulum. The inset shows the two
characteristic organelles of brown adipocytes, lipid droplets
(L) and mitochondria (M) of the crista type. Numerous capil-
laries (Cap) in very close contact with the adipocytes are
another hallmark of brown adipose tissue. Some exhibit a
hypertrophic endothel (Cap*). The cytoplasm contains also
peroxisomes (PO), usually arranged in small clusters.

The fatty acids derived from triglycerides of the brown adi-
pose tissue, in contrast to the white adipose tissue, are used for
the generation of heat. The thermogenic process becomes acti-
vated when the body temperature falls below thermoneutrality.
The thermogenesis is mainly controlled by noradrenalin,
which binds to f-adrenergic receptors of the brown adipo-
cytes. The close topographic relation between the lipid drop-
lets and the mitochondria is important for the thermogenesis.
The free fatty acids in the cytosol generated by the lipolysis of
triglycerides of the lipid droplets are utilized by mitochondria
for B-oxidation. The proton gradient in the mitochondria gen-
erated by this process is used for thermogenesis instead of

ATP synthesis. The brown adipose tissue uncoupling protein-1
(UPC1, thermogenin) of the inner mitochondrial membrane is
critical for this process. Thus, brown adipose tissue is of vital
importance under conditions of need of extra heat such as
acute and chronic cold exposure, after birth, and during arousal
of animals from hibernation.

Like the white adipose tissue, the brown adipose tissue is
a secretory organ. Autocrine, paracrine, and endocrine fac-
tors are secreted upon different stimuli.
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CARTILAGE

ARTICULAR CARTILAGE

Cartilage represents highly specialized connective tissues.
Three types can be distinguished, which are found in differ-
ent anatomical locations and differ with regard to the amount
and arrangement of chondrocytes and fibers: hyaline (articu-
lar) and elastic cartilage and fibrocartilage. All three have in
common a low metabolic rate, the absence of blood vessels,
and the ability to grow. Cartilage consists of chondrocytes
and a matrix, the latter making up the bulk of cartilage mass.
The matrix consists of collagens and proteoglycans and has
a 60-80 % water content. Cartilage is elastic and flexible and
has a high tensile strength. This characteristic is mainly due
to the matrix composition and architecture. Hyaline cartilage
is the most abundant type of cartilage and, for example, cov-
ers the bone surfaces of joints, hence the name articular
cartilage.

A most detailed analysis of articular cartilage, especially
its matrix, became possible through high-pressure freezing
fixation, which preserved the cartilage in a near-native vitri-
fied state. Panels A and B show electron micrographs of
bovine articular cartilage fixed by high-pressure freezing fol-
lowed by freeze-substitution and Epon-embedding. Pairs of
chondrocytes (the so-called chondrons) can be seen. They
are actively synthesizing and secreting the matrix compo-
nents. Young, as compared to old, chondrocytes contain
abundant endoplasmic reticulum and well-developed Golgi
apparatus. Mature chondrocytes, as seen in panel A, are
spherical and lie in nests.

The matrix synthesized by the chondrocytes consists of
three compartments that differ in the architecture of their
collagen fibers. The chondrocytes are surrounded by the
pericellular matrix (PM in panel A), which can be quite vari-
able in extent. It seems homogenous because of the absence
of collagen fibers and the presence of randomly oriented
cross-banded filaments of 10—-15 nm diameter, also found in
the two other matrix compartments. The pericellular matrix
is followed by the territorial matrix (TM in panel A) and the
interterritorial matrix (ITM in panel A). The territorial matrix
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contains basket-like arrangements of collagen fibers. The
interterritorial matrix represents the bulk mass of the matrix,
and collagen fibrils are found in two different orientations.
One is in the form of parallel fiber arrangements, which give
rise to a larger arcade-like construction, and the other con-
sists in a more random organization of fibers. The spaces
between the collagen fibers are rich in proteoglycans. Panel
B shows details of the interterritorial matrix. Longitudinally
sectioned (arrows) and cross-sectioned (open arrow) colla-
gen fibers of varying diameters can be seen. In between, the
proteoglycans form a fine granular mass (G in panel B). It is
now recognized that the previously described fine reticular
network represents a segregation artifact.

Panel C shows foci of mineralization in the interterritorial
matrix of human articular cartilage. This specimen was con-
ventionally immersion fixed in glutaraldehyde and osmium
tetroxide and not by high-pressure freezing.
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OSTEOBLASTS AND OSTEOCYTES

Bone is a specialized form of the connective tissue character-
ized by impregnation of the extracellular matrix with salts of
calcium and phosphate. Mineralization is connected mainly
with the apposition of hydroxyapatite crystals onto both
components of the ground substance and collagen fibrils and
leads to a special strength and stability of the tissue, making
it particularly qualified for providing support and protection
for the body and its organs. Another important function of
bone is to establish a reservoir for calcium and phosphate
ions. Bone is highly vascularized and plays a crucial role in
the regulation of blood calcium levels. Although it appears
rigid and inflexible, it is metabolically active and sensitive to
functional alterations and changes in load, which result in a
reorganization of the tissue and reconstruction of the bone
skeleton. Bone undergoes continuous remodeling associated
with resorption, new production of mineralized matrix, and
neovascularization not only during development but also in
the adult bone skeleton according to functional conditions.
Undisturbed secretory and endocytic trafficking in osteo-
blasts and osteoclasts, including secretion of lysosomal
enzymes and transcytosis of endocytic materials, play a piv-
otal role in bone remodeling.

Panels A—C show segments of bone tissue derived from
distal femur and proximal epiphyses of the mouse. In panel
A, a vascular channel is shown, leading a capillary (Cap)
embedded in loose connective tissue. Fibroblasts and osteo-
progenitor cells are assembled. Active osteoblasts (Obl) are
lined up, forming an epithelial-like monolayer of polarized
cells, which produce and deposit osteoid, the nonmineralized
organic bone matrix consisting mainly of type I collagen
fibrils, to a lesser extent of type V collagen, and a range of
ground substance components including glycosaminogly-
cans, and glycoproteins such as osteocalcin, osteopontin, and
osteonectin. Osteoid is shown in panel A, forming a light
zone around the osteoblast layer. The neighboring, extremely
electron dense masses represent already mineralized matrix.

The osteoblasts in panel C show characteristics of highly
active secretory cells with large nucleoli and the cytoplasm
stuffed with rough endoplasmic reticulum (ergastoplasm).
One of the osteoblasts has already left the epithelial-like
osteoblast layer and has lost its polar organization. It is in
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part surrounded by its product, the osteoid (O), and forms
thin projections, one of which (arrow) comes in contact with
one of the processes of the “young” osteocyte (arrow) visible
in the lowermost part of the figure. This young osteocyte is
already surrounded by mineralized matrix (M), but it is still
highly active, as can be seen by the abundance of rough
endoplasmic reticulum. In this feature, it contrasts with the
osteocyte shown in panel B. This “older” osteocyte is located
in a small cave and is already completely embedded in calci-
fied bone matrix. The small cytoplasm around the nucleus
contains a reduced number of organelles. A thin cell process
projects into a fine channel (arrow). The mineralized matrix
is interspersed with numerous such channels (canaliculi),
providing a communicating nutritive system within the hard
bone tissue. Nutrients diffuse from the blood vessels in the
vascular channels through the canaliculi into the osteocyte
caves. The channels also lead osteocyte processes, by which
the cells communicate via gap junctions.

In the osteoid layer (O) in panel C, fine collagen fibrils are
discernible that are further organized into bundles, concomi-
tantly with the formation of processes leading to transforma-
tion of osteoblasts into osteocytes. Electron-dense spots and
tufts indicate the onset of mineralization that is initiated and
controlled by the osteoblasts.
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Bone

OSTEOCLAST

Osteoclasts are terminally differentiated, large, multinucle-
ated cells associated with the removal and absorption of min-
eralized bone. They are formed by maturation and fusion of
precursor cells, which derive from bone marrow cells of the
monocyte/macrophage lineage. Osteoclastic bone resorption
is necessary for normal growth and formation of the bone
skeleton during development, as well as bone remodeling in
the adult skeleton in response to altered functional condi-
tions and changes of load. Osteoclast activity also is essential
for the regulation of blood calcium concentrations.
Osteoclasts rest directly on the bone tissue at sites where
bone is being removed. Resulting from osteoclast activity, a
resorption bay, designated Howship’s lacuna, can be seen in
the bone beneath the osteoclast. In panel A, a large osteoclast
in the bone of the proximal tibia metaphysis of the mouse is
shown residing in a resorption bay formed in the mineralized
bone matrix. Three of the nuclei are sectioned. At the cell
surface, where the osteoclast is apposed to the bone, a “ruf-
fled border” (RB) has developed consisting of numerous
plasma membrane infoldings. Panel B presents a higher
magnification of the ruffled border of an osteoclast in apposi-
tion to partially resorbed mineralized bone matrix. Abundant
fine needles of mineral crystals released from the bone are
visible at the resorption front between the multiple plasma
membrane infoldings. Bone resorption involves demineral-
ization, the dissolution of the inorganic constituents of the
bone mediated by H*-ATPase within an acidic environment,
and enzymatic degradation of the organic components by
lysosomal proteases. The bone area to be resorbed is exposed
to the lysosomal enzymes, e.g., cathepsin K, that are packed
into secretory lysosomes at the trans Golgi side and deliv-
ered by exocytosis into the clefts between the cytoplasmic
processes of the ruffled border. It has been shown in a mouse
model that disruption of the mannose-6-phosphate targeting
route for lysosomal enzymes (cf. Figs. 65 and 66) leads to an
impairment of the biogenesis of secretory lysosomes; the
findings indicate the existence of a mannose-6-phosphate-
independent pathway for selected hydrolytic enzymes in
osteoclasts. The ruffled border membrane containing vacuo-
lar H*-ATPases shows several features comparable with the
membrane of late endosomal compartments. The production
of hydrochloric acid leads to the creation of a local acid envi-

ronment favoring the action of the lysosomal enzymes. The
area of bone resorption characterized by the ruffled border is
demarcated by a ring-like perimeter of cytoplasm, the clear
zone, containing abundant actin microfilaments but essen-
tially lacking other organelles. Segments of the clear zone
(CZ) are visible in panel B, demarcating the ruffled border at
both sides.

Degraded bone matrix is internalized by the osteoclasts
for further processing, enters transcytotic vesicles, and is
finally exocytosed to the intercellular space via the func-
tional secretory domain at the basolateral membrane oppo-
site the bone surface. Studies have shown that, in the ruffled
border, secretion and endocytosis take place in a highly
ordered manner. The ruffled border possesses two subdo-
mains, a peripheral vesicle fusion zone and a central matrix
uptake zone. It has been shown that endocytosis and trans-
cytosis from the ruffled border are fast processes that involve
microtubules, and are dependent on the acidification of the
extracellular space. The half-life of endocytosed material
inside the cells has been estimated to be 22 min.
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MYOFIBRILS AND SARCOMERE

Skeletal muscle cells, commonly called muscle fibers, are
multinucleated syncytia formed during development by
fusion of mononucleated precursor cells, the myoblasts.
They measure 10-100 pm in diameter and can have lengths
from a few millimeters up to almost a meter. The hundreds of
nuclei are located in the cells’ periphery close to the plasma
membrane, whereas most of the cytoplasm is occupied by
the longitudinally arrayed myofibrils composed of the myo-
filaments: thick filaments assembled from myosin II mole-
cules containing rod-shaped segments and globular heads
projecting out of the filaments, and thin filaments composed
of actin. The contractile myofilaments myosin and actin are
organized by specialized proteins of the “sarcomeric cyto-
skeleton,” which include alpha-actinin and myomesin, as
well as the giant proteins nebulin, obscurin, and titin. They
fulfill structural and mechanical functions and have roles in
signaling. The electron micrograph shows part of the cyto-
plasm of a striated muscle fiber with parallel arrays of myo-
fibrils. Mitochondria are lined in the small cytoplasmic cords
between the myofibrils, where glycogen is accumulated.
Profiles of the sarcoplasmic reticulum forming triads (arrows;
cf. also Fig. 170) are visible.

The cross-banded pattern apparent in the cytoplasm of the
muscle fiber reflects the arrangement, in register, of the myo-
fibrils, and the banded pattern of the myofibrils reflects the
arrangement of the myofilaments. Intensely stained A-bands
(A - anisotropic), for which the myosin filaments account,
and less intensely stained I-bands (I — isotropic), composed
mainly of actin filaments, can be discriminated. The dense
Z-lines in the center of the I-bands represent sections of disk-
shaped platforms, where the actin filaments are anchored by
alpha-actinin. Nebulin wraps around the actin filaments and
assists alpha-actinin in anchoring the actin filaments. Further
accessory proteins are tropomodulin, an actin-capping pro-
tein, which regulates the length of the actin filaments, and
titin, a giant elastic molecule that connects the thick myosin
filaments with the Z-disk. In the center of each A-band, a less
dense band, the H-band, corresponds to the central part of
the myosin filaments being bare of myosin head projections.
The H-band is bisected by a narrow dense line, the M-line
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built by myosin-binding proteins that hold the thick fila-
ments in register. An intermediate filament lattice of desmin
forms stabilizing cross-links between neighboring myofi-
brils, which are connected with the plasma membrane and
extracellular matrix via costameres, juxtaposed to the Z- and
M-lines. Dystrophin, a rod-shaped, dimeric protein localized
beneath the plasma membrane, links the cytoskeleton of the
muscle fiber to the extracellular matrix by binding actin and
a complex of transmembrane proteins, the dystroglycans and
sarcoglycans, which are connected with laminin and agrin in
the basal lamina.

A myofibril segment delineated by two adjacent Z-lines is
defined as a sarcomere, the basic contractile unit of the stri-
ated muscle shown in the inset. Excluding the H-band, actin
and myosin filaments interdigitate. Rapid contraction cycles
of well-defined subsequent stages involving attachment,
release, bending, force generation, and reattachment of myo-
sin heads to actin molecules move the thin actin filaments
along the thick myosin filaments, leading to a shortening of
the sarcomeres and contraction of the muscle. Tropomyosin
and three troponin molecules have pivotal roles in the initia-
tion of contraction triggered by binding of Ca* to one of the
troponins. This leads to an uncovering of the myosin binding
sites located at the actin molecules. Contraction of adjacent
sarcomeres occurs with a short time delay.
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SARCOPLASMIC RETICULUM, TRIAD, SATELLITE CELL

For muscle contraction, Ca?* must be available as it is required
for the binding between myosin and actin, and after contrac-
tion, Ca** must be removed. The rapid delivery and removal
of Ca* is effected by a complex membrane system that sur-
rounds each myofibril and consists of two parts: a longitudi-
nally oriented part, the longitudinal or L-system, a muscle
cell-specific endoplasmic reticulum, called sarcoplasmic
reticulum, which forms networks of cisternae around the
myofibrils and is the major intracellular calcium store, and a
transversely oriented part, the transverse tubule or T-system
representing tubular projections of the plasma membrane that
encircle each myofibril. At particular sites, the two parts of
the membrane system come together forming specialized sig-
nal transduction organelles, the triads. Triads consist of two
terminal cisterns of the L-system associated with a central
T-tubule segment. The main function of the triads is to trans-
late the action potential from the plasma membrane to the
sarcoplasmic reticulum, effecting calcium flow into the cyto-
plasm and the initiation of muscle contraction.

In both panels A and B, triads are visible. In panel A, indi-
cated by arrows, triads are apparent in cytoplasmic cords
between superficially localized myofibrils. At each side, the
central T-tubule is accompanied by a globular profile of a ter-
minal cistern of the L-system. Flatly sectioned triads are vis-
ible in panel B. It is evident that terminal cisterns of the
L-system are associated with segments of T-tubules at partic-
ular sites. The intermembraneous narrow cytoplasmic slits
between the T-tubule and L-cistern membranes contain dense
materials visible as a fine line, which may correspond to parts
of the protein complexes involved in signal transmission.
Voltage sensor proteins in the T-tubule membrane of the triads
are activated when the plasma membrane depolarizes, leading
to conformational changes of the proteins that, in turn, opens
gated Ca®*-release channels in the membrane of the adjacent
terminal cisterns of the L-system effecting rapid release of
Ca* into the cytoplasm. Simultaneously, Ca** is transported
back into the terminal cisterns by Ca**-activated ATPases in
the L-system membrane. In the skeletal muscle fibers, triads
are regularly localized at the A-I-band junctions.

Close spatial relations between a T-tubule and caveolae-
like vesicles are visible in panel A. The T-tubule membranes
are enriched in cholesterol, similarly to the membranes of
caveolae (cf. Fig. 63). Caveolae are assumed to be involved
in the formation of the T-tubule system during development.
It has been shown that caveolin 3, a muscle-specific isoform
of caveolin, associates with developing T-tubules.
Arrowheads label the basal lamina that covers the entire sur-
face of the muscle fiber.

Panel C shows a satellite cell located closely apposed to
the plasma membrane of the muscle fiber visible in the upper
part of the picture. Muscle fiber and satellite cell are in a
common sheath of basal lamina (arrowheads). The cyto-
plasm of the satellite cell seems to be intensely involved in
vesicle transport but lacks myofibrils. This is consistent with
its function as precursor cell. Adult skeletal muscle fibers
possess the capacity for regeneration in response to damage
from injuries or progressive myopathies. Satellite cells are
normally quiescent but are activated by damage and stimu-
lated to proliferate and differentiate. By fusion, newly formed
multinucleated myofibers are created, either de novo or from
preexisting muscle fibers.
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NEUROMUSCULAR JUNCTION

Neuromuscular junctions, also called motor end plates, are
specialized chemical synapses formed at the sites where the
terminal branches of the axon of a motor neuron contact a
target muscle cell. Innervation is achieved by interaction of
acetylcholine released from the axon endings with its recep-
tor in the plasma membrane of the muscle cell. Neuromuscular
junctions show unique architectures. Ramifications of the
axon terminate in knob-like end pieces, each of which is
embedded in a shallow depression on the surface of the mus-
cle fiber. The myelin sheath covering the axon (cf. Fig. 182)
ends, and the basal lamina of the cell of Schwann continues
into that of the muscle fiber, and also extends into the synap-
tic cleft between the plasma membrane of the depressed end
knob of the axon and the surface of the muscle fiber. The
axon end knob represents the presynaptic part of the neuro-
muscular junction. It contains multiple mitochondria and
synaptic vesicles where the transmitter acetylcholine is
stored. The muscle cell plasma membrane underlying the
synaptic cleft forms the postsynaptic membrane. It is exten-
sively folded, leading to an increase of surface and the forma-
tion of narrow troughs that alternate with crest-like
formations. In the postsynaptic membrane, receptors and ion
channels are localized in segregated arrangements. The ace-
tylcholine receptors are concentrated at the crests, and Na*
channels located in the troughs. This allows differentiated
actions in response to a nerve impulse that prompts release of
acetylcholine into the synaptic cleft. Binding of acetylcholine
to the receptors leads to an opening of the cation channels.
Influx of Na* effects localized membrane depolarization that
is transmitted along the plasma membrane to the T-tubules to
reach the triades, where Ca?*-release from the sarcoplasmic
reticulum is triggered initiating muscle contraction.
Continued stimulation is prevented by the enzyme acetylcho-
line esterase, by which acetylcholine is rapidly broken down.

The electron micrograph presents a survey view of a neu-
romuscular junction area. Nuclei are accumulated, three of
them being sectioned. The cytoplasm is enriched in mito-
chondria, endoplasmic reticulum, free ribosomes, Golgi
apparatus, and glycogen. However, myofibrils (asterisks) are
sparse in the inner junction area but are densely packed in the

cytoplasm outside, as shown in the lower right part of the
picture. A neuromuscular junction with all its components is
visible in the left lower part of the micrograph. The end knob
of an axon depressed in the cytoplasm of the muscle fiber
contains mitochondria and abundant small synaptic vesicles.
It is surrounded by the synaptic cleft and multiple junctional
folds (arrows). Being branched they form a system of
labyrinth-like membrane convolutes, also visible in the left
upper part of the micrograph (arrows). It is evident that the
multiple foldings lead to an extended augmentation of the
surface area of the postsynaptic membrane. Basal lamina
materials line the entire surface within the cleft including the
deep trough regions. The entire muscle fiber is covered by a
basal lamina and embedded in loose connective tissue, the
endomysium.

The organization of neuromuscular junctions and the
extended postsynaptic apparatus is a complex process, influ-
enced by extracellular signals from the motor neuron. It
involves synthesis and secretion of the extracellular matrix
protein agrin from the neurons. By agrin, a muscle-specific
receptor tyrosine kinase is activated, which is necessary for
the concentration of the acetylcholine receptor proteins at the
developing synapse by the cytoplasmic linker protein rapsin.
Subsequently, Na* channels are clustered. During maturation
of the neuromuscular junctions, the membranes undergo
essential reorganization.
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MUSCULAR DYSTROPHIES

Muscular dystrophies are a group of congenital muscular
diseases characterized by muscle weakness due to progres-
sive muscle wasting and elevated serum concentrations of
creatine kinase resulting from muscle fiber damage and
necrosis. The different types of muscular dystrophies are
caused by mutations in genes encoding dystrophin, compo-
nents of the dystrophin-glycoprotein complex, the sarcogly-
can complex, and laminin 2. Impairment of any of these
components results in the disruption of the mechanical link
between the actin cytoskeleton and the basal lamina through
the sarcolemmal membrane.

Duchenne muscular dystrophy and Becker muscular dys-
trophy are X-linked, recessively inherited, and caused by
either complete absence or low levels of truncated dystro-
phin, which is an actin-binding cytoskeletal protein.
Fukuyama congenital muscular dystrophy and muscle-
eye-brain disease are caused by hypoglycosylation of dys-
troglycan, which is a central component of the
dystrophin-glycoprotein complex. Mutations in sarcogly-
cans, which are transmembrane glycoproteins, are causative
in some forms of limb-girdle muscular dystrophies, and
mutations in laminin 2 (merosin) cause merosin negative
congenital muscular dystrophy.

In Duchenne muscular dystrophy, degenerating or
necrotic muscle fibers are found arranged in groups sur-
rounded by normal muscle fibers. Panel A shows part of a
nearly normal fiber (left) adjacent to a dystrophic one (right).
The changes in dystrophic muscle fibers are complex and
primarily involve structural and functional alterations of the
sarcolemma. Very early, focal breaches of the sarcolemma
occur, followed by membrane dissolution. Wedge-shaped
areas of abnormal sarcoplasm are a common finding. In pan-
els A and B, the highly altered sarcomer structure is obvious.
Only remnants of Z bands (arrows) are visible. Myofibrils
can be recognized but are irregularly arranged. Asterisks
denote glycogen particles. Thus, the sarcolemma is fragile

and permeable for extracellular proteins. Furthermore, the
calcium homeostasis is disturbed, and increased intracellular
calcium results in hypercontraction of fibers and enhanced
proteolysis through calcium activation of proteases.

At early stages of Duchenne muscular dystrophy, fiber
regeneration secondary to fiber necrosis is possible.
Regenerating muscle fibers have a smaller diameter and a
centrally, not peripherally, placed nucleus (panel C).
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Skeletal Muscle, Dystrophy and Myopathy

GLYCOGENOSIS TYPE Il (POMPE)

This glycogen storage disease is autosomal recessively
inherited and is also named acid maltase deficiency or, more
commonly, Pompe disease. The underlying pathogenesis is a
deficiency of lysosomal acid a-glucosidase. The ultrastruc-
tural changes typically observed in hepatocytes of the liver
of patients are illustrated in Fig. 84.

Pompe disease is classically associated with myopathy,
which is due to massive glycogen accumulation in muscle
fibers. The glycogen depositions are shown in longitudinal
(panel A) and cross (panel B) sections of skeletal muscle
fibers. The glycogen deposits are mostly free in the cyto-
plasm (asterisks in panel A), although some are in membrane-
limited vacuoles of unclear nature, which can be easily
appreciated in the micrographs. Due to the massive glycogen
accumulation, the sarcomers of the muscle fibers are dimin-
ished in size and numbers, which is most impressive in the
cross-sectioned muscle fibers shown in panel B. The sar-
comers may also contain lipid droplets, which is not the situ-
ation in the case shown here. In panel B, the muscle fiber on
the left contains a high number of lysosomes. The degree to
which these ultrastructural changes are observed can vary

widely. Altogether, these structural changes manifest them-
selves clinically in muscle weakness with hypotonia and
flaccidity. Despite the varying degree of sarcomer atrophy
that can be observed by microscopic analysis, the muscles
themselves are firm and may even appear hypertrophic,
which is the result of the presence of the glycogen deposits.
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CarbIAC MuUSCLE

MYOFIBRILS, INTERCALATED DISK

Cardiac muscle belongs to the striated types of muscle con-
taining the same arrangements of myofilaments as skeletal
muscle. However, unlike in skeletal muscle, no syncytia are
built but cylindrical muscle cells containing one large cube-
shaped nucleus in central position are arranged end to end
and join with adjacent cells at special attachment sites, the
intercalated disks. Intercalated disks represent the junctions
at the boundaries between neighboring cells. Because car-
diac muscle cells end in a step-like manner, the intercalated
disks show also step-like arrangements with transverse com-
ponents oriented at a right angle to the myofibrils, and lateral
components oriented longitudinally in parallel position to
the myofibrils. Cell-to-cell junctions located at the interca-
lated disks include three types. Fasciae adhaerentes (adher-
ing junctions) are always located in the transverse parts of
the intercalated disks. These are the sites where the actin fila-
ments of the terminal sarcomeres are anchored and con-
nected with the plasma membrane. Constituents and
organization of the fasciae adhaerentes can be compared
with those of the adhering zone (belt desmosome) in epithe-
lia (cf. Fig. 98). Maculae adhaerentes (spot desmosomes, cf.
Fig. 101), found in both the transverse and lateral parts of the
intercalated disks, reinforce the fasciae adhaerentes and fix
the adjacent cells to one another. Gap junctions (nexus, com-
municating junctions, cf. Fig. 99) are confined to the lateral
parts of the intercalated disks. Gap junctions permit ionic
traffic between the neighboring cells and provide the base for
functional cell coupling. Cardiac muscle behaves as a func-
tional syncytium, although it is composed of individual cells.
At the lateral regions of the intercalated disks, gap junctions
are protected from forces during contraction.

Panel A shows an intercalated disk in cardiac muscle of
rabbit including a characteristic “step”-region where the
disk bends and the transversal part continues in the lateral
part. Within the lateral component of the disk, a gap junc-
tion (arrows) is visible close to a neighboring spot desmo-
some. Because the cell boundary is sectioned obliquely,
only one of the two plaques of the desmosome can be seen.
At the transverse part of the intercalated disk, the section
leads through the central, very dense part of one of the
plaques of a fascia adhaerens; because they are not included
in the section, the plasma membranes of the adjacent cells
and the intercellular space cannot be seen here, but, at both
sides of the intercalated disk, the neighboring plasma mem-
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branes are visible. Both cells are covered by a basal lamina
and show multiple caveolae-like vesicles close to the cell
surfaces. Triads are not as regular and prominent as in skel-
etal muscle, and diads are often formed instead of triads.
However, anastomozing networks of the sarcoplasmic retic-
ulum surround the myofibrils, to be seen in both panels A
and B (arrowheads). Mitochondria (M) are numerous; they
show densely packed cristae and occupy the cytoplasm
between the myofibrils where also glycogen is stored. The
energy storing, energy releasing, and energy recapturing
structures and organelles, glycogen particles and mitochon-
dria, are clearly visible adjacent to the myofibrils where the
energy is used for contraction. Three-dimensional studies of
the membrane systems for Ca®* signaling in cells of the
mouse myocardium revealed detailed insights into the struc-
tures of diads, and showed frequent physical links between
the outer mitochondrial membrane and the sarcoplasmic
reticulum and T-tubules.

The area indicated by a rectangle in panel B is shown at
higher magnification in the inset. The section leads through
an A-band, where thick myosin and thin actin filaments over-
lap. Each thick myosin filament is located within the center
of a hexagonal array of thin actin filaments. Such a unit is
encircled.

For adaptation according to the physiological demands,
sensing of biomechanical signals is required involving the
interfaces between myofibrils and the plasma membrane at
the cell-to-cell junctions within the intercalated disks and the
cell-matrix junctions at the costameres (cf. Fig. 169). It is
assumed that the giant protein titin has a main role as a bio-
mechanical sensor.
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SmooTH MuscLE

SMOOTH MUSCLE CELLS, SYNAPSE A DISTANCE

Smooth muscle forming the contractile wall of inner hollow
organs and vessels is composed of bundles or sheets of fusi-
form cells that measure in length between 20 pm in blood
vessel walls and approximately 200 pm in the wall of the
intestine; smooth muscle cells can reach lengths of 500 pm
in the wall of the uterus during pregnancy. The cells usually
possess one nucleus of elongated shape and tapering ends in
central position. Excluding the nuclear pole regions, where
most organelles and compartments of the biosynthetic sys-
tem are concentrated, the contractile apparatus occupies the
vast majority of the cytoplasm. It consists of myosin II, actin,
and associated proteins such as tropomyosin and caldesmon,
which block the myosin binding sites. Calmodulin, a Ca**-
binding protein, regulates the intracellular concentration of
Ca*; binding to caldesmon, it effects its phosphorylation and
release from F-actin. Unlike the onset of contraction in stri-
ated muscle where the troponin-tropomyosin complex has a
pivotal role, contraction in smooth muscle is regulated by the
Ca?*-calmodulin/myosin light chain kinase system and initi-
ated by phosphorylation of one of the myosin light chains in
the head domain. Ultrastructurally, the thin actin filaments
dominate. Via alpha-actinin, they are anchored in dense bod-
ies and plaques attached to the plasma membrane, which are
assumed to be part of an anastomozing network extending
from the cell surface into the interior of the cells. The dense
bodies and plaques are analogs of the Z disks in the striated
muscle. Intermediate filaments consist of desmin or vimen-
tin, in the case of vascular smooth muscle cells. Gap junc-
tions permit communication between adjacent cells.

Panels A and B show smooth muscle cells in the small
intestinal wall of the rat in a survey electron micrograph and
at higher magnification, respectively. In panel A, smooth
muscle cells are visible in longitudinal sections in the lower
part and cross-sectioned in the upper part of the picture. The
bulk of the cytoplasm is filled by the contractile filaments.
Mitochondria (M) are interspersed and may be lined in the
cell periphery but, together with abundant ribosomes and
endoplasmic reticulum, are particularly crowded in cytoplasmic
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areas extending from the regions close to the nuclear poles,
as shown in the micrograph in panel A in the uppermost
smooth muscle cell sectioned longitudinally. Dense areas
and dense bodies providing the platforms for the anchoring
of actin filaments are conspicuous in the interior of the cells
(asterisks) and are attached to the plasma membrane. Each
smooth muscle cell is sheathed by a basal lamina (arrow-
heads in panel B), the constituents of which, such as type IV
collagen, laminin, and proteoglycans, are products of the
muscle cell. Both micrographs show groups of caveolae that
occupy large areas of the smooth muscle cell surfaces. In
smooth muscle cells, caveolae may be closely apposed to
membranes of the endoplasmic reticulum (cf. panel A in Fig.
63). It is assumed that there may be analogies to the T- and
L-systems in striated muscle fibers. Studies with vascular
smooth muscle of the ferret aorta have revealed that the mus-
cle cell contractility is regulated by caveolin-1.

Smooth muscle cells are surrounded by fine connective
tissue, the endomysium, where an axon is visible embedded
in a network of collagen fibrils (C) and neighbored by a pro-
cess of a fibroblasts (F). The axon is bare of a glial cell sheath
(cf. Fig. 180) and contains abundant small synaptic vesicles
(arrows) accumulated close to the plasma membrane.
Transmitters released from the axon have to diffuse across
some distance to reach the muscle cell surface (“synapse 4
distance”).
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Smooth Muscle

CADASIL

CADASIL stands for Cerebral Autosomal Dominant
Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy and is the most common form of
hereditary stroke. This disease has an average age onset of 45
years and presents with migraine, repeated strokes, white
matter changes, and progressive dementia. CADASIL is
caused by mutations in the Notch3 gene found on human
chromosome 19q12 that is located within the epidermal
growth factor repeats of the Notch3 protein. Notch3 muta-
tions entail either loss or gain of cysteine residues. Notch
proteins regulate cell fates or are involved in controlling sig-
nals for cell proliferation and maturation.

A characteristic feature of CADASIL is a systemic
arterial vasculopathy affecting the smooth muscle fibers
of small arteries. It has been proposed that vascular
smooth muscle fibers have a continued requirement for
the Notch3 signaling pathway and that CADASIL results
from a dominant inhibition of the Notch pathway. Of
diagnostic importance is that the vasculopathy is not lim-
ited to small arteries of the brain white matter and is also
found in small arteries of skin. Morphological manifesta-
tions of the vasculopathy comprise a narrowed lumen of
small blood vessels because of intima thickening, pro-
gressive deterioration of smooth muscle fibers, and
increased extracellular matrix. These changes are detect-
able both by light microscopy and by electron micros-
copy (panel A). However, there is a distinct and
pathognomic change that can be detected only by elec-
tron microscopy and that permits the diagnosis of
CADASIL. It consists of extracellular focal deposits of a
granular electron dense material (arrows in panels A and
B). These deposits are located between the plasma mem-
brane of smooth muscle cells and the basement mem-
brane. This is in contrast to the intracellular subplasma
membrane localization of dense bodies representing
attachment sites of myofilaments. The nature of the
extracellular deposits in CADASIL is unknown at pres-
ent. A possible relation to the extracellular domain of
Notch3, which accumulates in CADASIL in the small
arteries, remains to be established. RBC: red blood cells.

References

Baudrimont M, Chabriat H, Vahedi K, Bousser M (1998) Diagnostic
value of skin biopsies in cerebral autosomal dominant arteriopathy with
subcortical infarcts and leukoencephalopathy (CADASIL). Neuropathol
Appl Neurobiol 24:148

Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve E, Bousser MG
(2009) Cadasil. Lancet Neurol 8:643

Hassan A, Markus HS (2000) Genetics and ischaemic stroke. Brain
123:1784

Thalainen S, Soliymani R, livanainen E, Mykkanen K, Sainio A,
Poyhonen M, Elenius K, Jarvelainen H, Viitanen M, Kalimo H,
Baumann M (2007) Proteome analysis of cultivated vascular smooth
muscle cells from a CADASIL patient. Mol Med 13:305

Joutel A et al (1996) Notch3 mutations in CADASIL, a hereditary
adult-onset condition causing stroke and dementia. Nature 383:707
Joutel A, Andreux F, Gaulis S, Domenga V, Cecillon M, Battail N, Piga
N, Chapon F, Godfrain C, Tournier-Lasserve E (2000) The ectodomain
of the Notch3 receptor accumulates within the cerebrovasculature of
CADASIL patients. J Clin Invest 105:597

Kalimo H, Viitanen M, Amberla K, Juvonen V, Marttila R, Poyhonen
M, Rinne JO, Savontaus M, Tuisku S, Winblad B (1999) CADASIL.:
hereditary disease of arteries causing brain infarcts and dementia.
Neuropathol Appl Neurobiol 25:257

Karlstrom H, Beatus P, Dannaeus K, Chapman G, Lendhal U, Lundkvist
J (2002) A CADASIL-mutated Notch 3 receptor exhibits impaired
intracellular trafficking and maturation but normal ligand-induced sig-
naling. Proc Natl Acad Sci USA 99:17119

Lewandowska E, Leszczynska A, Wierzba-Bobrowicz T, Skowronska
M, Mierzewska H, Pasennik E, Czlonkowska A (2006) Ultrastructural
picture of blood vessels in muscle and skin biopsy in CADASIL. Folia
Neuropathol 44:265

Louvi A, Artavanis-Tsakonas S (2012) Notch and disease: a growing
field. Semin Cell Dev Biol 23:473

Morroni M, Marzioni D, Ragno M, Di Bella P, Cartechini E, Pianes L,
Lorenzi T, Castellucci M, Scarpelli M (2013) Role of electron micros-
copy in the diagnosis of CADSIL syndrome: a study of 32 patients.
PLoS One 8:¢65482

Penton AL, Leonard LD, Spinner NB (2012) Notch signaling in human
development and disease. Semin Cell Dev Biol 23:450

Ruchoux MM, Guerouaou D, Vandenhaute B, Pruvo JP, Vermersch P,
Leys D (1995) Systemic vascular smooth muscle cell impairment in
cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy. Acta Neuropathol (Berl) 89:500

Sourander P, Walinder J (1977) Hereditary multi-infarct dementia.
Morphological and clinical studies of a new disease. Acta Neuropathol
(Berl) 39:247

Tournier-Lasserve E et al (1993) Cerebral autosomal dominant arteri-
opathy with subcortical infarcts and leukoencephalopathy maps to
chromosome 19q12. Nat Genet 3:256

Magnification: x6,500 (A); x36,000 (B)



Figure 176 355




NEerVE TissuE AND DISORDERS

CENTRAL NERVOUS SYSTEM: NEURON, GLIAL CELLS

Providing the base for the most sophisticated functions and
tasks of the body, including memory and creativity, the tissue
of the nervous system has attracted the greatest attention
from the earliest days of microscopy to the present. The
complex functional processes in the central and peripheral
parts of the nervous system are continuously topics in the life
sciences and medical research. The identification and char-
acterization of neural stem cells within certain areas of the
adult brain has revolutionized our knowledge and under-
standing of adult neurogenesis, and has increased hopes for
possible treatment and repair of damage resulting from inju-
ries or degenerative diseases.

At first glance, electron micrographs of nerve tissue origi-
nating from the central nervous system, as shown in panels A
and B, convey a confusing impression. It is difficult and per-
haps impossible to identify every detailed structure visible,
belonging to either of the two principal types of cells, nerve
cells (neurons) or glial cells. At the left-hand side of panel A,
the large body of a nerve cell can be seen, as well as one of
its processes, a dendrite, projecting toward the upper right
corner of the picture. The neighboring brain parenchyma
consists of numerous, countless processes of both nerve and
glial cells. The pictures in both panels make evident that the
intercellular spaces are extremely narrow and intercellular
structures are virtually lacking.

Neurons are the structural and functional units of the
nerve tissue and show different functional domains. These
include the cell body (soma), one process extending from the
cell body and transmitting impulses away from the cell body,
called a neurite or axon, one or more processes transmitting
impulses from the periphery toward the cell body, called
dendrites, and the synaptic junctions, where another neuron
or an effector cell is contacted and the impulse transmitted
(cf. Figs. 178 and 179). The nerve cell body (soma, panel A)
contains the nucleus and the surrounding perinuclear cyto-
plasm, the perikaryon, where all components of the biosyn-
thetic apparatus, ribosomes, endoplasmic reticulum, Golgi
apparatus, and all organelles that maintain the cell, are pres-
ent. A similar range of organelles is found in the dendrites.
Although the axon hillock, the site where the axon (neurite)
extends from the perikaryon, due to the plane of the section,
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is not visible in panel A, multiple axons can be seen in both
panels. The micrographs show characteristic ultra-structures
of brain parenchyma. Numerous profiles of axons are visible.
They are grouped and sheathed by fine processes of glial
cells, and contain mitochondria and abundant neurofilaments
and microtubules that function as tracks for axoplasmic
transport. In the right-hand segment of panel B, several
axons are sheathed by myelin (asterisks; cf. Fig. 182), which
in the central nervous system is produced by specialized neu-
roglial cells, the oligodendrocytes. Protoplasmic and fibrous
astrocytes represent another class of glial cells. With their
processes, they are intimately apposed to neurons, cover
axons, build up superficial limiting layers at the boundaries
to the pia mater, and form perivascular feet (cf. Fig. 178).
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Nerve Tissue and Disorders

BLOOD-BRAIN BARRIER, SYNAPSES

For more than 100 years, it has been known that a specialized
barrier protects the brain from harmful substances circulat-
ing in the blood. Different mechanisms contribute to the
blood—brain barrier, which influence both paracellular and
transcellular traffic. The endothelium is continuous, and
extended tight junctions between the adjacent endothelial
cells seal the intercellular spaces. Specific carrier mecha-
nisms are involved even in the transport of small molecules,
and the number of receptors is small. Furthermore, sub-
stances leaked into the brain parenchyma are transported
back into the blood by multidrug resistance transporters
present in the endothelial cells. The two neighboring vessels
(asterisks) shown in panel A are characteristic of the brain
microvasculature. They are lined with a continuous layer of
endothelial cells. Transport vesicles are sparse, reflecting the
restricted transepithelial transport. Perivascular cells, known
to be derived from the bone marrow, accompany the vessels.
Within the basal lamina (arrowheads), a pericyte can be seen
localized close to the endothelium. Several cell bodies of
astrocytes are apparent near the vessels, and numerous pro-
files of glial cell processes can be seen closely apposed to the
basal lamina, forming a perivascular layer.

Panels B and C show chemical synapses, specialized
adhesive sites for communication between two neurons,
where impulses are conducted by neurotransmitters (cf.
Fig. 179). A synapse consists of a presynaptic component
that often is a terminal knob of an axon where synaptic vesi-
cles (arrows) containing the transmitters are accumulated,
and a postsynaptic component that often is a spine-shaped
process of a dendrite. The specialized pre- and postsynaptic
membranes are separated only by a 20—30 nm space, the syn-
aptic cleft. Triggered by Ca?*-influx via voltage-gated chan-
nels, the transmitter is released into the synaptic cleft by
fusion of the synaptic vesicle membrane with the presynaptic
membrane (cf. Fig. 179). The transmitter diffuses across the
synaptic cleft and is bound by the specific receptors concen-
trated in the postsynaptic membrane. As a consequence, ions
are allowed to enter via ligand-gated channels, leading to
changes of the polarization and causing either excitation or
inhibition at the postsynaptic membrane. At the presynaptic

neuron, transmitter release is rapidly followed by, either
“kiss and run” or clathrin-mediated endocytosis, and trans-
port to endosomal compartments. Under the electron micro-
scope, layers of dense materials are visible, which are
associated with the synaptic membranes, corresponding to
their particular composition and organization. According to
the favorite localizations, asymmetric and symmetric types
of synapses have been discriminated. Asymmetric synapses
(panel B), which correspond mainly to excitatory synapses
with glutamate used as transmitter, show particularly promi-
nent postsynaptic densities (arrowhead in B). Asymmetric
synapses are further characterized by predominance of round
synaptic vesicles (arrows in B). In contrast, symmetric syn-
apses (panel C), which often correspond to inhibitory syn-
apses, show prominent densities associated with both the
pre- and postsynaptic membranes. In symmetric synapses,
flattened synaptic vesicles predominate (arrows in C).
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STRUCTURE OF THE SYNAPTIC TERMINAL

The transfer of information between neurons, or between
neurons and other excitable cells, takes place at specialized
junctions called synapses. In the mammalian central nervous
system, most synapses function by converting electrical
signals into chemical substances (neurotransmitters). Once
released from the presynaptic terminal neurotransmitters
bind postsynaptic receptors. Communication is unidirec-
tional, resulting in the formation of very different structures
at each side of the synapse (termed pre- and postsynaptic
terminals, respectively). Synaptic terminals are separated by
a ~ 25 nm gap known as the synaptic cleft (SC). Panel A
shows a tomographic slice (2.7 nm in thickness) of a vitrified
central nervous system synapse from the synaptosomal
fraction.

Presynaptic terminals are specialized compartments
that contain numerous neurotransmitter-filled synaptic
vesicles (SV), as well as other organelles such as endo-
plasmic reticulum and mitochondria (MIT). Electrical sig-
nals (action potentials) are generated at the neuronal cell
body and travel along the axon until they reach the presyn-
aptic terminal. Action potential arrival causes a Ca?* influx
through voltage-gated Ca** channels that in turn stimulates
synaptic vesicle fusion with the presynaptic membrane at
the so-called active zone, a region of the membrane that
directly faces the postsynaptic side and hosts the fusion
machinery. After releasing the neurotransmitters, synaptic
vesicles are endocytosed and prepared for the next round
of release. Panel C3 shows a vesicle captured in the
moment when its membrane is continuous with the plasma
membrane.

As can be seen in panel B, synaptic vesicles (yellow)
are extensively interconnected via filamentous bridges
(red), while those located in the vicinity of the active zone
(gray) are most often tethered to it by similar strands
(blue). Details of these structures and their corresponding
3D renderings can be seen in panels C1 (connector) and
C2 (tether).

The postsynaptic terminal is normally found on den-
drites and it harbors a dense array of postsynaptic recep-
tors and signaling and scaffolding proteins, the so called
postsynaptic density (PSD). The effects of the neurotrans-
mitter binding to postsynaptic ionic channels and recep-
tors can be broadly separated in two categories. First, the
ionic flux at the postsynapse is altered, resulting in excit-
atory or inhibitory potentials (depending on the synapse
type) that change the excitability of the postsynaptic cell.
Second, various signal transduction pathways can be initi-
ated by the activation of second messengers leading to
diverse effects, from modulation of synaptic strength to
gene transcription. MT: Microtubule.
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UNMYELINATED NERVE FIBER

In the peripheral nervous system, nerve cell processes — both
axons (neurites) and dendritic axons of sensory neurons — are
surrounded by specialized glial cells, the cells of Schwann.
The axon, its sheath of Schwann cells, and the surrounding
basal lamina form the impulse conducting structures, the
nerve fibers, classified in myelinated and unmyelinated types
with respect to the presence or absence of a myelin sheath
(cf. Fig. 182). Along myelinated nerve fibers, conduction of
impulses is fast, because the myelin sheath forms an insulat-
ing layer and the impulse “jumps” from one intercellular
region free of myelin to the next myelin-free region (cf.
Fig. 183). In nerve fibers lacking a myelin sheath, the nerve
impulses move continuously and less rapidly. Unmyelinated
axons include most of the postganglionic axons from auto-
nomic ganglia.

The unmyelinated nerve fiber shown in the electron
micrograph belongs to the autonomic nervous system in the
wall of the small intestine. Seven axons can be seen, either
more superficially or more deeply invaginated in the cyto-
plasm of a cell of Schwann. The Schwann cell nucleus is
visible in the right segment of the nerve fiber. In unmyelin-
ated nerve fibers, one Schwann cell as a rule houses more
than one axon. The Schwann cell cytoplasm forms thin
envelopes around the axons, for each of which its own
groove is provided. Schwann cells also produce the compo-
nents of the basal lamina that covers the entire nerve fiber.
Localized close to the axolemma (plasma membrane of the
axon), the plasma membrane of the Schwann cell surrounds
the axons, leaving a small but regular space. Most axons are
completely engulfed by the Schwann cell. In these cases,
the “lips of the grooves” are closed and a mesaxon (open
arrows) is formed. In contrast, the axon at the left-hand side
of the nerve fiber containing microtubules (arrows), a mito-
chondrion (asterisk), and accumulations of small synaptic
vesicles is only partially enveloped by the cell of Schwann.
Partly, its plasma membrane is devoid of a Schwann cell
sheath and covered only by the basal lamina (arrowheads).
Along unmyelinated nerve fibers, such areas with open lips

and the axolemma exposed to the neighborhood are partic-
ularly prominent close to regions of special synapses where
transmitters are delivered to diffuse to the surfaces of target
cells, such as smooth muscle or secretory cells. Such a
“synapse 4 distance en passant” is also shown in panel B of
Fig. 175, where the axon is completely free of a Schwann
cell sheath and the axolemma covered only by the basal
lamina.

In the axoplasm (the cytoplasm of the axons), in addition
to microtubules called neurotubules (arrows), abundant fila-
ments including 10 nm thick neurofilaments, are visible.
Both microtubules and neurofilaments provide tracks for
axonal transport. Fast axonal traffic is bidirectional, requires
an intact microtubule cytoskeleton, and involves motor pro-
teins, such as kinesin and dynein. Kinesin is implicated in
the anterograde transport, by which newly synthesized mol-
ecules and membrane-bound organelles, such as mitochon-
dria and multiple vesicles, including synaptic vesicles, are
carried from the perikaryon to the axon periphery. Dynein is
involved in retrograde traffic from terminal regions of the
axon to the perikaryon, which, in particular, is the route of
substances and molecules internalized at the axon endings
and is misused by viruses and toxins.

The nerve fiber is surrounded by the loose connective tis-
sue of the endoneurium (cf. Fig. 181), which contains mul-
tiple collagen fibrils.
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PERIPHERAL NERVE: CONNECTIVE TISSUE COMPONENTS

In a peripheral nerve, the individual nerve fibers are orga-
nized by connective tissue that consists of three distinct com-
ponents, called endoneurium, perineurium, and epineurium.
Each of the three components has specific functional tasks
and morphological characteristics. All three components can
be seen in the survey electron micrograph in panel A. An
unmyelinated nerve fiber is visible in the center. Three axons
containing a dense cytoskeletal network of neurotubules and
neurofilaments are enveloped by thin cytoplasm sheaths of a
cell of Schwann (S). The nerve fiber is surrounded by the
endoneurium, consisting mainly of a fine network of colla-
gen fibrils (C). Collagen fibrils also hold together nerve
fibers and blood capillaries in larger nerve fiber bundles and
are closely related to the basal laminae of both the Schwann
cell of the nerve fiber and the perineurial cells. Within the
endoneurium, fibroblasts are sparse. It is assumed that most
of the collagen of the endoneurium is produced by the cells
of Schwann.

The perineurium is a particularly specialized connective
tissue that surrounds a nerve fascicle. The micrograph in
panel A shows a small nerve fascicle, in which only one
unmyelinated nerve fiber is visible. Large nerve fascicles
contain multiple myelinated and unmyelinated nerve fibers
held together by the endoneurium and surrounded by the
perineurium. The perineurial sheath of a larger fascicle also
containing myelinated nerve fibers is shown at higher magni-
fication in panel B. The perineurium consists of flat, squa-
mous cells that are composed in one or more layers and are
connected by junctional complexes (circle in panel A) that
include a system of tight junctions preventing paracellular
transport. In this aspect, the perineurium has the character of
an epithelium, called “perineurial epithelium,” and function-
ally contributes to the formation of a blood—nerve barrier (cf.
Fig. 178, blood-brain barrier). Five to six cellular layers may
be built. Cell branches contribute to the formation of multi-
layers, as is shown in the right-hand part of the perineurial
sheath in the survey micrograph in panel A and at higher
magnification in panel B. The two thin perineurial layers
shown in panel B are connected by a fine cytoplasmic bridge,
visible in the right segment of the picture. Each cellular layer

is covered by a basal lamina (arrowheads) that is closely
related to collagen fibrils of the endoneurium inside and the
epineurium outside of the nerve fascicle. Collagen fibrils (C
in panel B) are present between the individual perineurial
cell layers but fibroblasts are absent. Perineurial collagen
fibrils are assumed to be a product of the perineurial cells. In
the cytoplasm, mitochondria and other cell organelles are
visible, and numerous microtubules and filaments reflect
active transport functions and high cell contractility. Most
conspicuous are the numerous vesicles occupying extended
areas of the cytoplasm. In places, the cytoplasm of the peri-
neurial layers is extremely thin, measuring no more than
60—-100 nm (panel B). In these areas, numerous vesicles are
lined up, in part touching either of the two surfaces. Similarly
to the endothelial cells forming the blood—brain barrier (cf.
Fig. 178), the perineurial cells are equipped for serving as a
diffusion barrier and possess molecular machineries for
active transport of substances across the cellular layers.

The outermost component of the nerve-associated con-
nective tissues is built by the epineurium, a more dense tissue
with irregularly organized bundles of collagen fibrils (C). In
a large nerve, the epineurium surrounds and holds together
several or multiple nerve fascicles. The epineurium also
leads the larger blood vessels, the branches of which, within
a perineurium, penetrate into the individual fascicles.
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MYELINATED NERVE FIBER, MYELIN

Nerve fibers designed for particularly rapid and efficient con-
duction of action potentials are equipped with a myelin
sheath, a lipid-enriched layer, produced by specialized glial
cells, the oligodendrocytes in the central nervous system, and
the Schwann cells in the peripheral nervous system. The
myelin sheath isolates the axon from the surrounding com-
partments. It reduces the current flow across the axonal mem-
brane allowing a saltatory conduction along the nerve fiber
from one to the next area lacking a myelin sheath at the sites
of the cell borders, called the nodes of Ranvier (cf. Fig. 183).
A myelin sheath is absent from the axon hillock and the ter-
minal ramifications of the axon where synapses are estab-
lished. In the central nervous system, oligodendrocytes
produce myelin sheaths for more than one axon, and the oli-
gocyte cell body remains outside of the myelin sheaths. In
contrast, in the peripheral nervous system the Schwann cells
provide myelin only for one axon, and the entire cell includ-
ing the nucleus becomes part of the myelinated nerve fiber.
The figures show a myelinated nerve fiber of the periph-
eral nervous system embedded in endoneurium and a high-
magnification micrograph of myelin of the central nervous
system in the inset. The axon can be seen in the center sur-
rounded by the Schwann cell with its different parts includ-
ing the sheath of myelin. Myelin is produced by a complex
process including new production of membrane, redistribu-
tion of cytoplasm, cellular movement, and subsequent inter-
actions between the myelinating glial cell and the axon. In
the peripheral nervous system first, a segment of an axon is
invaginated in a cell of Schwann and a mesaxon is formed.
Subsequently, parts of the mesaxonal plasma membrane
areas wrap in a spiral around the axon leading to a subdivi-
sion of the mesaxon in inner and outer parts, the inner and
outer mesaxons, separated by the middle part, which pro-
duces the myelin. During the process of wrapping, the
plasma membranes are closely packed. In the peripheral ner-
vous system, protein zero is an essential mediator of mem-
brane compaction. At the same time, the Schwann cell
cytoplasm is redistributed. The main part of the Schwann
cell body including most of the cytoplasm and the cell
nucleus takes position outside the myelin sheath forming
the outer collar of Schwann cell cytoplasm (OCS). Inside
the myelin sheath, only a thin layer of cytoplasm remains

surrounding the axon, the inner Schwann cell collar (aster-
isk). From the regions between the wrapping mesaxonial
plasma membranes, most of the cytoplasm is extruded, and
the inner leaflets of the plasma membrane fuse, accounting
for the major dense lines visible in the myelin under the elec-
tron microscope. The closely apposed outer leaflets are visi-
ble as distinct intraperiod lines. The characteristic
ultrastructural periodicity of compact myelin can be seen in
the survey micrograph and is more clearly visible at a higher
magnification in the inset. The major dense lines formed by
the fused inner leaflets of the Schwann cell plasma mem-
brane (arrows) alternate with the two intraperiod lines, cor-
responding to the outer plasma membrane leaflets, which
reside closely apposed and are separated by the narrow extra-
cellular space (arrowhead). In the myelin, only remnants of
cytoplasm remain. Narrow cytoplasmic “streets” are formed
throughout the myelin sheath, known as Schmidt-Lanterman
clefts or incisures. Via these streets of cytoplasm, a short dif-
fusion pathway is provided between the outer and the inner
Schwann cell collars. Schmidt-Lanterman clefts are part of
noncompact myelin, which also includes the cytoplasm at
the nodes of Ranvier and the paranodal loops (cf. node of
Ranvier, Fig. 183). During formation of the myelin sheath,
autotypic junctions are built connecting membranes between
themselves at the inner and outer mesaxons, in the Schmidt-
Lanterman clefts, and in the paranodal regions. At the tips of
the paranodal loops, specialized heterotypic junctions con-
nect the cell of Schwann with the axon (cf. Fig. 183).
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NODE OF RANVIER

Along a myelinated nerve fiber, numerous Schwann cells are
arrayed sequentially. At the cell borders, where successive
Schwann cells meet, the myelin sheath is interrupted, and the
axon enveloped only by thin specialized Schwann cell exten-
sions. These regions are called nodes of Ranvier. They are
the sites where myelinated nerve fibers are excitable, whereas
in the segments between the nodes, the internodia, because
of the myelin properties, the axon is insulated. Together with
adjacent paranodal and juxtaparanodal regions, the nodes
form specialized areas along the nerve fiber where Na* and
K* channels and various other specific proteins are concen-
trated in distinct domains. Because the compact myelin in
the internodia reduces the current flow across the axonal
membrane, the nerve impulse moves saltatory from one to
the next node of Ranvier, skipping the internodial regions.
The length of an internodium depends on the Schwann cell
size and can reach 80-100 pm.

The electron micrographs in panels A, B, and C show a
node of Ranvier along a myelinated nerve fiber of the periph-
eral nervous system and the adjacent paranodal (PN) and
juxtaparanodal regions (JXP). A survey is presented in panel
A in which the node region is marked by arrows. In the zone
of the node shown at higher magnification in panel B, the
axon is encapsuled only by flat extensions (microvilli) of the
adjacent cells of Schwann and the basal lamina (arrowheads).
The node region continues laterally into the paranodal
regions where the compact myelin opens up, and the
Schwann cells form characteristic loops. The paranodal
loops are visible in all three panels. At the higher magnifica-
tion in panel C, it can be seen that the peaks of the loops are
closely attached to the axolemma. The intercellular gap is
2-3 nm, and specialized axo-glial junctions are formed,
appearing as dense areas (double arrows) under the electron
microscope. They correspond to complexes of cell adhesion
molecules including contactin and Caspr (contactin associ-
ated protein) in the axonal membrane connected to neurofas-
cin 155 in the loop membrane. The paranodal axo-glial
junctions at the peaks of the glial loops separate the mem-
brane domains in the zone of the node, where Na* channels
are concentrated, from the juxtaparanodal domains, which

adjoin laterally and are enriched in K* channels and Caspr2.
The juxtaparanodal regions are localized at the ends of the
internodium below the compact myelin. Other functions
attributed to the axo-glial junctions include attachment of the
myelin sheath to the axon, signaling between glial cell and
axon, and limitation of lateral diffusion of membrane con-
stituents. In addition to the heterotypic junctions with the
axon, the paranodal loops also contain autotypic tight, adhe-
rens, and gap junctions through which they are connected
among themselves.

In the central nervous system (CNS), the central region of
the nodes is not covered by oligodendrocytes but is occupied
by processes of perinodal astrocytes. In overall lipid and pro-
tein contents, the compact myelin sheaths are similar in the
CNS and peripheral nervous system (PNS). In the PNS,
myelin is particularly enriched in sphingomyelin and glyco-
proteins. Myelin basic protein residing in the cytoplasmic
leaflet of the plasma membrane is present in the myelin of
both the CNS and the PNS. Via homophilic interactions,
myelin-associated protein zero in the PNS stabilizes adjacent
membrane lamellae. Proteolipid protein is the main protein
in the CNS compact myelin.
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AXONAL DEGENERATION

Various types of injury, including mechanical transection,
ischemia, and compression, result in axonal degeneration.
The classical type is the Wallerian degeneration after experi-
mental nerve transection and the structural alterations
observed in the nerve distal to the injury also occur in a vari-
ety of pathological states. The degeneration starts at a single
point and finally involves the entire axon distal of the injured
part. This process is referred to as anterograde (Wallerian)
degeneration. That involving the part of the axon proximal to
the injury is called retrograde degeneration. The structural
changes follow a certain time course and develop gradually.
Initially, axon swelling occurs, which is accompanied by
influx of extracellular calcium and calpain activation. This is
the phase of the acute axonal degeneration. Then, both the
proximal and distal axonal segments retract and bulbs form
at their ends. Later on, axon fragmentation and disintegration
of neurofilaments and microtubules occurs and disintegra-
tion of myelin ensues. These changes result in the progres-
sive disintegration of the axon and myelin and represent the
phase of granular fragmentation. Fragments of the axon
often contain large amounts of myelin debris and are called
myelin ovoid. Schwann cells in the peripheral nervous sys-
tem proliferate and ingest the axon remnants. Degenerative
changes also occur in the axon segment proximal to the site
of injury and chromatolysis takes place in the neuronal cell
body.

Panel A shows the advanced disintegration of an axon and
its myelin sheet. The axon contains many vesicular elements,
vacuoles, and highly electron dense myelin debris. The
degenerating axon is surrounded by Schwann cells. In panel
B, a Schwann cell containing electron dense myelin ovoids is

seen. The central axoplasm is almost completely disinte-
grated, but the remaining myelin still shows some laminated
structure. Although, finally, the axon and the myelin sheet
break down completely, regeneration of the axon can occur
in the peripheral nervous system from the intact soma.
Axonal regeneration takes place by sprouting of the proxi-
mal nerve stump. Dividing Schwann cells are of great impor-
tance in this process because they arrange themselves in
tubes (bands of Biinger) guiding the regenerating axon.
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NEUROAXONAL DYSTROPHY

Neuroaxonal dystrophy (Schindler disease) is a rare autoso-
mal recessive disease caused by deficiency in the activity of
lysosomal «-N-acetylgalactosaminidase (formerly termed
a-galactosidase B). The gene for the enzyme has been mapped
to chromosome 22q13.1-13.2, and missense mutations and a
nonsense mutation have been shown to cause the disease. Due
to deficient or missing a-N-acetylgalactosaminidase, differ-
ent types of N- and O-linked glycoproteins as well as glyco-
sphingolipids and proteoglycans are abnormally terminated
with N-acetylgalactosamine residues and accumulate in vari-
ous tissues and in body fluids.

Clinically, three major phenotypes of the disease can be
distinguished, of which types I and II will be discussed in
some detail. Type I is an infantile-onset classical neuroax-
onal dystrophy. The accumulations occur in the nervous sys-
tem and not in visceral organs and peripheral blood. The
electron microscopic examination of neocortex, myenteric
plexus from rectum biopsies, and skin nerves showed highly
characteristic structural features in preterminal and terminal
axons. Axonal membranous spheroids of complex and het-
erogeneous composition were observed in GABAergic neo-
cortical neurons and autonomous myenteric axons.

Panel A shows an axon that exhibits fine structural changes
typical of type I infantile onset neuroaxonal dystrophy.
A greatly distended axon contains prominent intra-axonal
tubulo-vesicular arrays. At higher magnification, as shown in
panel B, the enormous number of ramifying irregular tubules is
evident. Secondary to these changes, axon demyelination can
be observed (panel A). In other cases, the spheroids may be
composed of lamelliform membrane arrays and exhibit acicular

clefts. In type I neuroaxonal dystrophy, no morphological evi-
dence for lysosomal accumulation was found. However, this is
the characteristic finding in type II adult onset Schindler dis-
ease. In the skin, various types of cells, among them most
prominently endothelial cells, eccrine sweat gland cells, fibro-
blasts, and smooth muscle cells, were found to contain numer-
ous cytoplasmic vacuoles. Such membrane limited vacuoles
either appeared “empty” or contained a filamentous material.
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NEUROPATHIES ASSOCIATED WITH DYSPROTEINEMIAS

Peripheral neuropathies can be divided into two groups:
hereditary and acquired forms. Among the various acquired
forms, immune-mediated neuropathies can be found that are
associated with multiple myeloma (Waldenstrom’s disease),
monoclonal gammopathies of unknown significance, and
B-cell lymphoma, and represent a complication of the basic
disease.

Dysproteinemic neuropathies result predominantly in
structural disturbances of the myelin sheet. By electron
microscopy, different degrees of separation of myelin lamel-
lae with opening of the interperiod lines can be observed as
shown here in a case of I[gM monoclonal gammopathy. The
changes occur mainly in the outer layers. This results in a
decompaction of the myelin sheet, as can be seen in the elec-
tron micrograph from a patient with dysproteinemic neurop-
athy. Further progression of the disease results in
demyelination.

The pathogenesis of dysproteinemic neuropathies associ-
ated with IgM monoclonal gammopathies could be studied
in some detail. The IgM was found deposited in the myelin
sheets and had a specificity for the myelin-associated glyco-
protein. Probably, the presence of the antigen-antibody
complexes initiated complement-mediated demyelination.
In contrast, immunoglobulin depositions in the myelin were
not observed in IgG and IgA gammopathy-associated
neuropathies.
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METACHROMATIC LEUKODYSTROPHY

Metachromatic leukodystrophy is a lysosomal storage dis-
ease that is inherited in an autosomal recessive manner. It is
caused by a deficiency in catalytic activity or absence of
arylsulfatase A and in some rare cases by absence of saposin
B, a sphingolipid activator protein. The gene locus for aryl-
sulfatase A has been mapped to chromosome 22ql3, and
allelic mutations comprising splice donor site mutations and
different amino acid substitutions are most commonly caus-
ative. A general, although somewhat imprecise, genotype/
phenotype correlation has been established in that the sever-
ity of the disease is inversely correlated with residual activity
of arylsulfatase A. Clinically, the disease can be subdivided
in different forms according to the age of onset: infantile,
juvenile, and adult.

The principal structural alteration in metachromatic leu-
kodystrophy consists of demyelination and the presence of
metachromatic granules. Panel A illustrates an advanced
demyelination of a nerve fiber of the skin with prominent
irregularities of the myelin sheet (inset). This is accompa-
nied by a proliferation of Schwann cells. In skin biopsies, the
sweat glands show characteristic inclusions referred to as
zebra bodies and tuff stone inclusions as well as prismatic
inclusions (panel B). In adult metachromatic leukodystro-
phy, in addition to prismatic and tuff stone inclusions, com-
posite inclusion bodies (asterisks in B) exist that are shown
at higher magnification in the inset.

The deficiency in arylsulfatase A activity results in an
impaired desulfation of 3-0-sulfogalactosyl-containing gly-
colipids and additionally of sulfatides, sulfogalactoglycero-
lipids, and various other sulfated glycolipids. Sulfated
glycolipids are important constituents of myelin sheets.
Together with galactosylceramides, they are involved in the
maintenance of the insulator function of myelin membranes
and may be operative during brain maturation. Because sul-
fated glycolipids exist predominantly in the myelin sheets of

the central and peripheral nervous system and only in low
amounts in visceral organs, the disease manifests preferen-
tially in the nervous system. There it results in demyelination
of nerve fibers, with subsequent attenuation of the white mat-
ter. The function of visceral organs, with the exception of
gall bladder, is not impaired by the deposition of metachro-
matic lipid.
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NEURONAL CEROID LIPOFUSCINOSIS

Neuronal ceroid lipofuscinoses (NCL, or Batten disease) are
lysosomal storage diseases comprising a group of progres-
sive neurodegenerative disorders inherited in an autosomal
recessive manner. In children, they represent the most com-
mon neurodegenerative disorder. Three major types of NCL
are distinguished clinically: infantile, late onset infantile,
and juvenile. They can also be distinguished by electron
microscopy because the fine structure of the depositions is
characteristic for each of them.

The various types of NCL are not limited to the nervous
system. Therefore, the diagnosis is made primarily by elec-
tron microscopic investigation of skin biopsies or peripheral
blood leukocytes. Panels A and B show numerous storage
bodies (some marked by asterisks in A) in the cytoplasm of
a capillary endothelial cell of a skin biopsy. At higher mag-
nification (B), the stored material consists of curvilinear
bodies (arrowhead) and fingerprint profiles (arrows) as well
as granular osmiophilic material. This mixed type of inclu-
sion material was observed in a case of juvenile
NCL. However, only fingerprint profiles may be observed in
juvenile NCL.

In infantile NCL, the stored material is mainly saposin A
and D and fragments of glial fibrillar acidic protein. The
defect lies in palmitoyl-protein thioesterase (PPT, CLN1),
whose gene has been mapped to chromosome 1p32. The
most commonly observed mutations are a premature stop
codon at arginine 151 and a missense mutation (R122W). By
electron microscopy, the lysosomal deposits consist of
pathognomic granular osmiophilic material.

In late onset infantile NCL, mainly the subunit ¢ of mito-
chondrial ATP synthase is stored in lysosomes. The cause is
a deficiency in pepinase (CLN2), a lysosomal protease,
whose gene has been mapped to chromosome 11pl5. By
electron microscopy, typical curvilinear inclusions are found
in lysosomes.

In juvenile NCL, a gene located at chromosome 16p12,
which encodes a transmembrane protein that is referred to as
battenin, is causative. Battenin most probably is a lysosomal
membrane glycoprotein. The stored material is a lipopig-
ment that shares similarities with the age-related pigment
lipofuscin. A major component is the subunit ¢ of mitochon-
drial ATP synthase complex and small amounts of saposins.
By electron microscopy, so-called fingerprint profiles are
observed in lysosomes.
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RED BLOOD CELLS AND CELLS OF THE ERYTHROID LINEAGE

The cells of the erythroid lineage develop from a multipoten-
tial myeloid stem cell under the influence of the major regu-
lator erythropoietin, a glycoprotein hormone synthesized in
the kidney. Erythropoiesis is stimulated in states of a dispro-
portion of oxygen need and supply, e.g., hypoxia resulting
from a decrease in oxygen level in the inspired air or a
decreased number of erythrocytes in the circulating blood,
due to bleeding. The erythropoietin-sensitive erythrocyte
progenitor cell CFU-E (erythroid colony forming unit) dif-
ferentiates to form a proerythroblast. Further differentiation
stages include the basophilic, the polychromatophilic, and
the orthochromatophilic erythroblast, as well as the reticulo-
cyte, which already is able to leave the bone marrow to enter
the circulating blood. Erythropoiesis takes place in a period
of 4-6 days and is characterized by the synthesis and
increased accumulation in the cytoplasm of hemoglobin, the
protein specialized for transporting oxygen and carbon diox-
ide. Concomitantly, programmed cell changes take place,
leading to the exclusion of the nucleus and disappearance of
all cell organelles.

Panels A and B show electron micrographs of cells of the
erythroid lineage taken by puncture of human bone marrow.
Erythroblasts of earlier and later states of differentiation are
shown in panel A. The electron density of the cytoplasm
increases concomitantly with the increased accumulation of
hemoglobin. The partially sectioned erythroblast on the right-
hand side shows a less dense cytoplasm compared with the
two erythroblasts visible in the center. The former presumably
corresponds to an erythroblast of the polychromatophilic type
(pE), the latter to orthochromatophilic erythroblasts (oE).
Different parts of the cytoplasm are involved in hemoglobin
production, including mitochondria (M) where protoporphy-
rin is synthesized and combined with iron to form the hem
part of the hemoglobin molecule. Synthesis of the globin
chains takes place on free ribosomes in the cytoplasm (arrows
in the inset). By receptor-mediated endocytosis via coated
vesicles (arrowhead), iron-transferrin complexes are taken up;
after iron is released, transferrin recycles to the cell surface
along with the receptor. In the nuclei, condensed chromatin
(C) occupies extensive areas leading to a “checkerboard” pat-
tern. Nuclei are delineated by distended perinuclear cisterns.

M. Pavelka, J. Roth, Functional Ultrastructure: Atlas of Tissue Biology and Pathology, Third Edition,

DOI 10.1007/978-3-7091-1830-6_30, © Springer-Verlag Vienna 2015

At this stage of development, the cells are no longer able to
divide. One of the orthochromatophilic erythroblasts shows a
bizarre surface with irregular extensions. They reflect the sur-
face dynamics occurring when the cells start to push out the
nuclei. Orthochromatophilic erythroblasts extrude their
nuclei, giving rise to reticulocytes (panel B and inset in A). In
panel B, a reticulocyte can be seen that shows the characteris-
tic fimbriated processes that appear just after extrusion of the
nucleus. Mitochondria and polyribosomes (arrows in the
inset) are retained, endocytosis takes place (arrowhead in the
inset), and hemoglobin is still synthesized. Within a few days,
the reticulocytes mature to form erythrocytes. During this
final stage, the reticulocytes remodel their surfaces and get rid
of all intracellular compartments. By binding of ubiquitin to
proteins of cell organelles, their destruction is initiated.
Membrane proteins are endocytosed and sorted into special
domains of endosomal membranes, which bud into the lumen.
This leads to the formation of multivesicular or multilamellar
organelles (arrowheads in panel B). By fusion with the plasma
membrane, their contents are released then called exosomes.
The mature erythrocyte (right segment of panel B) is a
discoid biconcave “hemoglobin bag.” It is devoid of cell
organelles, and the cytoplasm shows a homogenous electron
density caused by the high hemoglobin concentration.
A unique membrane skeleton consists of spectrin, a heterodi-
meric protein interacting with actin and plasma membrane
proteins, band 3 protein and glycophorin via ankyrin and
protein 4.1. The membrane skeleton is responsible for the
biconcave erythrocyte shape that provides a large surface-
volume ratio facilitating gas exchange. The elastic submem-
branous matrix formed by the spectrin lattice returns
shear-deformed cells to the biconcave shape.
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NEUTROPHILIC GRANULOCYTE

Among the white blood cells (leukocytes), the neutrophilic
granulocytes are the most numerous, and they also are the
most common granulocytes. Neutrophilic granulocytes make
up some 65 % of all blood leukocytes. Because of their
multilobed nuclei, they are also called polymorphonuclear
neutrophils or polymorphs. Neutrophilic granulocytes are
motile cells. By complex interactions with endothelial cells
combined with extensive endothelial membrane reorganiza-
tions and remodeling, and binding of extracellular matrix
and chemoattractant molecules (chemotaxis), neutrophils
leave the circulation and migrate to the sites where their
action is needed. Neutrophils are the initial cells at sites of
infection. They are active phagocytes (microphages) capable
of engulfing foreign material and organisms, mainly via Fc
receptors present in the plasma membrane, and interacting
with the Fe region of antibodies bound to antigen, e.g., anti-
bodies decorating the surfaces of bacteria. Neutrophilic
granulocytes have a central role in microbial defense and,
together with other leukocytes — such as eosinophilic and
basophilic granulocytes, monocytes/macrophages, lympho-
cytes, and fibroblasts — hold key functions in inflammation
and wound healing.

The electron micrograph shows a neutrophilic granulo-
cyte of the human blood. Two of the nuclear lobes can be
seen. The condensed chromatin is apparent mainly in the
nuclear periphery, and only small euchromatic regions are in
contact with the nuclear envelope. The Golgi apparatus
(Golgi) is in a central position between and close to the
nuclear segments. Most of the cytoplasm is occupied by the
densely packed granules, the contents of which are respon-
sible for the homing and antimicrobial functions of the neu-
trophils. Three main kinds of granules are accumulated in
the neutrophilic granulocyte cytoplasm, the specific neutro-
philic granules (arrowheads), azurophilic granules (arrows),
and tertiary granules (open arrows), among which also dif-
ferent subtypes exist. It is difficult and perhaps impossible by
ultrastructural examination to distinguish all classes of gran-
ules. The specific granules show globular or ellipsoidal
shapes. Among the diverse granules, they are the smallest,
and the most numerous, and contain a range of enzymes,
such as phospholipases and type IV collagenase, bacterio-
static and bacteriocidal substances, such as lysozyme, as
well as complement activators. The azurophilic granules are
larger and less numerous than the specific granules. They

appear most early during granulopoiesis (primary granules),
but they are not confined to neutrophilic granulocytes. They
arise in all types of granulocytes, and also are present in
monocytes and lymphocytes. Azurophilic granules are
lysosomes. They contain a range of typical acid hydrolases,
antibacterial agents, including azurocidin, as well as myelo-
peroxidase, which is responsible for the generation of highly
bactericidal hypochlorite and chloramines. Specific and azu-
rophilic granules are designated as special types of secretory
lysosomes (cf. Figs. 65 and 66). They fuse with phagosomes
and release their contents, forming a phagolysosome. This
process is called degranulation. After digestion, the degraded
materials are either stored in residual bodies, or exocytosed.
Subtypes of tertiary granules contain phosphatases and
metalloproteinases, such as collagenases and gelatinases,
which are assumed to facilitate the migration of the cells
through the connective tissue.

Aside from the various granules, other cell compartments
and organelles — including endoplasmic reticulum and mito-
chondria — are sparse, but the cytoplasm contains a consider-
able amount of glycogen, which can be seen in the form of
numerous electron dense particles. Glycogen is broken down
for yielding energy enabling neutrophilic granulocates to
survive in an anaerobic environment.
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EOSINOPHILIC GRANULOCYTE

Eosinophilic granulocytes make up approximately 2—4 % of
the total leukocytes in the blood. The count of eosinophils in
blood samples is usually increased in patients suffering from
parasitic infections and allergies. Eosinophils are involved in
immunological responses and have an important role in the
host defense against helminthic parasites. Like neutrophils,
eosinophilic granulocytes leave the circulation and populate
connective tissues at sites of potential foreign invasion. They
are particularly abundant in the lymphoreticular tissue of the
intestinal mucosa. Eosinophilic granulocytes are named for
their large eosinophilic granules occupying the cytoplasm.
The nucleus is often bilobed and, as in neutrophils, con-
densed chromatin is concentrated mainly in the periphery of
the nuclear space.

One of the nuclear segments is visible in the eosinophilic
granulocyte of the human blood shown in the micrograph.
The ultrastructure of the cytoplasm is dominated by the large
specific eosinophilic granules, which contain a characteristic
electron-dense central crystalloid body that makes them easy
to discern. The crystalloid body contains the major basic
protein, which also accounts for the eosinophilia of the gran-
ules. The major basic protein, and other proteins residing in
the matrix of the specific granules, such as the eosinophil
cationic protein, are particularly toxic for helminthic para-
sites and protozoans. Eosinophil peroxidase and eosinophil-
derived neurotoxin are other contents of eosinophilic

granules, both attacking parasitic organisms. After binding
to the surface of parasites, the granule contents are released
directly onto the parasites’ membranes. Other enzymes con-
tained in the specific granules neutralize and moderate
potentially deleterious effects of vasoactive agents released
during inflammation. These include cathepsins, arylsulfa-
tase, and histaminases, which are particularly important at
sites of allergic reactions. Eosinophilic granulocytes also
contain azurophilic granules. Some azurophilic granules are
visible aside the nucleus and between the large specific gran-
ules. They are lysosomes containing a range of acid hydro-
lases, which are active in the destruction of parasites and
capable of decomposing antigen-antibody complexes. Both
specific and azurophilic granules of eosinophils belong to
special classes of secretory lysosomes.

Close to the wavy surface of the eosinophilic granulocyte
shown in the micrograph are vacuoles similar to those
involved in macropinocytosis. Eosinophilic granulocytes are
known to be particularly specialized for phagocytosis of
antigen-antibody complexes.
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BASOPHILIC GRANULOCYTE

Basophilic granulocytes are the least common granulocytes,
making up only 0.5-1 % of the total leukocytes. For this rea-
son, they are difficult to find in blood smears and in thin sec-
tions of embedded blood cells. The figure shows a basophilic
granulocyte in the lumen of a blood vessel; the endothelium
is visible at the right side of the picture. Four sections of the
lobed nucleus can be seen. In the cytoplasm, mitochondria
and lysosomes are visible; membranes of the rough and
smooth endoplasmic reticulum are apparent but scarce. Most
prominent are the numerous large specific granules (aster-
isks) exhibiting homogenously dense contents, which clearly
can be discriminated from the granules of eosinophilic gran-
ulocytes with their crystalloid inclusions shown in Fig. 191.

Basophils derive from progenitor cells in the bone mar-
row; they are constituents of the circulating blood, but they
may leave the circulation system and migrate into the con-
nective tissue. During the past years, basophilic granulocytes
have attracted continuously increasing attention, and they
are being recognized as main cells of the immune system.
Like mast cells in the connective tissue, they express IgE-
receptors on their surfaces; they release histamine and cyto-
kines, effect propagation of immune responses, and are
involved in immediate and delayed hypersensitivity. Their
number is increased in inflammatory diseases and in acute
and chronic hypersensitivity reactions. Basophilic granulo-
cytes have been shown to function as antigen-presenting

cells, and novel roles for basophils in the induction of
T-helper type 2 cell responses have been presented. New
functional concepts about the roles of basophils show
increasing attention and interest in these rare cells.
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MONOCYTE

Monocytes are the largest in the class of leukocytes and make
up 2-8 % of total leukocytes in the blood. They are bone
marrow derived and are the precursor cells of macrophages
and phagocytes of the mononuclear phagocytic system that
are present in many tissues and organs, such as the alveolar
phagocytes in the lung, the Kupffer cells in the liver (cf. Fig.
123), the histiocytes in the connective tissues, the microglial
cells in the brain, and the phagocytes in the red pulp of the
spleen that remove the senescent erythrocytes. Among the
blood monocytes, precursors of osteoclasts (cf. Fig. 168) are
also counted. Monocytes travel from the bone marrow to the
diverse organs. They are transported in the blood, where they
remain for a few days. Further differentiation of monocytes
and transformation into phagocytic cells occurs outside the
blood vessels. They infiltrate almost every tissue of the body.
Monocytes-macrophages have pivotal roles in the physiolog-
ical turnover of tissue constituents, including the degradation
of extracellular matrix materials and senescent connective
tissue fibers, and are major cells of the specific and nonspe-
cific immune systems. Attracted by components of bacteria,
and products developing during injury of the tissue, phago-
cytic cells also migrate to sites of inflammation and regions
of pathologic tissue remodeling. They are involved in phago-
cytosis of cells, and microorganisms and clean up the tissue
from dead cell and tissue debris. Monocytes also develop
into antigen-presenting cells, which partially degrade anti-
gens and present the fragments associated with major histo-
compatibility II molecules located in the plasma membrane
to helper CD4*T lymphocytes (cf. Fig. 194).

The electron micrograph shows a monocyte of the human
blood with a typically indented nucleus. In the cytocenter,

parts of centrioles can be seen (arrows) and small stacks of
Golgi cisternae are localized nearby. Although monocytes
are counted to the class of “agranular” blood cells, azuro-
philic granules are present. Azurophilic granules correspond
to lysosomes (Ly) and contain a range of typical lysosomal
enzymes. They fuse with phagosomes to form phagolyso-
somes, where degradation of the engulfed materials takes
place. Mitochondria are abundant. Rough endoplasmic retic-
ulum, multiple transport vesicles near the Golgi apparatus,
and endocytic vesicles budding from the plasma membrane
indicate intense activities of the secretory and endocytosis
systems.
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LYMPHOCYTE

Lymphocytes are the immunocompetent cells of the lym-
phatic or immune system, which have developed the ability
to recognize and respond to antigens. They account for some
30 % of the total blood leukocytes. In blood and lymph, they
are in transit, recirculating between different lymphatic tis-
sues. Although they are morphologically similar, they repre-
sent a heterogeneous population of cells differing from each
other in various terms including origin and sites of matura-
tion, cell surface markers, specific functions, localizations
within the lymphoid tissues, and life span. Three function-
ally distinct types exist in the body: T lymphocytes (T-cells),
B lymphocytes (B-cells), and natural killer cells (NK-cells).

The name of the T-cell is derived from the organ where
they undergo differentiation, the thymus. T-lymphocytes are
responsible for cell-mediated immunity and are further clas-
sified according to the presence of CD4 or CDS proteins,
recognizing antigens bound to the major histocompatibility
complex (MHC) II or MHC I molecules, respectively. CD4*
helper lymphocytes have a central role in inducing of an
immune response to a foreign antigen. They are activated by
binding of their receptors to antigen-MHC II complexes
present on the surfaces of antigen-presenting cells, which
induce proliferation and differentiation of more T- and
NK-cells and stimulate differentiation of B cells into plasma
cells capable of synthesizing and secreting antibodies.
CD8*-cells are primary effector cells. Stimulated by binding
of their receptors to antigens associated with MHC
I-molecules on the surface of a virus infected or neoplastic
cell, they secrete perforins that assemble to form ion chan-
nels in the plasma membranes of transformed cell, leading to
its lysis.

B-cells are named after the Bursa of Fabricius in birds
where they were first recognized, or the bursa equivalents,
such as the bone marrow, in mammals. B lymphocytes repre-
sent the major cells of the antibody-mediated humoral immu-
nity. Mature B-cells express MHC II molecules and

antibodies on their surface and, after activation, differentiate
into antibody-secreting plasma cells.

NK cells are capable of killing cells, such as certain virus-
infected cells and types of tumor cells, but their activity is
independent of antigen activation.

The electron micrograph shows a lymphocyte of the
human blood. Most of the blood lymphocytes are small or
medium-sized, measuring 6—15 pm in diameter. In the cyto-
plasm, abundant free ribosomes are visible. Several mito-
chondria (M) can be seen, as well as a few cisternae of the
rough endoplasmic reticulum (RER). Short stacks of the
Golgi apparatus (Golgi) accompanied by multiple coated
and noncoated vesicles are localized in the cytocenter close
to the nucleus. A multivesicular body (MVB) residing in the
Golgi apparatus neighborhood may be part of the endosomal
system where loading of MHC II molecules with antigenic
peptide takes place.

Lymphocytes circulating in the blood represent mainly
mature T-cells, which make up 60-80 % of the total number
of blood lymphocytes; 29-30 % are mature B-cells.
Approximately 5-10 % of the cells diagnosed as lympho-
cytes do not exhibit markers of either T- or B-cells. These
include NK-cells as well as rare circulating hemopoietic
stem cells.
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MEGAKARYOCYTE AND THROMBOCYTE

Megakaryocytes are large polyploid cells present in the bone
marrow, which produce the blood platelets or thrombocytes,
small disk-shaped cytoplasmic fragments that circulate in
the blood and are essential components of the hemostasis
system. Formation and release into the blood is under the
primary regulation of thrombopoietin, a glycoprotein pro-
duced in the kidney and liver. During differentiation of
megakaryocytes, continued DNA replication in the presence
of abortive mitosis leads to the formation of polyploid nuclei,
a process called endomitosis. It has been shown that poly-
ploidization is connected with the suppression of stathmin, a
microtubule-regulatory protein that has a major role in the
formation of the mitotic spindle. Platelets are preformed in
the cytoplasm of megakaryocytes at sites of protrusions,
called proplatelets. A megakaryocyte may form 10-20 pro-
platelets from the tips of which the platelets are released.
Maturing platelets become filled with organelles and gran-
ules, which move from the megakaryocyte cell body to the
tips of the proplatelets. Extensive platelet demarcation chan-
nels are formed by a special demarcation membrane system
(DMS), which builds up the plasma membrane of the future
platelets. Results from combined confocal microscopy, elec-
tron tomography, and focused ion beam scanning electron
microscopy (FIB-SEM, cf. Fig. 2) studies indicate that DMS
formation occurs in sequential steps beginning with a focal
membrane assembly at the cell periphery, invaginations of
the plasma membrane, formation of a pre-DMS in perinu-
clear position, and expansion through uptake of membrane
from the Golgi apparatus and lipid transfer from the endo-
plasmic reticulum. Once the thrombocyte has been filled
with organelles, granules, and cytoskeletal proteins, a mar-
ginal band is formed consisting of a single peripheral micro-
tubule wound in 8-12 coils. Proplatelets protrude through
apertures of the endothelial lining of the bone marrow sinu-
soids allowing the platelets to be released directly into the
circulating blood.

Panels A and C show segments of the superficial cyto-
plasm of a megakaryocyte from the human bone marrow.
Future platelets are roughly delineated by membranes of the
demarcation system. Delineated cytoplasmic areas, in part,
are still devoid of organelles, and, in part, they are already
“filled,” containing a range of compartments, organelles, and

granules, such as large alpha granules and dense core gran-
ules, corresponding to the equipment of the future thrombo-
cytes. After release, parts of the demarcation membrane
system that did not participate in subdividing the megakaryo-
cyte cytoplasm mostly remain, forming the open canalicular
system of the mature platelets (panel B). The open canalicu-
lar system is in continuity with the extracellular space and
has a central function as membrane storage compartment.
Parts of the second type of the platelet membrane channel
systems, the dense tubular system, can be seen vaguely in the
left segment of the thrombocyte shown in panel B (asterisk,
cf. also Fig. 196). The dense tubular system derives from the
endoplasmic reticulum of the megakaryocyte and serves as a
calcium storage compartment.

Two phases of platelet formation can be differentiated.
The first phase is characterized by polyploidization, enlarge-
ment of the cytoplasm, and synthesis of the platelet-specific
membranes, compartments, and granules. This is induced by
megakaryocyte-specific growth factors and takes place over
aperiod of days. In the second phase, proplatelets are formed,
filled with the bulk of organelles and granules, and the plate-
lets are released into the blood. The events of the second
phase are completed within hours.
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THROMBOCYTES

Thrombocytes (blood platelets) are cytoplasmic fragments
of the bone marrow megakaryocytes (cf. Fig. 195). After
release into the blood, the thrombocytes circulate as small
cellular disks measuring 3—4 pm in diameter, with a life span
of about 10 days. Platelets have a pivotal role in hemostasis,
where they are involved in several aspects, including blood
clot formation, clot retraction, and repair of the injured tis-
sue. Platelets also continuously survey the endothelial lining
of the blood vessels for possible breaks or damages and are
among the first cells to be recruited to sites of injuries.

Panels A and B show platelets in the lumen of a blood
vessel in the wall of the small intestine. In the cytoplasm,
organelles, granules, and parts of the membrane systems (cf.
also Fig. 195) are visible. Both panels show the prominent
microtubule band (MT) in the platelet marginal structural
zone. The band consists of one single microtubule polymer
that is wound in 8—12 coils, which are particularly well visi-
ble in the cross section of the band shown in the upper part of
panel B. About 90 % of B-tubulin in the marginal microtu-
bule band is of the f1-isoform that is restricted to cells of the
megakaryocyte lineage. The marginal microtubule band
maintains the discoid cell shape of the platelets and also has
an essential role in the microtubule-driven processes of for-
mation of the proplatelets in the megakaryocyte cytoplasm.
Aside the microtubule coil, the platelet cytoskeleton includes
cross-linked actin filaments connected to spectrin and asso-
ciated proteins of the membrane skeleton. While circulating
in the blood stream, platelets have to withstand high shear
stresses. Rapid cytoskeletal remodeling is required when
platelets, in response to vascular damages, change their
shapes, round up, and extend filopodia and lamellae. The
marginal structural zone of the platelets is also referred to as
hyalomer.

In the center of the platelets, called organelle zone or
granulomer, mitochondria, peroxisomes, glycogen, and dif-
ferent types of granules are localized. The large alpha gran-
ules (asterisks in panel B, cf. also Fig. 195) contain mainly
coagulation factors, fibrinogen, the platelet-derived growth
factor, plasminogen, and plasminogen activator inhibitor.
The dense core granules (delta granules, cf. Fig. 195) store
mainly serotonin, adenosine diphosphate, adenosine triphos-
phate, and histamine, and the lamda granules, corresponding
to lysosomes, contain several hydrolases. Different subtypes

of the alpha granules could be classified by cryo-electron
tomography. They not only include granules of spherical
shapes, such as those containing 12 nm tubules of von
Willebrand factor, but also prominent tubular organelles con-
nected to spherical granules. A high spatial segregation of
cargo was found in these tubular subtypes; a differential
release of their contents is discussed and there are questions
as to the formation of these granule subtypes from both the
biosynthetic and endocytic systems. The contents of the
alpha and delta granules are particularly important in the ini-
tial phases of hemostasis, platelet adhesion and aggregation,
blood coagulation, and vasoconstriction in the area of the
injured vessel. They have a major role also in the initial
stages of vessel repair. The lambda granule contents are
involved mainly in the resorption of the clot during the later
stages of vessel repair.

Two classes of membrane systems are present in the
thrombocyte cytoplasm. The extended membranous network
of the open canalicular system with multiple surface connec-
tions (cf. Fig. 195) has a main role as membrane storage
compartment, required for platelet spreading, formation of
tethers, and shape remodeling. The dense tubular system is
derived from the megakaryocyte endoplasmic reticulum
(white arrows in panel A) and serves as a storage compart-
ment for calcium ions. It has a major role in the regulation of
the platelet calcium concentration. By 3D-electron micros-
copy, it could be shown that the two membrane systems are
closely associated and intertwined.
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acid phosphatase, 132
autophagy, 130, 148, 150, 152
heterophagy, 128, 130
lysosome-associated membrane proteins, 132

lysosomal disorders and storage diseases, 134, 136, 138, 140, 142,

144, 146
lysosomal enzymes, 130, 132
lysosomal membrane proteins, 132
mannose-6-phosphate recognition marker, 130
polylactosamine, 132

M
Macrophage, 128, 314, 316, 320
Macropinocytosis, 116, 118
Mallory bodies, 180
Mannose-6-phosphate receptors, 130, 132
Marinesco-Sjogren syndrome, 64
Mast cell, 320
Megakaryocyte, 392
Melanocytes, 278
Membrane contact sites, 194
RER-lipid droplets, 194
RER-mitochondria, 194
RER-plasma membrane, 194
trans Golgi compartments, 92
Metachromatic leukodystrophy, 376
Microtubules, 28, 122, 172, 174, 186, 274, 282, 284, 356, 360, 362,
364, 394
cilia, 282, 284
Golgi apparatus, 174
microtubule disruption, 174
mitosis, 28
thrombocytes, 394
Microvesicles, 114
Mitochondria, 30, 154, 156, 194
crista type, 154
mitochondrial networks, 154
paracrystalline inclusions, 156
programmed cell death, 30, 154
structural abnormalities, 156
tubulus type, 154
Mitophagy, 152
Mitosis, 28
Monocyte, 388
Mott cells, 48, 50
Multivesicular bodies, 114, 118
Multivesicular endosomes, 114
Muscular dystrophies, 346
Myelin sheath, 356, 366, 368

Myoepithelial cells, 230
Myofibrils, 340, 342, 344, 350
Myosin filaments, 340, 350

N
Nanotubes, 200
Nerve tissue, 298, 314, 344, 352, 356-379
axon, 298, 344, 352, 356, 358, 360, 362, 366, 368, 370, 372
axonal degeneration, 370
blood-brain barrier, 358
central nervous system, 356, 358, 360
neuron, glial cells, 356
metachromatic leukodystrophy, 376
myelinated nerve fiber, 356, 366, 368
neuroaxonal dystrophy, 372
neuronal ceroid lipofuscinoses, 378
neuropathies associated with dysproteinemias, 374
node of Ranvier, 368
peripheral nervous system, 362, 364, 366, 368
Schwann cell, 362, 364, 366, 368
synapses, synaptic terminal, 358, 360
unmyelinated nerve fiber, 298, 314, 362, 364
Neuroaxonal dystrophy, 372
Neuromuscular junction, 344
Neuron, 356
dendrites, 356
neurite, 356
soma, 356
Neuronal ceroid lipofuscinoses, 378
Neutrophilic granulocyte, 382
Node of Ranvier, 368
Nuclear actin fibers, 26
Nuclear envelope, 6, 22, 26, 40, 42
perinuclear cisterna, 40
Nuclear lamina, 26
Nuclear lamins, 26
Nuclear pore complexes, 22, 24, 42
calcium concentrations, 24
freeze-fracture replica, 22
structural changes, 24
three-dimensional structure, 22
time-lapse atomic force microscopy, 24
Nucleolus, 14, 16, 20, 38
architecture, 14
changes of nucleolar architecture, 16
components, 14
Nucleoskeleton, 26
Nucleus, 2, 6, 8, 10, 12, 18, 20
architecture, 6
Cajal bodies, 6, 20
cancer cell, 8
chromosome territories, 6, 12
condensed chromatin, 6
cytochemical detection of ribonucleoproteins, 10
detection of sites
of DNA replication, 12
of RNA synthesis, 18
euchromatin, 6
functional changes, 8
interchromatin granule clusters, 6
interphase chromosome domains, 12
nuclear envelope, 6, 22, 26, 40, 42
nuclear space, 6
nucleolus, 6, 14, 16, 20, 38
nucleoskeleton, 26
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shape, 8

size, 8

telomerase, 20
viral inclusions, 32
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Odland bodies, 280
O-Glycans, 80
Olfactory epithelium, 274
Oligodendrocytes, 366
Omegasomes, 148
Organ of Corti, 270, 272
hair cell innervation, 272
hair cells, 270, 272
spiral ganglion neurons, 272
supporting cells, 270, 272
tectorial membrane, 270
Osteoblasts, 336
Osteoclast, 338
Osteocytes, 336

p

Pancreas, 2, 34, 70, 102, 104, 224, 226, 228, 240, 242, 298

acinar cells, 2, 34, 102, 226
acinar center, 226
acinus, 224
beta cell, 104, 240, 242
centroacinar cells, 226
endocrine, 104, 240, 242
exocrine, 2, 34, 70, 102, 224, 226, 228, 298
intercalated duct, 228
islets of Langerhans, 240
zymogen granules, 2, 34, 70, 102, 224, 226
Paneth cells, 28, 104, 108, 236
Parietal cells, 234
Pericytes, 294, 300, 358
Perineurium, 364
Peripheral nerve, 362, 364, 366, 368
connective tissue components, 364
Peroxisomal disorders, 164
Peroxisomes, 158, 160, 162, 164
adaptive changes, 162
biogenesis, 160
function, 158
peroxisomal disorders, 164
pexophagy, 150
Zellweger syndrome, 164
Pexophagy, 150
Phagocytosis, 118, 128
Pigment epithelium, 266, 268
Plasma cells, 50, 320
Plasma membrane, 182, 188, 190, 192, 194
freeze-fracture electron microscopy, 182
glycocalyx, 188, 190, 192
lipid bilayer, 182
Podocytes, 214, 302, 304, 306, 308, 310, 312
Polyomaviruses, 32
Polysomes, 38
Pompe disease, 348
Potocytosis, 126

Pre-Golgi intermediates, 2, 58, 60, 62, 64, 66, 68, 72, 88

changes, 64
ERGIC-53, 58
Golgi apparatus-associated, 60, 64, 66

morphometric analysis, 60
oligosaccharide trimming, 66
peripheral, 62, 64, 66
procollagen VII ER export, 62
protein quality control, 66
Preribosomal RNA (pre-rRNA), 38
Procollagen, 316, 318
Programmed cell death, 30
mitochondria, 154
Proinsulin, 240, 242
Protein A-gold technique, 34
Protein-N-glycosylation, 44, 46, 66, 72, 74
cell type-related variations, 76, 78
Protein-O-glycosylation, 80
Protein quality control, 46, 64, 66
Pulmonary surfactant, 286, 288

R
Receptor-mediated endocytosis, 116, 118
Red blood cells, 380

Regulated secretion, 2, 34, 70, 102, 108, 224, 226, 232, 236

Renal distal tubule, 208
Renal proximal tubule, 208, 262, 264
RER. See Rough endoplasmic reticulum
Reticulocyte, 380
Reticulophagy, 152
Retina, 266, 268
light-induced apoptosis, 268
membrane disks, 266
photoreceptor cells, 266, 268
pigment epithelium, 266, 268
Ribosome precursors, 14, 16
Ribosomes, 38

Rough endoplasmic reticulum (RER), 2, 6, 22, 34, 36, 38, 40, 42, 44,

46, 48, 50, 52, 58, 66, 68, 92, 194
accumulation of misfolded proteins, 48
calnexin/calreticulin, 46, 66
export regions, 58, 68
glucosidase I, 46
glucosidase II, 46
glucosyltransferase, 46
membrane contact sites, 92, 194
oligosaccharide trimming, 46
oligosaccharyltransferase, 44
protein-N-glycosylation, 44, 46
protein quality control, 46
protein translocation, 44
reglucosylation, 46
Sec61 complex, 44
signal peptidase, 44
storage site of excess immunoglobulins, 50
transitional elements, 58, 60, 68

Russell bodies, 48, 50, 52

S
Sarcomere, 340
Sarcoplasmic reticulum, 340, 342
Satellite cell, 342
Schmidt-Lanterman clefts, 366
Schwann cells, 362, 364, 366, 368, 370
Secretion

compound, 112, 232

constitutive, 110
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Secretion (cont.)
regulated, 2, 34, 70, 102, 108, 224, 226, 232, 236
unconventional, 114
Secretory granules, 2, 34, 102, 104, 106, 112, 224, 226, 230,
232, 236, 240, 242, 244
formation, 104
types, 106
Secretory lysosomes, 132, 382, 384
Selectins, 204
SER. See Smooth endoplasmic reticulum
Skeletal muscle, 340, 342, 344, 346, 348
glycogenosis type II, 348
muscle fiber, 340
muscular dystrophies, 346
myofibrils, 340
neuromuscular junctions, 344
sarcomere, 340
sarcoplasmic reticulum, 340, 342
satellite cell, 342
triad, 342
Skin, 124, 134, 178, 218, 220, 278, 280
Small intestine, 176, 258, 260
absorptive cells, 258, 260
brush border, 258
endocrine cells, 244
goblet cells, 112, 232
junctional complex, 258
lipid pathway, 260
microvilli, 258
Paneth cells, 28, 104, 108, 236
smooth muscle layer, 314, 352
Smooth endoplasmic reticulum (SER), 54, 56, 166, 340, 342
bilirubin metabolism, 56
ER shaping proteins, 54
lipid droplet biogenesis, 166
proliferation, 56
reticulons, 54
sarcoplasmic reticulum, 340, 342
very low density lipoprotein particles, 54
Smooth muscle, 126, 300, 314, 352, 354
CADASIL, 354
smooth muscle cells, 126, 300, 352
synapse 4 distance, 352
Spot desmosomes, 178, 196, 202, 226, 258, 278, 280, 350
tonofibrils, tonofilaments, 178, 202, 278, 280
Stem cell niche, 28
Stomach, 234
Stress fibers, 176
Submandibular gland, 230
Surfactant proteins, 286, 288
Synapses, 344, 352, 358, 360
neuromuscular junction, 344
synapse 4 distance, 352
Synaptic terminal, 3D-reconstruction, 360

T

Terminal web, 176, 188, 258, 262
TGN. See Trans-Golgi network
Thomsen-Friedenreich antigen, 80
Thrombocytes, 392, 394

Tight junctions, 196, 198, 226, 256, 258, 274, 290, 294
freeze-fracture replica, 198
Titin, 340, 350
Tonofibrils, tonofilaments, 178, 202, 278, 280
Tracheo-bronchial epithelium, 282, 284
cell types, 282
cilia, 282
ciliopathies, 284
Clara cells, 286
Trans Golgi-endoplasmic reticulum, 86, 88, 90, 92, 94, 120

Trans Golgi network (TGN), 68, 82, 84, 86, 88, 90, 92, 94, 102, 104,

110, 118, 120, 132
cryo-immobilization, 86
endocytic TGN, 90, 118, 120
endocytosis, 84
formation of secretory granules, 104
GERL, 82
secretory pathway, 84
structure, 90
three-dimensional models, 90
Transitional elements of rough endoplasmic reticulum,
58, 60, 68
Triads, 342
Tropocollagen, 318
Tunneling nanotubes, 200
Type I and II alveolar epithelial cells, 288

U
Umbrella cell, 290, 292

asymmetric unit membrane, 290

fusiform vesicles, 292

surface specializations, 290
Unmyelinated nerve fiber, 298, 314, 362, 364
Uroplakins, 290
Urothelium, 290, 292

A\

Very low density lipoproteins, 54, 252, 260
liver, 54, 252
small intestine, 260

Vesicular-tubular clusters, 58

Viral inclusions, 32

Virus endocytosis, 116

Von Willebrand factor, 294

W

Weibel-Palade bodies, 294

Wheat germ agglutinin, 90, 98, 118, 120
Wilms tumor, 192

Wolman disease, 144

V4

Zellweger syndrome, 164

Zonula adhaerens, 196, 226, 258

Zonula occludens, 196, 226, 258

Zymogen granules, 2, 34, 70, 102, 224, 226
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