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The period between 1950 and 1980 were the golden
years of transmission electron microscopy and pro-
duced 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 micro-
graph 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 including
Palade, Porter, Fawcett, Sjostrand, Rhodin and many
others. At present, the images that we see in leading
journals for the most part do not reach the same techni-
cal level and are not prepared with the same attention to
detail as in the golden era of TEM nor do not have the
same information content and sheer beauty.

This Atlas by Jürgen Roth and Margit Pavelka is a
major exception, as it presents electron micrographs
whose image quality and information content is
uncompromised and unsurpassed. 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, sperm
and neuron, for example. It reminds the reader that
although each cell has the usual complement of
organelles their organization is quite different and dis-
tinctive and is recognizable to the trained eye. It
reminds the cell biologist, biochemist, molecular biolo-
gist 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 organelles 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 pro-
teomics, 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 micro-
scopic techniques for electron microscopy because it is
less technically demanding and is more readily available
to researchers. This atlas reminds us that the informa-
tion obtained by electron microscopy is invaluable and
has no substitute. The increased insights obtained are
comparable to the superior resolution (1000 x 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.

It can be anticipated that this atlas may stimulate
readers to undertake further ultrastructural studies cou-
pled with functional studies on both normal and dis-
eased cells to harvest the detailed insights this will pro-
vide. In the age of harvesting the “cell genome and pro-
teome“, we should also not forget to pay attention to
harvesting the cell “structurome”. This atlas provides the
reader with the opportunity to get started.

La Jolla, August 2004 Marilyn G. Farquhar
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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 apprecia-
tion of ultrastructure research. For the understanding of the
functions of cells and tissues, it is mandatory to precisely
know the structure of their macromolecular and supramolec-
ular assemblies and essential to identify their sites of action
with high resolution as well as to explore their dynamics in the
life of cells and their organisation in higher systems. It is the
today’s top challenge and priority of all ultramicroscopic
methods to visua-localise functional processes in cells and tis-
sues in their correlation with subcellular organelles and their
ultrastructurally recognizable domains. Major progress has
become possible through the refinement of existing prepara-
tion 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 3D structural analysis of isolated
macromolecular complexes, electron tomography and 3D
reconstruction of the inner architectures of cells, low temper-
ature embedding resins and cryoultramicrotomy in combina-
tion with immunogold labelling and hybridisation techniques
and atomic force microscopes have become fully integrated
into the range of methods used in modern molecular cell biol-
ogy.

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
molecular 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 dia-
grams and selected classical as well as recent publications and
key reviews for further reading. For those readers who want to
up-date the references, a most useful on-line service is provid-
ed 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 documen-
tation of the various structures and their function in the con-
text of molecular cell biology. In addition we included repre-
sentative examples of characteristic organelle changes under
various experimental conditions and under conditions of dis-
ease. The second part exemplifies principles of tissue organi-
sation and is supplemented with selected examples of ultra-
structural tissue pathologies. Here, we aimed not on com-
pleteness but particular emphasis was placed on morpho-
functional aspects in order to demonstrate that the ultrastruc-
ture of cells and tissues mirrors their main tasks and reflects
specific functions.

We hope that this atlas is not looked upon as a mere col-
lection 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 tis-
sues and cells shown. Last but not least we would like to hear
from our readers and use these suggestions (mail to: juer-
gen.roth@usz.ch and margit.pavelka@meduniwien.ac.at) to
improve future editions.

Vienna Zurich, July 2004 Margit Pavelka
Jürgen Roth
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Magnification: x 11,250

All eukaryotic cells present qualitatively a very similar
structural organisation that can vary quantitatively
depending on their degree of differentiation and spe-
cialisation as well as functional state. The electron
micrograph shows at low magnification highly special-
ised acinar cells of rat pancreas, which represent the
prototype of a polarised secretory cell type. Several such
acinar cells form a functional unit, the secretory acinus.

Each cell consists of two major compartments, the
nucleus and the cytoplasm, and these are the centre of

attention of the first chapter. The cytoplasm of different
cell types contains a common set of membrane-bound-
ed organelles and the various structural components of
the cytoskeleton. They are both embedded in the
cytosol, which houses the intermediate metabolism and
is the place of protein synthesis and proteasomal degra-
dation of misfolded proteins. The rough endoplasmic
reticulum (RER) is engaged in the synthesis and quality
control of proteins, is the site of initiation of protein N-
glycosylation, and is a major Ca2+ store. Lipids are also
synthesised in the endoplasmic reticulum. Many pro-
teins and lipids are transported to the Golgi apparatus,
where they receive further post-translational modifica-
tions and are sorted to their final destinations. The pro-
tein O-glycosylation is initiated in the Golgi apparatus.
The pre-Golgi intermediates (pre-GI) are engaged 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 trans-Golgi apparatus. They mature into
zymogen granules (ZG), which are stored in the apical
cytoplasm and undergo exocytosis on stimulation. The
endoplasmic reticulum and its transitional elements
(TE), pre-Golgi intermediates, Golgi apparatus, and
secretory granules constitute the secretory pathway.
Further cellular organelles are the mitochondria (M),
which generate energy, peroxisomes, which perform
oxidative reactions, lysosomes, which have a degradative
function, and endosomes, which are involved in cellular
uptake of 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 forms the acinar lumen
(AL) and is separated by junctional complexes (arrows)
from the lateral (LPM) and basal (BPM) membrane
domain.

The diagram presents a simplified version of a pan-
creatic acinar cell.

2 Introduction
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The nucleus is the largest of the cellular compartments,
housing the chromosomes with the vast majority of the
cellular genome, as well as multiple molecular machin-
eries necessary for gene organisation and expression.
During the past years contemporarily with the success-
ful sequencing of the entire human genome, knowledge
of nuclear architectures has also enormously increased
and exciting results provide evidence that the long-
standing dogma of a spatial separation of gene tran-
scription in the nucleus and translation in the cyto-
plasm cannot be maintained.

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. 8 and 9). Panel B shows the outer and
inner membranes enclosing the perinuclear cisterna 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 cis-
terna passes into the RER lumen (asterisk).

The nucleus is compartmentalised in chromosome
territories and interchromatin spaces (diagramsA and B).

Genomic DNA condensed in chromosomes during
mitosis (A-chromosomes 1,2,3), forms chromosome
territories in the interphase nucleus (A-1,2,3). Genetic
loci shown on mitotic chromosomes (B-1,2,3) are posi-
tioned in the interphase nucleus within or, presumably
on decondensed chromatin fibre loops, outside the ter-
ritories (B-1,2,3).

In the electron microscope due its intense staining,
the condensed chromatin (heterochromatin, C) is clear-
ly visible, whereas the decondensed euchromatic fibers
are hardly discernible. Condensed chromatin dominates
the peripheral nuclear areas corresponding to its attach-
ment to the nuclear lamina (cf. Fig. 3). In the nucleus
interior, condensed chromatin cords surround the inter-
chromatin spaces, where numerous discrete domains

related to gene expression exist. Among these, the nucle-
olus is the most prominent (Nu, cf. Figs. 5 – 7).

Interchromatin granule clusters (IG) represent the
ultrastructural equivalent of the splicing speckles or
splicing factor compartments, which are enriched in
RNA and protein factors engaged in mRNA splicing. It
is suggested that IGs represent sites of storage and/or
assembly of splicing complexes. IGs also contain multi-
ple RNA processing factors, transcription factors and
potential structural proteins, such as lamins.

The Cajal body (CB), first described by Ramon y
Cajal a century ago, is the best characterised of the small
nuclear bodies. It corresponds to the “coiled body” and
was recently renamed after its discoverer. In Cajal bod-
ies, components of transcription and RNA processing
machineries are transiently localised.

In-vivo-microscopy studies proved that nuclear
structures, although morphologically stable, are dynam-
ic entities (diagrams C and D).

Both chromatin proteins (C) and proteins of inter-
chromatin domains (D) reside only temporarly on chro-
matin and the respective compartments (Nu-nucleolus,
IG-interchromatin granule clusters, Cajal bodies) and

there is a continuous exchange with the nucleoplasm.
Diagrams A–D are drawn according to Roix and Misteli,
(2002).
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Various cytochemical techniques are available to study
the distribution of DNA and RNA by electron
microscopy. A classic technique for the detection of
nuclear RNP RNA containing structures in ultrathin
sections from tissues is the regressive contrasting proce-
dure of Bernhard. In a first step, both DNA and RNA in
Epon ultrathin sections of a tissue or cells are contrast-
ed with uranyl acetate. Afterwards, the ultrathin sections
are incubated with aqueous EDTA, which forms com-
plexes with uranyl ions and results in the progredient
removal of uranyl ions from DNA. The staining is of
limited specificity and needs to be verified by enzyme
digestion controls.

An example for the regressive RNA contrasting pro-
cedure is given in panel A. It shows an Epon ultrathin
section from glutaraldehyde-fixed rat liver. In the nucle-
us of hepatocytes, the EDTA differential staining prefer-
entially 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 fibres. Arrows point to
some perichromatin granules considered as nuclear
storage and/or transport form of pre-mRNA particles.
The DNA containing peripheral and nucleolus associat-
ed condensed chromatin (C) exhibits only light grey
contrast. IG: interchromatin granules; Nu: nucleolus.

References
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NUCLEAR LAMINA

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

The nuclear lamina is composed of lamin A and vari-
able amounts of lamins B and C which are intermediate

filaments. They differ from other intermediate filaments
in that they form an orthogonal lattice. Nuclear lamins
are highly organised fibrils with a central rod-like
domain composed of α-helical coiled-coil and globular
domains on either end. The C-terminal globular
domain contains a nuclear localisation sequence for
nuclear import. Posttranslational modifications includ-
ing farnesylation permit the assembly of lamin subunits
at the inner nuclear membrane. 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 such as to give shape
and provide mechanical support to the nuclear envelope
and interacts 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 sub-
sequently that of the nuclear envelope. Lamins become
dephosphorylated when the nuclear envelope starts to
reassemble in late anaphase.

Surprisingly, mutations in lamins not only cause
disruption of the nuclear envelope but also diseases of
striated muscle (cardiomyopathy and muscular dys-
trophy), adipocytes (partial lipodystrophy syndromes)
and peripheral nerves (peripheral neuropathy) as well
premature aging syndromes.

References

Aebi U, Cohn J, Buhle L, and Gerace L (1986) The nuclear lamina
is a meshwork of intermediate-type filaments. Nature 323: 560
Gant T, and Wilson K (1997) Nuclear assembly. Annu Rev Cell
Dev Biol 13: 669
Goldberg M, and Allen T (1996) The nuclear pore complex and
lamina: three-dimensional structures and interactions deter-
mined by field emission in-lens scanning electron microscopy.
J Mol Biol 257: 848
Hutchinson C, Bridger J, Cox L, and Kill I (1994) Weaving a
pattern from disparate threads: lamin function in nuclear assem-
bly and DNA replication. J Cell Sci 197: 3259
Stoffler D, Feja B, Fahrenkrog B, Walz J, Typke D, and Aebi U
(2003) Cryo-electron tomography provides novel insights into
nuclear pore architecture: implications for nucleocytoplasmic
transport. J Mol Biol 328: 119
Stuurman N, Heins S, and Aebi U (1998) Nuclear lamins: their
structure, assembly, and interactions. J Struct Biol 122: 42
Worman HJ, and Courvalin J-C (2004) How do mutations in
lamins A and C cause disease? J Clin Invest 113: 349

6 The Nucleus

CYTOCHEMICAL DETECTION OF RIBONUCLEOPROTEINS

Magnification: x 24,500 (A); x 70,000 (B)



NuNu

NuNu

CC

CC

CC

IMIM OMOM

Nuclear laminaNuclear lamina

CC

CC

IGIG

 A

 B

Figure 3 7



DNA can be detected with the high precision and speci-
ficity of immunoelectron microscopy. For this purpose,
antibodies raised experimentally or present in sera from
patients who have autoimmune diseases as well as anti-
bodies 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 labelled se-
condary antibodies. With these techniques, DNA has
been observed consistently in the dispersed and con-
densed chromatin of interphase nuclei, chromosomes of
mitotic cells, and the mitochondria.

In panels A and B, DNA has been revealed by the
incubation of living V79 hamster cells with the thymi-
dine analog bromodeoxyuridine (BrdU). The bromo-
deoxyuridine, which becomes incorporated into nuclear
DNA during its replication, can be detected subsequent-
ly in ultrathin sections by a monoclonal anti-bromo-
deoxyuridine antibody and gold labelled secondary
antibody.

Panel A shows part of the nucleus of a cell that was
incubated with bromodeoxyuridine for as short a peri-
od as 2 minutes. Sites of nascent DNA as detected with
anti-bromodeoxyuridine antibody are indicated by the
presence of gold particles. In addition, DNA in the
Lowicryl K4M thin section was histochemically revealed
by a Feulgen-type reaction using osmium ammine.
Immunogold labelling showed DNA replication sites in
association with individual dispersed chromatin fibres 
(arrowheads) on the periphery of a condensed chro-
matin area (arrow). In other experiments, these regions
were shown to contain DNA polymerase alpha. Together
with results from 5 minutes bromodeoxyuridine 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
bromodeoxyuridine for 9 hours and then allowed to
grow for additional 62 hours. This time period allowed

for about 5 cell divisions, during which the labelled
chromosomes became segregated. Nuclei of these cells
contained only 2-3 labelled chromosomes and were
highly amenable to analysing the presence of chromo-
some 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 intermin-
gling of their DNA. Therefore, although chromosomes
formed discrete territories, chromatin of adjacent chro-
mosomes seemed to be in contact in limited regions,
implying chromosome-chromosome interactions. Such
an in vivo labelling approach allowed the analysis of the
structural features of interphase chromosome domains
as well as of their relations with the immediate neigh-
bourhood. Arrows indicate RNP fibrils in perichro-
matin and interchromatin regions. NE: nuclear enve-
lope.
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Nucleoli are the most prominent of the nuclear bodies.
They are formed around the nucleolus organiser regions
(NORs), which are localised to the secondary constric-
tions of acrocentric chromosomes and bear numerous
copies of genes coding for the preribosomal 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, since preribosomal particles may also be
built in the nucleus outside of nucleoli and, during the
past decade, various additional functions have been
ascribed to nucleoli.

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

The morphological appearance of nucleoli as shown
electron microscopically and illustrated in the insert at
the left lower corner reflects their main function in
ribosome biogenesis. The structure of nucleoli is a result
of the processes connected with transcription and pro-
cessing of pre-rRNA and assembly of precursors of the
small and large ribosome subunits. The nucleolar
structure changes concomitantly with cell differentia-
tion (cf. Fig. 6) and disappears with onset of mitosis, at
which time transcription and processing of pre-rRNA
are suppressed.

Nucleoli are composed of three different compo-
nents, the dense fibrillar component (dfc), the granular
component (gc), and the fibrillar centre (fc), and they
are accompanied by masses of condensed chromatin
(C), which mainly corresponds to chromosome territo-
ries of NOR-containing chromosomes (cf. Fig. 2). The
fibrillar centre, which is assumed to be a protein storage
site, appears as a distinct spherical body encircled by the
dense fibrillar and granular components. These both
compartments contain growing preribosomal particles,
the dense fibrillar component at early, the granular
component at late states of formation. The dense fibril-
lar component is enriched in newly synthesised pre-
rRNA and a palette of proteins, the granular component
consists of preribosomal particles, which are nearly
completed. Transcription is proposed to take place in
the dense fibrillar component or at the border between
fibrillar centre and dense fibrillar component. In anoth-

er model, the fibrillar centre is suggested to be the main
site of transcription.

The relation between nucleoli and Cajal bodies is
close (cf. Fig. 2, CBs). CBs are important for the biogen-
esis and function of small nucleolar ribonucleoproteins.
Several proteins, such as fibrillarin and Nopp40, are
localised 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
travelling toward and away from nucleoli. Since CBs also
have been shown to move from the nucleolar periphery
into the nucleolus, the possibility is considered that
transfer of the material takes place by direct contact
between CBs and nucleoli.

During the past years, additional nucleolar functions
not related to the assembly of preribosomes have been
assumed. These include tRNA maturation, sequestra-
tion of regulatory molecules, roles in viral infection,
export of viral RNAs and control of ageing. It has been
proposed that for some of the nonconventional activi-
ties an immobile platform is necessary and thereby
advantage is taken of the nucleolus.
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The nucleolar architecture depends on the functional
state of cells and changes concomitantly with cellular
changes. This has been studied in detail in human lym-
phocytes after stimulation with phytohaemagglutinin
and in frog erythropoetic 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) exhibit-
ing a large fibrillar centre, which is surrounded by dense
fibrillar and granular components. This type corre-
sponds to the nucleolus shown in Fig. 5.
(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
several fibrillar centres, surrounded by thick circles of
dense fibrillar material and large areas composed of
granular nucleolar substance.

Panels A–C show a sequence of micrographs origi-
nating from studies with human lymphocytes analysed
at different times after stimulation with phytohaemag-
glutinin (PHA) and showing a consecutive metamor-
phosis 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
multiple ring-shaped nucleoli. An example is shown in
panel A after 4 hours of PHA-stimulation with two ring-
shaped nucleoli visible. By 12 hours, 34% of the lym-
phocytes 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 nucleoli with nucle-
olonema (panel B). The multiple small nucleoli present
earlier seem to fuse, thus forming the large nucleolar
networks, in which dense fibrillar and granular compo-
nents dominate. Fibrillar centres are inconspicuous and
seem to be exhausted due to a decrease of stored pro-
teins, which may have been used up during the assembly
of ribosome precursors. This nucleolar type is most pro-
nounced after 36 hours. An example after 16 hours is on
display in panel B. With continued PHA-treatment,

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

The close connection between nucleolar structure
and function is also shown by inhibition of protein- and
RNA-biosynthesis. Inhibition of protein synthesis by
treatment with puromycin causes a significant decrease
in the size of fibrillar centres. Treatment with actinomy-
cin D, which specifically inhibits rRNA-transcription,
leads to a general reduction of the nucleolar size and a
segregation of the nucleolar components. Panel D shows
a HeLa cell nucleolus after actinomycin D-treatment for
6 hours. The typical separation of the nucleolar sub-
compartments is further illustrated in the diagram
shown below.

Fibrillar centre (fc) and dense fibrillar and granular
components (dfc and gc, respectively) are segregated
and both are accompanied by masses of condensed
chromatin (C).
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The statement made for the visualisation of DNA also
fully applies to that of RNA: it can be readily detected by
immunoelectron microscopy with high precision and
specificity by labelling 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 labelled secondary antibody with high spatial reso-
lution. Formaldehyde or formaldehyde/glutaraldehyde
fixation combined with embedding in Epon, Lowicryl
K4M or LR white resins provides high detection sensi-
tivity. The post-embedding immunogold labelling can
be combined with other histochemical stains. Since
5’bromouridine-5-triphosphate is not membrane per-
meable, permeabilised cells were used or the nucleotide
analog was microinjected into cells. Alternative
approaches have been 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 visualised by means of brominated RNA precursor
and immunoelectron microscopy. Cells of a human
bladder carcinoma line T24 were microinjected in cul-
ture with 5’bromouridine-5-triphosphate and further
incubated for 20 minutes. The immunogold labelling in
the nucleoplasm was mostly localised on the periphery
of condensed chromatin (C) areas, a nuclear compart-
ment named the perichromatin region. In the nucleolus
(Nu), newly synthesised pre-rRNA occurs mainly in the
dense fibrillar component.

In panel B, a detail of a nuclear region after a 10 min-
utes incubation after 5’bromouridine-5-triphosphate
microinjection is shown. Here, a double immunogold
labelling was carried out on the ultrathin section. Newly
transcribed RNA was detected with anti-bromode-
oxyuridine antibodies and 6 nm gold labelled secondary
antibody. In addition, hnRNP complexes were detected
with anti-hnRNP core protein antibody and 15 nm gold

labelled secondary antibody. As can be readily seen, both
signals often colocalised on perichromatin fibrils
(arrowheads), which represent the in situ forms of
pre-mRNA (hnRNA) transcripts. However, interchro-
matin granule clusters (IG) that are compartments of
pre-mRNA splicing factor accumulation and storage
were virtually devoid of any labelling.

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 processing. The perichromatin fibrils represent
the in situ form of pre mRNA transcripts and probably
also the site of most pre-mRNA processing steps.
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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 level of a cell, the number of NPCs varies but is
usually around 4000 per nucleus. NPCs are sites of bidi-
rectional transport.

In panel A, a freeze-fracture replica with a large por-
tion of the nucleus is shown. The outer and inner
nuclear membrane can be seen en face with a great
number of NPCs. In panel B, isolated, detergent extract-
ed NPCs are shown by cryo-electron microscopy in the
frozen-hydrated state. In favourable end-on views, one
complex seems to be composed of eight peripheral par-
ticles and a single central one.

The three-dimensional structure of the NPC has
been reconstructed from images of negative stained
complexes and by cryo-electron microscopy. 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 a large luminal domain embed-
ded in the nuclear envelope flanked by a ring at its cyto-
plasmic and nuclear surface as illustrated in the diagram
and indicated by the bold lines.

The barrel-like central framework is composed of
eight spokes with protuberances toward the central
pore. This is the structural basis for the characteristic
eightfold rotational symmetry of the complexes. Often a
plug is present in the central lumen, whose composition
and significance is debated. The mass of the spoke com-
plex was determined to be 52 MDa by scanning trans-
mission electron microscopy mass measurement.
Between the adjacent eight spokes, eight channels of

about 10 nm diameter are formed. The peripheral chan-
nels may function as voids during large scale deforma-
tions of the central framework. The transport of larger
particles occurs by active transport through the central
part of the nuclear pore involving specific receptor pro-
teins. By using gold particles of various diameters, coat-
ed with peptides containing nuclear localisation signals,
the maximal size of particles 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 cytoplasmic ring,
flanking the central one, eight filaments extend out-
wards. 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 (cf. Fig. 9).

Many of the nucleoporins are glycoproteins which
bear an O-glycosidically linked N-acetylglucosamine
residue on serine or threonine. In panel C, O-linked N-
acetylglucosamine residues are detected by a gold
labelling technique. In tangentially sectioned nuclear
pores the centre is labelled by gold particles (arrow-
heads). This glycosylation is found on many other pro-
teins including the RNA polymerase II catalytic unit and
a large number of transcription factors. It may be an
important regulatory modification, which, through a
reciprocal relation with O-phosphorylation, may mod-
ulate the protein function.
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Atomic force microscopy is a unique imaging tech-
nique that allows high resolution studies of biological
macromolecules in a native state under quasi-physiolo-
gical conditions in an aqueous environment. In addition
to static structural analysis, dynamic structural analysis
by time lapse imaging in response to stimuli as well as of
growth and growth kinetics of macromolecules has
been achieved. The examples shown here concern the
structure of native nuclear pore complexes and struc-
tural changes in response to calcium.

Panels A and B and their insets show native nuclear
envelopes from Xenopus oocytes. Panel A shows the
cytoplasmic surface of the nuclear envelope and panel B
its nuclear surface. Clear cut differences are visible since
the nuclear pore complexes at the cytoplasmic surface
appear doughnut-like (panel A) whereas those at the
nuclear surface are dome-like (panel B) in appearance.
Furthermore, the eightfold rotational symmetry of indi-
vidual 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 micromolecular 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 visualised. In panels G and
H, such conformational states were quantified by align-
ing and averaging a number of nuclear pore complexes
and computing their average radial heights. From this
analysis it became clear that 20–30 nm diameter open-
ings 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 micro-
molecular calcium concentrations as shown in the dia-
gram.

References

Binnig G, Quate C, and Gerber C (1986) Atomic force micro-
scope. Phys Rev Lett 56: 930
Oberleithner H, Schneider S, and Bustamante JO (1996) Atomic
force microscopy visualises ATP-dependent dissociation of multi-
meric TATA-binding protein before translocation into the cell
nucleus. Pflügers Arch 432: 839
Perez-Terzic C, Gacy AM, Bortolon R, Dzeja PP, Puceat M,
Jaconi M, Prendergast FG, and Terzic A (1999) Structural
plasticity of the cardiac nuclear pore complex in response to reg-
ulators of nuclear import. Circ Res 84: 1292
Perez-Terzic C, Pyle J, Jaconi M, Stehno-Bittel L, and Clapham DE
(1996) Conformational states of the nuclear pore complex
induced by depletion of nuclear Ca2+ stores. Science 273: 1875
Ryan KJ, and Wente SR (2000) The nuclear pore complex: a pro-
tein machine bridging the nucleus and cytoplasm. Curr Opin Cell
Biol 12: 361
Stolz M, Stoffler D, Aebi U, and Goldsbury C (2000) Monitoring
biomolecular interactions by time-lapse atomic force microscopy.
J Struct Biol 131: 171
Wang H, and Clapham DE (1999) Conformational changes of the
in situ nuclear pore complex. Biophys J 77: 241

18 The Nucleus

NUCLEAR PORE COMPLEXES: STRUCTURAL CHANGES AS MONITORED

BY TIME-LAPSE ATOMIC FORCE MICROSCOPY

Magnification: x 75,000 (A, B); x 150,000 (upper insets in A and
B); x 100,000 (lower insets in A); x 150,000 (E, F) 



A

 GG H

B

 CC D

E F

Cytoplasmic Nuclear

- Ca2+ + Ca2+

1 2

46 5
7

8
3

1 2

46 5
7

8
3

35nm

100nm

70nm

100nm

70nm

100nm

70nm

100nm

Figure 9 19



For growth of tissue, development of organs, and main-
tenance of life functions, both production of new cells
by cell division and elimination of cells by programmed
cell death (cf. Fig. 11) are necessities. During the cell
cycle, regulated by cyclins and cyclin-dependent protein
kinases, mitosis serves to equally distribute all parts of
the genome among two daughter cells. Duplication of
the centrioles (cf. Fig. 66) and movement toward oppo-
site poles of the cells precede mitosis, which can be fol-
lowed during four well characterised phases, the
prophase, metaphase (panels A and B), anaphase, and
telophase. Mitosis is accompanied by reorganisation 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 identi-
cal chromatids (sister chromatids) connected at the cen-
tromeric region. Two distinct protein complexes, the
cohesin and the condensin complex, are required for
cohesion of the chromatids and chromatin condensa-
tion leading to the typical thread-like mitotic transport
structures of the chromosomes. The centrioles are criti-
cal for formation and maintenance of the mitotic spin-
dle, 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 chromosome bi-orienta-
tion. At the metaphase-anaphase transition, 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.

Cells undergo mitosis at different stages of develop-
ment. Panel A shows an eosinophilic myelocyte from the
human bone marrow, which represents a well differenti-
ated cell of the myeloid haematopoietic lineage contain-
ing multiple specific eosinophilic granules (cf. Fig. 153).
In panel B, a mitotic proerythroblast provides an exam-

ple of a cell of the red blood cell lineage at an early stage
of differentiation. Both cells are shown during
metaphase. The homogenous, densely packed chro-
matin (C) comprises the most prominent structure in
the cells. In panel B, a chromosome centromeric region
(primary constriction, arrows) is visible. Nucleoli and
other functional domains, typical for the interphase
nucleus (cf. Fig. 2), are not existent, and the former
nucleoplasm is intermixed with the cytoplasm in a com-
mon compartment. The breakdown of the nuclear enve-
lope is closely connected with the disassembly of the
nuclear lamina (cf. Fig. 3). 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.

In the cytoplasm of both cells, endoplasmic reticu-
lum is still well organised, but the Golgi apparatus is not
visible. In mammalian cells, the characteristic stacked
Golgi architecture disassembles on onset of mitosis and
is reorganised during telophase. The Golgi apparatus
fate during mitosis has been a matter of intense debate
over the past years. There exist two different models,
persistence of distinct Golgi apparatus entities versus
complete absorption into the endoplasmic reticulum.
Moreover, recent findings imply that Golgi fragmenta-
tion not only accompanies, but is a prerequisite for,
entry into mitosis.
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Apoptosis is a physiologic type of programmed cell
death that is essential for normal development and reg-
ular life of tissues and organs. It is used by multicellular
organisms for elimination of “unwanted” cells, which
may include excess and unnecessary cells, defective,
senescent, and harmful cells. Any apoptosis disorder
potentially leads to diseases. By contrast to necrosis,
which is a nonphysiologic accidental cell death resulting
from irreversible cell injury, apoptosis takes place
according to a genetic cell-suicide programme and is an
active process initiated by external signals or intrinsic
events, such as DNA-damage or irreparable stress at cel-
lular organelles. Both pathways that initiate and regulate
apoptosis, the death receptor pathway and the mito-
chondrial pathway, lead to the activation of particular
proteases called caspases (cysteine aspartic acid-specific
proteases). A cascade of caspase-mediated cleavage
processes takes place causing dramatic cellular changes,
which give rise to the characteristic morphological
apoptosis patterns. The cells lose plasma membrane
asymmetry and surface differentiations and round up.
DNA-fragmentation leads to a chromatin hyperconden-
sation and a kind of “explosion” of the cells results in
the appearance of “apoptotic bodies”, which are phago-
cytosed by surrounding cells.

Panel A shows typical apoptotic bodies originating
from human lymphocytes undergoing programmed cell
death after irradiation. The bodies are rounded, but they
show intact plasma membranes and contain remnants
of the cell nucleus and organelles. The hypercondensed
chromatin (asterisk) is present in multiple nuclear frag-
ments and, due to chromatin collapse against the
nuclear periphery often appears in the shape of a ces-
cent, as shown in the body at the right hand side of the
micrograph. Cleavage of the nuclear DNA hallmarks
apoptosis and causes the most severe damage to the
cells.

A large number of results indicate that cells use dif-
ferent ways for active self-destruction. Apoptosis is
referred to a type I of programmed cell death. In anoth-
er type (type II), autophagy has a major role, and cyto-
plasmic 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.
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VIRAL INCLUSIONS

Viruses account for a large number of acute infections
that occur as a consequence of hereditary or acquired
forms of immunodeficiencies. Because of their small
size (20–300 nm), single virus particles can be detected
only by electron 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. Polyoma viruses are ubiquitous in nature
and can often be observed in tubular cells of transplant-
ed kidneys. Panels B and C illustrate such a situation.
The spherical virus particles have a diameter of
30–45 nm and are arranged in characteristic paracrys-
talline arrays (inset in B) that occupy parts of the nucle-
oplasm (B) and cytoplasm (C). Note the difference in
structure between the nuclear viral inclusions and the
nucleolus (Nu in B). Another virus causing combined
nucleo-cytoplasmic inclusions is the cytomegalovirus,
which belongs to the herpesvirus family. Cytomegalo-
virus infections affect multiple organs and are often
observed in immunosuppressed recipients of trans-
plants or in AIDS patients.
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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
serous acinar cells and immunogold labelling for one of
their major secretory products, the digestive enzyme
amylase. As such, it provides a general idea about the
main structural elements of the secretory pathway in a
highly specialised cell. The immunoelectron microscop-
ic demonstration of intracellular antigens in ultrathin
sections has been critically improved by the introduc-
tion of the colloidal gold as a marker. The scheme shows
the two step protein A-gold technique to detect anti-
genic sites in an ultrathin section,

Several of serous cells assemble to form a structural
and functional unit, a so-called acinus, which is the main
component of the gland parenchyma (cf. Figs. 1, 87 and
90).

The rough endoplasmic reticulum (RER), which is
abundant in the basal and juxtanuclear portions of the
acinar cells and other secretory cell types, represents the
first structural element of the secretory pathway some-
times also referred to as the endomembrane system. It
shows abundant immunogold labelling 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 labelled for amylase. The pre-Golgi
intermediates cannot be recognised at this low magnifi-
cation. The supranuclear cytoplasm contains a high
number of 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. The
acinus lumen represents the first part of the extracellu-
lar excretory duct system.

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

M: mitochondria.

References

Cantin M (1984) Cell biology of the secretory process
Basel: Karger
Palade G (1975) Intracellular aspects of the process of protein
biosynthesis. Science 189: 347
Roth J (1981) The colloidal gold marker system for light and elec-
tron microscopic cytochemistry. In: Techniques in immunocyto-
chemistry, vol 2 (Bullock GR, Petrusz P, eds). London: Academic
Press, pp 217
Roth J (1989) Postembedding labeling on Lowicryl K4M tissue
sections: detection and modification of cellular components. In:
Meth Cell Biol (Tartakoff, AM, ed). San Diego, Academic Press,
pp 513
Roth J, Bendayan M, and Orci L (1978) Ultrastructural localisa-
tion of intracellular antigens by the use of protein A-gold com-
plex. J Histochem Cytochem 26: 1074
Steer C, and Hanover J (1991) Intracellular trafficking of proteins
Cambridge: Cambridge University Press

24 The Cytoplasm: The Secretory System

SECRETORY PATHWAY OF PANCREATIC ACINAR CELLS

Magnification: x 15,500



MM

RERRER

RERRER

GolgiGolgi

ALAL

NucleusNucleus

NucleusNucleus

NucleusNucleus

ZGZG

ZGZG
ZGZG

Figure 12 25



Ribosomes are RNA-protein particles measuring 30 nm
at their largest dimensions, which function as machiner-
ies for protein synthesis. Within a ribosome, a messen-
ger-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. The diagram summarises the
major steps in eukaryotic ribosome biogenesis.

Co- and posttranscriptionally, the preribosomal
RNA (pre-rRNA) encoded by the ribosomal DNA
(rDNA) associates with small nucleolar RNAs
(snoRNAs) and non-ribosomal proteins to be modified
and processed. A series of cleavages takes place, leading
to the 18S, 28S and 5.8S rRNAs, which together with
ribosomal proteins and the 5S rRNA synthesised out-
side the nucleolus, assemble to form the small and large
precursors of the 40S and 60S ribosomal subunits. They
are separately exported out of the nucleus through the
nuclear pore complex (NPC), the large precursor utilis-
ing the adaptor protein Nmd3 for binding to the Crm1
nuclear export factor. Ribosomes exist as distinct parti-
cles only during ongoing protein synthesis. The 40S and
60S subunits assemble during the protein synthesis ini-
tiation phase and again dissociate and enter in a 
common cytoplasmic pool after completion of the pro-
tein. The diagram is drawn according to Olson et al,
(2002).

Polysomes are ribosome clusters attached to one
mRNA, which simultaneously produce several copies of
the same protein. Depending on the class of proteins
synthesised, polysomes either reside “freely” in the cyto-
plasm (“free polysomes”) or bind to membranes of the
rough endoplasmic reticulum (RER, “bound
polysomes”). The latter process is receptor-mediated
and guided by a signal peptide, which is part of all pro-
teins to be synthesised 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 plas-
ma”). The membranes are studded with ribosomes
(arrowheads) and in the cisternal lumen fine filamen-
tous materials are contained, mainly corresponding to
newly synthesised secretory proteins. Polysomes appear
as “rosettes”, strings of beads in single or double rows
(arrowheads in panel B) or serpent-like structures
(arrows in panel B).

RER-bound ribosomes also produce luminal and
membrane proteins of the entire secretory system, lyso-
somal enzymes and plasma membrane proteins. By con-
trast, ribosomes do not bind to the RER during synthe-
sis of other proteins, such as proteins residing at the
cytoplasmic side of membranes, cytoskeletal proteins
and proteins destined to be transported into the nucle-
us, or inserted into mitochondria or peroxisomes. The
RER is organised into subregions (cf. also Fig. 14) and
recent findings suggest that particular mRNAs encoding
for secretory or membrane proteins are confined to dis-
tinct areas of the RER. There is evidence for transport of
mRNAs along either microtubules or actin filaments
and several RER-associated proteins involved in anchor-
ing mRNAs have been identified.
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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 ribosomes and continuous with the mem-
brane of the rough endoplasmic reticulum (RER).
Therefore, direct continuity exists between the lumen of
the nuclear envelope and the rough endoplasmic reticu-
lum, as marked by the lines in panel A. Evidence is
ample that the outer nuclear membrane is engaged in
protein synthesis and that de novo synthesised proteins
are translocated in the perinuclear space. Post-transla-
tional modifications on proteins may occur here
because of the presence of oligosaccharide-trimming
glycosidases (cf. Fig. 16).

Although the rough endoplasmic reticulum and the
nuclear envelope form a continuous network, function-
al domains seem to exist in this luminal interconnected
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 detected by immunoelectron
microscopy. In panel A, immunogold labelling for apo-
mucin in the cisternal lumen of the rough endoplasmic
reticulum is evident. However, the perinuclear cisterna,
even at sites of continuity with the cisternal lumen of
the rough endoplasmic reticulum is unlabelled. In panel
B, intensely apomucin-positive parts of cisternae of
rough endoplasmic reticulum can be seen alternating
with parts that are completely unlabelled (marked by
lines). This represents a remarkable example of segrega-
tion 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 endoplas-

mic reticulum is a site of mRNA localisation which will
associate for their life time with membrane-bound
polyribosomes. As a results the synthesis of the respec-
tive proteins will be compartmentalised.
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The membranes of the endoplasmic reticulum (ER)
represent the site of co-translational vectorial transfer of
de novo synthesised proteins from the cytosol to the ER
and of lipid biosynthesis. After translocation, post-
translational protein modifications occur in the cister-
nal lumen.

In the rough endoplasmic reticulum (RER), soluble
proteins become fully translocated into the cisternal
lumen, whereas the other protein type, the transmem-
brane proteins, are translocated only partially 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
translocon or Sec61 complex, which is a sophisticated
modular protein machinery of which the heterotrimer-
ic Sec61p, TRAM (translocation associated membrane
protein) and TRAP (translocon associated protein) are
the major components. Panel A depicts the immuno-
gold localisation of Sec61αp 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 in prokaryotic and eukaryotic
organisms. The translocon also functions in the retro-
translocation of glycoproteins from the ER to the
cytosol. Based on high resolution structural analyses,
the translocon consists of a doughnut-like structure
with a central hydrophilic pore as the most striking fea-
ture. The pore diameter in a ribosome bound translo-
con is 40 – 60 Å and that of a ribosome free one 9 – 15 Å.
A ribosome may be associated at the cytosolic side with
its tunnel co-axially oriented over the Sec61 pore.

The oligosaccharyltransferase and the signal pepti-
dase constitute major translocon associated proteins not
directly involved in the pore formation and in the
translocation process. The oligosaccharyltransferase is a
hetero-oligomeric complex composed of at least nine
subunits showing significant homology from yeast to
mammalian cells. For functional reasons it is neigh-
bouring the translocon. It acts on nascent polypeptides
while they are being translocated and catalyses the en
bloc transfer of a lipid linked pre-assembled oligosac-
charide (glucose3mannose9N-acetylglucosamine2) 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 ER
membrane and represents a key step in the pathway of
protein N-glycosylation, which is an essential and high-
ly conserved protein modification. The asparagine-
linked oligosaccharide can be bound by the plant lectin
Concanavalin A (Con A) because of its reactivity with
oligosaccharides containing glucose or mannose. In
panels B and C, Con A-gold labelling of the RER and of
smooth endoplasmic reticulum (SER) of rat liver hepa-
tocytes is shown. In regions containing SER, Con A
labelling is also due to the presence of glycogen. The
lumina of the liver sinus and bile capillary (BC) are
unlabelled.
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In the rough endoplasmic reticulum first modifications
on asparagine-linked oligosaccharides occur and
include the removal of all three glucose residues by α-
glucosidases I (Gls I) and II (Gls II) and some mannose
residues by ER α-mannosidases I (ER Man I) and II (ER
Man II), as illustrated in the scheme. These trimming
reactions and the resulting specific oligosaccharides are
important for protein quality control. Proper folding
and correct assembly of glycoproteins are constantly
monitored by a quality control machinery composed of
chaperones, lectins such as calnexin and calreticulin,
glucosidase II and UDP-glucose: glycoprotein glucosyl-
transferase (for additional details, cf. Fig 22). On the
other hand, defective oligosaccharide trimming has
been recognised as the cause of certain congenital disor-
ders of glycosylation.

In panel A, immunogold labelling demonstrates
trimming glucosidase II in nuclear envelope (arrow-
heads) and the lumen of all endoplasmic reticulum cis-
ternae in the form of microdomains. Both glucosidase I 
and II are present in the same endoplasmic reticulum
cisternae as shown by double immunogold labelling
(large gold particles for glucosidase I and small particles

for glucosidase II). The importance of the trimming of
the outer glucose residue by glucosidase 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 complexes between cal-
nexin/calreticulin and glycoproteins bearing monoglu-
cosylated oligosaccharides.

Panel B shows glucosyltransferase immunolabelling
in nuclear envelope (arrowheads) and rough endoplas-
mic reticulum in a distribution similar to glucosidase II.
Glucosyltransferase is unique in that it serves in a
twofold function as a protein folding sensor and as a
glycosyltransferase. The enzyme recognises not correct-
ly folded glycoproteins and, by reglucosylating their
oligosaccharides, tags the glycoprotein for entry in
another calnexin/calreticulin cycle.

References

Aebi M, and Hennet T (2001) Congenital disorders of glycosyla-
tion: genetic model systems lead the way. Trends Cell Biol 11: 136
Ellgaard L, and Helenius A (2003) Quality control in the endo-
plasmic reticulum. Nat Rev Mol Cell Biol 4: 181
Jakob CA, Burda P, Roth J, and Aebi M (1998) Degradation of
misfolded endoplasmic reticulum glycoproteins in Saccharomyces
cerevisiae is determined by a specific oligosaccharide structure.
J Cell Biol 142: 1223
Jakob CA, Burda, P, teHeesen S, Aebi M, and Roth J (1998)
Genetic tailoring of N-linked oligosaccharides: the role of glucose
residues in glycoprotein processing of Saccharomyces cerevisiae in
vivo. Glycobiology 8: 155
Parodi AJ (2000) Protein glucosylation and its role in protein
folding. Annu Rev Biochem 69: 69
Roth J (2002) Protein N-glycosylation along the secretory path-
way: relationship to organelle topography and function, protein
quality control and cell interactions. Chem Rev 102: 285
Varki A, Cummings R, Esko J, Freeze H, Hart G, and Marth J
(1999) Essentials of glycobiology. Cold Spring Harbor New York:
Cold Spring Harbor Laboratory Press

32 The Cytoplasm: The Secretory System

OLIGOSACCHARIDE TRIMMING, REGLUCOSYLATION, AND PROTEIN QUALITY CONTROL

IN THE ROUGH ENDOPLASMIC RETICULUM

Magnification: x  53,000 (A); x 70,300 (inset); x 48,000 (B).



A

B

MM

MM

MM

MM

NucleusNucleus

NucleusNucleus

Glucosidase II Glucosidase I and II

Glucosyltransferase

Figure 16 33



Protein misfolding occurs naturally at a high rate, or as
a consequence of mutations and under various forms of
cellular stress such as hyperthermia, hypoxia, starvation,
experimental inhibition of protein synthesis by
puromycin or of N-glycosylation by tunicamycin and
inhibition of disulphide bridge formation by reducing
agents. Accumulation of misfolded proteins also occurs
in congenital human protein folding diseases, e.g. cystic
fibrosis, α-1-antitrypsin deficiency and congenital
goitrous hypothyreoidism.

The fate of misfolded proteins can be quite diverse.
In the best case scenario, they will be retrotranslocated
through the translocon and degraded by the ubiquitin-
proteasome system without harmful consequences for
the cells. Under unfavourable conditions, they may
aggregate in the lumen of the rough endoplasmic retic-
ulum. The classical manifestation of this form of protein
aggregation are 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. Since such protein aggregates
cannot be retrotranslocated to the cytosol, the cisternal
space of the entire rough endoplasmic reticulum may
become greatly distended (asterisks in panel A showing
part of a Mott cell from mouse spleen). Local protein
aggregates represented by the intracisternal granules in
the lumen of the ER can occur under conditions of star-
vation or treatment with puromycin aminonucleoside.
In panel B, part of a pancreatic serous cell with intracis-
ternal granules and a zymogen granule (ZG) with
immunogold labelling for amylase is shown.

The functional consequences of protein accumula-
tion in the ER are at least two-fold: induction of the
unfolded protein response and an ER overload
response. The unfolded protein response pathway,
which involves a transmembrane kinase/ribonuclease
(Ire1p), a tRNA ligase (Rlg1p) and the transcription fac-

tor Hac1p, controls the expression of various ER chap-
erones but may also induce apoptosis. This signalling
pathway is highly conserved from yeast to mammalian
cells. The ER overload response involves another signall-
ing pathway to induce the transcription factor NF-κB
that finally results in the induction of cytokines fol-
lowed by inflammation or in apoptosis.
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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 similar in size to the nucleus is seen in
panel A with normal appearing rough endoplasmic
reticulum (RER), mitochondria (M), and secondary
lysosomes (Ly). A main structural feature is its limiting
membrane studded with ribosomes, the endoplasmic
reticulum membrane.

Another type of inclusion body that is also due to the
production of misfolded glycoproteins are aggresomes.
They differ from Russell bodies in that the proteina-
ceous aggregates, which can be observed in the electron
microscope as amorphous dense material (asterisk), are
located in the cytosol and have no limiting membrane
(panel B). This topographical difference is because of
the retrotranslocation of the misfolded glycoproteins to
the cytosol. Furthermore, aggresomes in contrast to
Russell bodies are composed of ubiquitylated protein
aggregates, proteasomes, and chaperones. Fully formed
aggresomes are surrounded by intermediate filaments of
the vimentin type (IF) and found close to the micro-
tubule organising centre. 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
when the proteolytic capacity of the proteasomes is
exhausted by the presence of aggregation-prone mis-
folded proteins. There is also evidence that protein

aggregates can directly impair the proteasome activity.
Despite all these differences, both Russell bodies and

aggresomes are morphological manifestations of cellu-
lar indigestion often observed under various diseased
states. In particular, 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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Lacking attached ribosomes, the smooth endoplasmic
reticulum (SER) forms a complex membranous system
that is linked to various cellular functions. The main
SER tasks include synthesis of lipids, maintenance of
calcium homeostasis and detoxification reactions neces-
sary for the conversion of harmful water-insoluble sub-
stances into water-soluble compounds that are more
suitable for excretion through the kidney. Specialised
SER regions are the membraneous networks and the
terminal cisterns of the sarcoplasmic reticulum (cf. Fig.
134). Though continuous with the rough endoplasmic
reticulum (see inset), the SER is organised in a different
way. The differences are perfectly discernible in hepato-
cytes as shown in the detail presentation at the opposite
page.

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 consists of interconnected tubular and finger-
like architectures that appear tangled up, forming kinds
of membranous convolutions. In hepatocytes and in
steroid hormone-producing cells, extended SER mem-
brane convolutes occupy wide areas of the cytoplasm. In
the electron microscope, myriads of smooth ER mem-
brane profiles characterise these cytoplasmic areas.
There is a close spatial relationship of SER membranes
and glycogen particles (asterisk), which may reflect
functional connections underlined by enzymes of the
glycogen metabolism that were found associated with
SER membranes (cf. Fig. 64).

Membrane continuities shown in detail in the inset
at the right lower corner (arrowhead) reflect the close
functional cooperations and common tasks of smooth
and rough endoplasmic reticulum. Synthesis of the dif-
ferent 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. 97 and 98) are

visible as electron dense globules within the SER lumina
(arrows). They are particularly frequent close to the
SER-RER-transitions (inset).

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 recy-
cling membrane constituents. The overall size of the
endoplasmic reticulum is thought to remain constant,
but ER-membranes and compartments are highly
dynamic and change their shapes continuously (cf. Fig.
20). Sizes and shapes of ER-compartments are deter-
mined by opposing forces of assembly connected with
membrane fusion and disassembly connected with
membrane fragmentation.

For ER-organisation, cytoskeleton and microenvi-
ronments have important roles. Differences in the
appearance of the cytoplasmic “matrices” of RER and
SER are clearly discernible in the electron microscope.
RER cisternae visible in the upper left quarter of the
micrograph and some few cisternae in the lower part of
the figure and in the inset, are embedded in dense, com-
pact “matrices” that are lacking in the SER cytoplasmic
regions (cf. also Figs. 96–98).

M – mitochondria, PO – peroxisome.
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Hepatocytes and steroid producing cells contain abun-
dant smooth endoplasmic reticulum in contrast to most
other cell types. The smooth endoplasmic reticulum
membranes of liver hepatocytes amount to 16% of total
cellular membranes whereas in pancreatic exocrine cells
this value is less than 1%. The amount of smooth endo-
plasmic reticulum can increase rapidly and reversibly
depending on functional demands, and its phenobarbi-
tal induced proliferation represents a classical example
for such a situation. After withdrawal of the drug the
excess smooth endoplasmic reticulum is removed by
autophagocytosis (cf. Fig. 57 for aspects of autophago-
cytosis).

In hereditary disorders of bilirubin metabolism
resulting in predominantly unconjugated hyperbilirubi-
naemia, the cytoplasm of liver hepatocytes can be filled
with smooth endoplasmic reticulum (SER) at the
expense of the rough endoplasmic reticulum and con-
tains 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 molecu-
lar defect lies in the hepatic bilirubin UDP-glucorono-
syltransferase A1 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
consequence, hepatic bilirubin UDP-glucoronosyltrans-

ferase activity can be undetectable or reduced and non-
haemolytic icterus due to increased serum concentra-
tions of unconjugated 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 trans-
plantation.
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The interface between the endoplasmic reticulum and
the Golgi apparatus consists of a complex and highly
dynamic structure, the pre-Golgi intermediates. They
are also often named intermediate (or salvage) com-
partment, ERGIC-53, or vesiculo-tubular clusters
(VTC) and represent intermediates for transport out of
the endoplasmic reticulum or for recycling to the endo-
plasmic reticulum.

The exit of cargo from the endoplasmic reticulum
occurs at specialised, morphologically defined sites, the
transitional elements of the rough endoplasmic reticu-
lum which are partly devoid of ribosomes (TE in panels
A-C) and exhibit buds (arrowheads in panels A-C)
assumed to give rise to vesicles. Located between the
transitional elements and the cis side of the Golgi appa-
ratus are clusters of smooth membrane vesicular tubu-
lar structures, the pre-Golgi intermediates (pGI in pan-
els A and B). Pre-Golgi intermediates together with
transitional elements of rough endoplasmic reticulum
exist also in multiple copies in the peripheral cytoplasm
(panel C) and move from there along microtubules to
the Golgi apparatus. Transitional elements and pre-
Golgi intermediates are constituents not only of secreto-
ry cells (panel B shows part of an endocrine beta cell
with secretory granules-SG) but also of less differentiat-
ed non-professional secretory cells such as Chinese
hamster ovary (CHO) cells (panel B). The pre-Golgi
intermediates are enriched in p53 or p58 (the rat homo-

logue of human p53) providing a marker for their iden-
tification by immunolabelling (panel D).

Intense studies have unravelled many aspects of the
molecular mechanism of cargo selection in the transi-
tional elements of the rough endoplasmic reticulum and
ER-to-Golgi transport and recycling. The current view
is that cytosolic coat proteins (COP) such as Sar1p,
Sec23p-Sec24p, and Sec13p-Sec31p bind to transitional
elements resulting in the formation of COPII-coated
buds into which cargo is actively sorted (see diagram).
COPII-coated vesicles then carry out the anterograde
transport. Such vesicles loose their coat and fuse with
each other or neighbouring vesicular-tubular clusters.
There is also evidence for the direct en bloc formation of
large tubular carriers from the endoplasmic reticulum.
Pre-Golgi intermediates are not only functioning in
anterograde COPII-mediated transport but also in ret-
rograde transport, which is thought to be mediated by
the COPI vesicular pathway. The COP coats are mor-
phologically distinct from the clathrin coats of buds and
vesicles at the trans side of the Golgi apparatus (arrow in
panel B).
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Machinery components of the protein quality control
such as chaperones, protein disulfide isomerase, lectins
(calnexin and calreticulin), ERp57, glucosidase II, and
glucosyltransferase are all functioning in the endoplas-
mic reticulum. The scheme depicts the major steps in
the quality control of glycoprotein folding.
Glycoproteins bearing monoglucosylated oligosaccha-
rides either due to trimming by glucosidase II (Gls II) or
through reglucosylation by glucosyltransferase (GT)
will be bound by calnexin or calreticulin. Dissociation
of such glycoprotein-lectin complexes will be achieved
by glucosidase II, and correctly folded glycoproteins will
be processed by ER-mannosidase I (ER Man I) and
exported from the endoplasmic reticulum. However,
not correctly folded glycoproteins will be recognised
and reglucosylated by glucosyltransferase and enter a
new calnexin/calreticulin cycle. Thus, the opposing
actions of glucosidase II and glucosyltransferase provide
the basis for the on-and-off-cycle. If correct folding can-

not be achieved, trimming by ER-mannosidase I to the
mannose8N-acetylglucosamine2 isomer B will be fol-
lowed by interaction with EDEM, a mannose8-binding
lectin. EDEM has been shown to accelerate the release of
misfolded glycoproteins from calnexin and to expedite
their endoplasmic reticulum associated degradation
(ERAD) by the ubiquitin-proteasome system.

High resolution immunogold labelling has unequi-
vocally shown the presence of glucosidase II and gluco-
syltransferase in pre-Golgi intermediates of various
mammalian cell types (panel A: pig liver, panel B: rat
pancreas, panel C: peripheral pGI in rat liver) and in the
salivary glands of Drosophila melanogaster. Notably,
quantification of the immunogold labelling for gluco-
syltransferase showed enrichment in pre-Golgi interme-
diates over rough endoplasmic reticulum. This indicates
that quality control of glycoprotein folding is not limit-
ed to the ER and may additionally occur in pre-Golgi
intermediates.
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The Golgi apparatus is a central crossroads along the
secretory pathways and has an important role also in
endocytosis (cf. Figs. 30 and 43). Within the Golgi appa-
ratus, multiple post-translational modifications of
newly synthesised secretory and membrane proteins
occur (cf. Figs. 25–27) and from here, molecules are
sorted to various other destinations.

The Golgi apparatus is named after its discoverer
Camillo Golgi, who first described the organelle in 1898.
The original drawings of the osmium stained “apparato
reticulare interno” in the somata of spinal ganglion cells
published by Camillo Golgi already indicate that the
entire apparatus is a continuous organelle and is com-
posed of subunits that are connected among each other.
The individual subunits are made up of stacks of flat cis-
ternae, which are connected by non-compact, highly
fenestrated or tubular regions (cf. Fig. 32 diagram).
Within each of the stacks, subcompartments are dedi-
cated to special functions.

The micrograph presented at the opposite page
shows one of the Golgi stacks in a rat pancreatic acinar
cell. In this kind of cell, such as in other secretory cells
of the regulated type, the Golgi stacks’ organisation
clearly mirrors the involvement in secretory routes. A
clear polarity exists and the two different sides, the cis
and trans sides, can readily be discriminated. Within the
secretory pathway, the cis side is the import region of
newly synthesised molecules coming from the endoplas-
mic reticulum and the trans side with the trans-Golgi
network (cf. Figs. 30–32) 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
discussion (cf. Fig. 36). Transitional elements (TE) of
the rough endoplasmic reticulum (RER) and pre-Golgi
intermediates (pGI, cf. Figs. 21 and 22) are located close
to the cis side of the stack. Transitional elements corre-
spond to the RER-export regions and exhibit ribosomes
attached at one surface only. This is particularly visible
in the lower right segment of the electron micrograph.
Membranes of pre-Golgi intermediates are in close spa-
tial 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 mate-
rials, 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), shown in the upper left
quarter of the micrograph. Several condensing vacuoles
and mature secretory granules, in the pancreatic acinar
cells termed zymogen granules (ZG), are accumulated
in the trans-Golgi area. 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 correspond to condensation
and maturation of the pancreatic secretion taking place
in the condensing vacuoles (cf. Figs. 39–40).

M - mitochondria.
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In general terms immunoelectron microscopy can be
defined as a tool to reveal the relations of various cellu-
lar constituents of known function to subcellular
organelles or parts of them, thereby providing informa-
tion about organisational and functional principles of
cellular compartments and subcompartments.

In panels A-C, the main compartments of the secre-
tory pathway of a secretory cell prototype, the exocrine
pancreatic cell (cf. also Fig. 23), are shown together with
immunogold labelling for amylase. The immunogold
labelling of ultrathin sections showed amylase in the cis-
ternal lumen of the rough endoplasmic reticulum
(panel A). Labelling for amylase was 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 exhib-
ited local distensions filled with electron dense material
(asterisks). They represent initial stages of zymogen
granule formation, so called condensing vacuoles.
Zymogen granules (ZG) are present above the trans side
of the Golgi apparatus and in the apical cytoplasm.
Here, secretion may occur by fusion of the zymogen
granule membrane with the apical plasma membrane
(arrows in panel C), which results in the exocytotic
release of the zymogen granule content in the acinar
lumen (cf. also Fig. 40). Both the zymogen granule con-
tent and the acinar lumen are labelled for amylase.

Immunogold labelling can be quantified and pro-
vides 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 labelling has provided evi-

dence 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 pro-
teins are sorted for packing into transport vesicles 
(cf. also Fig. 21).
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Protein glycosylation continues in the Golgi apparatus
by trimming and elongation of asparagine-linked
oligosaccharides on glycoproteins to yield their mature
forms. Trimming occurs by three mannosidases. Golgi
mannosidase I removes the remaining α1,2-linked man-
nose residues followed by a first elongation reaction by
N-acetylglucosaminyltransferase I and Golgi mannosi-
dase II removes one α1,3 and one α1,6-linked mannose
residue (scheme A). Endo-α-mannosidase trims mono-
glucosylated oligosaccharides of glycoproteins and has
a substrate specificity similar to glucosidase II (scheme
B). It provides a glucosidase-independent trimming
pathway. In addition, certain mannosidase-trimmed

mono-glucosylated oligosaccharides are substrates for
endomannosidase but not for glucosidase II (schemes
C, D).

Golgi mannosidase I has been assumed to be com-
partmentalised in the cis-Golgi apparatus. However,
depending on the cell type, it is detectable primarily in
medial and trans-Golgi cisternae. Likewise, Golgi man-
nosidase II shows a cell type-dependent Golgi distribu-
tion in medial (NRK and CHO cells), medial and trans
(pancreatic cells) or trans cisternae (goblet cells), or
across the entire cisternal stack (some enterocytes and
hepatocytes; panel A).

Endomannosidase has a dual distribution: primari-
ly in cis and medial Golgi cisternae with additional sub-
stantial labelling in p58-positive pre-Golgi intermediates
(panels B and C). Panel C shows double immunogold
labelling for endomannosidase (small gold particles)
and p58 (large gold particles marked by
arrowheads).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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The maturation of asparagine-linked oligosaccharides
(or N-glycans) takes place in the Golgi apparatus and
involves the families of N-acetylglucosaminyl-, galacto-
syl-, fucosyl-, and sialyltransferases, which elongate and
diversify a mannose-GlcNAc2 core oligosaccharide in a
stepwise manner to yield so-called complex type
oligosaccharides. In it, elongation and mannose trim-
ming reactions are intermingled (cf. Fig. 25). The
complex type oligosaccharides may exist as elaborate
tetra-antennary structures with polylactosamine chains,
which are repeats of galactose-N-acetylglucosamine di-
saccharides (scheme A). On the other hand, they may be
rather simple bi-antennary structures, which are most
commonly found (scheme B). These structures have to
be distinguished from the high mannose type oligosac-
charides composed of five to nine mannose residues and
two N-acetylglucosamine residues and hybrid structures
which 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 cisternae and the trans-Golgi network, respectively
(panels A and B) and serve as markers of these Golgi
regions. However, although distinct, these glycosyltrans-
ferases partly overlap in the Golgi apparatus, and their
distribution may vary depending on cell types (cf. Fig.
27).

Glycosyltransferases transfer a sugar from the
respective nucleotide sugar (UDP-acetylglucosamine,
GDP-fucose, UDP-galactose, CMP-sialic acid) to the
acceptor. These glycosylation reactions take place in the
lumen of the Golgi cisternae. Since sugar nucleotides are

synthesised in the cytosol, except for CMP-sialic acid,
which is synthesised in the nucleus, they must be trans-
ported into the lumen of Golgi cisternae. This is effect-
ed by transporters, which are multipassing Golgi mem-
brane 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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Biochemical analyses have shown that glycosylation
reactions in the Golgi apparatus occur in a stepwise
manner by sequentially acting glycosyltransferases.
Early subcellular fractionation and immunoelectron
microscopic analyses showing enzyme activities in sepa-
rate fractions and immunolabelling in different Golgi
regions provided support for the concept of subdivision
of the Golgi apparatus in functionally distinct cis, medi-
al, 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 β-galactoside α2,6 sia-
lyltransferase (ST6Gal-I). In rat colon goblet cells,
immunogold labelling for this sialyltransferase started
to become detectable in trans-Golgi cisternae (panel A).
Its product, sialic acid as detected with a gold-labelled
sialic acid specific lectin, also became first detectable in
trans-Golgi cisternae (panel B). It should be noted that
the sialyltransferase immunolabelling in the mucus
droplets of the goblet cells represents enzyme proteolyt-
ically cleaved in the Golgi apparatus. In contrast,
labelling for the sialyltransferase and its product of
action, sialic acid residues, was diffuse across the cister-
nal stack in the neighbouring absorptive enterocytes
(panels C and D). The same restricted versus diffuse
immunolabelling was observed for the blood group A
transferase and blood group A substance in these cell
types. Notably, both represent terminal glycosylation
reactions in the synthesis of asparagine-linked or ser-
ine/threonine-linked oligosaccharides (cf. Figs. 25, 26
and 29).
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Glycosyltransferases constitute large families of
enzymes. About 15 sialyltransferases are currently
known which all 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 represents
one reason for the structural heterogeneity of
asparagine linked oligosaccharides. Hence, sialic acids
may be found attached to galactose or N-acetylgalac-
tosamine in α2,6, α2,3, α2,8 and α2,9 ketosidic linkage.
Another reason for structural diversity of the oligosac-
charides lies in differences in the cellular expression pat-
tern of glycosyltransferases. Thus, sialyltransferases and
other glycosyltransferases exhibit cell and tissue specific
expression patterns. It should also be noted that sialyl-
transferases compete for a common nucleotide sugar
and that differences in their tissue levels will influence
the structure of the synthesised sialylated oligosaccha-
ride. It is now established that specific oligosaccharides
of glycoproteins are involved in a variety of biological
functions such as the modulation of the activity of pro-
teins, cell-cell and cell-substratum interactions, 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
synthesise a particular oligosaccharide normally not
made by them. For instance, Chinese hamster ovary
(CHO) cells synthesise oligosaccharides terminated in
α2,3-linked sialic acid but lack β-galactoside α2,6 sialyl-
transferase. A lectin specifically recognising α2,6-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, β-galactoside α2,6 sialyltransferase can be
detected by immunoelectron microscopy in the Golgi
apparatus of CHO cells (panel C) and oligosaccharides

bearing α2,6-linked sialic in the plasma membrane
(PM) (panel D) and the Golgi apparatus and lysosomes
by lectin-gold labelling (panel E).

In the case of pig to human xenotransplantation, the
hyperacute rejection is caused by oligosaccharides ter-
minated in α1,3-linked galactose. To circumvent this,
the respective galactosyltransferase has been inactivated
by homologous recombination or competed for by the
introduction of another fucosyltransferase using the
same acceptor substrate.
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In addition to asparagine-linked oligosaccharides (N-
glycans), many glycoproteins bear serine-linked or thre-
onine-linked oligosaccharides (O-glycans). The O-gly-
cans considered here have as the core sugar N-acetyl-
galactosamine α-linked to the hydroxyl group of serine
or threonine. Other O-glycans have xylose, fucose, or N-
acetylglucosamine as the core sugar. Mucin glycopro-
teins that cover the digestive, respiratory, and genitouri-
nary tract possess a high number of O-glycans that bind
water and ions, serve as lubricants, and provide a
defence against microbial invaders.

In contrast to the biosynthesis of N-glycans, which
starts in the endoplasmic reticulum, those of O-glycans
begins in the cis-Golgi apparatus, as illustrated in panels
A-C. The mucus secreted by pig submaxillary glands is
highly glycosylated by O-glycans. An antibody specifi-
cally recognising the non-glycosylated apomucin (panel
A) marks the rough endoplasmic reticulum (RER) and
pre-Golgi intermediates (pGI) but not the Golgi appa-
ratus. An antibody raised against the polypeptide-
GalNAc transferase catalysing the initial O-glycosylation
reaction, the transfer of a GalNAc residue to serine or
threonine, does not label the RER and the pGI but cis
Golgi cisternae (panel B). This labelling pattern corre-
sponds to that of lectin-gold labelling for polypeptide-
linked N-acetylgalactosamine (panel C). The subse-
quent glycosylation reactions also take place in the Golgi
apparatus. In yeast and fungi, O-glycosylation starts in
the endoplasmic reticulum, but this is protein O-man-
nosylation.

The biosynthesis and structure of O-glycans with the
serine/threonine-GalNAc core linkage is simpler than
that of N-glycans. No lipid linked oligosaccharide is pre-
assembled, and no trimming reactions take place. There
is no consensus O-glycosylation sequence probably
because of the numerous polypeptide-GalNAc trans-
ferases, which differ in their specificity for amino acid

sequences. The biosynthetic pathway consists of a series
of sequentially occurring classical glycoslytransfer reac-
tions, 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 α2,6 GalNAc-
ser/thre) or the Thomsen-Friedenreich antigen (Gal β1,3
GalNAc-ser/thre). Their occurrence seems to be of
prognostic significance in some carcinomas.
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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. 43). Studies with
multiple cell types showed, that distinct endocytic
routes exist from the plasma membrane to the Golgi
apparatus, involving early and late endosomal compart-
ments. For endocytosed materials, the trans-Golgi side is
the import region into the Golgi stacks and transport
across the stacked cisternae is directed from the trans to
the cis side, which is opposite to the transport of secre-
tory molecules that enter the Golgi stacks at the cis side
and travel from cis to trans (cf. Figs. 21–23). Secretory
and internalised molecules possibly meet each other in
the same Golgi compartments.

Uptake of recycling membrane proteins and of inter-
nalised molecules into the Golgi apparatus plays an
important role for reprocessing of plasma membrane
glycoproteins and is of particular interest in connection
with the retrograde pathways of toxins, such as ricin,
and pertussis and cholera toxins, that take routes to the
TGN and the Golgi apparatus and back to the endoplas-
mic reticulum and to the cytosol. For some toxins, traf-
fic to the Golgi region is a prerequisite for exertion of
their deleterious effects and Golgi apparatus disruption
(cf. Figs. 33–36) prevents cells from intoxications.

Panels A and B show Golgi apparatus stacks engaged
in secretion (panel A) and endocytosis (panel B), thus
demonstrating that both secretory and endocytic mole-
cules may visit both stacked Golgi cisternae and ele-
ments of the trans-Golgi network (TGN). In panel A by
immunogold labelling, secretory albumin in shown in a
hepatocyte of the rat liver. The gold marker is localised
to all Golgi cisternae from the cis to the trans side and
also labels all parts of the trans-Golgi network (arrows).
Typically, TGN elements form an extensive network that
is continuous with cisternae at the trans 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. 31 and 32). Distended rims
of both parts of the TGN correspond to budding secre-
tory vesicles.

Panel B shows a rat pancreatic endocrine beta cell
after endocytosis of concanavalin A (ConA). For visual-
isation of the endocytosis pathways ConA was conjugat-
ed with ferritin. Dense ConA-ferritin labelling is appar-
ent in two prominent TGN-elements covered with
extensive bristle coats, as well as in the transmost-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 endocytosis with increased
incubation time. After 1 hour, Golgi stacks were occa-
sionally labelled; after 3 hours, 10% of the stacks showed
uptake of ConA-ferritin and 65% of the stacks were
labelled after 14 hours.

Ly – lysosomes, M – mitochondrium.
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The Golgi apparatus is a highly dynamic organelle that
changes its shape and architecture concomitantly with
the continuous flow and extensive traffic across its com-
partments. Chemical fixation is too slow to resolve
properly most of the rapid shape changes and moreover
in multiple cases, obscures the critical view of ultra-
structural details due to artifacts occurring during fixa-
tion. These problems and restrictions may be overcome
by using cryotechniques and in particular, by employing
high pressure freezing for ultrafast immobilisation of
cells and their subcompartments. This makes it possible
to arrest cellular dynamics in less than half a second.
High-pressure cryoimmobilisation of membranes and
compartments considerably improves the temporal res-
olution of cellular dynamics and, by preventing arti-
facts, improves spatial 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, which were grown on carbon-coated
sapphire disks, cryoimmobilised by high pressure freez-
ing and subsequently freeze substituted and embedded
in Epon. Both panels present a stack of Golgi cisternae
with clear structural and architectural cis versus trans
differences. Contrasting with the sights obtained with
chemically fixed specimens such as shown in Fig. 23, in

the cryoimmobilised cells clear differences of the Golgi
cisternae membranes are evident. Membranes show a
clearly three-lamellar and “frayed out” structure in cis-
ternae localised 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 cor-
responds to the transmost-Golgi cisterna (arrowheads
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
reticulum (ER). 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 differentiated Golgi and TGN-patterns
obtained after cryoimmobilisation underline the func-
tional specialisations of the TGN, which is a central part
of both the secretory pathway and the endocytic system
(cf. Figs. 30 and 43).

The diagram summarises the Golgi stack compart-
ments and indicates the main directions of traffic into
and across a Golgi apparatus stack. Models of traffic are
addressed together with Fig. 36.

pGI – pre-Golgi intermediate, Ly – lysosome, EE –
early endosome, LE – late endosome.
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The enormous complexity of the Golgi apparatus is eas-
ily overlooked when electron microscopic studies are
restricted to analyses of single thin sections. Additional
studies of semithin and thick sections, analyses of sec-
tion series, use of eucentric goniometer equipment for
controlled tilting of the specimens within the electron
microscope, and the introduction of electron tomogra-
phy into the field of cell biology has tremendously
improved the knowledge of morpho-functional archi-
tecture of the Golgi apparatus and its dynamic organi-
sation.

Panels A, B, and C show a series of micrographs of
the same Golgi apparatus stacks of high pressure frozen
HepG2 hepatoma cells taken at different degrees of tilt-
ing, minus 43°, plus 3°, and plus 33°. The series shows
how many details of the complex structures would have
been overlooked, if only one single angle had been
analysed. Particular attention should be drawn to the
endoplasmic reticulum exit site localised at a transition-
al ER-element (TE) and the heteromorphous compart-
ments of the pre-Golgi intermediates (pGI) at the left-
hand side of the micrograph, the cis-Golgi architecture,
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
(arrowheads, cf. also Fig. 21), and the close appositions
of the trans-Golgi endoplasmic reticulum (arrows) to
cisternae of the trans-Golgi networks.

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

From the sparsely granulated endoplasmic reticulum
(sER) buds project toward the pre-Golgi intermediate
(pGI, intermediate compartment, IC). The stack shows
a network at the cis-side (cis-Golgi network, CGN),
eight flattened cisternae (saccules), and trans-Golgi net-
works (TGN). Large perforations within several of the
cis-localised cisternae are in register with each other and
form wells (w), which contain abundant small transport
vesicles. At the trans-side, sparsely granulated endoplas-
mic reticulum (sER) is closely apposed to the trans-cis-
ternae 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 granules. 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. It is debated whether these
associations are involved in a special kind of non-vesic-
ular lipid transfer.
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Among the agents known to disturb the functions and
organisation of the Golgi apparatus, Brefeldin A (BFA)
is one of the most commonly used. BFA is a fungal
metabolite well characterised to prevent assembly of
cytoplasmic coat proteins onto membranes by inhibit-
ing nucleotide exchange onto ADP-ribosylation factor.
As a consequence, formation of COP I-coated vesicles
(coat protein I; cf. Fig. 21), involved in multiple steps of
traffic between ER and Golgi apparatus and within the
Golgi apparatus stacks, is inhibited. Within a few min-
utes, 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 pro-
teins, are redistributed into the endoplasmic reticulum.

In panel A, the perinuclear Golgi region in a high
pressure 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
trans-Golgi endoplasmic reticulum (arrows). The small
densely coated vesicles (arrowheads) presumably corre-
spond to COP I-vesicles known to be involved in retro-
grade traffic between Golgi apparatus and endoplasmic
reticulum. In another concept, a morphogenetic func-
tion has been ascribed to the COP I vesicles. When
monitoring the very early effects of BFA-treatment by
using high pressure freezing with a considerably
improved temporal resolution in comparison to chemi-
cal fixation (cf. Figs. 31 and 32), it could be shown that
BFA-induced Golgi breakdown occurs in distinct steps.
As early as 30 sec after BFA administration coated mem-
brane regions and coated buds disappear from the Golgi
membranes, but the disassembly of the stacks does not
start before 90–120 seconds of BFA treatment have been
completed. At this time, the Golgi stacks start to trans-

form into tubules and networks (cf. Fig. 34). At 3–5
minutes of BFA-treatment, stacked Golgi cisternae are
no longer visible.

Panel B shows the perinuclear cytoplasm with a cen-
triole (CE) marking the cytocentre of a hepatoma cell
after 5 min of BFA-treatment. Golgi cisternae are entire-
ly 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 multi-
vesiculated, and their distinct thick membranes are sim-
ilar to those of some of the network-forming tubules
(cf. Fig. 34).
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Golgi apparatus changes start at 90 to 120 seconds fol-
lowing to the onset of Brefeldin A (BFA)-administration
and after coated regions had already disappeared at 30
to 60 seconds. The Golgi apparatus stacks disassemble
and long tubules grow out of the Golgi region. After 3 to
5 min, a Golgi apparatus is missing in the cells and
instead, the cytoplasm is occupied by a network of
membrane tubules being interwoven with membranes
of the endoplasmic reticulum. At places, glomerular
membrane figures form conspicuous “organelles” in
BFA-treated cells (cf. Figs. 35 and 36).

Panels A, B, and 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-treat-
ment. Stacked Golgi cisternae are not visible. The BFA-
induced tubules occupying wide cytoplasmic areas show
different dimensions and delineating membranes, indi-
cating their origin from different cellular compart-
ments. BFA induces tubulation not only of the Golgi
apparatus and trans-Golgi network, but also transfor-
mation into tubules of endosomes and lysosomes. The
voluminous tubules delineated by distinct thick mem-
branes shown in panel A, are dilated at places and con-
tain interior vesicles resembling multivesiculated endo-
somal compartments. They differ from the more dense-
ly 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 promi-
nent networks (panel C) that resemble trans-Golgi net-
works in untreated cells.

In panel B, the close spatial relation between a mem-
brane tubule (arrowhead) and an accompanying micro-

tubule (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 conse-
quence of disturbed vesicular traffic because of inhibit-
ed formation of coat protein I (COP I)-coated transport
vesicles owing to failed activation of adenosine ribosyla-
tion factor (ARF). Although fusion of tubules with
membranes of the endoplasmic 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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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 ret-
rograde pathways from the plasma membrane to the
endoplasmic reticulum (ER) involving the Golgi appa-
ratus (cf. Fig. 43). Such pathways have to be travelled by
those toxins in order to finally reach the cytosol, where
they exert their toxic effects.

Recent 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 reticulum and to control these routes. A
precondition is detailed knowledge of the dynamics
occurring during the transport of internalised mole-

cules into the Golgi apparatus and to determine the pre-
cise time for BFA-application. Studies using wheat germ
agglutinin (WGA) in HepG2 hepatoma cells showed
that endocytic traffic into the Golgi apparatus is a com-
plex multi-step process, during which three stages can
be discriminated (cf. Figs. 42 and 43).

The stages are summarised in the diagram at the left-
hand side: In stage I (“Vesicular Stage”), vesicular endo-
somes accumulate in the trans Golgi region (cf. Fig. 42
A, D). During stage II (“TGN Stage”), an extended
endocytic trans Golgi network is formed and, in part, is
integrated into the Golgi stacks (cf. Fig. 43 A). In stage
III (“Golgi Stage”), prominent amounts of internalised
WGA are taken up into the stacked Golgi cisternae (cf.
Fig. 43 B).

With respect to the further fate of internalised WGA,
the time of BFA-administration is most critical. This is
summarised at the right hand side of the diagram.
Administration of BFA during the stages I and II,
thought resulting in tubular-reticular Golgi transforma-
tions (cf. Fig. 34), does not lead to an uptake of inter-
nalised WGA into cisternae of the ER (upper and mid-
dle parts of the diagram). In constrast, when BFA is
administered during stage III, internalised WGA is
redistributed into ER cisternae (lower part of the dia-
gram). This is most conspicuous after 10 minutes of
BFA-treatment.

This particular situation is shown in the micrograph
on the opposite page, which presents a perinuclear seg-
ment of a BFA-treated HepG2 hepatoma cell. Stacked
Golgi cisternae are absent, and multiple glomerular
structures (G), considered to represent pre-Golgi inter-
mediates or Golgi remnants, dominate (cf. also Fig. 36).
Most of the cisternae of the ER are labelled with reac-
tions for the internalised WGA, which also is contained
in the perinuclear cistern (double arrows).

ER – endoplasmic reticulum, GA – Golgi apparatus,
pGI – pre-Golgi intermediate, G – BFA induced
glomerular structures.
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Although multiple parts of cellular membranes and
organelles, including Golgi apparatus, trans-Golgi net-
work, endosomes and lysosomes, are transformed under
the influence of Brefeldin A (BFA), and Golgi apparatus
constituents are redistributed into the endoplasmic
reticulum (ER), ER-export sites are not conspicuously
changed and multiple buds with fine cytoplasmic mem-
brane coats are visible under the electron microscope.
This is evident in high pressure frozen HepG2 hepatoma
cells shown in panel A, as well as in chemically fixed cells
of the same types, shown in panel B, although the fine
coats are much better visible in the cryo-immobilised
cells in panel A. Both single buds projecting from ER-
cisternae (double arrowheads in panel A) and buds
associated with typical cup-shaped transitional ele-
ments (TE) of the ER (arrowhead in panel B) are fre-
quent, as are pleomorphic tubular-vesicular structures
nearby, that resemble pre-Golgi intermediates (pGI) in
control cells (cf. Figs. 21, 23, and 32). The ER is moder-
ately dilated and, at places, shows constrictions, which
are particularly well visible in the cryo-immobilised
cells in panel A.

Accumulated and particularly assembled pre-Golgi
intermediates are considered to be the functional and
structural bases for formation of the conspicuous
glomerular-like structures that are prominent in BFA-
treated cells and increase in number from 5–10 minutes
after BFA-application. One example is shown in panel
C, and several of these glomerular structures are visible
and marked with G in the survey micrograph shown in
Fig. 35. They also have been considered to correspond to
Golgi remnants and are involved in Golgi recovery. The
micrograph in Fig. 35 shows that the lumina of the
glomerular organelles contain reactions for internalised
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 (arrowheads in panels
A and B).
Although many details about mechanisms and
machineries of vesicle budding, membrane fusion, pro-
tein sorting, progression, and maturation of compart-

ments are known and the molecules involved are partly
well characterised, the principles of operation of traffic
across the Golgi apparatus from the cis side to the trans
side are still unresolved. Research in this field focuses
mainly on two models, and multiple variations: The
“vesicular transport model” proceeds on the assump-
tion that the individual 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 lumina of the Golgi cisternae and the cister-
nae move through the stack and gradually “mature”
concomitantly with movement from the cis-to the trans-
side. The anterograde progression of cisternae is accom-
panied by retrograde vesicular traffic and recycling of
endogenous Golgi molecules. There are more recent
results in favour of the latter model or a combination of
both, and it becomes increasingly evident that cargo
contained in the lumen of Golgi compartments is an
important modulator of Golgi structure and function.
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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 con-
stitutively expressed heat shock proteins fulfilling pro-
tective functions in that they act as chaperones to assist
polypeptides and proteins fold properly. The other
group of stress proteins are the glucose regulated pro-
teins. 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 cytoplasmic organelles and the
nucleus as well as rearrangements of the cytoskeleton
can be observed under heat shock conditions by elec-
tron microscopy. The well organised stacks of cisternae
of the Golgi apparatus as seen in a cultured CHO cells
(panel A) are dramatically changed upon heat shock.
They consisted of dispersed membrane vesicles of vari-
ous sizes and remnants of cisternae (panel B).
Furthermore, the cisternal lumen of the rough endo-
plasmic reticulum became distended. A member of the
glucose regulated protein family, BiP, is an abundant
endoplasmic reticulum luminal chaperone. Other heat
shock proteins and glucose regulated proteins are pres-
ent in the endoplasmic reticulum, Golgi apparatus, and
mitochondria. Mitochondria in heat shocked cells were
swollen, their intracristal spaces were distended, and
their oxidative phosphorylation impaired. Due to
changes of the cytoskeleton, mitochondria accumulated
in the perinuclear region. In response to heat shock, the
actin filaments and stress fibres formed by them were
increased. The intermediate filament network collapsed
and became concentrated around the nucleus. No
apparent changes of the microtubuli seemed 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.

Heat shock response is a universal reaction, and the
heat shock proteins are among the most highly con-
served proteins. Several families of heat shock proteins
exist in prokaryotes and eukaryotes: the large molecular
mass (83 to 90 kDa) hsp90 family, the 66 to 78 kDa
hsp70 family, the hsp60 family, and a diverse group of
small (15 to > 30 kDa) heat shock proteins such as DnaJ
and GrpE. Although many of the heat shock proteins are
present in the cytoplasm and nucleoplasm, some are in
membrane bounded organelles such as the endoplasmic
reticulum, Golgi apparatus, and mitochondria.

If the heat shock is severe, cells may die. However,
thermotolerance can be acquired by mild thermal stress
before normally lethal thermal stress. The hsp70 seems
to be particularly involved in the induction of thermo-
tolerance. Of medical relevance is that heat shock pro-
teins are elevated in various human diseases involving
ischaemia, fever, inflammation and reactive oxygen
species, and neoplasia.
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In addition to Brefeldin A, the effects of which are
shown in detail in the preceding pages, multiple other
substances are known to disturb Golgi functions and
interfere with membrane and cargo transport in the
pre-Golgi area, across the Golgi apparatus stacks, and
from the trans-Golgi side to other destinations.
Although basing on different mechanisms, most of
these substances lead to massive changes of the Golgi
apparatus architecture. Intracellular traffic also is inter-
rupted when energy supply is turned down. Protein
export from the endoplasmic reticulum (ER) is inhibit-
ed at 65% of the normal cellular adenosine triphosphate
(ATP) pool. By means of controlled ATP depletion and
replenishment, the effects on more distal compartments
of the secretory pathway of impeded and restored traf-
fic from ER to the Golgi apparatus can be analysed.
Studies with various types of cells show tubulation of
Golgi membranes, disintegration of cis-Golgi compart-
ments, transformations into long tubules and redistrib-
ution of cis-Golgi constituents into the ER. A normal
Golgi architecture is restored after ATP replenishment.

Since a reduction of the energy supply leads to a
Golgi disintegration, which is reversible after normal-
isation of cellular ATP contents, controlled depletion
and replenishment of the cellular ATP pools also pro-
vide a valuable tool for detailed analyses of distinct steps
during the new formation of Golgi apparatus compart-
ments and stacks. Panel A shows the perinuclear Golgi
region of a HepG2 human hepatoma cell upon ATP-
depletion effected by incubation of the cells in a glu-
cose- and pyruvate-free medium containing 50 mM 2-
deoxy-D-glucose (DOG medium). Panels B and C show
the Golgi region of respective cells on ATP replenish-
ment by incubation in medium supplemented with 100
mM glucose (GLUC medium). In the human hepatoma

cells used, ATP depletion for 45 minutes results in a
greatly extended disassembly of the Golgi apparatus
(panel A). Regular Golgi stacks are absent. They are
replaced by prominent accumulations of multiple small
pieces of membrane tubules of diverse shapes, some
forming halves of small rings or honeycomb-like struc-
tures, some being club-like and rod-like. This image
changes rapidly during recovery from reduced energy
supply. After 15 minutes incubation in GLUC medium,
some cells already contain small reformed Golgi stacks
(panel C). Most of the cells show intermediates that are
characteristic for this stage of ATP-replenishment (panel
B). The small rod-like, club-like pieces of membrane
tubules are still apparent. However, they are no longer
loosely distributed but assembled, forming distinct
compartments, in which delicate networks and honey-
comb-like structures are visible. Frequently, the small
tubular pieces are terminated by vesicular-like buds
(arrows). Similar buds are visible, terminating the short
cisternae in the reconstituted Golgi apparatus stack
shown in panel C (arrows).
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Secretory granules function as storage compartments
for secretory products and are the main organelles
involved in regulated secretion. 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
granules, the zymogen granules (ZG), in the apical cyto-
plasm of acinar cells of the rat pancreas. The ultrastruc-
tural details shown in an ultrathin section in panel A
and in a freeze-fracture replica in panel B correspond to
each other. The acinar lumen is visible in the centres of
the micrographs (AL). Arrows indicate the apical junc-
tional 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 (cf.
also Figs. 78, 87, and 88). In both micrographs, the lat-
eral plasma membranes of the neighbouring cells are
labelled by arrowheads.

The zymogen granules mature from condensing
vacuoles. These are the immature forms of the secretory
granules (CV in Figs. 23 and 88) formed at the 
trans-Golgi side within the transmost 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 trans-Golgi and TGN membranes, budding
of the immature granules (condensing vacuoles) from
the TGN, homotypic fusion of immature secretory
granules, and remodelling of membranes and contents.
For sorting of proteins 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 proteoglycans, sulphated glycopro-
teins, 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 recent results show that particular
lipid microdomains (lipid rafts) are involved.

The endoplasmic reticulum, although accumulated
in the basal cytoplasm of the acinar cells (cf. Figs. 1 and
87), is not confined to this cellular area but is abundant

also between the zymogen granules in the apex of the
cells, as shown in the micrograph in panel A. Calcium,
released from the endoplasmic reticulum is a trigger for
controlled exocytosis of the zymogen granule contents
(cf. Fig. 40). The apical cell surface in part is occupied by
microvilli. Microvilli are lacking at bay-like invagina-
tions of the acinar lumen (upper part of the lumen in
panel A), which possibly correspond to exocytosis
domains. In the apical cytoplasm, in addition to small
coated vesicles possibly involved in endocytosis and
membrane internalisation, small secretory granules
with contents less dense compared with the zymogen
granules are present close to the plasma membrane
(open arrows in A). They may be part of the constitu-
tive-like and minor regulated pathways assumed to be
sources for resting secretion. Detailed studies of the
secretory pathways in parotid acinar cells have indicated
that the minor regulated pathway provides surface
docking/fusion sites for zymogen granule exocytosis.
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The various exocrine and endocrine glands as well as
single exocrine, endocrine and neuroendocrine cells
scattered in different organs, and some neurons store
their excretory products in secretory granules. In addi-
tion, a wide range of cells including the different types
of leukocytes (cf. Figs. 152 and 153), macrophages (cf.
Fig. 123), mast cells (cf. Fig. 125), platelets (cf. Fig. 157),
T lymphocytes, melanocytes, type-II pneumocytes (cf.
figure 111), and endothelial cells contain secretory gran-
ules. All types of secretory granules are sealed off by a
membrane. But their size and shape, 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 immuno-
electron microscopy) and a few examples are presented
here.

In submandibular gland (cf. also Fig. 90), mucous
and serous cells exist. Mucous cells synthesise 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. 109). The serous cell granules contain an
electron dense material with a tight fitting limiting
membrane (panel B; see also the zymogen granules in
Figs. 39 and 87). 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 insolu-
ble gel on the mucosal surface of many organs, which
functions as a lubricant and a protector against physical
and chemical injury. Saliva in addition to digestive func-
tion has also 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 pan-
creatic beta cell with numerous secretory granules. They
typically have a dense core and a lucent halo (arrows).
The dense core can become crystalloid when insulin
forms complexes with zinc (arrowhead). By immuno-
electron microscopy, the dense core contains insulin (as
indicated by the gold particles). C-peptide is present
predominantly in the halo. Panel D shows part of

growth hormone producing cells from the human pitu-
itary with immunogold labelling for this hormone. In
this and many other endocrine cell types, the dense core
granules have a tight fitting membrane.

The secretory granules are the organelles of the re-
gulated secretory pathway that is tightly regulated in
order to permit the controlled release of granule content
in response to physiological signals. Secretion occurs by
exocytosis, a multistage process that may result in the
release of the entire pool of secretory granules of a given
cell or only in a small portion of them. In many cell
types, a raise in intracellular Ca2+ is the main trigger for
granule exocytosis, and synaptogamin is the Ca2+-sensor
for regulated exocytosis. This is followed by ATP
depending priming steps, which include a reorganisa-
tion of the cortical actin cytoskeleton so that granules
can be recruited to the plasma membrane and modifi-
cation of the SNARE proteins. Afterwards, ATP depend-
ing secretory granule tethering and docking takes place,
followed by not ATP requiring fusion of the granule
membrane with the plasma membrane and subsequent
release of content. The membrane fusion involves the
formation and expansion of a fusion pore. The expan-
sion 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 con-
tent. Full fusion results in full release of granule content
and subsequent retrieval of the secretory granule mem-
brane.
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Adsorptive and receptor-mediated endocytosis via
clathrin-coated vesicles provides the major and best
characterised portal for uptake of multiple molecules
and particles into cells. Via clathrin-dependent endocy-
tosis, cells receive nutrients, regulate receptors and other
plasma membrane constituents, take up antigens, and
remove senescent, excess, and potentially harmful sub-
stances 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 elec-
tron 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 cytoplasmic face of the plas-
ma membrane in concerted interactions with adaptor
proteins and the lipid bilayer which results in the for-
mation 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 pentagons and heptagons are juxtaposed to hexa-
gons. The basket seems to function as a stabilising coat
for the molecular machineries necessary to concentrate
plasma membrane proteins 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 trans-
membrane 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.

Panels A and C show coated pits during internalisa-
tion of Ricinus communis I lectin-ferritin in cultured
pancreatic beta cells. They are covered at the cytoplas-
mic face with the characteristic bristle-like clathrin coat.
The ferritin particles concentrated in the coated pits and
along the outer surface of the plasma membrane reflect
the lectin binding to the galactose-bearing oligosaccha-
rides in the plasma membrane. In panel C, endocytic
vesicles containing internalised lectin-ferritin are

already devoid of a clathrin coat. In the freeze fracture
replica in panel B, filipin-sterol complexes are visible as
small protuberances. They are absent from the pits indi-
cating that the pits 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 not only attached to
the plasma membrane (PM) but are also contained in
large endocytic vacuoles (arrows in panel E). Viruses use
different endocytic pathways; besides internalisation by
clathrin-coated vesicles, viruses can be taken up into
cells via caveolae (cf. Fig. 46), lipid-raft-mediated endo-
cytosis routes, macropinocytosis, 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 presumably corre-
spond to macropinosomes formed by deep plasma
membrane invaginations and closure of membrane
ruffles.

SG - secretory granule.
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Different endocytic portals and pathways are known in
mammalian cells (see diagram), roughly classified as
clathrin-dependent (1, cf. Fig.41) and clathrin-inde-
pendent ones. The latter include endocytosis by bud-
ding of “smooth” vesicles lacking a distinct morpholog-
ically visible coat (2, cf. Fig. 47), uptake via pits contain-
ing lipid rafts (3), traffic via caveolae (4, cf. Fig. 46) and
caveosomes (C), phagocytosis (5, cf. Fig. 47) and uptake
via macropinocytosis (6) leading to the formation of
large endocytic vacuoles, termed macropinosomes (MP,
cf. Fig.41). The routes travelled by endocytosed mole-
cules involve complex endosomal compartments with
mosaics of specialised structural and functional
domains. Endosomes are highly dynamic 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 trans-Golgi networks
(TGN), and the Golgi apparatus (GA). The endoplasmic
reticulum (ER) is reached by retrograde pathways
involving only the TGN, or the Golgi apparatus and pre-
Golgi intermediates (pGI), or via more direct routes, as
is known for caveolae-derived endosomes.

Panels A–E show early endosomal compartments
after internalisation of peroxidase-labeled wheat germ
agglutinin (WGA, panels A, B, and E) and a multivesic-
ular body containing internalised 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 destinations. Inward bud-
ding of vesicles leads to the formation of “vesiculated”
endosomes and multivesicular bodies functioning as
transport intermediates between early and late endo-
somes (MVB, panels B and C). The early endosome in
panel B contains some interior vesicles and a long out-
ward tubule, and its limiting membrane exhibits a con-
spicuous coated area (arrow). A similar region is visible
at one of the multivesicular bodies in panel C (arrow).

Specialised bilayered clathrin coats on vacuolar endo-
somes have been suggested to have a role in the target-
ing of proteins to lysosomes.

In HepG2 hepatoma cells, internalised WGA is taken
up into the Golgi apparatus by a complex multistep
process (cf. also Fig. 43), which starts with an accumu-
lation of early vesicular endosomes at the trans Golgi
side (panel D). The Golgi apparatus is small and incon-
spicuous in the control cells. It expands during endocy-
tosis, and an endocytic TGN starts to be formed. Initial
endocytic networks labelled with internalised WGA are
visible in panel D (cf. also Fig. 43).
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Different itineraries from the plasma membrane and
early endosomes to the Golgi apparatus have been char-
acterised, either or not involving late endosomes (cf.
diagram in Fig. 42). A direct pathway travelled by the
Shiga toxin B-fragment, TGN38, and the cation-inde-
pendent mannose-6-phosphate receptor in part (cf. also
Fig. 48 and 49) leads from the early recycling compart-
ment en route to the trans-Golgi network (TGN).

Studies with peroxidase labelled wheat germ agglu-
tinin (WGA) in HepG2 hepatoma cells have shown early
endosomes a few minutes after onset of endocytosis
appearing in close neighbourhood to the Golgi stacks
(cf. Fig. 42, panel A). A TGN is missing at that time and
uptake of internalised WGA into the Golgi apparatus is
a complex multi-step process connected with extensive
membrane dynamics. After accumulation of early vesic-
ular endosomes at the trans-Golgi side, endocytic net-
works are formed (cf. Fig. 42, panel D), expand in size
and closely associate with the Golgi stacks within 15–30
minutes. Panels A and B on the opposite page show
Golgi stacks in HepG2 cells at 30 and 60 min of WGA-
endocytosis, respectively. At 30 minutes, internalised
WGA is localised within cisternae in transmost position,
parts of which turn away from the stack and are contin-
uous with extended trans-Golgi endocytic networks
(TGN), from where clathrin-coated vesicles are budding

(arrowhead). Endocytic cisternae and networks are
closely associated with cisternae of trans-Golgi endo-
plasmic reticulum (trans ER). The endocytic trans-Golgi
networks decrease in size during the next thirty minutes
and internalised WGA is taken up into the stacked Golgi
cisternae, as shown in panel B. A TGN is not visible, but
many clathrin-coated vesicles (arrowheads) occupy the
trans Golgi region and most of the stacked Golgi cister-
nae contain internalised WGA (arrows). At both times
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
routes of several drugs and toxins that use such path-
ways to reach the endoplasmic reticulum (ER) and
cytosol. The close and constant associations between the
endocytic TGN and the trans-Golgi ER (panel A) raise
questions as to whether a direct transfer from endocytic
compartments to the ER may have a role in addition to
other well characterised Golgi-to-ER routes that partly
involve pre-Golgi intermediates (pGI).
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Endosomes consist of pleiomorphic vacuoles of 0.5-1 µm
diameter and tubules of 250 nm diameter (cf. Fig. 42).
In a large variety of cultured cell types, including fibrob-
lasts, CHO cells, epithelial cell types, and several
endocrine cell types, an additional structural compo-
nent has been identified that consists of tubules of
approximately 60 nm diameter with a length of up to 2 µm,
hence their name, tubular endosomes. These tubules
can be loaded with the fluid phase marker horseradish
peroxidase and with markers of receptor mediated
endocytosis (transferrin, α-2-macroglobulin, lectins).
These multibranching tubules form local networks that
are preferentially found in the perinuclear cytoplasm in
association with centrioles but also in patches some-
where else in the cell body and are positive for Rab11
and unreactive with the early endosome marker EEA1.

In panel A, a cluster of tubular endosomes (outlined
by a broken line) is present in the perinuclear region of
Ehrlich tumour cells grown in monolayer culture. Since
the cells had been fixed and embedded in situ in the
Petri dishes, this cell monolayer is preserved. Note also
the presence of large endocytotic vacuoles in adjacent
parts of the cytoplasm. As shown at higher magnifica-
tion in panel B, the tubular endosomes surround a cen-
triole (arrow). Although many profiles of tubular endo-
somes 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
µm) sections. In the electron micrograph shown here,
endocytic vacuoles and lysosomes are also present. The
labelling is due to a gold labelled lectin. In panel C, a
detail of the cytoplasm of a cultured pancreatic beta cell
is shown that had endocytosed ferritin conjugated
Ricinus communis lectin. The ferritin label can be seen in
typical tubular endosomes (arrowheads), which sur-
round the centriole (double arrow), and in addition is
present in lysosomes (Ly). Sometimes, a close spatial
relation between a tubular endosome and a microtubu-
lus is obvious (upper right corner of the micrograph).
SG: insulin secretory granule.

From the results of uptake studies tubular endo-
somes represent a specialised distal segment of early
endosomes involved in receptor recycling and are dis-
tinct from late endosomes. Transferrin receptors seem
to pass sequentially from early endosomes to pericentri-
olar tubular endosomes, followed by their return to the
cell surface. However, passage through tubular endo-
somes seems to be not obligatory and followed only by
a fraction of recycling transferrin receptors. With regard
to other functional aspects of the pericentriolar endo-
somes, it has been proposed that they direct recycling
receptors along microtubules radiating from the centri-
oles to particular cell surface regions of the cultured and
migrating cells. It has been shown that recycling trans-
ferrin receptors are preferentially delivered to the lead-
ing lamella of migrating fibroblasts.
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Langerhans cells are antigen trapping dendritic cells of
the epidermis. They capture and endocytose antigens
and thereafter 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 consequence present antigens to
naive T cells. They are involved in cutaneous immune
responses.

In panel A, a Langerhans cell of human epidermis is
shown, which contains a large number of Birbeck gran-
ules in the neighbourhood of the Golgi apparatus. A few
of its typical cytoplasmic processes that extend among
keratinocytes can be seen partially (arrows). Birbeck
granules are highly characteristic, 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 disten-
tions (asterisks in panel B and arrow in inset).

Langerhans cells differ from dendritic cells in other
locations 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 endo-
cytosis and are due to the accumulation of Langerin in
tubular endosomes. Thus, Birbeck granules represent
endocytic structures that are formed during receptor
mediated endocytosis. Since Langerin colocalises with
Rab11, the Langerin endocytic structures including the
Birbeck granules represent the equivalent of tubular
pericentriolar endosomes found in other cell types (cf.
Fig. 44). Langerin itself recycles to the surface of
Langerhans cells. However, on maturation of
Langerhans cells the capacity of Langerin to recycle is
gradually lost, and this explains the dramatic reduction
in the number and size of their Birbeck granules.
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Caveolae are flask shaped, invaginated domains of the
plasma membrane in various kinds of cells and measure
50–100 nm in diameter. They are known for about 50
years since the early days of electron microscopy but up
to now there is a question as to their vital functions and
a controversery exists about to their properties and
capabilities. 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.
Caveolins bind cholesterol with high affinity and are
necessary for forming the small caves and stabilise them
at the plasma membrane. Caveolae are particularly
abundant in adipocytes, endothelial cells (cf. Figs. 114
and 115), and muscle cells (panel A), but are missing in
some other types of cells, such as lymphocytes and cells
of the nerve system.

Panel A shows segments of smooth muscle cells.
Extended areas of the cell surface are occupied by cave-
olar invaginations (arrows). In sections perpendicular
to the cell surface, the flask shape and the narrow necks
are apparent but the small superficial pores are dis-
cernible only rarely. Neighbouring caveolae may be con-
tinuous forming multicaveolated spaces (arrowheads).
The cytoplasm beneath “caveolated” areas is free of
myofibrils, and both perpendicular and cross sections
show profiles of smooth membranes closely apposed to
the membranes of caveolae (asterisks). These observa-
tions raise questions as to whether connections may
exist to one of the tasks of caveolae in Ca2+ signalling and
regulation of Ca2+ homeostasis. Caveolae in smooth
muscle cells have been proposed to represent the coun-
terpart of the transverse tubules in skeletal muscle cells
(cf. Fig. 134).

Multiple other functions have been ascribed to cave-
olae, although differences may exist between different
kinds of cells. Caveolae are important in relation with
several types of signalling. They are involved in choles-
terol transport and homeostasis, transendothelial traf-
fic, bacterial entry, and development of the transverse
tubule system in muscle cells. Caveolae are connected
with endocytosis pathways and responsible for potocy-
tosis, a specialised triggered uptake of small molecules
across the caveolar membrane, and they have an impor-
tant role in virus internalisation leading to the forma-

tion of special endosomes, the caveosomes. However,
the opinions are divided with respect to several proper-
ties and functions of caveolae, in particular concerning
their mobility, budding and internalisation. Although
they are rather seen as immobile, stabilised platforms
within the plasma membrane, caveolae can become
internalised in special situations and subsequent to spe-
cial stimuli. Distinct caveolae-mediated pathways have
been characterised, 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 par-
ticles 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 GM1 ganglioside, pres-
ent in caveolae. Since cholera toxin-gold complexes are
concentrated within the caveolar invaginations, they
have been used as a marker for caveolae. However, cave-
olae are not the sole structures for uptake of cholera
toxin. It has been shown that internalisation of cholera
toxin is dependent on lipid rafts and the receptor, GM1,
is also present in clathrin-coated pits.
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Cells continuously take up fluid from their neighbour-
hood by a process designated as fluid-phase endocyto-
sis. Unlike to other types of uptake, this kind of endocy-
tosis 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 surveillance 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,
macropinosomes, and other, poorly characterised,
clathrin-independent vesicles. Small amounts of fluid
from the surroundings of the cells are internalised
together with the cargo concentrated in clathrin-coated
pits (cf. Fig. 41) and together with substances inter-
nalised via caveolae. By macropinocytosis, large volumes
of fluid are internalised in some cells, such as in den-
dritic cells that use this mechanism for immune surveil-
lance. Horseradish peroxidase (HRP) has often been
used for visualisation of fluid-phase endocytosis. Panel
A shows intravenously applied HRP in the rat small
intestinal mucosa, visualised by the electron dense reac-
tion products after cytochemical oxidation of
diaminobenzidine. HRP is distributed within all extra-
cellular spaces surrounding smooth muscle cells and the
endothelium of a lymph capillary (open and black
arrowhead, respectively) and is transported across the
endothelium by vesicular transport carriers (arrows). At
places, the vesicles seem to fuse forming channel-like
compartments. 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 negatively stained by the dense
HRP-reactions.

By phagocytosis, large particles, such as senescent
and dead cells, apoptotic bodies, bacteria, inhaled car-
bon particles and other non-biological foreign materials

are eliminated from the body. The process involves spe-
cialised motile cells, microphages (cf. also Figs. 152 and
153) and macrophages (cf. also Figs. 122–125). Uptake
of a particle 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 internalised and finally is enclosed
in a phagocytic vacuole. The phagocytic vacuole
matures by multiple fusion and fission processes involv-
ing mainly endosomes, in specialised cases also the
endoplasmic reticulum, and becomes prepared for
fusion with lysosomes. Phagocytosis has a main role in
the immune system, in the remodelling of tissue and
programmed elimination of cells and matrix con-
stituents. In panel B, a Kupffer 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 macrophage. Gold particles
show labelling with the galactose-binding Ricinus com-
munis I lectin being particularly abundant in a lysosome
(Ly).
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Lysosomes are enriched in hydrolytic enzymes working
at low pH that include proteases, lipases, glycosidases,
nucleases, phosphatases, and sulfatases, and are respon-
sible for elimination of “unwanted” molecules derived
from both the cell itself (autophagy, cf. Fig. 57) or from
outside of the cells (heterophagy). However, against 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, which receive
continuous input from three sides, via the biosynthetic,
endocytic, and autophagic pathways. Today, lysosomes
cannot be seen as terminal or dead-end compartments.
They are able to fuse with late endosomes involving
“kiss-and-run”-mechanisms and are also capable of fus-
ing with the plasma membrane.

In panels A, B, and C, lysosomes (Ly) in the cyto-
plasm 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 contrast after a special uranyl
acetate/methyl cellulose adsorption staining, to which
the ultrathin sections of the tissue embedded in
Lowicryl K4M were exposed (cf. also Fig. 80). The
extreme heterogeneity in the lysosomal sizes, shapes,
and luminal materials is evident. Densely packed mem-
brane “whirls”, as they occur at high frequency, are visi-
ble in most of the lysosomes in panels A and B and are
particularly prominent in the large lysosome shown in
the inset of panel B. Lysosomes are distributed through-
out the cytoplasm of the cells but show higher concen-
trations in the perinuclear area close to the Golgi appa-
ratus (panels A and C). Lysosome morphologies and the
favourite localisations in the Golgi area are considered
to be regulated by Rab7 and Rab34 proteins interacting
with a particular region of a Rab-interacting lysosomal
protein (RILP). In the absorptive cell shown in panel A,
numerous lipoprotein particles (LP) are accumulated in
dilated Golgi cisternae and large vesicular carrier com-
partments. The cell segments shown in the micrographs
also contain autophagosomes (AV) and multiple mito-
chondria (M).

The lysosomal enzymes, synthesised and initially
glycosylated 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 oligosaccharides of newly syn-
thesised lysosomal enzymes involving two sequentially
acting enzymes, N-acetyl-glucosaminyl (GlcNAc)-phos-
photransferase and GlcNAc-1-phosphodiester alpha-N-
acetylglucosaminidase (diagram). Presence of the man-
nose-6-phosphate recognition marker provides the
basis for effective sorting through the mannose-6-phos-
phate receptor of newly synthesised lysosomal enzymes
into the lysosomal pathway (cf. next page Fig. 49).
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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 product for acid phosphatase is
visible within cisternae at the trans-Golgi side, coated
vesicles budding from those sites (arrow), within con-
densing vacuoles (CV), and lysosomes (Ly), but not
within the mature secretory granules. The enzyme local-
isations at the trans-Golgi side reflect the well-studied
routes of lysosomal enzymes from the Golgi apparatus
to endosomes and lysosomes, although they also are
seen in connection with activities of endoproteases or
involved in the breakdown of cytidine monophosphate
during terminal glycosylation (cf. Fig. 26).

Lysosomal enzymes are sorted from the Golgi appa-
ratus and trans-Golgi network to the lysosomal pathway
by specific binding of the mannose-6-phosphate groups
present on the lysosomal enzyme precursors (cf. Fig. 48)
by receptors in a divalent cation-dependent or inde-
pendent manner. The respective receptors, the cation-
dependent and independent mannose-6-phosphate
receptors (CD-MPR and CI-MPR) are localised in the
membranes of the trans-Golgi network (TGN). By
interactions of acidic cluster-dileucine signals present in
their cytosolic domains with Golgi-localised, 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 togeth-
er 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
membrane in human cells. The lysosomal membrane,
which contains proton (H+) pumps for transport of H
ions into the lumen and proteins that transport the final
products of digestion into the cytoplasm, has to resist
hydrolysis by its own lytic enzymes. The structural
membrane proteins, the lysosome-associated mem-

brane proteins (lamps), lysosomal integral membrane
proteins (limps), and lysosomal membrane glycopro-
teins (lgps) are highly glycosylated at the luminal sur-
faces. Human lamp-1 and lamp-2 have been charac-
terised as major sialoglycoproteins carrying polylac-
tosamine chains. Panel B shows immunogold labelling
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-labelled Datura stramo-
nium lectin.

In some cells, the lysosomal compartment is modi-
fied and has also a role as a secretory compartment.
Although there are some exceptions, such as the
melanocytes, most cells containing secretory lysosomes 
are derived from the haematopoietic lineage and include
granulocytes (cf. Figs. 152, 153), mast cells (cf. Fig. 125),
macrophages (cf. Figs. 123, 125) and dendritic cells, B
and T lymphocytes (cf. Fig. 155), platelets (cf. Figs. 156,
157) , and osteoclasts (cf. Fig. 132).
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The I-cell disease (mucolipidosis II) is a lysosomal stor-
age disease, inherited in an autosomal recessive manner.
The defect lies in the biosynthesis of the mannose 6-
phosphate recognition marker for the targeting of lyso-
somal enzymes into lysosomes. The effect is therefore
most far reaching since it affects all lysosomal enzymes.
Specifically, the N-acetylglucosaminyl-1-phosphotrans-
ferase, which catalyses the first step in the synthesis of
mannose 6-phosphate (cf. Fig. 48), is defective. The lack
of the recognition marker on de novo synthesised lyso-
somal enzymes results in their secretion into the extra-
cellular space. The detection of elevated serum concen-
trations of multiple lysosomal enzymes is therefore
diagnostic. Clinically, I-cell disease is characterised by
early onset and progressive severe psychomotoric retar-
dation accompanied by skeletal abnormalities and
coarse facial shape. Surprisingly, not all body cells are
devoid of lysosomal enzymes, although they are all lack-
ing phosphotransferase. This indicates that certain cells
such as hepatocytes, Kupffer cells, and leukocytes are
able to endocytose lysosomal enzymes through an
unknown alternate, mannose 6-phosphate independent
mechanism.

Morphological investigations have revealed the pres-
ence 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 cytoplasm of dermal fibroblasts present in a skin
biopsy. The inset shows the characteristic appearance of
the inclusion bodies, which are part empty and part
filled with fine granular material. Occasionally, larger
electron dense deposits 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 fibres (NF) are not affected. The unique ultra-
structural features exhibited by the inclusions is highly
indicative of I-cell disease.

Phosphotransferase is a complex molecule and com-
posed of three subunits (α2β2γ2). The gene encoding the
α and β subunits has been mapped to chromosome 12p

and that for the γ subunit to chromosome 16p. The
causative genetic defects are not well known except for
the lack of transcripts of the α and β subunits probably
due to point mutations or small deletions.

The treatment is symptomatic. Prenatal diagnosis is
possible through the detection of elevated lysosomal
enzyme activity in amniotic fluid accompanied by
decreased lysosomal enzyme activity in cultured amni-
otic cells.
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Gaucher’s disease is one of the most common lysosomal
storage diseases and comprises three different types. All
of them are due to defective hydrolysis of glucosylce-
ramide (glucocerebroside), which results in lysosomal
accumulation of this glycolipid mainly in phagocytic
cells. The three disease types differ in the clinical course
and organ manifestations of the storage.

In type 1 Gaucher’s disease, engorged macrophages
cause enlargement of liver and spleen and sometimes
functional impairment. The bone marrow can be filled
with storage cells (macrophages), which affects the nor-
mal haematopoiesis. Thus, bleeding due to thrombocy-
topenia is commonly observed. Bone lesions are often
detected as well.

The ultrastructural features observed in cells affect-
ed in type 1 Gaucher’s disease are of such a characteris-
tic appearance that they permit the diagnosis. The lyso-
somal accumulation occurs in phagocytic cells, especial-
ly in the bone marrow, liver, and spleen. Gaucher’s cells
become often greatly enlarged (up to 200 µm in diame-
ter) because of the presence of large numbers of elon-
gated and distended lysosomes. Panel A shows an affect-
ed Kupffer cell in a liver biopsy of a Gaucher’s patient.
The pathogonomic appearance of the cytoplasm has
been described as wrinkled tissue paper. At higher mag-
nification (panel B) the stored substrate in the lyso-
somes consists of typical sheaves of twisted tubulus-like
structures.

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

As already mentioned, three types of Gaucher’s dis-
ease exist: type 1 without, type 2 with acute, and type 3

with subacute primary involvement of the central nerv-
ous system. Characteristically, the disease is quite het-
erogeneous genotypically and phenotypically, and type
1 is the most common one.

Type 1 Gaucher’s disease represents a classical exam-
ple of enzyme replacement therapy. The efficacy of the
treatment was improved with the use of enzyme geneti-
cally tailored to carry oligosaccharides recognised by the
cell surface mannose receptor present on macrophages.
This resulted in preferential and efficient internalisation
of the enzyme by macrophages.
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Fabry’s disease is an X-linked recessively inherited lyso-
somal storage disease, caused by a deficiency in catalyt-
ic activity or absence of lysosomal α-galactosidase A.
This results in the lysosomal accumulation of glycosph-
ingolipids with terminal α-galactosyl residues such as
globotriaosylceramide and to a lesser extent of galabio-
sylceramide and blood group B substance. Clinically,
classically affected hemizygotes with undetectable
enzyme activity and early disease onset has to be distin-
guished from atypical hemizygotes with varying levels
of residual enzyme activity and either no clinical symp-
toms or late onset of disease restricted to the heart.

In Fabry’s disease the pattern of glycospingolipid
deposition is highly characteristic and classically affects
the endothelium and smooth muscle fibres of vascula-
ture as shown in panel A. The endothelia and smooth
muscle fibres contain large amounts of crystalline, bire-
fringent lysosomal depositions (asterisks in A), which
cause cellular enlargement. Ultrastructurally, the inclu-
sions consist of concentric or parallel lamellar arrange-
ments as shown in panel B. At high magnification alter-
nating electron dense and light bands are obvious, as
illustrated in panel C. The same ultrastructural features
can be observed in neurons of the central and peripher-
al nervous system, podocytes and tubular epithelia of
kidney, epithelial cells of cornea and heart muscle. In
skin, Fabry’s disease manifests as angiokeratoma con-
sisting of markedly dilated capillaries of the dermal
papillae.

The gene coding for α-galactosidase A has been
mapped to chromosome Xq22.1. It has been difficult to
establish a genotype/phenotype correlation since nei-
ther the type nor the location of a mutation has been of
clear cut predictive value.

The accumulated glycosphingolipids can be detected
by the Bandeiraea simplicifolia lectin reactive with ter-
minal α-galactosyl residues or a monoclonal anti-globo-
triasylceramide antibody. The main source for the
stored glycosphingolipids is endocytosed globotriasylce-
ramide (secreted by liver hepatocytes) associated with
low density lipoprotein and high density lipoprotein

and globoside of red blood cells, a precursor for globo-
triaosylceramide.

The functional consequences of the deposits mani-
fest in characteristic clinical signs. The changes of
endothelia and smooth muscle fibres of vasculature in
kidney, heart, and brain cause ischemia and may result
in thrombosis, conditions known to generate infarcts in
these organs. Vascular and tubular lesions together
result in end stage renal disease and systemic hyperten-
sion. Depositions in nerve cells may be the reason for
paresthesias, pain, and hypohydrosis and other general
neurological symptoms. In the heart, left ventricular
hypertrophy and mitral valve insufficiency are observed,
in addition to chronic ischaemic disease and infarcts,
since these are the sites of preferential glycosphingolipid
deposits. In atypical hemizygotes cardiac hypertrophy
resulting in cardiomyopathy may be the sole clinical
manifestation.
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The GM2 gangliosidoses represent a heterogeneous
group of lysosomal storage diseases characterised by the
deposition of GM2 ganglioside and related glycolipids.
They are inherited in an autosomal recessive manner.
The basis for the various forms of GM2 gangliosidoses
lies in the multifaceted catabolism of GM2 ganglioside,
which requires complex formation with the GM2 activa-
tor before hydrolysis by β-hexosaminidase A and B can
occur. Hence, mutations in any of the genes coding for
one of these three proteins can result in disease.

In Sandhoff ’s disease, accumulation of glycosphin-
golipids 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, stor-
age bodies composed of irregular lamellar structures are
often found in hepatocytes.

Tay-Sachs disease and its variants are caused by
mutations of the HEXA gene mapped to chromosome
15, which encodes the α subunit of hexosaminidase A.
Sandhoff disease and variants are caused by mutations
of the HEXB gene mapped to chromosome 5, which
encodes the β subunit common to hexosaminidase A
and B. GM2 activator deficiency is caused by  mutations
of the GM2A gene mapped to chromosome 5.

As complex the genetic causes of the GM2 gangliosi-
doses are as complex are the clinical phenotypes. For all
three, infantile and adult as well as late onset forms are
known with acute, subacute, or chronic course. All have
in common the involvement 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 structur-
al appearance is therefore different from those observed
in Fabry’s (Fig. 52), I-cell (Fig. 50) and Farber’s disease
(Fig. 54) as well as in metachromatic leukodystrophy
(Fig. 149) and neuronal ceroid lipofuscinosis (Fig. 150).
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 pathogenetic
mechanism is unclear however.

Different types of treatment of GM2 gangliosidoses
have been evaluated such as enzyme replacement thera-
py, bone marrow transplantation and substrate depriva-
tion. Prenatal diagnosis is possible since activities for
hexosaminidase A and B can be readily estimated, for
example, in amniotic fluid.

SER: smooth endoplasmic reticulum; M: mitochon-
dria; arrowheads: glycogen particles.
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Farber’s disease, also called acid ceramidase deficiency
or Farber lipogranulomatosis, is an autosomal recessive-
ly inherited lysosomal disorder in which ceramide accu-
mulates. Although present in large amounts in cells
affected by the disease, this ceramide does not function
as a signalling molecule since it is enclosed in lysosomes.

The prominent histological lesion are granulomas
consisting of foam cells (lipid loaded macrophages) sur-
rounded by macrophages, lymphocytes, and multinu-
cleated cells or solely lipid filled macrophages and histi-
ocytes. In panel A, which is from a skin biopsy of a
patient with classic Farber’s disease, a macrophage is
shown which contains numerous, large (2 – 3 µm) irreg-
ularly shaped inclusions that have a limiting membrane
(asterisks). The limiting membrane represents the lyso-
somal membrane. At higher magnification, the highly
characteristic ultrastructural appearance of the content
of the inclusions is apparent (panel B). It consists of
comma shaped curvilinear tubules referred to as Farber
bodies. Because of the particular shape, they are also
called banana bodies. These structures are pathogno-
monic for Farber’s disease.

The disease is caused by a deficiency of lysosomal
acid ceramidase, which in its mature form is a 53 kDa
glycoprotein composed of a 13 kDa α subunit and a 40
kDa β subunit. The rate of ceramide synthesis is normal,
but ceramide resulting from the degradation of complex
sphingolipids cannot be hydrolysed. The gene coding
for both ceramidase subunits has been mapped to chro-
mosome 8p21.3/22. Thus far, some 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 disease.
Clinically, seven phenotypes can be distinguished, of
which five differ solely in severity of illness and organ
manifestation. Type 6 is a combination of Farber’s dis-
ease and Sandhoff disease, and type 7 corresponds to a
combined deficiency of acid ceramidase, glucocere-
brosidase, and galactocerebrosidase. The classical symp-
toms consist of painful swelling of joints, presence of
subcutaneous nodules at affected joints and pressure
points, and progressive hoarseness due to involvement

of the larynx. Additional symptoms are hepato-
splenomegaly (type 4) or progressive neurological
symptoms (type 5).

The diagnosis can be made on the basis of the typi-
cal 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 amni-
otic cells or chorionic villus samples.
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This lysosomal storage disease is an autosomal reces-
sively inherited disorder and 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 mutations, frameshifts, missense mutations,
and exon skipping. The deficiency in acid lipase results
in massive intralysosomal accumulation of cholesteryl
esters and triglycerides, which causes hepatospleno-
megaly. Deposits occur also in the adrenals which cause
necrosis and calcification. As a consequence of defective
release of free cholesterol from lysosomes, low density
lipoprotein receptors and HMG-CoA reductase are
upregulated. This results in enhanced de novo choles-
terol synthesis and enhanced receptor mediated choles-
terol endocytosis. The outcome of this vicious cycle con-
sists in additionally increased lysosomal deposition of
lipids.

In hepatocytes of a liver biopsy from an affected
individual, droplet-like, enlarged lysosomes (asterisks)
that occupy most of the cytoplasm can be easily detec-
ted by transmission electron microscopy. These droplet-
like structures are limited by a membrane representing
the lysosomal membrane (inset). The stored material
has no particular structure which is in contrast to 
other lysosomal storage diseases such as Gaucher’s 
(cf. Fig. 51), Fabry’s (cf. Fig. 52), and Farber’s disease 
(cf. Fig. 54), in which the appearance of the accumula-
ted substrate can be a specific structural hallmark for a
single disorder or one group.

The clinical manifestations of Wolman’s disease
consist of hepatosplenomegaly and gastrointestinal

symptoms such as vomiting and diarrhea. Currently no
specific treatment is available, although HMG-CoA
reductase inhibitors are used together with cholestyra-
mine to suppress cholesterol synthesis and apolipo-
protein B production.
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This lysosomal glycogen storage disease is autosomal
recessively inherited and also termed acid maltase defi-
ciency or Pompe’s disease. In all other types of glyco-
genoses, glycogen deposits are cytosolic (cf. Fig. 64). The
intralysosomal glycogen storage results from defective
lysosomal acid α-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 due to glycogen accumulation
in cardiac, skeletal and smooth muscle.

The glycogen accumulation in lysosomes of liver
hepatocytes, 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, cytosolic glycogen is present in the hepato-
cytes.

Trials of enzyme replacement therapy have been
conducted and gene therapy has been attempted exper-
imentally. Thus far, bone marrow transplantation has
not given promising results.
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This is an autosomal recessively inherited, rare disorder
of lysosomal membrane transport. The defect lies in the
carrier-mediated transport of cystine across the lysoso-
mal membrane. The cystinosis gene, CNTS, is located
on chromosome 17p13, 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 dele-
tion extending from exon 10 upstream. The disease is
characterised by the accumulation of free cystine in
lysosomes (10 to 100 times the normal lysosomal
amount), which then forms crystals (asterisks in panel
B). These crystals, which can be observed in the lyso-
somes of many tissues, lead to a progressive damage of
lysosomes. Rectangular cystine crystals are birefringent.
The disease manifests mainly in the kidney and causes
the renal tubular Fanconi syndrome and glomerular
damage requiring dialysis or transplantation. An eleva-
ted cystine content in leukocytes of peripheral blood is
diagnostic.
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Autophagy is a basic regulatory process that operates
under normal and pathological conditions. Macro-
autophagy results in the segregation and digestion of
cellular organelles and large portions of the cytoplasm.
It represents a complex, highly regulated process that
occurs during starvation or cellular development and
after functional extra load or cellular injury and results
in the remodelling of the cytoplasm. Autophagy of excess
peroxisomes is referred to as macropexophagy and that
of secretory granules of endocrine cells crinophagy.
Microautophagy of small portions of the cytoplasm and
hsc73 chaperone mediated degradation of proteins con-
taining a pentapeptide motif are additional forms of
autophagy.

The formation of autophagic vacuoles is a multistep
process. Initially, a double membrane forms around the
organelle(s) or a portion of the cytosol to sequester it,
which is followed by membrane coalescence. Panel A
represents the initial stage of macropexophagy. Excess
peroxisomes (P), induced in rat liver by administration
of di-(2-ethylhexyl)phthalate, are surrounded and
sequestered by a double membrane (arrowheads). This
double membrane is most probably derived from the
endoplasmic reticulum because at this stage it exhibits
the endoplasmic reticulum markers glucose-6-phos-
phatase, carboxyesterase 1, and glucosidase II. Early
autophagic vacuoles lack lysosomal hydrolases, and the
sequestering membrane lacks lysosomal membrane gly-
coproteins. In the next step, fusion with lysosomes or
late endosomes occurs, which results in the presence of
lysosomal hydrolases. Panel B shows the fusion between
an autophagic vacuole (arrowheads), which contains a
peroxisome and a mitochondrium, and a lysosome (site
of membrane fusion is marked by arrows). Panel C
shows stages of fusion between autophagic vacuoles and
lysosomes (arrows). The immunogold labelling for a
lysosomal membrane glycoprotein is restricted to the
fusing lysosomes (arrows) and not yet detectable along
the sequestering membrane (arrowheads). The presence
of lysosomal hydrolases results in the degradation of the
inner membrane of the autophagic vacuole and its con-
tent. In panel D, intense immunogold labelling for the
lysosomal enzyme cathepsin B is present in several
autophagolysosomes (asterisks). An early autophago-

lysosome (arrowheads) is only weakly labelled. On com-
pletion of the digestion, the autophagolysosomes usual-
ly have a dense core of undigested material and are
referred to as residual bodies.

Through studies on autophagy in yeast, many of the
involved proteins were identified and mammalian
homologues for some of these yeast proteins have been
reported. In yeast, the Tor protein kinases constitute
part of a nutrient sensing signal transduction system,
which becomes inactivated on starvation of nutrients.
This signals the induction of autophagosome forma-
tion, in which three protein classes, Apg* (autophagy-
defective), Aut* (autophagy), and Cvt* (cytoplasm to
vacuole) proteins, are involved. Aut7p, which is a ubi-
quitin-like protein, seems to be critical in the early
stages of yeast autophagosome formation and acts in
concert with other Apg proteins during the later stages.
* According to a unified nomenclature for yeast autophagy-rela-
ted genes, all genes are now designated ATG.
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Although known since the early days of microscopy,
mitochondria attract continuous 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 functions. Because of the obligatory
double membranes and the characteristic inner com-
partmentalisation, it is easy to discriminate mitochon-
dria from other membrane-bound organelles, such as
peroxisomes (cf. Fig. 60), under the electron micro-
scope.

Panels A and B show mitochondria of the crista type
in a rat pancreatic acinar cell, surrounded by cytoplasm
with densely packed cisternae of the rough endoplasmic
reticulum (ergastoplasm, cf. Fig.13). Mitochondria are
located mainly at sites where energy is needed and
according to the requirements may change their loca-
tions and also undergo temporary alterations in shape.
In both panels, outer and inner mitochondrial mem-
branes are visible enclosing the intermembrane space.
The outer membrane contains voltage-dependent anion
channels, the mitochondrial “porins”, which allow ions
and small molecules to enter the intermembrane space,
creating a milieu resembling that of the cytoplasm. The
inner membrane is impermeable to ions because of its
enrichment in the phospholipid cardiolipin. It sur-
rounds the innermost compartment, the mitochondrial
matrix, and contains the proteins for the oxidation reac-
tions of the respiratory electron-transport chain, for
adenosin triphosphate (ATP) synthesis, and the regula-
tion of the metabolite transport into and out of the
matrix. The inner membrane is enlarged by folds pro-
jecting into the matrix. In the majority of cells, the inner
membrane forms cristae (arrowheads in panel B) but
other shapes may occur as well. In cells producing
steroids, the inner membrane typically forms tubular
projections. Mitochondria of the tubule type in an
endocrine cell of the ovary are shown in panel C (T –
tubular projections of the inner membrane).

The matrix contains the enzymes of the citric acid
cycle and enzymes engaged in fatty acid β-oxidation. In
panels A and B, dense matrix granules are visible, which
are important for the storage of Ca2+ and other divalent
cations. Furthermore, the mitochondrial DNA and the
machineries for protein synthesis, ribosomes and tRNAs

are contained in the matrix. Only some of the mito-
chondrial proteins are encoded by the mitochondrial
genome and synthesised in the matrix. Mitochondrial
proteins are mostly synthesised on free ribosomes in the
cytoplasm and are post-translationally translocated
across the mitochondrial membranes to reach their
functional destinations inside the mitochondria. Three
membrane protein complexes, the translocase of the
outer membrane (TOM) that includes the general
import pore (GIP), the presequence translocase of the
inner membrane (TIM 23), and the protein insertion
complex of the inner membrane (TIM 22) build up the
central machineries for recognition and translocation of
mitochondrial precursor proteins.

Mitochondria are dynamic organelles. They increase
in number by division throughout the interphase, and
the divisions are independent of the cell cycle. Ongoing
fission and fusion events are required for the mainte-
nance of their regular structure, which is necessary for
efficient function and impacts mitochondrial DNA
inheritance.

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
intermembrane space into the cytoplasm, initiating the
cascade of proteolytic reactions that result in the apop-
totic changes of the cell (cf. Fig. 11).
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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 antiretroviral drugs). Although these
are quite different diseases involving different patho-
genetic 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 enlargement and abnormal shape, varia-
tion in the number of cristae and particular patterns of
cristae, and in abnormal inclusions. The functional con-
sequences of these mitochondrial abnormalities can be
far reaching and systemic due to the common underly-
ing impairment of oxidative phosphorylation.

In panel A, a detail from a skeletal muscle fibre (cross
sectioned myofibrils marked by an asterisk) is shown
with numerous mitochondria that all contain several
paracrystalline inclusions. Such paracrystalline inclu-
sions can be observed in mitochondrial encephalomy-
opathies, which are a heterogeneous group of disorders.
Furthermore, such type of inclusions occur in specific
mitochondrial disorders.

In panel B, a group of mitochondria of various size
and shape is shown. Some of them 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 due to drug
toxicity is exemplified. In mitochondria of hepatocytes
from a liver biopsy of a patient receiving an antiretrovi-
ral 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 perox-
isomes (cf. Fig. 60). Paracrystalline mitochondrial inclu-
sions as shown in panel A can also occur during the
course of treatment with antiretroviral drugs.
Antiretroviral treatment with nucleoside analog reverse
transcriptase inhibitors results in impaired oxidative
phosphorylation through inhibition of DNA poly-
merase γ. This causes myopathy, neuropathy, hepatic
steatosis (lipid accumulation in hepatocytes), and lactic
acidosis. Treatment with AZT (zidovudine) results in
oxidative damage of mitochondrial DNA through pro-
duction of peroxide. As a consequence this seems to
affect mitochondrial DNA replication and to lessen
mitochondrial renewal. However, free radical scavengers
can be applied to protect against the AZT-induced
oxidative damage of mitochondrial DNA.
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Peroxisomes (formerly called microbodies) are ubiqui-
tous organelles that contain catalase and  oxidative
enzymes producing H2O2. Depending on cell type their
number, shape, and size vary. By electron microscopy, it
was shown that peroxisomes have a single membrane
that encloses a dense matrix which contains a crystalloid
core in some species (e.g., rat hepatocytes) but not in
others (e.g. human hepatocytes). The typical fine struc-
ture of peroxisomes (PO) in rat liver hepatocytes with a
dense crystalloid core (asterisk) is shown in panel A,
which also illustrates how different they are from mito-
chondria (M). Cisternae of the endoplasmic reticulum
(ER) can be closely associated with peroxisomes, alike as
with mitochondria. Usually, peroxisomes are spherical,
with a diameter as large as 1 µm in hepatocytes or as
small as 0.1 µm in fibroblasts. However, in kidney tubu-
lar cells they may be angular. In specialised mammalian
cells, proliferating hepatocytes after partial hepatectomy
and some yeast peroxisomes may form an interconnec-
ted network of tubules and cup shaped structures,
which have been referred to as peroxisomal networks.

A main function of peroxisomes is in lipid metabo-
lism. Oxidases catabolise long chain unsaturated fatty
acids by β-oxidation to acetyl CoA, and β-oxidise bile
acid intermediates, leukotrienes, and prostaglandins.
The oxidative enzymes use molecular oxygen to carry
out oxidative reactions that result in the formation of
hydrogen peroxide. Hydrogen peroxide is used by per-
oxisomal catalase to oxidise substrates such as alcohol,
phenol, formaldehyde, and formic acid. In hepatocyte
and kidney epithelia this represents an important detox-
ification reaction. In the liver, peroxisomes function in
cholesterol metabolism and gluconeogenesis. In the
central nervous system, peroxisomes catalyse the first
biosynthetic reaction in the formation of plasmalogens,
the most abundant class of myelin phospholipids. In the
sebaceous glands of skin they are involved in the syn-
thesis of complex lipids in sebum.

Immunoelectron microscopy has shown a remark-
able 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), α-hydroxy
acid oxidase A and xanthine oxidase were confined to
the crystalloid core. These cores are composed of paral-
lel bundles of hollow tubules. Ten primary tubules (5 nm
inner diameter) are arranged in a circular fashion and
form a centrally-located secondary tubule (20 nm outer
diameter). Remarkably, both urate and xanthine oxidase
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 non-crystalline central
region of the matrix D-amino acid oxidase, the periph-
eral matrix region catalase and α-hydroxy acid oxidase
A, and the marginal dense plates close but separated
from the peroxisomal membrane α-hydroxy acid oxi-
dase B. Panel D shows the presence of the 70 kDa
peroxisomal membrane protein (PMP-70). Under con-
ditions 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. PMP-70 was also identified in membranes of
peroxisomes of a lower density, probably pre-peroxi-
somes (cf. Fig. 61).
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Peroxisomes have no DNA. Their matrix and membrane
proteins are synthesised on cytosolic polyribosomes.
They are recognised by peroxins (Pex) through peroxi-
somal targeting signals (PTS) and targeted to the perox-
isomal matrix and membrane. PTS1 is a conserved
sequence of three amino acids (serine-lysine-leucine) at
the extreme C-terminus of most matrix proteins that
are targeted by the Pex5p receptor. PTS2 is a  broad con-
sensus nonapeptide sequence found on few matrix pro-
teins at or near their N-terminus, and Pex7p is the main
receptor. Matrix proteins do not need to unfold for
import and can cross the peroxisomal membrane as
oligomeric protein, which is in strong contrast to the
import of mitochondrial proteins. The targeting signals
for peroxisomal membrane proteins are less well known
although it is clear that their pathway is separate from
that of matrix proteins. For it, Pex3p, Pex17p and
Pex19p are important receptor proteins. The peroxi-
some membrane contains phosphatidyl choline and
phosphatidyl ethanolamine as principal phospholipids
that are synthesised in the endoplasmic reticulum. The
mechanism of their transport to peroxisomes is uncer-
tain. Transport by phospholipid exchange proteins,
through sites of close apposition with endoplasmic
reticulum and by specialised vesicles, has been pro-
posed.

Several pathways of peroxisome formation have
been proposed. Prevalent is the growth and division
model, which implies that peroxisomes are autonomous
organelles. This model is based on experimental evi-
dence of peroxisomal protein targeting and detailed
electron microscopic analysis showing budding or frag-
mentation of peroxisomes from pre-existing ones,
which then grow. The 3-D reconstruction of proliferat-
ing peroxisomes in regenerating liver has also supported
this model. In addition to spherical peroxisomes, inter-
connected peroxisomes forming a network were found.
In panels A and B, catalase positive peroxisomes (Po)
with a dumbbell shape (arrowheads in A) or with tail-
like extensions (arrows in B) connecting peroxisomes
are shown.

Initially, the endoplasmic reticulum was proposed as
the source of peroxisomes, which were assumed to bud

from the endoplasmic reticulum. Recently, this concept
has been revived and peroxisome formation proposed
to be a multistep maturation pathway. The data, howev-
er, are limited to studies in the yeast Yarrowia lipolytica
and mouse dendritic cells, a cell type specialised for
antigen presentation. The generality of this concept
remains to be shown. In the dendritic cells, subdomains
of the endoplasmic reticulum containing the peroxiso-
mal membrane proteins Pex13p and PMP70 but lacking
matrix proteins were seen connected to a peroxisomal
reticulum. It is unclear if the latter represents the pre-
sumptive pre-peroxisomal vesicles assumed to fuse with
each other to form early peroxisomes which upon incor-
poration of further matrix proteins would develop into
mature peroxisomes.

A similar concept, in which however the endoplas-
mic reticulum is not involved, assumes a pre-existing
autonomous pre-peroxisomal endomembrane system
in the cytosol containing a set of distinct peroxins which
upon import of peroxisomal proteins matures into per-
oxisomes.
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Peroxisomes are remarkably flexible organelles that
adapt quickly to changing requirements. It is therefore
not surprising 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 exposure to environmental pol-
lutants. The enzyme induction is not only dose depend-
ent but usually stronger in male compared with female
experimental animals and is species related since rat and
mice respond in a more pronounced way than guinea
pigs and humans. The adaptive response is mediated by
proteins belonging to the superfamily of steroid hor-
mone nuclear receptors referred to as peroxisome pro-
liferator activated receptors (PPARs). It has been shown
that the peroxin Pex11p is involved in the regulation of
peroxisome proliferation, whereas Pex14p has an essen-
tial role in selective peroxisome degradation.

An example of the peroxisomal changes observed in
the liver after treatment of rats with a hypocholes-
terolemic drug is given in panels A and B. These animals
received BM 15766, a compound that inhibits the 7-
dehydrocholesterol-∆7-reductase. Peroxisomes were
detected by histochemical demonstration of catalase.
Panel A shows a control with catalase-positive, black
stained peroxisomes (PO), mitochondria (M), and
rough as well as smooth endoplasmic reticulum in a
hepatocyte. As shown in panel B, treatment with BM
15766 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 often observed in female rats. These changes
were more pronounced in the perivenous zone of the
hepatic lobules. A similar regionally different response
of peroxisomes in liver occurred in response to other
xenobiotics. The proliferation of peroxisomes was
accompanied by a proliferation of the smooth endoplas-
mic reticulum. Peroxisomes were often surrounded by
multiple layers of smooth endoplasmic reticulum. This
change was more pronounced in female animals.

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

in immunogold labelling can be assessed quantitatively
by counting the number of gold particles and relating
them to surface unit of peroxisomal matrix. Treatment
of rats with recombinant human tumour necrosis
factor-α (TNF-α) resulted in a marked reduction in
immunogold labelling for the multifunctional peroxiso-
mal enzyme hydratase-dehydrogenase-epimerase, as
shown in panel C. The higher labelling intensity for this
peroxisomal enzyme in peroxisomes of untreated con-
trol rats can be appreciated easily in panel E. Treatment
of rats with the cholesterol synthesis inhibitor bezafi-
brate, however, resulted in induction of the enzyme, and
this was reflected in a marked increase of immunogold
labelling (panel D).
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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 the lipid metabolism and are represented by β-oxi-
dation disorders, defects in plasmalogen (etherphos-
pholipid) biosynthesis, isoprenoid biosynthesis, and
detoxification. Peroxisome biogenesis disorders (PBDs)
are as complex as the biogenesis of peroxisomes. For
example, the Zellweger spectrum comprises the
Zellweger syndrome, neonatal adrenoleukodystrophy
and infantile Refsum’s disease. All PBDs are character-
ised by defective peroxisomes. In patients with
Zellweger syndrome, absence of peroxisomes and struc-
turally altered mitochondria are a classic finding.
Depending on the severity of a PBD, a noticeable num-
ber 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
membrane proteins is not affected. Therefore, varying
numbers of peroxisome ghosts can be observed by elec-
tron microscopy. Depending on the severity of the
import defect, some peroxisomes 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 Pex5p is the receptor
for PST1 and involved in the initial steps of peroxisomal
matrix transport. Severe Pex5p deficiency causes
Zellweger syndrome and less severe deficiency infantile
adrenoleukodystrophy. By electron microscopy, all stud-
ied patients deficient in Pex5p patients had cells with
numerous peroxisomes that were lacking matrix pro-
teins to a different degree.

Animal models of Zellweger syndrome were created
by disrupting the PEX5 gene, which permitted detailed
morphological and biochemical analyses. In contrast to
normal mice, the PEX5-/- animals had a severe peroxi-
somal matrix import defect and no detectable peroxi-
somes. Panel A shows several catalase-positive peroxi-
somes (PO), abundant glycogen and mitochondria (M)

in a hepatocyte from control mouse (PEX+/+). Panels B
and C illustrate the fine structural changes in hepato-
cytes of Zellweger syndrome (PEX5-/-) mice. They
lacked typical peroxisomes, but a few hepatocytes con-
tained peroxisome ghosts as identified by immunola-
belling for PMP70. However, hepatocytes had an
increased number of aggregates of pleomorphic mito-
chondria, which showed abnormalities of their outer
and inner membrane and most prominently of cristae.
The latter consisted mainly of rarification of cristae, and
curvilinear and circular alterations of the cristae
(arrows). These ultrastructural changes were associated
with lower expression levels and reduced activity of
mitochondrial respiratory chain complexes. It has been
proposed that the mitochondrial alterations were
caused by defective rescue of reactive oxygen species and
defective detoxification function of peroxisomes.
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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 β particles, which are typical for
muscle cells. In hepatocytes the β particles assemble to
form characteristic rosettes of glycogen, the α particles
(arrows). The α particles do not consist solely of glyco-
gen 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 synthase,
which elongates the glucose chain, form a complex with
glucose.

The glycosomes are often closely related to the
smooth endoplasmic reticulum. The smooth endoplas-
mic reticulum contains glucose-6-phosphatase, which is
involved in the final step of breakdown of glycogen and
hydrolyses glucose-6-phosphate to glucose and phos-
phate. Remarkably, this enzyme is present in high levels
only in liver, kidney, and the insulin producing pancre-
atic beta cells. Inherited deficiency of this enzyme
results in a glycogen storage disease (see below).
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GLYCOGENOSIS TYPE I

As complex as the biosynthesis and breakdown of glyco-
gen are as multifaceted are the inherited disorders of
glycogen metabolism of which currently over 12 disease
types are known.

The type-I glycogen storage disease (glucose-6-
phosphatase deficiency, von Gierke disease) is an auto-
somal recessive trait and caused by deficiency of glu-
cose-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 mutations in one of the two lumi-
nal loops. Interestingly, ethnic-specific mutations have
been found.

By electron microscopy, the glycogen deposits are
observed as glycogen particles in the cytosol of the hepa-
tocytes (panel B). These deposits are massive and fill
most of the cytoplasm of the hepatocytes. Structurally
similar cytosolic glycogen depositions occur in the other
types of glycogen storage diseases, with the exception of
one lysosomal glycogen storage disease (cf. Fig. 56A).
The accumulation of glycogen occurs in liver, kidney
and intestinal mucosa and causes hypoglycemia and lac-
tic acidosis. The treatment is directed to establish and
maintain normal blood glucose concentrations by spe-
cial nutritional regimen.
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This is an autosomal dominant disease in which a par-
tial 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 haem biosynthesis. It inserts the iron into proto-
porphyrin IX to yield the haem. The gene locus coding
for the enzyme is at chromosome 18q23.1 and a whole
spectrum of disease-causing mutations has been detect-
ed in all 11 exons. In patients, protoporphyrin accumu-
lates in the erythroid cells of bone marrow and circulat-
ing erythrocytes and is elevated in the plasma, bile and
feces and can cause cutaneous photosensitivity.

The liver is affected only in a minority of the patients
giving rise to characteristic hepatobiliary complications.
By electron microscopy, numerous star-burst, crys-
talline inclusions of varying sizes (arrows) are found in
the cytoplasm of liver hepatocytes. These characteristic
inclusions are composed of a filamentous crystalline
material. They are also present in Kupffer cells, bile duc-
tal epithelia and ductal lumen as well as bile canalicular
lumens.
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The electron micrograph shows the cytocentre of a bone
marrow cell of the granulopoietic lineage. It consists of
the centrosome with one of the pair of centrioles in the
centre, abundant radiating microtubules (arrows), and
stacks of the Golgi apparatus organised in a circle
around the centrosome. In interphase cells, the cytocen-
tre is most commonly located close to the nucleus,
which can be seen in the uppermost part of the micro-
graph. The centrosome is dynamic and thus, it is impor-
tant to distinguish between growing and quiescent cells.
It contains the centrioles embedded in an amorphous
protein matrix and functions as the microtubule-organ-
ising centre with gamma-tubulin rings in the matrix,
serving as nucleation sites for the growth of micro-
tubules.

Microtubules are essential components of the
cytoskeleton and involved in multiple functions such as
intracellular transport of organelles, cell migration, and
correct segregation of chromosomes during mitosis.
Microtubules measure 24 nm in diameter; the wall con-
sists of 13 protofilaments of α- and β-tubulin dimers in
a circular array, which polymerise in an end-to-end
fashion. The stable minus end of the microtubules is
embedded in the centrosome, and the dynamic plus end
elongates towards the cell periphery. Microtubules form
kinds of tracks within the cells along which organelles
are transported with the help of motor proteins. This
network is constantly remodelled by growth and sudden
shrinkage of the microtubules, a process known as
dynamic instability. The centrioles, to which micro-
tubules are anchored, are not only the most prominent
structures in the cytocentre but also have a pivotal role
for the structural organisation of the centrosome. A cen-
triole has the shape of a cylinder of about 0.2 µm length,
the walls consist of nine triplets of microtubules orient-
ed parallel to the longitudinal axis. The microtubules
are fused and have a common wall. Only the innermost
A-tubule consists of a complete ring of 13 protofila-
ments, the B- and C-microtubules are crescent-shaped,
each consisting of 10 protofilaments. The microtubule
triplets are visible in the cross-section of the centriole in
the centre of the micrograph, which also shows cart-
wheel-shaped structures in its lumen, where centrin (C
in the diagram) is known to be localised, and a ring of
appendages, where microtubule asters are anchored.

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 cen-
triole (MC) and a daughter centriole (DC). The centri-
oles are linked by a matrix (dotted line) and embedded

in a larger pericentriolar area (outer line, double
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 satellites (S), are seen as precursor
complexes occurring during centriole duplication.
Microtubules are nucleated in the vicinity of both cen-
trioles (Mt), but only the fully differentiated mother
centriole possesses appendages, distal appendages
(arrow) and subdistal appendages (asterisk), where
microtubule asters (filled arrowheads) are anchored.
The centriole shown in the micrograph is cross-sec-
tioned 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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The involvement of microtubules in main cellular tasks
can indirectly be studied by impairment of microtubule
function either by disruption of the microtubule net-
work, e.g. by treatment with colchicine or nocodacole,
or by administration of substances that stabilise micro-
tubules, e.g. 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 biosyn-
thetic and secretory routes, endocytosis pathways, and
transcytosis. Microtubules are required for regular
organisation and localisation of the Golgi apparatus and
also have a crucial role in the polarisation of cells.
Disruption of the microtubule system leads to charac-
teristic cell changes.

In many types of cells, the Golgi apparatus is
localised around the centrosome (cf. Fig. 66) and sever-
al non-motor microtubule-binding proteins have been
shown to be associated with the Golgi apparatus. The
transport of pre-Golgi intermediates from endoplasmic
reticulum exit sites in peripheral regions of cells to the
cytocentre and finally 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 characteristic
position, becomes vacuolised, and is dispersed through-
out the cytoplasm. This is shown in small intestinal
absorptive cells of rats 6 hours after treatment with
colchicine (panels A and B). The Golgi apparatus, which
is localised normally in the supranuclear cytoplasm of
the absorptive cells (cf. Fig. 100), has disappeared from
this site and vacuolised Golgi components are present in
uncommon positions close to the basal cell surface
(arrowheads). The former Golgi stacks, although redis-
tributed and vacuolised, still contain lipoprotein parti-
cles (asterisks), alike Golgi cisternae 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 in the basolateral plasma
membrane (Bb in panels A and C). It occupies more
than 3% of the basolateral cell surface at 6 hours after
colchicine administration. The diagram summarises the
cellular changes occurring after microtubule disruption
6 hours after administration of colchicine.

C: cytocentre, GA: Golgi apparatus, G: dispersed
Golgi elements, aBb: apical brush border, bBb: basolat-
eral brush border.
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Actin filaments form a dynamic skeletal and motility
system in all eukaryotic cells. Interacting with the other
main components of the cytoskeleton, microtubules (cf.
Fig. 66) and intermediate filaments (cf. Fig. 69), they are
involved in all kinds of cellular motion, including cell
migration and division, changes of cell shapes during
exocytosis and endocytosis, formation of filopodia and
lamellipodia during cell crawling, and transport of
organelles and particles, including internalised micro-
organisms. Free actin molecules (G-actin) in the cyto-
plasm assemble by polymerisation into a linear double
helical array to form filaments, measuring 6–8 nm in
diameter. Similar to microtubules, actin filaments are
polarised 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 polymerisation, and the arrangements and
remodelling of higher architectures, such as networks
and filament bundles. Actin is recognised to be respon-
sible for the viscoelastic properties of cells. According to
the requirements, actin filaments build up stabile or
dynamic zones, cortical networks beneath the cell sur-
faces reinforcing the plasma membrane and excluding
organelles, stress fibres 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, internalised pathogens such as Listeria monocy-
togenes propel themselves through the cytoplasm.

Panels A–E show examples of actin filament arrange-
ments. Within the microvilli of the brush border of
resorptive cells, actin filaments, crosslinked and sta-
bilised by associated proteins, 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 con-
tinues into rootlets that protrude into the cytoplasm
beneath the brush border and, by being interconnected
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 stabilising and motility
function. It is responsible for the upright positions of
the microvilli and the allover organisation of the brush
border. Furthermore, by being in connection 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, facilitat-
ing contact with nutrients to be ingested. Panel D shows
cross-sectioned actin filament rootlets. Profiles of plas-
ma 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 cyto-
plasm of high pressure-frozen cultured hepatoma cells.
Note their close association with vesicular organelles
(panel B) and cisternae of the endoplasmic reticulum
(panel E), recalling the prominent function of actin fil-
aments as a traffic system for cell constituents including
transport of messenger-RNAs.
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The network of intermediate filaments, in addition to
those of microtubuli (cf. Fig. 66) and actin filaments (cf.
Fig. 68), constitutes the third part of the distinct, yet
interconnected, cytoskeletal systems required for cellu-
lar stability and dynamics. Intermediate filaments,
which are often organised in thick fibrils, provide
mechanical support for the cell. However, the interme-
diate filament scaffolds within cells are not rigid but are
dynamic, motile elements of the cytoskeleton.
Intermediate filaments proved to be even more dynam-
ic 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 molecu-
lar motors, such as kinesins and dyneins, filament pre-
cursors and short filaments are delivered with high
speed to specific cellular regions, where they assemble to
form long filaments.

The architecture of cytokeratin intermediate fila-
ments is illustrated in panels A and B. Cytokeratins (ker-
atins), grouped in acidic cytokeratins (type I) and basic
ones (type II), are the proteins of intermediate filaments
of epithelial cells. The electron micrographs show ker-
atinocytes of the epidermal spinous layer. Cytokeratin
filaments are bundled to form thick fibrils, the tonofila-
ments (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 adja-
cent cells and forming a cell spanning mechanical sup-
port of the tissue. In panel C, immunogold labelling for
keratin is shown which resulted in an intense labelling
of the network of cytokeratin filaments in a ker-
atinocyte.

The term “intermediate filament” refers to the 10 nm
diameter of the filaments being in between the 24 nm
and 7 nm diameters of microtubules and actin fila-
ments, respectively. Intermediate filaments are assem-
bled from fibrous proteins encoded by a multigene fam-
ily of more than fifty 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 heli-

cal monomers that twist around each other to generate
coiled-coil dimers, which again twist around each other
in antiparallel fashion to form staggered tetramers. By
lateral associations, two protofilaments form protofib-
rils, and 4 protofibrils associate to build up a 10 nm
intermediate filament. Intermediate filament proteins,
including the lamins of the nuclear lamina (cf. Fig. 3),
are classified on the basis of sequence similarities in the
rod domain into six types. The patterns 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 differentia-
tion (cf. Figs 107 and 108) and embryonic development.
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Mallory bodies represent cytoplasmic inclusion bodies
that are different from aggresomes (cf. Fig. 18). They 
are characteristically observed in hepatocytes in chronic
alcoholic liver disease. However, they are not specific 
for alcohol induced hepatocyte damage since 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 conditions. Furthermore, Mallory
bodies are not hepatocyte specific inclusion bodies 
since they were observed in other cell types such as alveo-
lar pneumocytes and muscle fibres. Mallory bodies
share compositional similarities with Lewy bodies
found in Parkinson’s disease, neurofibrillar tangles in
Alzheimer’s disease, and neuronal inclusions in motor
neuron disease.

Mallory bodies (MB) are of a complex filamentous
nature, composed of hyperphosphorylated and ubiqui-
tinated cytokeratins 8 and 18 and several non-cytokera-
tin proteins. Their size can be variable, approaching 
that of the nucleus as seen in panel A. By transmission
electron microscopy, Mallory bodies consist of a mesh-
work of randomly oriented intermediate filaments that
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 inter-
mediate filaments can be identified by immunoelectron
microscopy as cytokeratins (panel C). The Mallory bod-
ies shown in panels A-C were induced in cultured rat
hepatocytes stably expressing a misfolded polytope
membrane protein.
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Cells are surrounded by a 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 reaching 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 asymmetric and complex
composition and the dynamic nature of the plasma
membrane which additionally differ between cell types.

The freeze-fracture electron microscopy is highly
suitable for the study of membranes and provided proof
for the presence of membrane spanning proteins. The
fracture plane preferentially 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 (panel B). Both membrane
faces are studded with intramembraneous particles
which are related to fractured transmembrane proteins.
The smooth parts of the fracture faces principally corre-
spond to membrane lipids. As seen in panel B, the P-face
usually contains a higher density of intramembraneous
particles. The arrowheads in panel B point to ridges of
intramembraneous particles corresponding to a tight
junction (cf. Fig. 78). Variants of the freeze-fracture
technique applied to cell cultures permitted the prepa-
ration of plasma membrane fracture faces of enormous
size as shown in panel C. In contrast to the uniform dis-
tribution of intramembraneous particles in the erythro-
cyte plasma membrane, those of cultured hepatocytes
are irregularly arranged. The clusters of intramembra-
neous particles correspond to coated pits involved in
receptor-mediated endocytosis (cf. Fig. 41). The numer-
ous elevations correspond to plasma membrane
processes (cf. Fig. 72).

The plasma membrane performs two basic func-
tions. 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 bi-directional transmembrane transport and
diffusion, communication and signalling as well as cell-
cell and cell-matrix interactions. The lipid bilayer repre-
sents a two-dimensional fluid in which both lipids and
proteins are relatively mobile in the plane of the mem-
brane. However, lipids and proteins may be confined to
specific membrane regions, the microdomains. Hence,
the name fluid mosaic model of membranes.

The lipid bilayer consists of phospholipids, choles-
terol and glycolipids which are differentially distributed
in the two membrane leaflets. The oligosaccharide side
chains of glycolipids are found on the outer plasma
membrane surface together with the oligosaccharides of
glycoproteins and form the glycocalyx (cf. Figs. 74 and
75). The membrane proteins can extend through the
lipid bilayer, these are the transmembrane proteins.
Others are only partially embedded in the cytosolic lipid
layer by an amphipathic α helix or a covalently linked
lipid chain. Other proteins are inserted in the outer lipid
layer through a glycosylphosphatidylinositol (GPI)
anchor. The peripheral membrane proteins are not
inserted in the lipid bilayer at all and non-covalently
bound to other membrane proteins.

The plasma membrane asymmetry is not only con-
fined to the two lipid layers. The apical and the basola-
teral plasma membrane in polarised cells can differ in
their protein and lipid composition in relation to their
specific functions.
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Various cell types including stem cells, epithelial, neu-
ronal and mesenchymal cells as well as different tumour
cell types can be grown in vitro in tissue-culture dishes
or bottles. Routinely, plastic tissue-culture dishes are
used and cells can survive and multiply when supplied
with appropriate culture medium, temperature and
atmosphere. Epithelial cells in tissues are polarised and
monolayers of polarised epithelial cells can be obtained
when grown on porous tissue-culture membranes. Cell
cultures provide excellent experimental tools since they
can be studied microscopically or analysed biochemical-
ly and can be used as host to synthesise and secrete for-
eign proteins such as monoclonal antibodies and
recombinant proteins.

Observation of living cells by light microscopy and
of fixed cells by scanning electron  microscopy has pro-
vided a wealth of information on cell spreading and loco-
motion under culture conditions. Spreading of fibro-
blasts 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 results in a well attached, flattened cell. Attached
fibroblasts and other cell types can crawl over the sub-
stratum. 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
polarised (arrows in panel A). Both types of cell protru-
sions contain actin: filopodia have long bundled fila-
ments and lamellipodia orthogonally cross-linked
meshworks essentially parallel arranged to the substra-
tum. The actin filaments of the lamellipodia in concert
with myosin and microtubules and accessory cytoskele-
tal proteins are the active principle for the cell move-
ment. The cytoskeleton is actively reorganised during
cellular locomotion and includes the formation, con-
traction and disassembly of actin networks in lamel-
lipodia.

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 mem-
brane extensions which can be well seen in an ultrathin
section cut perpendicularly 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 lateral cell-cell contacts. As mentioned, when grown
on permeable, porous membranes, epithelial cells such
as kidney epithelial cells form a highly polarised cell
monolayer. This represents a most useful system to
analyse aspects of polarity of cellular traffic and cytoar-
chitecture.

Cell crawling is a basic phenomenon in living organ-
isms during embryogenesis and in adult organs. It is
important for the function of cells involved in inflam-
mation and immune defense, wound healing and tissue
remodelling as well as the spread of malignant cells.
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Specialised surface differentiations exist in brush cells,
alternatively called tuft cells or caveolated cells. Brush
cells belong to a cell population that is widely distrib-
uted in the epithelial organs of the gastrointestinal and
respiratory tracts, such as the stomach, the small and
large intestine, the bile duct, the gallbladder and pancre-
atic duct, the tracheal epithelium, and the lung. The cells
are called after their brush-like or tuft-like apical surface
specialisations formed by long and thick microvilli,
which differ from the microvilli of the brush borders of
absorptive cells (cf. Figs. 68 and 100). A brush cell of the
rat colon, which shows cytochemical labelling for
demonstration of sialic acid residues, is on display on
the opposite page. The apical microvilli forming the tuft
(arrow) protrude into the gut´s lumen and tower above
the brush border microvilli of the neighbouring absorp-
tive cells (arrowhead). The differences 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 bun-
dled (open arrow) and accompanied by microtubules,
intermediate filaments, and membrane vesicles.

Although the definite function of brush cells and the
particular role of the apical cell specialisations are still
obscure, several structural and functional characteristics
led us to consider a connection with chemoreceptive
tasks and with the regulation of electrolyte concentra-
tions in the secretory fluids 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 pancreatic duct sys-
tem 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 spe-
cialised composition of glycoconjugates and seems to be
turned over rapidly. Both features also are discussed in
favour of a receptive cell function of brush cells, a con-
cept that is supported further by the presence of inter-
mediate 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 concentrated in a
network of intermediate filament bundles extending
from the cell periphery to the perinuclear cytoplasm,
whereas is absent from the apical cytoplasmic regions,
where actin filaments and microtubules are assembled
with neurofilaments.
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The outer surface of all animal cells is covered by a gly-
cocalyx composed of oligosaccharides of glycoproteins
and glycolipids and a layer of secreted mucus particu-
larly in the gastrointestinal, respiratory, and urogenital
tracts. The biological roles of the glycocalyx are diverse.
In general terms, it exerts stabilising 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 gly-
cans are important for development and differentiation
of organs through modulation of cell-cell and cell-
matrix interactions and signalling. They also can func-
tion 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. One example are the intestinal absorptive
cells. In panel A, the brush border of an absorptive ente-
rocyte is shown. At the tips of the microvilli, the glyco-
calyx appears as prominently visible antennulae
microvillares (arrows). Panel B represents cross sec-
tioned microvilli of an enterocyte and staining with
ruthenium red, a cationic dye that binds electrostatical-
ly to ionised 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 non-discriminatory 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 lectins 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 such residues in the glycocalyx of absorp-
tive enterocytes. This resulted in gold particle labelling

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 sec-
tions from Lowicryl-embedded human duodenum of a
blood group A subject. The blood group A determinant,
which is terminal non-reducing N-acetylgalactosamine,
is present in the glycocalyx, and the adhering mucus as
indicated by the gold particle labelling.
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The analysis of the expression of various glycosyltrans-
ferases by Northern blot analysis and specific enzyme
assays has shown their differential tissue expression. On
the basis of this the view is held that specific glycan
structures in general reflect the expression of the respec-
tive glycosyltransferases. Cytochemical in situ studies
provide distinct advantages over Northern blot analyses
and specific enzyme assays since particular glycans can
be localised to specific cell types in organs with complex
cellular composition. With the application of lectins and
monoclonal antibodies, histochemistry therefore repre-
sents an important tool in studies of cell type-specific
glycosylation and may provide a clue about their possi-
ble 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 labelled (filled arrowheads), where-
as the one of the adjacent light cells is unlabelled (open
arrowheads). A further detail is that the labelling 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
glomerulum is seen and exemplifies another grade of
glycocalyx domain formation in the podocyte plasma
membrane. The labelling in the base of the podocyte
foot processes (arrowheads) is due to binding of gold
labelled Helix pomatia lectin, which has a nominal
specificity for terminal, non-reducing N-acetylgalac-
tosamine residues. Lectin binding did not occur to the

rest of the podocyte plasma membrane as no labelling
was detectable in the capillary endothelial cells (asterisk)
and glomerular basement membrane. This showed that
the podocyte foot process plasma membrane is highly
specialised in terms of the composition of their glycoca-
lyx. In contrast, the wheat germ lectin, which has a nom-
inal specificity for N-acetylglucosamine residues, did
label all regions of the podocyte plasma membrane, the
glomerular basement membrane, and capillary
endothelia (panel C).
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Particular glycans exhibit spatiotemporal expression
patterns during embryonic development and may
become re-expressed in malignant human tumours.
Carcinoma-associated cell surface 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 β1,6
branched tri- and tetra-antennary glycans. This corre-
lates with the metastatic potential of certain tumours
and is an independent predictive marker in colon carci-
noma. Sialylated glycans terminated in α2,6-linked sial-
ic acid or the sialosyl Tn antigen are associated with
colon carcinoma progression and of predictive value.
These findings, however, cannot be generalised.

Sialic acids also exist as homopolymers in α2,8-keto-
sidic linkages and such a polysialic acid is present on the
neural cell adhesion molecule NCAM. This unique gly-
can modulates cell-cell and cell-substratum interactions
during brain development and neuronal functions in
the adult. Unexpectedly, polysialylated NCAM was
detected in embryonic kidney and found to be re-
expressed in the Wilms tumour, a highly malignant kid-
ney tumour. In panel A, the presence of an electron
dense surface coat of variable thickness (arrowheads) in
a Wilms tumour is demonstrated. Small lumina (aster-
isks in panels A and C) are formed at sites of high sur-
face coat thickness because of reduced cell adhesion.
This surface coat has been interpreted as a basement
membrane, 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 malig-
nant neuroendocrine tumours and is of diagnostic
importance. Experimental studies with small cell lung
carcinoma cells have directly demonstrated the role of
polysialic acid for invasive and metastatic growth prop-
erties. Clinical studies revealed the importance of meas-

uring serum levels of polysialic acid in patients with
neuroendocrine tumours as an indicator of tumour
stage and progression.
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Cell-cell contacts are necessary for any higher organ-
isation 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 sta-
bilised and differentiated by formation of specialised
cell junctions. In multiple epithelia, cells are attached to
each other by junctional complexes, composed of a
characteristic combination of occluding and adhering
junctions that regulate paracellular traffic and stabilise
the tissue. Junctional complexes are symmetrical struc-
tures formed between adjacent cells and consist of three
components: Firstly, a band of tight junctions, forming
an occluding zone in the top position (zonula occlu-
dens, ZO, cf. also Fig. 78), secondly, a band of anchoring
junctions in the middle position (belt desmosome,
zonula adhaerens, ZA), and thirdly, a circle of spot
desmosomes in the bottom position (maculae adhaer-
entes, MA, cf. also Fig. 79). The complexes are localised
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 surfaces (arrow).

The uppermost occluding zone (ZO) occupies cell
surface areas close to the apical microvilli and deter-
mines the border between apical and basolateral regions
of the plasma membrane. The plasma membranes of the
neighbouring cells are completely linked at regular
intervals, the sealing sites forming 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 anastomosing ridges are visible in freeze
fracture replica electron micrographs shown on the next
page (cf. Fig. 78).

The zonula adhaerens (ZA) is usually localised below
the occluding zone. It also forms a belt surrounding the
cells completely. In panel A, the adherens zone is cross-
sectioned. A flat section through the adhering belt at a
connection site of three neighboring cells is on display
in panel B. The adhering belt is associated with densely
packed actin filaments. In the cytoplasm nearby, multi-
ple cross-sections of the actin filament rootlets of the
brush border microvilli extending into the terminal web

are visible (arrows; cf. Fig. 68). Formation of belt
desmosomes requires interactions of membrane-span-
ning cadherins (desmocollins, desmogleins), plaque
proteins (desmoplakin, plakoglobin), and catenins. E-
cadherin molecules bind to partners localised in the
apposing plasma membrane of neighbouring cells. At
the cytoplasmic side, interactions of the E-cadherin tails
with alpha- and beta-catenins and formin-1 induce
actin polymerisation and the assembly of the adhering
belt-associated actin cytoskeleton, which is responsible
for the cell-to-cell spreading skeleton and motion sys-
tems (cf. also Fig. 68).

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 but-
tons, attach cells to each other at multiple sites of the lat-
eral cell surfaces. They are associated 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.
85). The intercellular space is wider than it is in the
adhering belt and is occupied by the extracellular glyco-
sylated portions of cadherins appearing as dense zipper-
like midline (arrow in panel C). Cytoplasmic plaques
(arrowhead) attached to the plasma membrane function
as anchors for the cadherins and for the intermediate fil-
aments, which insert into the plaques in a hairpin-like
fashion (cf. Fig. 79).
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Tight junctions have several major functions. They seal
the intercellular space in epithelial and endothelial cell
layers and prevent free paracellular passage of sub-
stances. They determine the polarity of epithelial cells
by creating a boundary 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 cytoskeletal and sig-
nalling molecules at their cytoplasmic surfaces, which is
seen in connection with regulatory processes involving
the actinomyosin cytoskeleton and with intercellular
adhesion signalling within epithelia and endothelia.
Tight junctions may occur independently of other cell
contacts but are more often part of junctional complexes
forming an occluding belt in the top position (cf. Fig. 77).

In freeze-fracture replica electron micrographs, tight
junctions are particularly well visible as continuous,
anastomosing strands of particles appearing on the pro-
toplasmic face (P-face; TJ in panels A and B), forming a
band or complex network. The number of tight junc-
tion strands is a crucial factor in determining the barri-
er properties of tight junctions. Transepithelial resist-
ance increases with the number of parallel tight junc-
tion strands. The strands consist mainly of aggregations
of the proteins claudin and occludin, and associated
zonula proteins (ZO-1, ZO-2, and ZO-3). Individual
strands associate with those of the apposing membrane
of an adjacent cell to form paired strands and to estab-
lish the “kissing points”, visible in thin section under the
electron microscope (cf. Fig. 77). There is evidence that
claudins form the backbone of tight junction strands.
Not only proteins but also lipids are assumed to con-
tribute to the formation of tight junction strands by
forming inverted cylindrical micelles.

Most types of epithelia and endothelia contain
occluding junctions. They have a crucial role in the for-
mation of distinct barriers, such as the blood-brain bar-
rier (cf. Fig. 141) 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 latter is shown in an in vitro
culture system, using hepatoma cells that organise

themselves three-dimensionally and form anastomosing
canaliculi lined by an apical dense microvilli border
(panel A, inset). Peroxidase-conjugated wheat germ
agglutinin, visualised by electron dense oxidised
diaminobenzidine, labels both the apical microvilli
membane 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 communi-
cation by transport of ions and small molecules up to
approximately 1 kDa. They are formed by integral
membrane proteins, the connexins. Six connexins
assemble to form a hollow cylindrical structure called
connexon. Connexons align with connexon partners
present in the apposing membrane of neighbouring
cells, forming hydrophilic channels of communication
between the cytoplasms of adjacent cells. High Ca2+-
concentrations lead to a closing of the connexon chan-
nels. Gap junctions allow chemical and electrical cou-
pling of adjacent cells that are particularly critical for
heart and smooth muscle cell action and regular
embryogenesis.

The connexons are visible in freeze fracture replicas
under the electron microscope appearing as aggregated
particles organised in spots or large areas (GJ in panel
B). They can be distinguished clearly from the tight
junction strands (TJ). Electron micrographs of thin sec-
tions show that the gap junction plasma membranes are
closely apposed. The intercellular space is extremely reg-
ular 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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Spot desmosomes (maculae adhaerentes) are anchoring
junctions associated with intermediate filaments. They
are arranged in circles in the lowermost position of
junctional complexes (cf. Fig. 77), but are common also
outside complex junctions, occurring independently of
other cell contacts. Spot desmosomes are particularly
abundant in all tissues that are exposed to mechanical
stress. Like buttons, they link neighbouring cells to each
other and help to stabilise cells and tissues and make
them resistant to mechanical injuries. However, it is
increasingly becoming clear that spot desmosomes not
merely have a mechanical role by welding cells together.
They also hold signalling functions and are considered
to have a role as sensors that respond to cellular and
environmental signals by changing their organisation
and modulating their assembly state. Intracellular calci-
um homeostasis is crucial for desmosomal adhesion.

Panel A shows a segment of the stratified epithelium
of the external root sheath of a hair follicle. Within the
extended interdigitations, the neighbouring cells are
attached to each other by numerous spot desmosomes,
each of them anchoring thick bundles of cytokeratin fil-
aments (arrows). The epithelium corresponds to that of
the epidermis (cf. Figs. 107 and 108), where the inter-
mediate filaments, called tonofilaments, are bundled to
form thick tonofibrils. Within the prominent dense
plaques in the cytoplasm of the adjacent cells, outer and
inner zones can be differentiated. A dense midline is vis-
ible in the regular extracellular space.

In panel B, cytokeratin in the epidermis is localised
by immunogold labelling by the use of an anti-cytoker-
atin monoclonal antibody recognising a conserved epi-
tope localised on the surface of cytokeratin filaments.
Gold particles label the inner parts of the dense desmo-
some plaques (arrows), where cytokeratin filaments are
anchored by interacting with desmoplakin, which is one
of the plaque proteins. Desmoplakin, via other plaque
proteins, plakoglobin and plakophilins, in turn is con-
nected with membrane-spanning proteins of the cad-
herin family, desmocollins and desmogleins. This zone

of protein interconnections accounts for the outer dense
plaque region of the spot desmosomes. Heterophilic,
rather than homophilic, interactions of desmocollins
and desmogleins are required for desmosomal adhesion
and are responsible for the prominent dense midline
visible under the electron microscope (panels A and B
and, at higher magnification, panel C in Fig. 77).
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Within tissues and organs, the individual cells are
organised according to specific patterns, which require
particular cell contacts and attachments. Cell junctions
of different types are responsible for mechanical, chem-
ical, and electrical coupling of cells and for formation of
particular barrier functions in epithelia and endothelia
(cf. Figs. 77-79). However, cell contacts also exist outside
the specific junctions. For example, the formation of
sheets of epithelia building up the lining of internal hol-
low organs requires tight attachment of cells to each
other and to the basal lamina. This is shown in micro-
graphs of the small intestinal epithelium cross-sec-
tioned and sectioned perpendicularly to the surface,
presented in panels A and B, respectively. Throughout
extended areas, neighbouring cells are tightly attached
to each other, and the epithelium is stabilised addition-
ally by multiple interdigitations of the adjacent cells
(arrows in panels A and B). Flat ridges of neighbouring
cells are intensely interlocked, and the intercellular
spaces are closed. However, the cell to cell attachments
are variable and intercellular spaces open and close,
depending on the functional state of cells (cf. Fig. 101).
Panel B of figure 101 shows a segment of the small intes-

tinal epithelium with multiple interdigitating ridges of
adjacent absorptive cells, but dilated intercellular spaces
containing lipoprotein particles, products 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. 77 A). Intracellularly, mem-
branes of organelles involved in the synthesis and trans-
port of complex glycans show particularly intense stain-
ing. Such intense membrane contrast is visible in the
Golgi apparatus of the absorptive cells (Golgi in panels
A and B).
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Epithelia involved in extensive transcellular transport
not only have characteristic apical differentiations (cf.
Figs. 102 and 103) but also show basal characteristics,
summarised with the term “basal membrane labyrinth”.
The basal labyrinth is a huge membrane convolute at the
basal cell domain, consisting of infoldings of the basal
plasma membrane and interdigitating basal ridges of
neighbouring cells, which both lead to a tremendous in-
crease of the basolateral surfaces of the epithelial cells.
Close to the membranes, mitochondria are accumulated
and possibly aligned in a vertical basal to apical orienta-
tion. Basal labyrinths are particularly prominent 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
microscope result from the vertically aligned mitochon-
dria.

On the opposite page, panels A, B, and C show seg-
ments 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 micrograph 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 magnification in panel C. Both prox-

imal and distal tubular cells in panels B and C show
lectin-gold labeling for demonstration of sialic acid
residues. In the polarised epithelial cells of the proximal
tubules, the apical surface is the site of reabsorption of a
high percentage of the filtered glucose, water, Na+, Cl-,
K+, and small proteins from the primary urine (cf. Fig.
102). The basal cell pole is equipped for excretion into
the extracellular space. Membranes of the basal
labyrinth contain the enzymes for active transport of
ions and the long mitochondria localised nearby pro-
vide the adenosine triphosphate necessary. Distal tubu-
lar cells possess short apical microvilli, but basal mito-
chondria 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).
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Basement membranes are thin sheets of specialised
extracellular matrix, supporting epithelial cell layers and
covering muscle cells and nerve fibres. Basement mem-
branes not only provide a particular support for tissues,
but also have essential roles in cell differentiation and
movement, in morphogenesis and new formation of
organs and in multiple pathological processes, such as
tumour growth and migration. Basement membranes
consist of two different layers (laminae), which can eas-
ily be distinguished under the electron microscope: the
basal lamina (Lb, lamina basalis) and the reticular lami-
na (Lf, lamina fibroreticularis).

The basal lamina is in direct contact with the plasma
membrane of those cells that synthesise and secrete its
components, 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 well visible as a continuous, fine, electron
dense layer close to the surface of the respective cells
(lamina densa), but frequently separated from the plas-
ma membrane by a narrow space, designated as lamina
rara (cf. also Fig. 85). The basal lamina mainly contains
type-IV collagen, 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 mole-
cules with type-IV collagen, entactin, and proteogly-
cans. Integrins localised in the plasma membrane are
the major adhesion receptors connecting cells with
components of the extracellular matrix. Integrins inter-
act 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 cascades, influences the
expression of genes related to cell differentiation, and is
involved in cell migration, proliferation, and survival.
Other proteins of the lamina basalis participating in
diverse supramolecular structures belong to the newly
recognised family of fibulins. ADAMs, named after their
adhesive and metalloproteinase domains, are considered
to be modulators of cell-matrix interactions and have a
crucial role in the remodelling of components of the
extracellular matrix.

The reticular lamina is a product of fibroblasts of the
adjacent 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
organised reticular fibrils beneath and close to the dense
part of the lamina basalis.
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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
endothelium and the podocytes and that it is thicker,
because it is the product of fusion of the basement
membrane of endothelial cells and podocytes. It is com-
posed 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 endothelium
and the lamina rara externa toward the podocytes. The
lamina densa is composed of a compact meshwork of 3
nm filaments. The lamina rara interna contains 10 nm
fibrils and both laminae rarae are crossed by filamen-
tous material which reaches the plasma membrane of
endothelial cells and podocytes. The glomerular base-
ment 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 chondroitin sul-
fate proteoglycans, laminin, nidogen and BM-
40/osteonectin/SPARC. Collagen type-V does not form
fibrils and represents the scaffold of the lamina densa.
The proteoglycans form a quasi-regular, lattice-like
array in both laminae rarae, whereas laminin and nido-
gen are present in all three layers of the glomerular base-
ment membrane. It is disputed whether or not
fibronectin is a glomerular basement membrane com-
ponent. Arrows: slit diaphragms between podocyte foot
processes; arrowheads: tangentially sectioned pores of
an endothelian.

References

Farquhar M (1991) The glomerular basement membrane. A
selective macromolecular filter. In: Cell biology of extracellular
matrix (E Hay, ed). New York: Plenum Press, pp 365
Kriz A, and Kaissling B (2000) Structural organisation of the
mammalian kidney. In: The kidney: Physiology and patho-
physiology (Seldin D, and Giebisch G, eds). New York: Lippincott,
Williams and Wilkins, pp 587

This is mainly an X-linked dominant inherited trait and
the disease manifests in childhood and is progressive.
The mutations are located in the COL4A5 gene encod-
ing the α5 chain of type-IV collagen. Autosomal Alport
syndrome is caused by mutations in the COL4A3 and
COL4A4 genes encoding the α3 and α4 chain of type-IV
collagen.

Some of the characteristic electron microscopic
findings are illustrated in panel B. They typically consist
of a thickening of the glomerular basement membrane
(GBM) and longitudinal lamination, splitting, fragmen-
tation and formation of a net-like pattern of the lamina
densa. Other segments of the glomerular basement
membrane are extremely thin (not seen in the micro-
graph). Furthermore, 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 mem-
brane are also evident in panel B. The presence of all
these changes permits the diagnosis.

Clincal signs of the structural alteration and mal-
function of the GBM include haematuria, proteinuria
and edema, and sensorineural deafness is usually associ-
ated with Alport’s syndrome. Therapy consists in renal
transplantation.
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Descemet´s membrane is an extraordinary thick base-
ment 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 designat-
ed as corneal endothelium. Measuring 5–10 µm in
thickness, the membrane of Descemet, like other base-
ment membranes, consists of two distinct layers, a pos-
terior layer adjacent to the endothelium and produced
by the endothelial cells and an anterior layer formed by
collagen lamellae and proteoglycans. Both layers are on
display in panel A, which also shows the endothelium in
the upper segment and the corneal stroma in the lower
segment. The different organisation of the Descemet´s
membrane in comparison to the collagen fibril organi-
sation in the stroma is clearly visible. Panel B shows the
posterior part of Descemet´s membrane at higher mag-
nification.

The membrane of Descemet is composed of a range
of proteins, including laminin and fibronectin, and pro-
teoglycans that contain keratan sulfate, heparan sulfate,
and dermatan sulfate. Comparable with the situation in
the corneal stroma, content and qualities of proteogly-
cans are essential for hydration of the tissue, which in
turn is responsible for its transparency. Descemet´s
membrane also contains collagen with types IV and VIII
being predominant. Type-IV collagen is a usual compo-
nent of the basal lamina part of basement membranes
(cf. Fig. 82). 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 networks, which appear as ladder-like struc-
tures under the electron microscope. Such structures are
particularly prominent and well visible in the micro-
graph shown in panel A.

The thickness of Descemet´s membane increases
throughout life. At birth, the membrane of Descemet in
the human is about 3 µm thick and consists mainly of
the anterior part, whereas the posterior layer is pro-
duced by the endothelial cells after birth. It slowly
increases in thickness measuring about 10 µm in older
adults.

The corneal endothelium visible in panels A and B in
the upper segments of the micrographs holds pivotal
functions in regulating corneal hydration and maintain-
ing the critical state of hydration required for trans-
parency of the corneal tissues. The endothelium permits
passage of nutrients from the aqueous humour 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” localised 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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In the skin, the squamous epithelial layer of the epider-
mis and the connective tissue of the underlying dermis
are firmly connected to each other as illustrated in pan-
els A and B. The structural arrangement of their inter-
face, the dermal-epidermal junction, provides an illumi-
nating example of how these two tissue components are
linked together.

The main structures involved are the basement
membrane with the lamina densa derived from the basal
cell layer of the epidermis, the anchoring fibrils (asterisk
in panel B) of the dermis and the hemidesmosomes
present in the basal plasma membrane of the basal cells
(arrows in panel A and B).

The basement membrane is composed of a lamina
densa with a thin lamina rara toward the basal cell layer
of the epidermis as seen in panels A and B. The dermis
is composed of fibroblasts, bundles of collagen fibres
and other fibres. Hemidesmosomes, in contrast to
desmosomes, are asymmetrical, highly specialised inte-
grin-mediated junctions with a complex molecular
composition strikingly different from that of desmo-
somes (cf. Fig. 79). By electron microscopy, each
hemidesmosome is composed of a dense cytoplasmic
plaque which sits on a plate and thin anchoring
filaments extending from the plate across the lamina
rara to the lamina densa of the basement membrane
(arrows in panels A and B). The major components of
the hemidesmosome are the α6β4 integrin, type-VII col-
lagen (identical to bullous pemphigoid antigen 2) and
the bullous pemphigoid antigen 1. Intermediate fila-
ments 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 β4 integrin. The basal cells of the epidermis contain
keratins K5 and K14. The hemidesmosome-basement
membrane association occurs through complexes
formed by β4 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 difference to desmosomes which link neigh-

boring epithelia by the glycosylated extracellular
domain of interlocking cadherins such as desmoglein1
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 interac-
tions in linking the lamina densa with the underlying
dermis has been demonstrated. The type-VII collagen
itself entraps banded collagen fibres, elastic microfibrils
and beaded microfilaments present in the stroma of the
dermis.

Although it has been established since long that
hemidesmosomes are anchors for epithelial cells to the
basement membrane and that perturbation of their
integrity results in separation and blisters (cf. Fig. 86),
there is evidence accumulating for their involvement in
signalling phenomena.

Asterisk in panel A: melanocyte dendrites between
keratinocytes; arrowheads in panel A: melanosomes in
keratinocytes.
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Disruption of the dermal-epidermal junction is associ-
ated with diseases of the skin resulting in skin fragility
and formation of blisters. These changes are most
apparent in regions susceptible to mechanical trauma
such as palms and sole of foot.

In panels A and B, the epidermolysis bullosa simplex 
Weber-Cockayne, a mild form, is shown. By electron
microscopy, 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 formation can be unequivo-
cally seen in panel A. In this mild form, keratin filaments
and filament bundles may appear structurally normal
(panel B) as are 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.

Epidermolysis bullosa simplex is a disorder of kera-
tins K5 and K14 present in the basal cell layer and 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 elongation of keratin filaments or mild
forms with impaired lateral interactions within the fila-
ments can be observed. Severe forms are always associ-
ated with mutations either in the N-terminal end of
helix 1A or the C-terminal end of helix 2B.

In addition to the disorders of keratins K5 and K14,
disorders of keratins present in the suprabasal cell layers
are known. They involve the keratins K1 and K10 and
cause epidermolytic hyperkeratosis with excessive kera-
tinisation 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 anti-
gen 1 have been detected. Impaired anchoring of keratin
filaments to the hemidesmosomes results. In humans,
an epidermolysis bullosa simplex with muscular dystro-
phy due to 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, lamina densa and dermis
are involved. Junctional epidermolysis bullosa is due to
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 which may be reduced in num-
bers or completely missing.
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PRINCIPLES OF TISSUE ORGANISATION



The pancreas is a combined exocrine and endocrine
gland, localised close to the posterior abdominal wall
and composed of four anatomic components, a head, a
neck, a body, and a tail.

The acinus, as shown cross-sectioned in the micro-
graph on the opposite page, represents the structural
and functional secretory unit of the exocrine part of the
pancreas (for the endocrine pancreas cf. Figs. 93 and
94).

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 (pan-
creatic juice) contains a mixture of 22 digestive
enzymes. Inactive precursor enzymes are synthesised,
processed, and stored in zymogen granules. They are
secreted into the acinar lumen in a regulated manner via
the vegetative nerve and the endocrine systems, trans-
ported 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 pyram-
idal secretory cells, which are joined to each other by
apical junctional complexes and with their apical sur-
faces line the lumen in the centre of the acinus (AL). The
acinar cells´ ultrastructures clearly mirror their func-
tions and remind us that these secretory cells were used
as model cells in basic studies of the intracellular path-
ways of protein synthesis.

Flattened cisternae of the rough endoplasmic reticu-
lum are densely packed in the basal and perinuclear

parts of the cells (RER). They define the “ergastoplasm”-
domain of the cells (cf. Fig. 13) and are the sites of syn-
thesis of the pancreatic enzymes. After co-translational
folding, release into the RER-lumen and passing quality
controls, the newly synthesised 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
synthesised enzymes are modified and, at the trans-
Golgi side, packed into secretory vesicles (for details, cf.
Fig. 23). The immature secretory vesicles or condensing
vacuoles, are sites of further processing and condensa-
tion 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 cytoplasm 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 cap-
illaries, lymphatics, and unmyelinated nerve fibres (cf.
Fig. 115).
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The narrow ductuli in the centre of the acini build up
the initiation of the secretory duct system. Small inter-
calated canaliculi (intercalated ducts) export the secre-
tion out of the acini, lead to the intralobular excretory
ducts, which converge to form interlobular ducts. These,
by anastomoses, further build up the main large pancre-
atic duct.

The micrograph shows details of the centre of an
acinus. The secretory acinar cells are joined both to each
other and to adjacent centroacinar cells (CAC) by junc-
tional complexes (asterisk), composed of a zone of tight
junctions, a zone of adhering junctions and a circle of
spot desmosomes (cf. Fig. 77). The apical tight junctions
prevent leakage of pancreatic proenzymes from the aci-
nar lumen (AL) into the intercellular spaces.

All parts of the secretory system are displayed in the
secretory acinar cells shown in the micrograph: rough
endoplasmic 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 vac-
uoles reflect the condensation processes occurring at
this level of the secretory pathway (cf. Figs. 23 and 39).
Condensing vacuoles originate from trans-Golgi-cister-
nae and therefore are found mostly close to the trans-
Golgi side. By contrast, the multiple mature zymogen
granules are abundant in the entire apical cytoplasm
and often take position close to the apical plasma mem-
brane. The contents of the zymogen granules, consisting
of mostly still inactive proenzymes, are released into the
acinar lumen by regulated exocytosis, which is connect-
ed with the fusion of the granule membrane with the
apical plasma membrane and formation of a pore (for
details, cf. Figs. 39 And 40). Proenzyme discharge occurs
after dietary intake and is mainly induced by binding of
cholecystokinin to specific receptors localised in the
basolateral plasma membrane of the acinar cells.

Autophagosomes and lysosomes multiply apparent
in the apical cytoplasm of the acinar cells mirror lysoso-
mal degradation of excessively produced secretory

enzymes by a mechanism, common to many secretory
cells of the regulated type and called crinophagy. A
highly flexible secretory system with new production of
enzymes, storage, release into the acinar lumen, and
degradation is necessary since the amount of pancreatic
fluid produced and the concentration of enzymes in the
zymogen granules vary with the dietary intake. A diet
rich in carbohydrates induces a selective production of
amylases and a decreased protease synthesis. Insulin
produced by the pancreatic islets´ beta cells (cf. Fig.93)
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. By contrast,
the upper one apparently is in a state following  zymo-
gen discharge. The lumen is filled, the lining plasma
membranes are flat, and only few microvilli protrude
into the luminal space. It is evident that the acinar lumi-
na 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
intercalated ducts and reside in the centre of the acini.
Centroacinar cells are unique to the pancreas. They lack
zymogen granules, contain abundant free polyribo-
somes and sparse endoplasmic reticulum and, with their
apical domains, together with those of the secretory aci-
nar cells, form the walls of the acinar ductuli.
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The narrow secretory ductuli in the acinar centres (cf.
Figs 87 and 88) continue into small intercalated ducts
that lead out of the acini into the connective tissue stro-
ma and further converge to form the intralobular and
interlobular excretory ducts. Striated ducts, such as
those present in other salivary glands (cf. Fig. 90) and
myoepithelial cells are lacking in the pancreas.
Intercalated ducts are surrounded by an own basal lam-
ina and are localised within small roads of connective
tissue.

Panel A shows a cross section, 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 contained in the pancreatic fluid is shown by
immunogold labelling.

The pancreatic fluid contains mostly still inactive
enzymes, such as trypsin, chymotrypsin, and car-
boxylpeptidases, which are going to be activated in the
duodenal lumen by HCO3

- ions and the alkaline secre-
tion of Brunner’s glands in the submucosa of the duo-
denum. Trypsin and other proteases are prevented from

being activated earlier 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 part 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 junctional complexes (arrows). In the
apical parts of the complexes 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. 109).
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This low magnification electron micrograph of a pig
submandibular gland shows main functional parts of a
compound 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 tubulo-
acinar gland that produces a mixed mucous and serous
secretion that makes up to 70% of the saliva. Together
with the products of other major and minor salivary
glands, the salivary fluid of the submandibular gland
has a role that is important in multiple ways in lubricat-
ing the surfaces of the oral cavity and forming a thin
protective film, dissolving and moistening food and
protecting against microorganisms, due to the contents
in 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 micrograph shows mixed sero-mucous acini in its
right hand part. Typically, the mucous cells (1), contain-
ing abundant densely packed secretory mucous
droplets, reside closer to the lumen of the acinus, com-
pared with the serous cells, and their apical domains
build up the luminal walls. The serous cells (2) are
localised 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 surrounded by myoepithelial cells, which
in this very low magnification 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 sequen-
tially 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 on display. This duct consists of
columnar epithelial cells exhibiting multiple basal
infoldings that indicate its involvement in ion and water
transport. In the striated ducts, kallikrein is secreted that
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 during embryonic development by epithelial
branching connected with repetitive cleft and bud for-
mation. Growth factors, actin microfilaments, and com-
ponents of the basement membrane have key roles in
the formation of clefts and buds. In particular,
fibronectin is important controlling type-III-collagen
accumulations at clefts. It is assumed that local, devel-
opmentally 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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Parietal cells (PCs; also called oxyntic cells) are located
in the neck and fundus of gastric glands of the fundus-
body region of the stomach. They produce hydrochloric
acid (about 0.16 M, pH as low as 0.8) and secrete intrin-
sic factor (vitamin-B12 binding glycoprotein).

The specialised function of PCs is reflected in dis-
tinct fine structural features. Their apical plasma mem-
brane domain is unique in that it gives raise to numer-
ous small branching canals (canaliculi) that invaginate
deep into the cell’s interior, as illustrated in panel A
(asterisks), which shows a PC sectioned from top to bot-
tom. Panel B shows a PC sectioned horizontally with
numerous canaliculi (asterisks). Below the apical plasma
membrane and the canaliculi exists an elaborate cyto-
plasmic membrane system composed of tubules and
vesicles as well as cisternae, conventionally called
tubulovesicles (tv in panel C) or, more recently, tubu-
locisternae. Another characteristic feature of PCs are
abundant mitochondria (M), which form an extensive
reticular network throughout the cytoplasm. The reason
is that the export of one H+ ion coupled with the import
of one K+ ion requires the hydrolysis of one ATP mole-
cule by the H+K+-ATPase. The H+K+-ATPase of PCs is a
P-type ATPase composed of a catalytic α-subunit con-
taining sequence information for apical sorting and tar-
geting, and an accessory β-subunit which stabilises the
α-subunit  and contains endocytosis motifs for recy-
cling. This ATPase is the primary gastric proton pump.
In resting PCs, H+K+-ATPase is enriched in the
tubulovesicles, as shown by immunoelectron micros-
copy and through the analysis of transgenic and knock-
out mice.

The three-dimensional structure of the cytoplasmic
membrane system has been controversial since its dis-
covery. The high-pressure, rapid-freezing technique
combined with freeze-substitution and subsequent elec-
tron microscopic analysis of serial ultrathin sections and
of thick sections by high-voltage transmission electron
microscopy of resting PCs has provided a wealth of
information. In addition to a network of coiled tubules
joined by straight tubules and distended tubules, the
majority of membranes seem to exist as single cisternae,
not in continuity with the canaliculi. On stimulation of
PCs, the ATPase-rich tubulovesicles become inserted

into the apical plasma membrane, which results in an up
to 10-tenfold increase in apical membrane surface. This
also results in a notable increase in the number of elon-
gated microvilli of the canaliculi. H+K+-ATPase acquires
K+ and Cl- conductance in the apical plasma membrane
resulting in H+, Cl- and water output. Currently, the
membrane recruitment/recycling model of HCl secre-
tion by PC is prevailing. Eventually, the morphology
characteristic of resting cells is restored through mem-
brane recycling, as evidenced by abundant clathrin-
coated membranes and vesicles.

Acid secretion by PCs is a tightly controlled process
and triggered by paracrine, endocrine, and neural stim-
uli, which bind to specific receptors at the basolateral
plasma membrane. Histaminergic stimulation by hista-
mine released from neighboring ECL cells seems to be
most potent. Other activation pathways are cholinergic
or gastrinergic. They result in elevation of cAMP and
intracellular Ca2+ levels, followed by the activation of
various protein kinases and stimulus-associated protein
phosphorylation. In addition the cortical actin-based
cytoskeleton is involved in membrane recruitment and
thus essential for PC activation.

In humans, autoimmune gastritis due to antibodies
against the H+K+-ATPase results in lack of hydrochloric
acid and of intrinsic factor. The resulting vitamin-B12
deficiency causes pernicious anaemia.

N: nucleus.
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Intercalated cells (ICs) mediate H+ and HCO3
- secre-

tion, and Cl- 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 species, may extend into distal
convoluted tubules and more distal parts of collecting
ducts. ICs are interspersed among the segment specific
principal cells (panels A and B, arrowheads point to la-
teral interdigitations) and express specific proteins such
as carbonic anhydrase II, H+-ATPase and band 3 
through which they can be identified immunocyto-
chemically. Actually, the expression of vacuolar H+-
ATPase is a most characteristic feature of ICs.

By transmission electron microscopy, ICs are distin-
guished by a dark cytoplasm and for that reason often
called dark cells (panel A), a high density of mitochon-
dria, tubulovesicular structures in the apical cytoplasm
(recognisable 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). Fine structural-
ly, ICs show considerable variability. The cytoplasm may
be less dark and the number of mitochondria lower in
ICs of the outer medulla (panel B) as compared to ICs
of cortex (panel A). Furthermore, the apical pole of ICs
can be wide and protruding and be 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 dif-
ferences of the apical part of ICs are related to different
functional states and manifestation of an extensive
membrane recycling between the apical plasma mem-
brane and intracellular vesicles.

Functionally and immunocytochemically, at least
two major subtypes of ICs can be distinguished: the α
and β ICs. Both subtypes exist in cortical collecting
ducts, whereas outer medullary collecting ducts have
only α ICs. The α ICs have an apical H+-ATPase and a
basolateral Cl-:HCO3

- anion exchanger and excrete

HCO3
- basolaterally through apical proton (H+) secre-

tion. The β ICs have an opposite membrane polarity of
these transporters and secrete HCO3- apically, in the
tubular lumen. There is evidence for plasticity of this
functional polarity resulting in the conversion of β ICs
in an α-like IC phenotype. Both, α and β ICs have chlo-
ride channels and a H+K+-ATPase, which are present in
the basolateral plasma membrane.
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Endocrine cells can form distinct organs such as the thy-
roid and adrenal glands, a microorgan in a larger organ
such as the islets of Langerhans in the exocrine pan-
creas, and exist as single cells dispersed in other organs
such as the respiratory and digestive tract. They synthe-
sise, store and secrete polypeptide or steroid hormones
which are important signalling molecules. Endocrine
glands secrete their products in the blood circulation
through which they are transported to distant target
cells. Accordingly, endocrine glands are rich in capillar-
ies. Upon binding of the secreted hormone to its recep-
tor on the target cells, an intracellular signalling cascade
is initiated that regulates essential functions such as pro-
liferation, differentiation and metabolism.

The polypeptide hormone insulin plays a major role
in the control of blood glucose homeostasis and is also

involved in lipid and protein metabolism. Its target cells
are hepatocytes, skeletal and cardiac muscle, adipocytes
and fibroblasts. Insulin is synthesised by the beta cells of
the islets of Langerhans. The cytoplasm of beta cells
contains abundant rough endoplasmic reticulum,
numerous mitochondria, a very well developed Golgi
apparatus and plentiful secretory granules (SG), which
is pheno-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 anastomos-
ing cords of the endocrine cells and the network of cap-
illaries form a functional unit. Insulin becomes secreted
by regulated exocytosis of secretory granules (cf. also
Fig. 40) and afterwards reaches the fenestrated capillaries.

Insulin, like other polypeptide hormones, is synthe-
sised as a large preproprotein, the preproinsulin.
Removal of the signal peptide in the endoplasmic reti-
culum yields proinsulin, composed of an A and a B chain
linked by two interchain disulphide bonds and connect-
ed by the C-peptide. Proinsulin becomes converted into
insulin by the combined action of two endoproteases
and carboxypeptidase H (see scheme). Endoprotease PC
2 cleaves the dibasic pair Arg31-Arg32 at the B-chain/C-
peptide junction of proinsulin and endoprotease PC 3
the dibasic pair Lys64-Arg65 in the A-chain/C-peptide
junction. The exposed dibasic amino acids are removed
by carboxypeptidase H. The proinsulin-insulin conver-
sion occurs in acidifying, clathrin-coated immature
secretory granules in the trans-Golgi region.
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Disorders of pancreatic beta cell function cause differ-
ent clinically important diseases. Among the pancreatic
endocrine tumours, functioning insulinomas give raise
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 gra-
nules which contain insulin and this is shown in panel
A. The cytoplasm of this tumour cell contains numerous
dense core secretory granules which are all positive 
for insulin as detected by immunogold electron
microscopy. Despite this, the insulin-containing secreto-
ry granules differ ultrastructurally from those in normal
human beta cells (cf. Fig. 40). Most of them have no
halo and crystalloid cores are only occassionally
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 proin-
sulin levels. By immunoelectron microscopy, proinsulin
in functioning human insulinomas as compared to nor-
mal beta cells was not only detectable in the Golgi appa-
ratus and immature secretory granules, but additionally
in secretory granules 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 insulino-
ma cell. Obviously, many of the secretory granules
exhibit immunogold labelling for proinsulin. This indi-
cates that a fraction of the proinsulin was not converted
to insulin but nonetheless was sorted and packed into
secretory granules. Eventually, secretory granules posi-
tive for insulin and for proinsulin may undergo exocy-
tosis. It has been shown for beta cells and other neu-
roendocrine cells that immature secretory granules may
be released preferentially over mature granules.
Enhanced proinsulin secretion may be also due to defec-
tive sorting in secretory granules. Carboxypeptidase E
acts as a sorting receptor in the trans Golgi network of
neuroendocrine cells. Mice deficient in carboxypepti-

dase E showed hyperproinsulinaemia caused by unregu-
lated proinsulin secretion via the constitutive secretory
pathway. The significance of this process in human
insulinoma is uncertain.

In functioning insulinoma, the hormone conversion
appears to be affected at different levels. It is not only
incomplete but it already occurs in the Golgi apparatus
and not first in immature secretory granules as in nor-
mal beta cells. The basis for these topographical abnor-
malities in hormone conversion in functioning insuli-
nomas is unclear. There is evidence that the amounts of
endoprotease PC3 are reduced in insulinoma cells which
resulted in a reduced rate of proinsulin-insulin conver-
sion.
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Endocrine cells are widespread either as solitary cells or
in small clusters in the epithelial lining and more rarely
in the connective tissue of the gastrointestinal and respi-
ratory system and also in the urogenital tract and skin.
Although the cells of the diffuse (neuro)endocrine sys-
tem share morphological and biochemical characteris-
tics, they differ greatly not only in location but more
important functionally due to the type of the produced
regulatory substances. None the less, distinct as these
cells may be, they are assumed to constitute a function-
al system. The diffuse endocrine system of the gastroin-
testinal tract is considered to be the largest endocrine
gland of the human body. The pathology of the
(neuro)endocrine system is complex and includes
hyperplastic changes and tumours which can cause
severe hormonal dysregulation.

Panel A shows two endocrine cells in the epithelial
lining of the duodenum. Both contain a large number of
dense core secretory granules, the morphological hall-
mark of endocrine cells (c.f. also Figs. 40 and 93), char-
acteristically located in the basolateral cytoplasm. One
of them represents a somatostatin-producing D cell. It
corresponds to the closed type of single intraepithelial
endocrine cells since it is not reaching the lumen. The
other intraepithelial endocrine cell, a TG cell, produces
a gastrin-cholecystokinin-related hormone. It repre-
sents an open type since its apical, microvilli-bearing
plasma membrane (arrowheads) is exposed to the
lumen. Arrows indicate junctional complexes with
flanking absorptive cells. What is noteworthy is that the
same endocrine cell type may be an open or a closed
type depending on its location. For example, gastric
somatostatin cells are of open type in the pyloric
mucosa and of closed type in the corpus mucosa.

Panel B shows a single insulin-producing cell in the
epithelium of a small excretory pancreatic duct. Insulin
was shown by immunogold labelling. The insulin-pro-
ducing cell seemed to be of the closed type since it was
covered by the cytoplasm of the adjacent cells (arrow-
heads). However, it turned out to be of the open type, as
demonstrated in a subsequent section (inset). The

arrowhead points to the free apical plasma membrane of
the endocrine cell and arrows to junctional complexes.

On stimulation, open and closed type intraepithelial
endocrine cells secrete into the connective tissue from
where their secretory product can reach the lumen of
blood or lymphatic vessels and will act as a circulating
hormone. The secretory product released in the connec-
tive tissue can also act as a paracrine factor on neigh-
bouring target cells (for example, exocrine, endocrine,
muscle and nerve cells). Sometimes it can act as an
autocrine factor on the endocrine cell it was secreted
from. The numerous types of cells of the diffuse neu-
roendocrine system produce more than 100 bioactive
substances including classical polypeptides, neuropep-
tides and growth factors such as insulin, somatostatin,
gastrin, histamine, motilin, substance P, EGF, etc., and
newly discovered regulatory substances such as nitric
oxide, orexins, leptin and ghrelin. A single endocrine cell
type may produce several such regulatory substances.
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The specialised epithelium of the liver exhibits a unique
organisation, which guarantees the fulfilment of multi-
ple tasks. In the liver lobules, which are morphological
and functional units of the liver tissue, hepatocytes
build up branching plates, which are surrounded by
spaces that lead the sinusoidal blood capillaries. It is
clearly visible in the right hand part of the micrograph
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 organisation
of the apical liver cell domains that join to form the
walls of the bile canaliculi (arrows).

Laterally, the plasma membranes contact the neigh-
bouring cells and build up a system of tight, adhering
and communicating junctions (cf. Fig. 97). The basal
cell domains are directed toward the space of Dissé,
which is a narrow space in between liver cells and the
endothelial cells lining the blood capillaries. Extended
areas exist for transport and exchange of substances in
both directions between hepatocytes and blood plasma.
The sinusoidal lumen is limited by the extremely thin
sinus endothelial cells with a discontinuous basal lami-
na. Multiple small and large pores perforate the
endothelial cells (arrowheads) and provide gates for the
blood plasma to get in direct contact with the basal sur-
faces of the liver cells. The multitude of endocytosis and
secretion events taking place at the basal cell surfaces is
mirrored by the abundant microvilli extending into the
space of Dissé and being in contact with blood plasma.

Specialised mesenchymal cells, called cells of Ito, or
fat-storing cells, or stellate cells reside in the space of
Dissé or are localised in between neighbouring hepato-
cytes, as shown in the upper right quarter of the micro-
graph. Cells of Ito are the major fibrinogenic cells of the
liver. They produce extracellular matrix components
(ECM), including procollagen, as well as ECM-degrad-
ing metalloproteinases, and they play a central role in

ECM-remodelling. Multiple lipid droplets are accumu-
lated in the Ito cells´ cytoplasm (asterisks) mirroring
their function as major storage cells of lipid-soluble
vitamins. Containing over 80% of total vitamin A of the
body, cells of Ito have an essential role in the mainte-
nance of vitamin A homeostasis. Activated upon patho-
logic conditions, they transform into proliferative
myofibroblastic cells that express alpha-smooth muscle
actin and produce type I-collagen. Cells of Ito play a
pivotal role in development of liver fibrosis and cirrho-
sis.

By contrast to the cells of Ito, which reside outside of
the sinusoids, Kupffer cells localise 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 unspe-
cific immune system that are able to catch substances
and filter them out of the blood. Owing to their out-
standing position, Kupffer cells can interact directly
with circulating materials and cells and may also be
involved in immunomodulation. A Kupffer cell of typi-
cal 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 Dissé.
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The liver parenchyma functions as both an exocrine
gland producing excretory products to be secreted into
the biliary duct system and an endocrine gland, synthe-
sising 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 trans-
port system visible in the central part of both panels A
and B.

The particular bile canaliculi organisation within a
one-cell layer plate of hepatocytes is illustrated in the
diagram below. Branched bile canaliculi lined by the
apical plasma membranes (BC) run around the
cuboidal hepatocytes. The lateral and basal cell surfaces
interact with neighbouring cells and are directed
towards the sinusoidal capillaries (sinusoid), respective-
ly. White curved arrows indicate the sites of exocrine
secretion, black arrows label the sites of endocrine secre-
tion. K – Kupffer cell, Ito – cell of Ito.

Bile is released into the narrow lumina of the bile
canaliculi 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
contains bile salts, cholesterol, phospholipids, conjugat-
ed bilirubin and electrolytes. Bile salts are necessary for
emulging dietary lipids in the small intestine and are
essential for regular fat absorption. Furthermore,
through the bile metabolic products of drugs and heavy
metals are excreted and IgA is transported to the intes-
tinal mucosa.

The apical hepatocyte cell surfaces lining the canali-
culi display multiple microvilli, possibly occupying
major parts of the luminal space, as shown in panel A.
The surrounding cytoplasm contains abundant mem-
brane profiles of endoplasmic reticulum, Golgi appara-
tus stacks (Golgi), mitochondria (M), peroxisomes
(PO), lysosomes and autophagic vacuoles (AV). Export
of bile constituents takes place via ATP-dependent
export pumps; hence, particular secretory granules are
not visible. Molecular transporters for cholesterol, phos-
pholipids, 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 prevents components of
the bile from entering the intercellular space, the space
of Dissé, and the sinusoidal lumen. Defects of the
occluding junctional system lead to leakages and allow
bile to mix up with the blood, clinically resulting in
jaundice.

In panel A, it is clearly visible that there exist differ-
ent domains in the cytoplasm of the liver cells, with
either rough or smooth endoplasmic reticulum domi-
nating (cf. Fig. 19). Cisternae of the Golgi stacks are
filled with multiple lipoprotein particles (cf. Fig. 98).
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At their extended basal domains, the hepatocytes are in
direct contact with blood plasma that enters the space of
Dissé via multiple pores perforating the endothelial cells
(cf. Fig. 96). By constitutive secretion, multiple
endocrine products of the hepatocytes including albu-
min and a series of plasma proteins required for blood
clotting, such as prothrombin, fibrinogen, and coagula-
tion factors V, VII, and IX, are delivered to the blood.

Lipoprotein particles (LPs) assembled within the
endoplasmic reticulum (ER) lumen and crossing the
Golgi apparatus stacks are transported to the basolater-
al cell domains by a microtubule-dependent mecha-
nism. Lipoprotein particles produced by hepatocytes
belong mainly to the class of very low density lipopro-
teins (VLDLs) measuring 50–80 nm in diameter. They
are perfectly 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 exocytosis sites and their extracellular
destination within the space of Dissé (panel C).

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

the RER-SER boundaries reflect the sites of LP-assembly
near the RER-SER transitions (cf. Fig. 19).

LPs are taken up into the Golgi apparatus (panel B),
where the major glycosylation of LP-associated proteins
takes place. Within the Golgi apparatus, LPs (arrows)
are confined to dilated cisternal subregions. Multiple
LP-containing vesicles (arrows) presumably correspond
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
Dissé, where they enter the blood. Arrowheads indicate
LPs visible in the space of Dissé, where fine collagen
fibres (C) form a delicate network surrounding the
sinusoidal endothelial cells. A continuous basal lamina
is lacking.
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The ependymal cell layer that covers the surface of the
ventricles of the brain and the central canal of the spinal
cord consists of a simple cuboidal epithelium; the cells
are linked by belt desmosomes. Specialised ependyma
regions are present in the third ventricle, characterised
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 build-
ing up a barrier.

The choroid plexus epithelium is another ependyma
specialisation, which differentiates during development
at contact sites with the highly vascularised 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 secreto-
ry and resorptive functions and together with the loose
connective tissue leading dense networks of blood ves-
sels form the choroid plexus.

The choroid plexus is the site of production of the
cerebrospinal 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 on the opposite page shows both
components of the choroid plexus playing a main part
in CSF production, the highly polarised choroid plexus
ependyma and the blood capillary system located
beneath, close to the basal lamina (arrowheads). The
capillary endothelial cells are fenestrated and lack tight
junctions. In a first step of CSF-production, an ultrafil-
trate 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 pre-
vented by the choroid ependyma. Adjacent cells are

extensively interdigitated and the intercellular space is
sealed by occluding junctions (circle), forming part of
the CSF barrier. The choroid ependyma cells contain
abundant mitochondria, plenty of endoplasmic reticu-
lum membranes, and a prominent Golgi apparatus.
They exhibit surface specialisations characteristic of
epithelia involved in transcellular transport. Both the
surfaces of the basolateral and the apical cell domains
are enlarged by extended interdigitating folds and a
brush border of densely packed microvilli, respectively.
Components of the ultrafiltrate enter the cells at the
basolateral surfaces. Na+K+-ATPases, present in the
membranes of the microvilli, pump Na+ into the extra-
cellular 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 receptors, 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 evi-
dence for a passage through the meninges and choroid
plexus.
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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 absorp-
tive cells with the prominent brush border made up of
numerous densely packed microvilli, which are the sites
of final digestion and uptake of nutrients. Microvilli
exist in an approximate number of 3000 per cell, which
immensely increases the luminal cell surface. They
measure 1-2µm in length and contain a filamentous
core, which is composed of actin filaments, crosslinked
by fimbrin and villin, and attached to the plasma mem-
brane 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 organisation of the brush border (cf. also
Fig. 68). Components of the terminal web are associat-
ed with the junctional complex. In particular, actin fila-
ments connected with the belt desmosome in the mid-
dle part of the junctional complex (panel B-2; cf. also
Fig. 77) contribute essentially to the cells-cells expand-
ing motion system. 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 nutrients 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, filamen-
tous network of the glycocalyx (cf. Fig. 74). Intra-
membraneous enzymes are responsible for the final
breakdown of oligosaccharides and oligopeptides. The
products, such as amino acids, di- and tripeptides, and
sugars, are transported across the plasma membrane,
which involves specific membrane channels and carrier
systems. Fatty acids and monoglycerides diffuse into the
microvilli.

Brush border enzymes and other membrane con-
stituents have to be continually renewed and are insert-
ed into the plasma membrane at areas located between
the microvilli. These are the only membrane sites of the

apical surface accessible for fusion and budding events
and from here, membrane invaginations deeply extend
into the terminal web region. They appear as pleiomor-
phic compartments and apical tubules close to the
microvilli rootlets (cf. Fig. 68, panels A and D and Fig.
77, panel B). Their membranes exhibit lipid micro-
domains different to those of the microvilli membranes
and are considered as functioning as a membrane reser-
voir for adaptative changes at the apical cell surface.

Regular absorption requires a clear cell polarity with
distinct boundaries between apical and basolateral cell
surfaces, which are constituted by tight junctions form-
ing 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, lyso-
somes (Ly), and the Golgi apparatus in typical supranu-
clear position (Golgi). Bars indicate the profiles of the
junctional complex, which is shown at higher magnifi-
cation in panel B. Close to the apical cell surface, 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 junc-
tional complex are built up by adhering junctions form-
ing a belt desmosome closely below the tight junctions 
(2; zonula adhaerens) and an additional circle of spot
desmosomes (3; maculae adhaerentes). At more basal
regions, adjacent cells are often interlocked by extended
interdigitations (panel C).
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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. 100), nutrient
constituents are transported to the basolateral cell sur-
faces, where they again leave the cells and enter blood or
lymph capillaries to be distributed in the body. A partic-
ular route across the absorptive cells is travelled 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 transcellular
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 associ-
ate with fatty acid-binding proteins, to be transported
into the apical cytoplasm. In the smooth endoplasmic
reticulum, triglycerides and other lipids are resynthe-
sised and packaged into lipoprotein particles (LPs).
Subsequently exported out of the endoplasmic reticu-
lum and transported to the Golgi apparatus, they are
glycosylated and packaged into vesicles to be transport-
ed to the basolateral cell surfaces. Via exocytosis, they
leave the cell into the intercellular spaces. Particularly
large LPs, which are known as chylomicrons, 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. 97 and 98).

Panels A to 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 particularly prominent in the dilated cisterns of the
Golgi stacks (arrows in panel A), in which they are taken
up after export out of the endoplasmic reticulum. Golgi

cisternae are the sites of VLDL-glycosylation. In the
Golgi apparatus, 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 appar-
ent in the dilated region of the intercellular space
(arrowheads in panel B) located between extended cell-
cell interdigitations and are accumulated in the connec-
tive 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,
since all extracellular fluid of the lamina propria of this
rat small intestinal mucosa contains peroxidase, applied
intravenously in connection with transport experi-
ments, and visualised by oxidation of diaminobenzi-
dine. The lumina of blood capillaries are devoid of
lipoprotein particles (panel C).
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The plasma ultrafiltrate generated in the glomeruli is
extensively modified and concentrated along the renal
tubule. In the proximal tubules, some 70% of the fil-
tered water, glucose, ions, vitamins, low molecular mass
proteins, drugs, and other substances are reabsorbed to
the blood or degraded in lysosomes.

Proximal tubules have function related structural
specialisations: an apical brush border (cf. also Fig. 68)
for absorption from the lumen and a basal membrane
labyrinth (cf. also Fig. 81) for excretion in the extracel-
lular space. These specialisations are important for tran-
scellular transport since they provide vast membrane
surfaces for receptors, carriers, and transporters. The
apical and basolateral plasma membrane domains are
functionally different and thereby establish the epithe-
lial asymmetry. Besides the transcellular route, a para-
cellular route exists for water and ions, which pass the
tight junctions by osmosis.

In proximal tubules, an apical endocytic apparatus
occupies most of the apical cytoplasm (panel A), which
consists of endocytic vesicles (arrow in B) and dense
tubules (arrowheads in B). The sections shown in pan-
els A and B have been stained to preferentially contrast
the carbohydrate coat of the plasma membrane and of
the apical endocytic apparatus. 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 represent 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 labelling, is present in brush border
microvilli and the apical endocytic apparatus. The later-
al plasma membrane (PM) is unlabelled. Megalin was
initially described as the Heymann nephritis antigen gp
330. Many organs (e.g., inner ear, type II pneumocytes,
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 different 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. Since megalin binds a multitude of
ligands, it is regarded as a scavenger receptor. Megalin is
involved in vitamin homeostasis since it binds at least
three vitamin-binding proteins (transcobalmin-vitamin
B12, retinol-binding protein, vitamin D-binding pro-
tein). Further ligands for megalin involve different car-
rier proteins (e.g., albumin, lactoferrin, transthyretin),
various lipoproteins, hormones (e.g., insulin, parathy-
roid hormone, epidermal growth factor), enzymes and
enzyme inhibitors. Polybasic drugs such as the antifibri-
nolytic aprotinin, polymyxin B, and aminoglycosides
such as gentamycin are reabsorbed by megalin and
accumulate in lysosomes of proximal tubules. This is
most probably the basis for the known nephrotoxicity of
polymyxin B and gentamycin.
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The epithelia lining the proximal tubules must adapt to
varying functional demands imposed by changes in the
water-electrolyte homeostasis. Experimental studies in
which animals have adapted to certain salt diets or have
been subjected to hormone treatment have provided a
mechanistic insight into these adaptive changes and will
be illustrated by the example of phosphate ion reab-
sorption.

Phosphate ions (Pi) are filtered by the glomeruli, and
approximately 80% of phosphate is reabsorbed in the
proximal tubules. Reabsorption occurs through the
brush border membrane and requires the presence of
sodium ions (Na). Among the three types of Na/Pi
cotransporters, the Na/Pi-cotransporter NaPi-IIa 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-
IIa cotransporter becomes rapidly downregulated in
response to parathyroid hormone, which results in inhi-
bition of phosphate ion reabsorption. Quantitative elec-
tron microscopy and immunoelectron microscopy
revealed  the steps resulting in the parathyroid hor-
mone-induced NaPi-IIa downregulation. The brush
border membrane became greatly depleted of cotrans-
porter, which accumulated in the apical endocytic appa-
ratus through an increased rate of endocytosis. This
resulted in an enlargement of the apical endocytic appa-
ratus. Panel A illustrates the steady state situation,
whereas panel B shows the acute changes in the apical
tubulovesicules in response to parathyroid 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 the
dense tubules, is clearly visible in panel B. This accumu-

lation of the NaPi-IIa cotransporter was transient and
followed by its degradation in lysosomes, which result-
ed in its rapid downregulation. It could also be shown
that the lysosomal delivery of the cotransporter was
dependent on a taxol-sensitive apical-to-basal re-
arrangement of microtubules.

In human genetic disorders, which result in renal
phosphate wasting, the expression of the NaPi-IIa co-
transporter seems to be decreased by serum factors such
as elevated concentrations of fibroblast growth factor 23.
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Photoreceptor cells are part of the inner sensory retina
and become activated by light. Two major types of
photoreceptor cells exist, which reside in specific regions
in the retina. The rod cells, which contain the photo-
pigment rhodopsin and occupy the periphery of the
retina, are exceptionally sensitive to low light levels and
specialised for night vision. The cone cells occupy cen-
tral parts of the retina and are specialised for high reso-
lution at high light levels and for colour detection. Three
types of cone cells exist based on the photopigment they
contain, which permits discrimination of blue, green,
and red.

Both rod and cone cells are elongated, highly
polarised neurons. Their main structural and function-
al 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. The border between the inner and outer segment
in rod cells is indicated by open arrows in the micro-
graph and shown at higher magnification in the inset.
Inner segments contain numerous elongated mitochon-
dria in addition to endoplasmic reticulum and Golgi
apparatus. They are connected to the outer segment by
a modified cilium (9+0 symmetry) as shown at higher
magnification in the inset (asterisk). In mammals, the
outer segments of rods and cones are cylindrically
shaped. Outer segments contain stacks of double mem-
brane discs (details shown in Fig. 105), in which the
photosensitive visual pigment molecules are embedded.
The various components of the discs are synthesised in
the inner segments and transported into the outer seg-
ments through the narrow cytoplasm surrounding the
connecting cilium. The membrane discs originate from
plasma membrane infolds of the connecting region
from which they pinch off. The visual pigment present
in the disc membranes of rods and cones is rhodopsin,
a highly specialised G protein-coupled receptor.
Rhodopsin is a multispanning membrane protein that
detects photons. It bears two N-linked oligosaccharides
that are required for its full signal transduction activity.
Rhodopsin consists of opsin apoprotein to which the
chromophore is covalently linked. The chromophore is

vitamin A1- derived 11 cis-retinal. Its extended structure
accounts for its visible light absorption properties.
Upon photon capture, the 11 cis-retinal is photoiso-
merised into 11 trans-retinal which changes the confor-
mation of rhodopsin. This initiates a signalling cascade
that results finally in the closing of gated Na+ channels
and hyperpolarisation of the plasma membrane.

The apical ends of the outer segments of cones and
rods are embedded in the pigment epithelium that con-
tains melanin granules, which absorb excess light and
prevent its reflection. Between the two cell types lies the
interphotoreceptor matrix, which functions as a glue.
Separation of the two layers results in retinal detach-
ment, with severe consequences for vision. The function
of the pigment epithelium with regard to outer segment
turnover will be discussed in Fig. 105. In addition to its
nutritional function for the retina, the pigment epitheli-
um has an essential role in metabolic rhodopsin regen-
eration. Bleached rhodopsin disassembles in opsin and
all trans-retinal. All trans-retinal is reduced, transported
to the pigment epithelium, enzymatically oxidised and
re-isomerised to 11 cis-retinal. The chromophore trans-
port to the pigment epithelium and back to the pho-
toreceptor is mediated by the interstitial retinoid-bind-
ing protein.
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Photoreceptor cells are highly polarised and specialised
cells unable to undergo mitotic division. However, they
show the remarkable phenomenon that part of it, the
light sensitive rod and cone outer segments, are contin-
uously renewed whereas the remainder of the cells is re-
latively stable. In panel A, the fine structural organisa-
tion of rod outer segments is shown. It consists of par-
allel arranged, densely packed membrane discs that in
rods are separated from the plasma membrane (inset in
panel A). The space between the apical parts of the outer
segments is filled with processes of the pigment epithe-
lium.

Metabolically pulse-labelled proteins detected by
histoautoradiography could be followed in an orderly
fashion from the Golgi apparatus of the inner segment
into newly forming discs at the base of the outer seg-
ment and from there to the tip. Tips containing discs
finally shed, are phagocytosed and degraded by the pig-
ment epithelium. The pigment epithelium continuously
degrades large amounts of photoreceptor discs and is
involved in the recycling of their components. The
renewal of the rod outer segments is regulated and fol-
lows 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 pigment epithelium is
also of importance when rapidly changing illumination
conditions require adaptation and under conditions
which result in photoreceptor damage and apoptosis.
Not only in relation to the circadian rhythm but also in
abruptly increasing light intensity, 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 phagocytosis by
pigment epithelium. In addition, the rhodopsin levels
are adapted to low and high  light levels, respectively.

Panel B depicts the enormous structural alterations
occurring in rod outer segments after acute bright light
exposure (up to 1000 lx for 2 hours) of albino rat eye. At
higher light intensities, apoptotic photoreceptor death

occurs. White light and certain wavelengths of the visi-
ble spectrum, namely blue light, preferentially induce
photoreceptor apoptosis in vertebrates. In mice, the
availability of rhodopsin during light exposure is one
determinant for the sensitivity to light-induced apopto-
sis. With some delay to photoreceptor cells, apoptosis of
pigment epithelium takes place. Collectively these data
indicate that retinal degeneration can result from pro-
longed exposure to intense light.

In experimental settings with mice, evidence for two
different apoptotic pathways in light-induced retinal
degeneration was obtained. The pathway triggered by
bright light is independent of transducin-mediated sig-
nalling but requires activation of rhodopsin. The other
one induced by low-intensity light is depending on
transducin-mediated signalling.
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The stratified epithelium of the cornea is part of the cor-

neoscleral coat that forms the outer tunic of the eyeball,

protecting its inner structures and, together with the

pressure of the intraocular fluid, maintaining the eye´s

shape and consistency. The anterior surface of the

cornea is built up by the corneal epithelium shown in

the figure on the opposite page.

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 hemidesmosomes (for details cf.

Fig. 127). 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 multiple desmosomes that attach the

cells to one another. In the basal layers, cells are con-

nected by long bridges that span the wide intercellular

spaces.

The cells change shapes during differentiation,

migration, and transport to the upper layers, increasing-

ly becoming flat. The squamous superficial cells in the

outermost layer are particularly rich in cytokeratin fila-

ments. They protect the cells lying beneath from the

external environment. On their apical domains, short

microvilli are present. They are in contact with a pro-

tective 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 stabilise the tear film, preventing

desiccation of the underlying epithelial cells, and form

a barrier to penetration of pathogens.

A barrier leading to impermeability of the corneal

epithelium to water soluble substances is formed by

tight junctions between the superficial cells. Tight junc-

tions are established 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

regulation of water content is necessary  (cf. Fig. 126).

Recent data provide evidence that the water transport-

ing proteins aquaporin 5 and 1, expressed in the corneal

epithelium and in the corneal endothelium, respectively,

provide main routes for water transport across the

epithelial and endothelial barriers of the cornea.
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The stratified squamous keratinised 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 penetra-
tion, and exsiccation. The epidermis is self-renewing
and differentiation of the cells from the innermost ger-
minative layer, where cells undergo mitosis, to the sur-
face is connected with keratinisation 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 differentiated cells
with their cell envelope, extracellular lipid and tight
junctions.

Most epidermal cells belong to the class of ker-
atinocytes, which are arranged in four layers (strata)
reflecting the mechanical and barrier functions of the
epithelium and the process of keratinisation. All four
layers of the epidermis are shown in the figure. The epi-
dermis covers the connective tissue 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. 69 and 85).
They are associated with desmosomes connecting adja-
cent cells and with hemidesmosomes anchoring the
basal cell domains to the basement membrane, which
forms the bordering layer between dermis and epider-
mis (cf. Fig. 85).

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

Both cells of the basal and of the spinous layers con-
tain multiple melanin granules (arrows) appearing as
particularly dense dots within the cytoplasm. Melanin is
produced in melanocytes (M) by oxidation of tyrosine
to 3,4-dihydroxyphenylalanin by the enzyme tyrosinase
primarily stored in premelanosomes and subsequently
transformed 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. They are trans-
ferred to the keratinocytes by uptake of the tips of the
melanocyte extensions, a process termed cytocrine
secretion. One melanocyte contacts approximately 36
keratinocytes, forming a functional unit: the epidermal
melanin unit. In the micrograph, a melanocyte (M) is
apparent in the central part of the basal layer. Multiple
melanocyte processes are visible between the ker-
atinocytes (cf. Fig. 85).

The third layer is designated the granular layer (stra-
tum granulosum) after the prominent keratohyalin
granules occurring in the cytoplasm of the ker-
atinocytes. At the transition from the spinous to the
granular layer, the cells become flattened. They still are
interconnected by multiple desmosomes. 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
consists of transforming keratinocytes. It represents a
particular stratum lucidum in the thick epidermis cov-
ering the palms of the hands and the soles of the feet.
The outermost part of the horny layer is made up of ter-
minally differentiated keratinocytes lacking cell
organelles and nuclei. They form flattened squames
with a highly resistant compound envelope (cf. Fig. 108).
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Keratinocytes undergo a specific programme of differ-
entiation 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 finally lead to
the keratinocytes´ death. The dead cells embedded and
sealed in their lipid secretions form the insoluble and
fluid impermeable superficial horny layer of the epider-
mis.

Panel A shows keratinocytes of the spinous layer
containing thick bundles of tonofilaments (tonofibrils)
which extend into the spinous-like cell bridges and
attach to the plaques of the spot desmosomes (maculae
adhaerentes; cf. Fig. 79) connecting the neighbouring
cells. The keratin types 5 and 14 present in the basal ker-
atinocytes 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 desmosomes
are shown at higher magnification in the inset. Both the
dense cytoplasmic plaques containing desmoplakin and
plakoglobin proteins and the intercellular dense materi-
als composed of the glycosylated extracellular domains
of the interlocking cadherins, such as desmoglein1 and
desmocollin3, are well visible. Tonofilaments are
anchored to the dense plaques. Some of the events lead-
ing to the characteristic cell changes during keratinisa-
tion 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 promi-
nent 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 ker-
atinocytes 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,
involucrin and the plakin proteins envoplakin and
periplakin forms. It becomes further reinforced by

insertion of additional structural proteins such as lori-
crin and small prolin-rich proteins. Desmosomes seem
to nucleate the initial processes leading to the formation
of this scaffold underneath the plasma membrane.
During this process, cells become permeable and by
Ca2+-influx, transglutaminases are activated which irre-
versibly cross-link the scaffold proteins resulting in the
formation of a continuous layer at the inner surface of
the plasma membrane (arrowheads panel C). Nume-
rous lamellar bodies (Odland bodies; arrows in panel C)
are apparent in the cytoplasm of keratinocytes. They
start to occur in the spinous layer. Their lamellar prod-
uct, the glycoplipid acylglucosylceramide, is secreted in
the intracellular space (asteriks in panel C) and cova-
lently linked to involucrin. The cell envelope together
with the multilamellar extracellular lipid constitutes the
compound cell envelope. Under the electron micro-
scope, the extracellular both lucid and multilamellar
material and the dense compact cell surface correspond
to the two parts of the compound cell envelope (arrow-
heads and asterisks in panel B).

Changes of the keratin-filaggrin complexes still
occur after the cells have lost their transcriptional abili-
ty. This is mirrored by the ultrastructural changes dur-
ing progression from the inner to the outer horny layers,
as shown in the upper part of panel B. The outermost
cells are continuously shed. Cell desquamation is con-
nected with a progressive loss of desmosomes of which
remnants can be seen in the horny layer.
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The upper part of the respiratory tract functions as an
air-conducting system. Here, warming and moistening
of the inhaled air and the removal of inhaled particles
occurs. It is lined by the pseudostratified respiratory
epithelium, which consists of four cell types. (1) The
columnar ciliated cells, which possess cilia that project
from their apical plasma membrane and function in the
autonomous, coordinated movement of luminal con-
tent. (2) The goblet cells (MC in A), unicellular glands
synthesising and secreting mucus, which forms part of
the mucus blanket. The mucus blanket functions as a
lubricant and a protective layer. (3) A small number of
neuroendocrine cells (also referred to as Kultschinsky
cells), dispersed in the epithelium. (4) The basal cells,
which function as stem cells for the regeneration of the
respiratory epithelium.

The cilia are motile cytoplasmic extensions of the
ciliated cells and 4-6 µm long (panel A). Their core
structure is the axoneme (AX in panel B), a micro-
tubule-based structure, surrounded by the plasma
membrane (panels B, C, D, and diagram). The axoneme
is composed of one central microtubule pair (C in
diagram) and nine peripheral arranged microtubule
doublets, the so-called 9+2 arrangement. The peripher-
al microtubule doublets consist of one complete micro-
tubule (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 consists of 9
single peripheral microtubules and a central pair (panel
D).

The 9+2 arrangement is joined and stabilised by
accessory proteins. Radial spokes (S in diagram) extend
from the A-microtubules and insert toward the inner
sheet, which surrounds the central microtubule pair.
They participate in the conversion of the sliding into a
bending movement. 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 sliding. From the A-
microtubules pairs of dynein arms (O and I in the dia-
gram) extend. Dyneins are microtubule-associated
ATPases and instrumental in microtubule sliding. Upon
ATP hydrolysis by dyneins, the outer doublets slide rela-
tive to each other, and this results in bending of the cilia.
Thus, sliding and bending is the basis for ciliary move-
ment. 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 phar-
ynx. In the absence of the outer dynein arms, slow ciliar
beating is possible.

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
recognised (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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Functional impairment or lack of the ciliary machinery
of the respiratory epithelium results in serious chronic
airway disease. Owing to lacking, deficient, or uncoordi-
nated ciliar motility, mucociliary clearance is affected.
This results in accumulation of mucus and particles,
including 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 dis-
ease, and several different ultrastructural alterations of
the cilia have been documented. However, the relation
between functional impairment and altered ultrastruc-
ture 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 miss-
ing spoke heads, (e) peripheral microtubule abnormali-
ties with single microtubules (panel D), (f) missing pair
of central microtubuli with transposition of a peripher-
al one (upper axoneme in panel E), (g) supernumerary
pair of central microtubuli (upper axoneme in panel F),
(h) or missing single central microtubulus (upper
axoneme in panel G). It should be noted that cilia with
normal ultrastructure may be immotile or dysmotile.
Usually the correlation between ciliary and spermato-
zoal motility is good, and the same defects can be
observed in ciliated cells and spermatozoa of the same
patient.

The Kartagener syndrome is a subgroup of the
immotile cilia syndrome and due to dynein deficiency.
Clinically it is characterised by a situs inversus,
bronchiectasis and chronic sinusitis. The relation
between the immotile cilia syndrome and situs inversus
is not entirely clear. However, it has been proposed that

functional impairment of monocilia in early embryonic
development is causative. Monocilia on embryonic cells,
specifically the primitive node, rotate rapidly in a clock-
wise direction and are assumed to be involved in the
establishment of the left-right asymmetry of the body.
Due to immotile or dysmotile monocilia, there is a 50%
chance for situs inversus.

The immotile cilia syndrome is an autosomal reces-
sively inherited trait. Because many axonemal proteins
are potentially involved, mutations in different genes
must exist. Mutations in the gene coding for an inter-
mediate-chain dynein located at chromosome 9p13-p21
have been shown to be associated with the absence of
outer dynein arms.
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The alveoli as the most distal part of the respiratory
tract function primarily in gas exchange. They provide a
surface of approximately 75 m2 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 synthesised
by endothelia and type I pneumocytes (alveolar cells),
(3) thin cytoplasmic extensions of type-I  pneumocytes,
and (4) red blood cells (RBC) (panels A and B). The flat
type-I pneumocytes represent about 40% of the alveolar
cell population and cover some 90% of the alveolar
surface. The cuboidal type-II pneumocytes (panel C),
the second alveolar 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 pulmonary surfactant,
which consists of phospholipids, cholesterol, and
specific surfactant proteins. The active surfactant
phospholipids, mainly dipalmitoylphosphatidylcholine,
reduce the alveolar surface tension and prevent their
collapse. Type-II pneumocytes have secretory granules,
the multilamellar bodies (MLB in C and D), which
contain the pulmonary surfactant. Surfactant is secreted
in the alveolar lumen (panel D) and spreads as a
monolayer of phospholipids (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
most important roles in the organisation of the
multilamellar bodies and the tubular myelin, and in 
the formation of a stable, functional 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 organisation and meta-
bolism of the surfactant phospholipids. They belong 
to the collectin protein family, which possess a 
C-type lectin domain at their C-terminus 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 opsonised by the surfactant proteins A and D,
which facilitates their phagocytosis by pulmonary
macrophages and monocytes. However, surfactant pro-
teins A and D also have direct antimicrobial effects and
inhibit the growth of Gram negative bacteria.

Type-II pneumocytes are the stem cells of the alveo-
lar epithelium and thus progenitor of type-I pneumo-
cytes, and involved in repair after lung injury. Both type-
I and -II pneumocytes function in ion and water trans-
port and therefore are important for the homeostasis of
the surfactant hypophase.
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The wall of the urinary passages, including the surfaces
of the renal pelvis, the ureters, the urinary bladder, and
proximal parts of the urethra is covered by a unique spe-
cialised 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. The urothelium per-
mits the retention of urine and forms a barrier that
makes it impermeable for water and movement of ions
and metabolites. 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. These special func-
tions are related to characteristic apical membrane spe-
cialisations visible under the electron microscope.

The survey electron micrograph of a segment of the
mouse urothelium in panel A shows three cell layers
containing basal cells in the lower part of the picture,
neighboured by intermediate cells in the middle part of
the micrograph, and an umbrella cell in superficial posi-
tion. The wrinkly apical surface of the umbrella cell vis-
ible in the transmission electron micrograph in panel A
is shown in scanning micrographs in panels B and C.
The arrows in the rectangle in panel B label the borders
between three neighbouring 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 mag-
nification in panel C. A particular area marked by a rec-
tangle 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 forma-
tions are almost entirely covered with plaques consisting
of two-dimensional crystals of hexagonally packed 16 nm
particles (see diagram Fig. 113) composed of uroplakins
(UP), a family of at least five proteins that include the
tetraspan proteins UPIa and UPIb, as well as the type-I
single-span proteins UPII, UPIIIa, and UPIIIb.

Morphologically, plaque areas are characterised by an
asymmetric unit membrane (AUM), shown in the inset
in panel A. Because of the particular shapes and loca-
tions 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. Furthermore, the wrinkly apical
architecture of the umbrella cells with the scalloped for-
mations reflects the dynamics necessary for the surface
adaptations during the cyclical variations of the luminal
contents of the urinary bladder. The sizes of scalloped
surface formations are comparable with the average
diameters of the fusiform membrane vesicles present in
the cytoplasm of the umbrella cells that fuse with the
luminal plasma membrane to enlarge the luminal sur-
face during filling of the bladder (cf. Fig. 113). In the
centre of the scanning micrograph in panel C, the bor-
ders between three adjacent cells are visible as thin lines.
Here, the cells are connected by complexes of tight and
adhering junctions.
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Plaques are not restricted to the apical plasma mem-
brane of the umbrella cells (cf. Fig 112) but also found
in the specialised fusiform membrane vesicles occupy-
ing the cytoplasm of these cells and assumed to be close-
ly connected with processes occurring during adapta-
tions of the urothelial cells to the varying luminal con-
tents and pressures in the urinary bladder as it fills and
empties. Fusiform vesicles are accumulated in the apical
cytoplasm close to the apical surface. They may occur as
single vesicles but are often arranged in groups or stacks
closely associated with components of the cytoskeleton,
which include a trajectorial network of cytokeratins in
the subapical cytoplasm of the cells. Panels A and B
show fusiform vesicles in umbrella cells of the mouse
urothelium in an ultrathin section and in a freeze frac-
ture replica, respectively. The asymmetric membrane
(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 due to the presence of uroplakin particles.
In the freeze fracture replica of panel B, exoplasmic frac-
tured surfaces of fusiform vesicle plaques are shown
containing arrays of densely packed uroplakin particles
(arrowhead). Fusiform vesicles presumably are formed
in the Golgi apparatus, are involved in the transport of
membrane constituents and secretory cargo to the api-
cal cell surface of the umbrella cells, and have a crucial
role in the response of the urothelium to the changes of
the hydrostatic pressure during filling and voiding of the
bladder. Filling of the bladder stimulates fusiform vesi-
cles to fuse with the apical plasma membrane of the
umbrella cells, which leads to an increase of the luminal
cell surface. In a recent model, exocytosis of fusiform
vesicles is coupled with endocytosis and delivery of
endocytosed vesicles to lysosomes. On voiding, the pool
of fusiform vesicles is assumed to be re-established by
both endocytosis and de novo synthesis.

The diagram summarises characteristics of urothe-
lial umbrella cells and shows a model of the asymmetric
membrane of a plaque containing AUM uroplakin par-
ticles.

Plaques in the membranes of the apical cell surface
and fusiform vesicles characterised by an asymmetric
unit membrane are indicated by thick lines; the model
of the asymmetric unit membrane with uroplakin par-
ticles (AUM-particles) shown in the inset corresponds
to membrane areas in fusiform vesicles and the apical
plasma membrane marked by rectangles and asterisk. E:
exoplasmic surface; P: protoplasmic surface; Ly: lyso-
some.

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 alter-
ations.
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The inner lining of blood and lymphatic vessels is a sim-
ple, squamous epithelium, designated as “endothelium”.
The endothelium holds multiple tasks and is diversely
developed according to the different functions in the
various segments of the macro- and microvascular sys-
tems. 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 transport
mechanisms existing in capillaries. Capillaries are
exchange vessels and can be classified in three main
types, continuous capillaries (panels A and B on the
opposite side), discontinuous capillaries and fenestrated
types (cf. Figs. 96 and 115, respectively).

Panel A presents a continuous capillary with the
complete endothelium (E) and an embracing pericyte.
Details of the endothelium are on display 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 paracellular transport. In continuous
capillaries, the multitude of transendothelial traffic
including fluids, solutes, and macromolecules occurs by
transcellular transport via small vesicles, which are
transported in both directions from apical to basolater-
al cell surfaces and vice versa. In the endothelial cells
shown in panels A and B, numerous caveolae are visible
close to the cell surfaces, and small transport vesicles are
abundant in the cytoplasm. There is evidence that the
endothelial barrier function in part is regulated by the
transcellular transport of albumin and other macromol-
ecules via caveolae (caveolae – cf. Fig. 46). In microvas-
cular endothelial cells, interactions between a 60-kDa
endothelial cell surface albumin-binding protein and
caveolin-1 have been identified being supposed to acti-
vate signalling pathways eventually leading to vesicle
formation and transendothelial vesicle transport. Other
proteins, such as transferrin, are transported via
clathrin-dependent mechanisms (cf. Fig. 41). 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 per-
icyte (panel A). The complete endothelial part of the
capillary is surrounded by a continuous basal lamina
(arrowheads in A and B), which also continuously cov-

ers the surface of the pericyte embracing the endotheli-
um.

Within endothelial cells, a number of bioactive sub-
stances including hormones, adhesive molecules, and
factors of the coagulation system, are stored and on dis-
turbance 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 haemostasis
processes. The insets in panel B show endothelial cell-
specific storage vesicles, the Weibel-Palade bodies, in
cross section and longitudinal section (insets a and b,
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. Von Willebrand
factor serves as a stabilising chaperone for factor VIII,
an essential cofactor of the coagulation system.
Weibel-Palade bodies also contain a range of other pro-
teins, such as endothelin, interleukin-8 and P-selectin,
which also are exported on stimulation via the regulat-
ed secretory pathway and are considered to be modulat-
ing local and systemic inflammatory and vasoactive
responses.
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Fenestrated capillaries are characterised by the existence
of pores within the endothelial cells and form special-
ised 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 endothelium (cf. Figs. 96 and 97).
The pores in the fenestrated capillaries like windows
(fenestrae) are spanned by a diaphragm formed by radi-
ally oriented fibrils. They are homogenous in diameter
(70–80 nm) and constitute specific transport sites with-
in the endothelial cells, also referred to as filtration
pores. The basal lamina is complete, which again con-
trasts to the discontinuous sinusoidal capillaries in the
liver, spleen and bone marrow possessing only rudi-
ments of basal laminae.

The micrograph of a fenestrated capillary of the rat
pancreas in panel A shows that the endothelial cells are
overlapping and linked to each other. Different cell
domains are apparent. At the left hand side, the
endothelial cell shows abundant caveolae and transcyto-
sis vesicles resembling the situation in continuous type
capillaries (cf. Fig. 114). At the lower right-hand side,
the endothelium is extremely flat and typical fenestrae
are inserted (arrowheads). The basal lamina is not inter-
rupted and continuously 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 characterised by the presence
of multiple transcytosis vesicles. Caveolae show charac-
teristic narrow neck regions, as they occur during their
budding to form transport vesicles by fission from the
plasma membrane. In panel C, an unmyelinated nerve
fibre of the vegetative nerve system is visible in between
the pancreatic secretory epithelium on the left-hand and
the fenestrated endothelium 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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The ultrastructures of endothelial cells of a capillary and
a large artery shown in panels A and B, respectively, pro-
vide 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 ribo-
somes, extended rough and smooth endoplasmic retic-
ulum, 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. 114) 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 mus-
cle cells. They also are involved in the regulation of
transendothelial migration of inflammatory cells and
control vascular cell growth. Endothelial cells reorient in
response to shear stress, a process connected with exten-
sive remodelling of the actin cytoskeleton.

The uneven apical microarchitecture of cell surfaces
mirror the high dynamics connected with the multiple
exocytosis 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 pene-
trate the basal lamina and interact with matrix compo-
nents and neighbouring 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.
114). In the arterial wall shown in panel B, several
prominent long, thin cell processes (arrows) penetrate
the broad internal elastic lamina. They stick in basal
lamina sheets, which cover the innermost smooth mus-

cle 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 endothelium and smooth muscle cells is
mainly occupied by the internal elastic lamina. In the
wall of vessels, precursors of elastic fibres (cf. Fig. 124)
are smooth muscle cell products. Arrowheads label a
spur-like dense area in the innermost muscle cell (cf.
also Fig. 138).

Endothelio-matrix interactions are crucial for the
vessel wall organisation and new formation of vascular
tubes during both vasculogenesis in the embryo and
angiogenesis from pre-existing vessels, as occurs during
wound healing, chronic inflammation, development of
collateral circulation and vascularisation of tumours.
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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. also Fig. 83A). 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. 115) for the larger
size of pores and lack of diaphragms. The podocytes
protrude in the urinary space (US), and their peculiar
shape is best appreciated by scanning electron
microscopy (panel C). From their cell body, long rami-
fications originate, the primary processes, that embrace
the capillaries. From them interdigitating secondary
processes originate, the foot processes, which form the
narrow filtration slits (30 – 40 nm wide), which are
bridged by slit diaphragms (arrows in panel B). Slit
diaphragms 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 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 podocalyxin, which acts as an antiadhesin.
Nephrin, which belongs to the immunoglobulin super-
family 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 perme-
able for water, and only the slit diaphragm poses a bar-

rier. The negative charges of endothelia and the GBM
are important to filter macromolecules according to
their charge, whereas the selection according to molecu-
lar mass and configuration occurs in the GBM and at
the level of the slit diaphragms. Through their endocytic
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 subendothelial space.
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The impairment of the glomerular filter occurring in
various acquired and inherited diseases results in a
nephrotic syndrome characterised by proteinuria, oede-
ma, hypoalbuminaemia, and hyperlipidaemia. In mini-
mal change glomerulopathy, diffuse effacement of
podocyte foot processes (panels A, B), absence of slit
diaphragms (arrows in B), lipid droplets in podocytes
(asterisks in B), and microvilli hypertrophy (arrowheads
in panels A and B) are observed. Podocyte detachment
from the glomerular basement membrane (GBM) may
occur. Protein reabsorption by proximal tubular epithe-
lia 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 podoplanin was observed.

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 due to mutations of the
NPHS1 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 pathological conditions show the
importance of nephrin and podocin in normal
glomerular filtration.

An immunoglobulin superfamily protein, the CD2-
associated protein (CD2-AP), known to be involved in
contact stabilisation between T cells and antigen pre-
senting cells, has been shown to cause a congenital
nephrotic syndrome 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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Membranous glomerulonephritis represents an
immune complex-mediated disease and is associated
with the nephrotic syndrome or isolated severe protein-
uria. Primary idiopathic forms are caused by unknown
antigens and secondary forms are associated with infec-
tions, such as hepatitis B and syphilis, autoimmune dis-
eases, such as systemic lupus erythaematosus and
rheumatoid arthritis, or various drugs, such as penicil-
lamine and gold. Depending on the structural alter-
ations four stages of membranous glomerulonephritis
can be distinguished.

The fine structural hallmark of membranous
glomerulonephritis are dense amorphous deposits that
are located between the outer aspect of the glomerular
basement membrane and the podocytes (asterisks). In
the postinfectious forms, the deposits are dome shaped
humps (see also inset), and polymorphonuclear neu-
trophilic granulocytes (PMN) can be detected in the
capillary lumen. Because of their location, they are
called subepithelial deposits and found along virtually
all glomerular capillaries as can be appreciated in the
electron micrograph. The subepithelial deposits are not
the only fine structural change, since extensive efface-
ment 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 (primary forms) or C1q (secondary forms
with systemic lupus erythaematosus). The immune
complexes are probably formed in situ by circulating
antibodies binding to an unidentified glomerular anti-
gen of the capillary walls or binding to ill defined extrin-
sic antigens deposited here.

An example for the in situ immune complex forma-
tion is the experimental Heyman nephritis. The nephri-

togenic antigen megalin (formely 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 situ to the antigen, and this results in
progressive formation of subepithelial immune com-
plexes.
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Membranoproliferative glomerulonephritis is represen-
tative of different disease entities with different aetiolo-
gies and clinical signs. The type-1 membranoprolifera-
tive glomerulonephritis is an immune complex-mediat-
ed 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, tumours, and systemic immune
abnormalities. Among the infectious diseases, hepatitis
C is the predominant cause. The causative factors of the
membranoproliferative glomerulonephritis are circulat-
ing immune complexes, and this results in the second-
ary activation of the classical complement pathway.

The fine structural hallmark of the membranoproli-
ferative glomerulonephritis type-1 consists of dense
amorphous deposits located between the inner aspect of
the glomerular basement membrane (GBM) and the
endothelia (asterisks and inset). Because of their loca-
tion, they are called subendothelial deposits and found
along virtually all capillaries in a given glomerular lob-
ulus. These deposits can be massive, as illustrated in the
micrograph. The deposits are composed of C3, IgG and
IgM and can be visualised 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 nar-
rowed lumen of the capillary caused by swelling of the
endothelia and expansion of mesangial cells is evident.
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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 glomerulopa-
thy. The fine structural alterations affect all parts of the
capillary wall as can be well appreciated from the elec-
tron micrograph. The glomerular basement membrane
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 struc-
tures, 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 dedifferentiation with loss
of fenestrations. The capillary lumen is usually narrow.
By immunofluorescence, IgM, C1q, and C3 can be
detected in the capillary wall and in the expanded
mesangium.
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The connective tissue, composed of cells and extracellu-
lar matrix, forms a framework designated as stroma,
which connects and supports all other tissues of the
body. However, it is not an inert scaffolding to stabilise
other tissues and organs only, but is dynamic and the
site of multiple regulatory processes involved in tissue
organisation, development, wound healing, immune
response and organ repair. The extracellular matrix is
constantly renewed and molecules of the extracellular
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 tumour invasion, metastasis and
tumour angiogenesis.

The extracellular matrix is produced by fibroblasts,
and mainly consists of fibrils and fibres of collagen and
elastin embedded in a ground substance of non-collage-
nous glycoproteins and proteoglycans. Fibrils, fibres and
components of the ground substance differ between the
different types of connective tissue. Contents and archi-
tectures of the diverse collagen and elastic fibres deter-
mine the tissue´s properties, such as consistency and
elasticity. This in turn forms the basis for the classifica-
tion in loose connective tissue shown here in Fig. 122, in
dense irregular and dense regular connective tissues (cf.
Fig. 126), and in reticular and elastic tissues. Collagen is
constituent of thick collagen fibres (type-I collagen, cf.
Fig. 124) and of fine reticular fibres (mainly type-III col-
lagen) present in the fibrillar layers of basement mem-
branes (cf. Fig. 82), and in the reticular connective tissue
of the bone marrow and lymphatic organs.

Loose connective tissue is shown in the survey
micrograph on the opposite page. 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
(M) of the muscle layer is on display in the left lower
corner. The main part of the micrograph 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 posi-
tion. It is clearly visible that the main architecture of the
tissue is made up by two types of networks, the one con-
sisting of fine fibroblast processes (F), the other built by
collagen fibrils and fibres (C). Longitudinal and cross
sections of collagen fibres are apparent side by side indi-
cating the reticular arrangement. Collagen fibrils also
accompany multiple unmyelinated nerve fibres of the
vegetative nerve system (asterisks).
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In panels A and B, an active fibroblast and its inactive
counterpart, referred to as fibrocyte, are on display,
respectively. Fibroblasts constitute the main resident
cells of the connective tissue. They synthesise and
secrete both the components of the connective tissue
ground substance and the precursor molecules of vari-
ous types of collagen and elastic fibres. The secretory
program of the fibroblasts determines the composition
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 syn-
thesis. In the karyoplasm, nucleoli are prominent. The
long cytoplasmic 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 sub-
sequently transported to the cell surfaces and exported
via exocytosis. All components of the ground substance,
as well as procollagens and components of elastic fibres
are secreted constitutively. Unlike the events during reg-
ulated secretion (cf. Fig. 39), cell products are continu-
ously packaged at the Golgi apparatus and subsequent-
ly exported; they are not accumulated in the cells. Both
transport of nascent secretory molecules across the
Golgi stacks and their pathways from the Golgi appara-
tus to the cell surface were subjects of extensive studies.
Procollagen molecules traverse the Golgi apparatus and
move synchronously through the Golgi stacks together
with other cargo proteins without leaving the cisternal
lumen. The extremely fine end pieces of the fibroblasts´
processes (arrows) are in contact with each other and
build up a network, which, together with bundles of col-

lagen 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 fibres (C) leading to a com-
partmentalised organisation of the tissue. In tendons,
the respective fibroblasts are called “wing cells”.

In panel C, a higher magnification of the macro-
phage shown in Fig. 122 is on display. The surface is
jagged and shows deep invaginations of the plasma
membrane and multiple endocytosis profiles. Macro-
phages are mobile cells deriving from monocytes in the
blood (cf. Fig. 154). They are equipped with extensive
phagocytic properties and contain abundant lysosomes
and phagosomes (cf. Figs. 48 and 125). As in other tis-
sues and organs, macrophages fulfil important tasks
during unspecific and specific immune reactions. In the
connective tissue, macrophages also are involved in the
turnover of extracellular matrix materials and senescent
fibres. Elastic fibres (E) and collagen fibrils (C) are
apparent close to the surface of macrophages and are
present in the spaces that are formed and surrounded by
deep plasma membrane invaginations.
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Both the precursors of collagen and elastic fibres are
synthesised and secreted by fibroblasts and assemble
extracellularly to form fibrils and fibres. Panel A shows
collagen (C) and elastic fibres (E) in the loose connec-
tive tissue of the small intestinal wall. It is the type-I col-
lagen that forms particularly thick fibres measuring up
to 20 micrometers in diameter. Collagen fibres are com-
posed of collagen fibrils (C in panel B), which show a
characteristic striated pattern effected by differentiated
staining due to the staggered array of the individual
tropocollagen molecules (diagram). Arrows in panel A
indicate unmyelinated nerve fibres.
Formation of collagen fibres is summarised in the
diagram:

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

2. Terminal glycosylation in the Golgi apparatus.
3. Packaging into secretory vesicles and procollagen exo-

cytosis.
4. Extracellular removal of the non-helical domains of

procollagen by action of procollagen peptidase, for-
mation of tropocollagen.

5. Formation of collagen fibrils by self-aggregation of
tropocollagen molecules in a staggered array. Cross-
links between tropocollagen molecules are catalysed
by lysyl oxidase (arrow).

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

The diagram is drawn according to Kierszenbaum
(2002).

Elastic fibres (E in panels A, C and D) have unique
properties. Like a rubber, they recoil passively after tis-
sues have been stretched. They are made up of elastin
and microfibrils (arrows in panel D), composed of fib-
rillins 1 and 2 and associated glycoproteins. Microfibrils
initiate formation of elastic fibres and form a scaffolding
for elastin. Panel D shows that elastin and microfibrils
are closely associated. Microfibrils are present in the
fibre´s interior and form an enclosing layer outside
(arrows). The elastic fibre in panel D is surrounded by
fine branching processes of fibroblasts (F).

Precursors of elastic fibres are produced by fibro-
blasts, as well as by chondroblasts in the elastic cartilage,
and by smooth muscle cells in the walls of blood vessels.
All three components of elastic fibres - tropoelastin, fib-
rillins 1 and 2, and microfibril-associated glycoproteins
- are synthesised on the rough endoplasmic reticulum
and, after glycosylation in the Golgi apparatus, packaged
into secretory vesicles and exported via exocytosis.
Extracellularly, tropoelastin assembly is initiated by
bundles of microfibrils. Cross-linking of tropoelastin is
catalysed by lysyl oxidase. Oxydised lysins condensate
into a desmosin ring that covalently cross-links tropoe-
lastin molecules to each other. Fibrillins 1 and 2 provide
a force-bearing support and regulate further tropo-
elastin assembly. Immature elastic fibres formed initial-
ly aggregate to build up mature elastic fibres. The two
amino acids desmosin and isodesmosin are characteris-
tic for elastin; they are necessary for cross-linking
mature elastic fibres and are responsible for their “elas-
tic” properties, allowing stretching and recoil.
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In contrast to fibroblasts and fibrocytes, which are resi-
dent cells, a range of connective tissue cells are blood-
and bone marrow-derived and secondarily migrate into
the connective tissues. They are commonly designated
as “mobile connective tissue cells” and altogether fulfil
key roles in the specific and unspecific immune system.
Mobile cells are particularly abundant at all sites where
contacts with harmful substances and microbial inva-
sion are facilitated. Particularly rich in mobile cells are
the mucosal connective tissues of the respiratory and
the alimentary systems.

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
granulocytes make up approximately 2–4% of the total
leukocytes in the blood (cf. Fig. 153) and in connective
tissues, are particularly prominent in the lamina propria
of the small intestine. The specific eosinophilic granules,
because of their crystalline centre (asterisk), show a
unique appearance under the electron microscope. The
main component of the crystalline center is the “major
basic protein”, which disrupts the membranes of para-
sites. After binding to the surface of parasites, the gran-
ule contents are released directly onto the parasites´
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 haematopoietic lineage, are also designated as secre-
tory lysosomes (cf. Figs. 48, 49 and 153).

Plasma cells are the immunoglobulin-producing
cells of the specific humoral immunity. They derive
from the differentiation of B lymphocytes after antigen
stimulation. Plasma cells synthesise and secrete anti-
bodies that bind specifically to that antigen, which orig-
inally has activated the precursor B lymphocyte. Plasma
cells remain in the tissue, while their products, the anti-
bodies, are distributed throughout the body. The plasma
cell nucleus exhibits a typical cartwheel configuration,
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´ engage-
ment in the synthesis of high amounts of glycoproteins.
Another segment of a plasma cell (P) is on display in
panel C.

Panel B shows a macrophage (MA) with huge lyso-
somes (Ly) accumulated in the cytoplasm. Its ultra-
structural appearance mirrors the crucial functions of
macrophages in the immune defence connected with
phagocytosis, breakdown of engulfed substances in lyso-
somes and presentation of antigens, and degradation
and turnover of extracellular matrix materials and
senescent fibres (cf. Figs. 122 and 123).

A mast cell (M) together with a part of a plasma cell
(P) are on display in panel C. Mast cells have a crucial
role in the defence system and also are involved in
pathologic immune reactions, such as allergies.
Products of mast cells facilitate the movement of cells
and molecules into sites of foreign invasion. Histamine
released from the storage granules upon mast cell acti-
vation increases vascular permeability and mast cell-
derived chemotactic mediators attract mobile cells, such
as monocytes, neutrophilic and eosinophilic granulo-
cytes to the site of mast cell activation. In the cytoplasm
of non-activated cells, storage granules (asterisks) are
accumulated. They mainly contain histamine, heparin,
proteoglycans, and a set of proteases, such as tryptase
and chymase. The granule contents are released on acti-
vation of the cells, together with inflammatory activa-
tors produced at the time of activation. Mast cells are
activated by binding of a specific antigen, which bridges
two immunoglobulin E molecules anchored to recep-
tors in the plasma membrane. A particularly rapid
release of mast cell granule contents is possible by com-
pound exocytosis. Upon stimulation, granules fuse with
each other and form channels to the surface for extru-
sion of the contents. Recent findings indicate that
microtubule-dependent movement of the secretory
granules plays an important role in the mast cell exocyt-
ic response.
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The cornea forms the front part of the outer tunic of the
eyeball, which protects the inner structures and helps to
maintain the eye´s shape. The corneal centre coincides
with the anterior pole of the eyeball. Being part of the
optic apparatus, the cornea is transparent, leads numer-
ous nerve fibres, 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
stratified epithelium (cf. Fig. 106). The basal cells are
attached to a thin basal lamina being composed of an
inner rare and an outer dense part (lamina rara and
lamina densa). The latter is connected with the neigh-
bouring Bowman´s layer or Bowman´s membrane (cf.
Fig. 127), which lacks characteristics of a membrane but
is the anteriormost 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 fib-
rillar 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 stro-
ma, displaying one of the stromal fibroblasts 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
segments 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 proteo-
glycans. For transparancy of the cornea, a precise regu-
lation of the water content is required. Collagen fibrils
are embedded in a ground substance enriched in pro-
teoglycans containing keratan sulfate and dermatan sul-
fate. It is the high abundance of keratan sulfate in the
corneal stroma, which seems to be pivotal in the precise
regulation of the corneal water content and in the main-
tenance of a level of tissue hydration critical for
transparancy. The keratan sulfate linked proteins main-
ly are lumican, keratokan, and mimecan. Keratan sulfate
and dermatan sulfate linked proteoglycans possess dis-
tinct water binding properties. Whereas dermatan sul-
fate is fully hydrated at hydration levels typical for nor-
mal corneal tissue, keratan sulfate is only partially
hydrated and seems to function as a buffer for hydra-
tion.
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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 membrane of Descemet (cf. Fig. 84). The layer of
Bowman is the anteriormost part of the corneal stroma,
although differently organised. It is 6 to 9 µm 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 epitheli-
um (cf. Fig. 106) and the associated basal lamina with
the lamina rara close to the plasma membrane of the
epithelial cells and the adjacent lamina densa labelled by
asterisks in panel B. The lamina densa continues into
the Bowman´s layer, which is on display in the middle
part of the survey micrograph in panel A. The different

organisation of the collagen fibrils in the Bowman´s
layer in comparison with their organisation in the stro-
ma shown in the lower part of panel A is evident.
Whereas in the corneal stroma collagen fibrils are piled
up forming a lattice of thin and flat layers, they are
organised 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.
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Amyloidosis is a term to describe the deposition of
proteins in a large variety of diseases. The deposited
proteins form β-pleated sheet fibrils of 75 to 100 Å in
diameter that accumulate in the extracellular spaces.
The ordered deposits of amyloid fibres are birefringent
and have a selective 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 an acquired
disease affecting either single organs or whole organ
systems. Several types of amyloidosis can be distin-
guished depending on the composition of the fibril sub-
units. The most common forms are the amyloidosis of
Ig light chains (AL amyloidosis), in which the subunit
protein is the variable portion of monoclonal
immunoglobulin light chains, and the reactive amlyoi-
dosis (AA amyloidosis), in which the subunit protein is
the amyloid A. As the consequence of progressive amy-
loid 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 also often
observed. Amyloid depositions can be found in
glomeruli, blood vessels, the interstitium, and peritubu-
lar basement membranes. In the glomeruli, amyloid
deposits are present in the mesangial matrix (asterisks)
and along, as well as inside, the glomerular basement
membrane. Podocytes usually show affaced 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 an endothelial cell and a

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 amyloid
fibres can be often observed. Such amyloid spicules
represent morphological signs of active amyloid deposi-
tion and are observed more often in so-called primary
amyloidosis. They disappear with clinical signs of
regression of renal amyloidosis or are primarily not
observed in cases with glomerular basement lamination.
The distortion of the normal glomerular architecture by
the amyloid deposits resulting in the expansion of the
mesangium, widening of glomerular basement mem-
branes, 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 deposits are composed of fibrils when investi-
gated by transmission electron microscopy. The fibrils
are insoluble and highly stable structures. Amyloid fib-
rils can be formed 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 tech-
nique that can be applied to study single macromole-
cules at high resolution in an aqueous environment. As
such, this technique is a useful complementary tool to
electron microscopy since 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
assembled by the stacking of twisted β-sheets perpendi-
cular to the fibril axis and represent the building blocks
from which the formation of higher-order fibrils takes
place. Panels B, C, and D show the growth of individual
amylin protofilaments on a mica surface. The same field
was recorded over periods of times of several hours.
Such imaging as shown here has allowed not only to
study individual fibrils but also to monitor their growth.
From the time lapse observation, growth rates of the fib-
rils could be calculated and were found to be 1.1 (SD =
0.5) nm/min. In addition to single fibrils and their
growth profiles, the formation of protofilaments from
nucleation centres seen as small dots on the mica surface
has been possible. Individual fibrils and protofilaments
could be distinguished unequivocally by their different
diameters. Such experiments, visualising the formation
and growth of protofilaments and the assembly in fib-

rils, may be applicable to study the effect of drugs devel-
oped to interfere with the process of fibril formation.
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Cartilage represents highly specialised connective tis-
sues. Three types are distinguished, which are found in
different locations and differ with regard to the amount
and arrangement of chondrocytes and fibres: hyaline
(articular), elastic, and fibrocartilage. All three have in
common a low metabolic rate, the absence of blood ves-
sels, and the ability to grow. Cartilage consists of chon-
drocytes and a matrix, the latter is the bulk of cartilage
mass. The matrix consists of collagens and proteogly-
cans and has a 60 – 80% water content. Cartilage is elas-
tic 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, covers the bone sur-
faces of joints, hence the name articular cartilage.

A most detailed analysis of articular cartilage, espe-
cially its matrix, became possible through high pressure
freezing, which preserved the cartilage in a near native
vitrified state. Panels A and B show electron micro-
graphs of bovine articular cartilage fixed by high pres-
sure freezing followed by freeze substitution and Epon
embedding. Pairs of chondrocytes (the so-called chon-
drons) can be seen. They are actively synthesising and
secreting the matrix components. Young, as compared
to old, chondrocytes contain abundant endoplasmic
reticulum and well developed Golgi apparatus. Mature
chondrocytes, as seen in panel A, are round and lie in
nests.

The matrix synthesised by the chondrocytes consists
of three compartments that differ in the architecture of
their collagen fibres. The chondrocytes are surrounded
by the pericellular matrix (PM in panel A), which is
quite variable in extent. It seems homogenous because
of the absence of collagen fibres and the presence of ran-
domly oriented cross  banded filaments of 10 – 15 nm
diameter, also found in the two other matrix compart-
ments. The pericellular matrix is followed by the terri-
torial matrix (TM in panel A) and the interterritorium
(ITM in panel A). The territorial matrix contains bas-
ket-like arrangements of collagen fibres. The interterri-
torial matrix represents the bulk mass of the matrix, and

collagen fibrils are found in two different orientations.
One is in the form of parallel fibre arrangements, which
give rise to a larger arcade-like construction, and the
other in a more random organisation of fibres. The
spaces between the collagen fibres are rich in proteogly-
cans. Panel B shows details of the interterritorial matrix.
Longitudinally sectioned (arrows) and cross sectioned
(open arrow) collagen fibres of varying diameters exist.
In between, the proteoglycans form a fine granular mass
(G in panel B). It is now recognised that the previously
described fine reticular network represents a segregation
artefact.

Panel C shows foci of mineralisation in the interter-
ritorium of human articular cartilage. This specimen
was conventionally immersion fixed in glutaraldehyde
and osmium tetroxide and not by high pressure freez-
ing.
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Bone is a specialised form of the connective tissue char-
acterised by impregnation of the extracellular matrix
with salts of calcium and phosphate. Mineralisation 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 estab-
lish a reservoir for calcium and phosphate ions. Bone is
highly vascularised and holds a crucial role in the regu-
lation of blood calcium levels. Although it appears rigid
and inflexible, it is metabolically very active and sensi-
tive to functional alterations and changes of load, which
result in a reorganisation of the tissue and reconstruc-
tion of the bone skeleton. Bone undergoes continuous
remodelling associated with resorption, new production
of mineralised matrix, and neovascularisation not only
during development but also in the adult bone skeleton
according to functional conditions.

Panels A, B, and C show segments of bone tissue
derived from distal femur and proximal tibia epiphyses
of the mouse. In panel A, a vascular channel is shown,
leading a capillary (Cap) embedded in loose connective
tissue. Fibroblasts and osteoprogenitor cells are assem-
bled. Active osteoblasts (Obl) are lined up forming an
epithelial-like monolayer of polarised cells, which pro-
duce and deposit osteoid, the non-mineralised 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 glycosamino-
glycans, and glycoproteins such as osteocalcin, osteo-
pontin, and osteonectin. Osteoid is shown in panel A,
forming a light zone around the osteoblast layer. The
neighbouring, extremely electron dense masses repre-
sent already mineralised 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; cf. Figs. 5 and 13). One of the osteoblasts

has already left the epithelial-like osteoblast layer, and
has lost its polar organisation. It is in part surrounded
by its product, the osteoid (O), and forms thin projec-
tions, one of which (arrow) gets 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 mineralised matrix (M) but it is
still highly active, as can be seen by the abundance of
rough endoplasmic reticulum. In this feature, it con-
trasts to the osteocyte shown in panel B. This “older”
osteocyte is located in a small cave and is already com-
pletely embedded in calcified bone matrix. The small
cytoplasm around the nucleus contains a reduced num-
ber of organelles. A thin cell process projects into a fine
channel (arrow). The mineralised matrix is interspersed
with numerous of 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 osteo-
cyte 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 fib-
rils are discernible that are further organised into bun-
dles, concomitantly with the processes leading to trans-
formation of osteoblasts into osteocytes. Electron dense
spots and tufts indicate the onset of mineralisation that
is initiated and controlled by the osteoblasts.
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Osteoclasts are terminally differentiated large, multinu-
cleated cells associated with the removal and absorption
of mineralised 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 remodelling in the adult
skeleton in response to altered functional conditions
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 activ-
ity, a resorption bay, designed 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 meta-
physis of the mouse is shown residing in a resorption
bay formed in the mineralised bone matrix. Three of the
nuclei are sectioned. At the cell surface, where the osteo-
clast is apposed to the bone, a “ruffled border” (RB) has
developed consisting of numerous plasma membrane
infoldings. Panel B presents a higher magnification of
the ruffled border of an osteoclast in apposition to par-
tially resorbed mineralised bone matrix. Abundant fine
needles of mineral crystals released from the bone are
visible at the resorption front between the multiple plas-
ma membrane infoldings. Bone resorption involves
demineralisation, the dissolution of the inorganic con-
stituents of the bone 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 vesicles at the trans Golgi side and
delivered by exocytosis into the clefts between the cyto-
plasmic processes of the ruffled border. The ruffled bor-
der membrane containing vacuolar 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
environment favouring the action of the lysosomal
enzymes. The area of bone resorption characterised by

the ruffled border is demarcated by a ring-like perime-
ter of cytoplasm, the clear zone, containing abundant
actin microfilaments but essentially 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 internalised by the osteo-
clasts for further processing, enters transcytotic vesicles,
and is finally exocytosed to the intercellular space via the
functional secretory domain at the basolateral mem-
brane opposite the bone surface. As recent studies have
shown, in the ruffled border, secretion and endocytosis
take place in a highly ordered manner. The ruffled bor-
der possesses two subdomains, a peripheral vesicle
fusion zone and a central matrix uptake zone. It has
been shown that endocytosis and transcytosis from the
ruffled border are fast processes that involve micro-
tubules, and are dependent on the acidification of the
extracellular space. The half-life of endocytosed materi-
al inside the cells has been estimated to be 22 minutes.
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Skeletal muscle cells, more commonly called muscle
fibres, are multinucleated syncytia formed during devel-
opment by fusion of mononucleated precursors cells,
the myoblasts. They measure 10-100 µm 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 longi-
tudinally arrayed myofibrils composed of the myofila-
ments: 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 electron micrograph shows part
of the cytoplasm of a striated muscle fibre with parallel
arrays of myofibrils. Mitochondria (M) are lined in the
small cytoplasmic cords between the myofibrils, where
glycogen (asterisk) is accumulated. T-tubules and sar-
coplasmic reticulum forming triads (arrows; cf. also Fig.
134) are visible.

The cross-banded pattern apparent in the cytoplasm
of the muscle fibre reflects the arrangement, in register,
of the myofibrils, and the banded pattern of the myofib-
rils 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 fila-
ments, can be discriminated. The dense Z-lines in the
centre 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 fila-
ments. Further accessory proteins are tropomodulin, an
actin-capping protein, 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 centre of each A-band, a less dense band, the H-
band, corresponds to the central part of the myosin fil-
aments being bare of myosin head projections. The H-
band is bisected by a narrow dense line, the M-line built

by myosin-binding proteins that hold the thick fila-
ments in register. An intermediate filament lattice of
desmin forms stabilising cross-links between neigh-
bouring myofibrils, which are connected with the plas-
ma membrane and extracellular matrix via costameres,
juxtaposed to the Z- and M-lines. Dystrophin, a rod-
shaped, dimeric protein localised beneath the plasma
membrane, links the cytoskeleton of the muscle fibre 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 striated 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 myosin heads to actin molecules
move the thin actin filaments along the thick myosin fil-
aments leading to a shortening of the sarcomeres and
contraction of the muscle. Tropomyosin and three tro-
ponin molecules have pivotal roles in the initiation of
contraction triggered by binding of Ca2+ 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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For muscle contraction, Ca2+ must be available as it is
required for the binding between myosin and actin, and
after contraction, Ca2+ must be removed. The rapid
delivery and removal of Ca2+ is effected by a complex
membrane system that surrounds each myofibril and
consists of two parts: a longitudinally oriented part, the
longitudinal or L-system, a muscle cell specific endo-
plasmic reticulum, called sarcoplasmic reticulum, that
forms networks of cisternae around the myofibrils and
is the major intracellular calcium store, and a trans-
versely oriented part, the transverse tubule or T-system
representing tubular projections of the plasma mem-
brane that encircle each myofibril. At particular sites, the
two parts of the membrane system come together form-
ing specialised signal 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 translate the action potential
from the plasma membrane to the sarcoplasmic reticu-
lum, effecting calcium flow into the cytoplasm and the
initiation of muscle contraction.

In both panels A and B, triads are visible. In panel A
indicated by arrows, triads are apparent in cytoplasmic
cords between superficially localised myofibrils. At each
side, the central T-tubule is accompanied by a globular
profile of a terminal cistern of the L-system. Flatly sec-
tioned triads are visible in panel B. It is evident that ter-
minal cisterns of the L-system are associated with seg-
ments of T-tubules at particular sites. The intermem-
braneous narrow cytoplasmic slits between the T-tubule
and L-cistern membranes contain dense materials visi-
ble 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
depolarises leading to conformational changes of the
proteins that, in turn, opens gated Ca2+-release channels
in the membrane of the adjacent terminal cisterns of the
L-system effecting rapid release of Ca2+ into the cyto-
plasm. Simultaneously, Ca2+ is transported back into the
terminal cisterns by Ca2+-activated ATPases in the L-sys-
tem membrane. In the skeletal muscle fibres, triads are
regularly localised at the A-I-band junctions.

Note the close spatial relation between a T-tubule
and caveolae-like vesicles close to the plasma membrane
in panel A. The T-tubule membranes are enriched in
cholesterol, similarly to the membranes of caveolae (cf.
Fig.46). Caveolae are assumed to be involved in the for-
mation of the T-tubule system during development. It
has been shown that caveolin 3, a muscle-specific iso-
form of caveolin associates with developing T-tubules.
Arrowheads label the basal lamina that covers the entire
surface of the muscle fibre.

Panel C shows a satellite cell located closely apposed
to the plasma membrane of the muscle fibre visible in
the upper part of the picture. Muscle fibre and satellite
cell are in a common sheath of basal lamina (arrow-
heads). The cytoplasm of the satellite cell seems to be
intensely involved in vesicle transport but lacks myofib-
rils. This is consistent with its function as precursor cell.
Adult skeletal muscle fibres possess capacity for regener-
ation in response to damages due to injuries or progres-
sive myopathies. Satellite cells are normally quiescent
but are activated by damage and stimulated to prolifer-
ate and differentiate. By fusion, newly formed multinu-
cleated myofibres are created, either de novo or from
preexisting muscle fibres.
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Neuromuscular junctions, also called motor end plates,
are specialised 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 receptor in the plasma mem-
brane of the muscle cell. Neuromuscular junctions show
unique architectures. Ramifications of the axon termi-
nate in knob-like end pieces, each of which is embedded
in a shallow depression on the surface of the muscle
fibre. The myelin sheath covering the axon (cf. Fig. 144)
ends, and the basal lamina of the cell of Schwann con-
tinues into that of the muscle fibre, and also extends
into the synaptic cleft between the plasma membrane of
the depressed end knob of the axon and the surface of
the muscle fibre. The axon end knob represents the
presynaptic part of the neuromuscular junction. It con-
tains 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 extensely folded, lead-
ing to an increase of surface and the formation of nar-
row troughs that alternate with crest-like formations. In
the postsynaptic membrane, receptors and ion channels
are localised in segregated arrangements. The acetyl-
choline receptors are concentrated at the crests, and 
Na+ channels located in the troughs. This allows differ-
entiated 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
localised membrane depolarisation that is transmitted
along the plasma membrane to the T-tubules to reach
the triades, where Ca2+-release from the sarcoplasmic
reticulum is triggered initiating muscle contraction (cf.
Fig. 134). Continued stimulation is prevented by the
enzyme acetylcholineesterase, by which acetylcholine is
rapidly broken down.

The electron micrograph presents a survey view of a
neuromuscular junction area. Nuclei are accumulated
three of them being sectioned. The cytoplasm is
enriched in mitochondria, 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 neuro-
muscular 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 fibre
contains mitochondria and abundant small synaptic
vesicles. It is surrounded by the synaptic cleft and mul-
tiple 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 fibre is covered by a basal
lamina and embedded in loose connective tissue, the
endomysium.

The organisation of neuromuscular junctions and
the extended postsynaptic apparatus is a complex
process, influenced 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 acti-
vated, 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 matu-
ration of the neuromuscular junctions, the membranes
undergo essential reorganisation.
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Muscular dystrophies are a group of congenital muscu-
lar diseases characterised by muscle weakness due to
progressive muscle wasting and elevated serum concen-
trations of creatine kinase due to muscle fibre damage
and necrosis. The different types of muscular dystro-
phies are caused by mutations in genes encoding dys-
trophin, components of the dystrophin-glycoprotein
complex, the sarcoglycan 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 sar-
colemmal membrane.

In Duchenne muscular dystrophy, degenerating or
necrotic muscle fibres are found arranged in groups sur-
rounded by normal muscle fibres. Panel A shows part of
a nearly normal fibre adjacent to a dystrophic one. The
changes in dystrophic muscle fibres are complex and
primarily involve structural and functional alterations
of the sarcolemma. Very early, focal breaches of the sar-
colemma occur, followed by membrane dissolution.
Wedge shaped areas of abnormal sarcoplasm are a com-
mon finding. In panels A and B, the highly altered sar-
comer structure is obvious. Only remnants of Z bands
(arrows) are visible. Myofibrils can be recognised but
are irregularly arranged. Asterisks denote glycogen par-
ticles. Thus the sarcolemma is fragile and permeable for
extracellular proteins. Furthermore, the calcium homeo-
stasis is disturbed and increased intracellular calcium
results in hypercontraction of fibres and enhanced pro-
teolysis through calcium activation of proteases.

Duchenne muscular dystrophy (DMD) and Becker
muscular dystrophy are X-linked, recessively inherited
and either due to complete absence or presence of low
levels of truncated dystrophin, which is an actin binding
cytoskeletal protein. Fukuyama congenital muscular
dystrophy and muscle-eye-brain disease are caused by
hypoglycosylation of dystroglycan, which is a central
component of the dystrophin-glycoprotein complex.
Mutations in sarcoglycans, which are transmembrane
glycoproteins, are causative in some forms of limb-gir-

dle muscular dystrophies and mutations in laminin 2
(merosin) cause merosin negative congenital muscular
dystrophy.

At early stages of Duchenne muscular dystrophy,
fibre regeneration secondary to fibre necrosis is possi-
ble. Regenerating muscle fibres have a smaller diameter
and a centrally, not peripherally, placed nucleus (panel
C).
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Cardiac muscle belongs to the striated types of muscle
containing 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 spe-
cial attachment sites, the intercalated disks. Intercalated
disks represent the junctions at the boundaries between
neighbouring cells. Since cardiac muscle cells end in a
step-like fashion, the intercalated disks show also step-
like arrangements with transverse components oriented
at a right angle to the myofibrils, and lateral compo-
nents oriented longitudinally in parallel position to the
myofibrils. Cell-to-cell junctions located at the interca-
lated disks include three types: Fasciae adhaerentes
(adhering junctions) are always located in the transverse
parts of the intercalated disks. These are the sites where
the actin filaments of the terminal sarcomeres are
anchored and connected with the plasma membrane.
Constituents and organisation of the fasciae adhaer-
entes can be compared with those of the adhering zone
(belt desmosome) in epithelia (cf. Fig. 77). Maculae
adhaerentes (spot desmosomes, cf. Fig. 79) found in
both the transverse and lateral parts of the intercalated
disks reinforce the fasciae adhaerentes and fix the adja-
cent cells to one another. Gap junctions (nexus, com-
municating junctions, cf. Fig. 78) are confined to the lat-
eral parts of the intercalated disks. Gap junctions permit
ionic traffic between the neighbouring cells and provide
the base for functional cell coupling. Cardiac muscle
behaves as a functional syncytium although it is com-
posed 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 the rabbit including a characteristic “step”-region
where the disc bends and the transversal part continues
in the lateral part. Within the lateral component of the
disk, a gap junction (arrows) is visible close to a neigh-
bouring spot desmosome. Since the cell boundary is sec-
tioned 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; since they are not included in the section, the
plasma membranes of the adjacent cells and the inter-
cellular space cannot be seen here but, at both sides of
the intercalated disk, the neighbouring plasma mem-
branes are visible. Both cells are covered by a basal lam-
ina and show multiple caveolae-like vesicles close to the
cell surfaces. Triads are not as regular and prominent as
in skeletal muscle, and often, diads are formed instead of
triads. However, anastomosing networks of the sar-
coplasmic reticulum 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 mitochondria, are
clearly visible adjacent to the myofibrils where the ener-
gy is used for contraction.

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 overlap. Each thick myosin filament is located
within the centre of a hexagonal array of thin actin fila-
ments. 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 plas-
ma membrane at the cell-to-cell junctions within the
intercalated disks and the cell-matrix junctions at the
costameres (cf. Fig. 133). It is assumed that the giant
protein titin has a main role as a biomechanical sensor.
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Smooth muscle forming the contractile wall of inner
hollow organs and vessels is composed of bundles or
sheets of fusiform cells that measure in length between
20 µm in blood vessel walls and approximately 200 µm
in the wall of the intestine; smooth muscle cells can
reach lengths of 500 µm in the wall of the uterus during
pregnancy. The cells possess usually one nucleus of
elongated shape and tapering ends in central position.
Excluding the nuclear pole regions where most
organelles and compartments of the biosynthetic system
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 blocks the myosin binding sites.
Calmodulin, a Ca2+-binding protein, regulates the intra-
cellular concentration of Ca2+; binding to caldesmon, it
effects its phosphorylation and release from F-actin.
Unlike the onset of contraction in striated muscle where
the troponin-tropomyosin complex has a pivotal role,
contraction in smooth muscle is regulated by the Ca2+-
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 bodies and plaques attached to the
plasma membrane, which are assumed to be part of an
anastomosing network extending from the cell surface
into the interior of the cells. The dense bodies and
plaques are analogues of the Z disks in the striated
muscle. Intermediate filaments consist of desmin or
vimentin, in the case of vascular smooth muscle cells.
Gap junctions 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 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 (arrowheads in panel B) the con-
stituents 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 mem-
branes of the endoplasmic reticulum (cf. panel A in Fig.
46). It is assumed that there may be analogies to the T-
and L-systems in striated muscle fibres. Studies with
vascular smooth muscle of the ferret aorta have revealed
that the muscle cell contractility is regulated by cave-
olin-1.

Smooth muscle cells are surrounded by fine connec-
tive tissue, the endomysium, where an axon is visible
embedded in a network of collagen fibrils (C) and
neighboured by a process of a fibroblast (F). The axon is
bare of a glial cell sheath (cf. Fig. 142) 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 á distance”).
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CADASIL stands for cerebral autosomal dominant arte-
riopathy with subcortical infarcts and leukoen-
cephalopathy and is the most common form of heredi-
tary stroke. This disease has an average age onset of 45
years and presents with repeated strokes, white matter
changes, migraine, and progressive dementia. CADASIL
is caused by mutations in the human Notch3 gene found
on chromosome 19q12 that is located within the epider-
mal growth factor repeats of the Notch3 protein. They
entail either loss or gain of cysteine residues. Notch pro-
teins 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 fibres
of small arteries. It has been proposed that vascular
smooth muscle fibres have a continued requirement for
the Notch3 signalling pathway and that CADASIL
results from a dominant inhibition of the Notch path-
way. Of diagnostic importance is that the vasculopathy
is not limited to small arteries of the brain white matter
but also found in that of skin. Morphological manifes-
tations of the vasculopathy comprise a narrowed lumen
of small blood vessels because of intima thickening,
progressive deterioration of smooth muscle fibres, and
increased extracellular matrix. These changes are
detectable both by light microscopy and by electron
microscopy (panel A). However, there is a distinct and
pathognomonic change that can be detected only by
electron 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
membrane of smooth muscle cells and the basement
membrane. This is in contrast to the intracellular sub-
plasma membrane localisation of dense bodies repre-
senting attachment sites of myofilaments (arrowhead in
B). The nature of the extracellular deposits in CADASIL
is unknown at present. A possible relation to the extra-

cellular domain of Notch3, which accumulates in
CADASIL in the small arteries, remains to be estab-
lished.
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Providing the base for the most sophisticated functions
and tasks of the body including memory and creativity,
the tissue of the nervous system attracts highest atten-
tion since the earliest times of microscopy up to today.
The complex functional processes in central and periph-
eral parts of the nervous system are not only continu-
ously actual topics in life sciences and medical research.
The recent identification and characterisation of neural
stem cells within certain areas of the adult brain has rev-
olutionised our knowledge and understanding of adult
neurogenesis, and has increased hopes for possible
treatment and repair of damages due to injuries or
degenerative diseases.

At first glance, electron micrographs of nerve tissue
originating from the central nervous system as shown in
panels A and B, convey a confusing impression. It is dif-
ficult and may be impossible to identify every detailed
structure visible, belonging to either of the two princi-
pal 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 den-
drite, projecting toward the upper right corner of the
picture. The neighbouring 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 intercellu-
lar materials 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 extend-
ing from the cell body and transmitting impulses away
from the cell body, called 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 impuls transmitted (cf. Fig. 141). The
nerve cell body (soma, panel A) contains the nucleus
and the surrounding perinuclear cytoplasm, the
perikaryon, where all components of the biosynthetic
apparatus, ribosomes, endoplasmic reticulum, Golgi
apparatus and all organelles that maintain the cell, are

present. A similar range of organelles is found in the
dendrites. Although the axon hillock, the site where the
axon (neurit) extends from the perikaryon, due to the
plane of the section is not visible in panel A, multiple
axons can be seen in both panels. They are grouped and
sheathed by fine processes of glial cells, and contain
mitochondria and abundant neurofilaments and micro-
tubules that function as tracks for axoplasmic transport.
In the right-hand segment of panel B, several axons are
sheathed by myelin (asterisks; cf. Fig. 144), which in the
central nervous system is produced by specialised 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 perivascu-
lar feet (cf. Fig. 141).
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Since more than 100 years, it is known that a specialised
barrier protects the brain from harmful substances cir-
culating in the blood. Different mechanisms contribute
to the blood-brain barrier, which influence both para-
cellular and transcellular traffic. The endothelium is
continuous, and extended tight junctions between the
adjacent endothelial cells seal the intercellular spaces.
Specific carrier mechanisms are involved even in the
transport of small molecules, and the number of recep-
tors is small. Furthermore, substances leaked into the
brain parenchyma are transported back into the blood
by multidrug resistance transporters present in the
endothelial cells. The two neighbouring vessels (aster-
isks) shown in panel A are characteristic for 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 localised close to
the endothelium. Several cell bodies of astrocytes are
apparent near the vessels, and numerous profiles of glial
cell processes can be seen closely apposed to the basal
lamina, forming a perivascular layer.

Panels B and C show chemical synapses, specialised
adhesive sites for communication between two neurons,
where impulses are conducted by neurotransmitters. A
synapse consists of a presynaptic component (pre) that
often is a terminal knob of an axon where synaptic vesi-
cles containing the transmitters are accumulated
(arrows), and a postsynaptic component (post) that
often is a spine-shaped process of a dendrite. The spe-
cialised pre- and postsynaptic membranes are separated
only by a 20–30 nm space, the synaptic cleft. Triggered
by Ca2+-influx via voltage-gated channels, the transmit-
ter is released into the synaptic cleft by fusion of the
synaptic vesicle membrane with the presynaptic mem-
brane. The transmitter diffuses across the synaptic cleft
and is bound by the specific receptors concentrated in
the postsynaptic membrane. As a consequence, ions are
allowed to enter via ligand-gated channels, leading to
changes of the polarisation and causing either excitation
or inhibition at the postsynaptic membrane. At the
presynaptic neuron, transmitter release is rapidly fol-

lowed by, either “kiss and run” or clathrin-mediated,
endocytosis, and transport to endosomal compart-
ments. Under the electron microscope, layers of dense
materials are visible, which are associated with the
synaptic membranes, corresponding to their particular
composition and organisation. According to the
favourite localisations, asymmetric and symmetric types
of synapses have been discriminated. Asymmetric
synapses (panel B) that correspond mainly to excitatory
synapses with glutamate used as transmitter, show par-
ticularly prominent postsynaptic densities (arrowhead
in B). Asymmetric synapses are further characterised by
predominance of round synaptic vesicles (arrows in B).
By contrast, symmetric synapses (panel C), which often
correspond to inhibitory synapses, 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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In the peripheral nervous system, nerve cell processes -
both axons (neurites) and dendritic axons of sensory
neurons – are surrounded by specialised 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 fibres, classified in
myelinated and unmyelinated types with respect to the
presence or absence of a myelin sheath (cf. Fig. 144).
Along myelinated nerve fibres, conduction of impulses
is fast, since the myelin sheath forms an insulating layer,
and the impulse “jumps” from one intercellular region
free of myelin to the next myelin-free region (cf. Fig.
145). In nerve fibres lacking a myelin sheath, the nerve
impulses move continuously and less rapidly.
Unmyelinated axons include most of the postganglionic
axons from autonomic ganglia.

The unmyelinated nerve fibre 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 invagi-
nated in the cytoplasm of a cell of Schwann. The
Schwann cell nucleus is visible in the right segment of
the nerve fibre. In unmyelinated nerve fibres, 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 an own groove is provided.
Schwann cells also produce the components of the basal
lamina that covers the entire nerve fibre. Localised 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. By contrast, the axon at the left hand
side of the nerve fibre containing microtubules
(arrows), a mitochondrion (asterisk), and accumula-
tions 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 cov-
ered only by the basal lamina (arrowheads). Along
unmyelinated nerve fibres, such areas with open lips and

the axolemma exposed to the neighbourhood are par-
ticularly prominent close to regions of special synapses
where transmitters are delivered to diffuse to the sur-
faces of target cells, such as smooth muscle or secretory
cells. Such a “synapse á distance en passant” is also
shown in panel B of Fig. 138, where the axon is com-
pletely 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 filaments including 10 nm thick neurofila-
ments, are visible. Both microtubules and neurofila-
ments provide tracks for axonal transport. Fast axonal
traffic is bidirectional, requires an intact microtubule
cytoskeleton, and involves motor proteins, such as
kinesin and dynein. Kinesin is implicated in the antero-
grade transport, by which newly synthesised molecules
and membrane-bound organelles, such as mitochondria
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 particu-
lar, is the route of substances and molecules internalised
at the axon endings, and is misused by viruses and tox-
ins.

The nerve fibre is surrounded by the loose connec-
tive tissue of the endoneurium (cf. Fig. 143), which con-
tains multiple collagen fibrils.
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In a peripheral nerve, the individual nerve fibres are
organised by connective tissue that consists of three dis-
tinct components, called endoneurium, perineurium,
and epineurium. Each of the three components has spe-
cific functional tasks and morphological characteristics.
All three components can be seen in the survey electron
micrograph in panel A. An unmyelinated nerve fibre is
visible in the centre. Three axons containing a dense
cytoskeletal network of neurotubules and neurofila-
ments are enveloped by thin cytoplasm sheaths of a cell
of Schwann (S). The nerve fibre is surrounded by the
endoneurium, consisting mainly of a fine network of
collagen fibrils (C). Collagen fibrils also hold together
nerve fibres and blood capillaries in larger nerve fibre
bundles and are closely related to the basal laminae of
both the Schwann cell of the nerve fibre and the per-
ineurial 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 specialised con-
nective tissue that surrounds a nerve fascicle. The
micrograph in panel A shows a small nerve fascicle, in
which only one unmyelinated nerve fibre is visible.
Large nerve fascicles contain multiple myelinated and
unmyelinated nerve fibres held together by the
endoneurium and surrounded by the perineurium. The
perineurial sheath of a larger fascicle containing also
myelinated nerve fibres is shown at higher magnifica-
tion in panel B. The perineurium consist of flat, squa-
mous cells that form one or more layers, and are con-
nected by junctional complexes (circle in panel A) that
include a system of tight junctions preventing paracellu-
lar transport. In this aspect, the perineurium has the
character of an epithelium, called “perineurial epitheli-
um”, and functionally contributes to the formation of a
blood-nerve barrier (cf. Fig. 141, blood-brain barrier).
Five to six cellular layers may be built. Cell branches
contribute to the formation of multilayers, as is shown
in panel B. The two thin perineurial layers are connect-
ed by a fine cytoplasmic bridge, visible in the right seg-
ment of the picture. Each cellular layer is covered by a
basal lamina (arrowheads) that is closely related to col-
lagen fibrils of the endoneurium inside and the

epineurium outside of the nerve fascicle. Collagen fibrils
(C in panel B) are present between the individual peri-
neurial cell layers but fibroblasts are absent. Perineurial
collagen fibrils are assumed to be a product of the peri-
neurial 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. At
places, the cytoplasm of the perineurial 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. 141), the perineurial cells are equipped for serving
as a diffusion barrier and possess molecular machiner-
ies for active transport of substances across the cellular
layers.

The outermost component of the nerve-associated
connective tissues is built by the epineurium, a more
dense tissue with irregularly organised bundles of colla-
gen fibrils (C). In a large nerve, the epineurium sur-
rounds and holds together several or multiple nerve fas-
cicles. The epineurium also leads the larger blood ves-
sels, the branches of which, within a perineurium, pen-
etrate into the individual fascicles.
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Nerve fibres designed for particularly rapid and efficient
conduction of action potentials are equipped with a
myelin sheath, a lipid-enriched layer, produced by spe-
cialised 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 compartments. It reduces the
current flow across the axonal membrane allowing a
saltatory conduction along the nerve fibre from one to
the next area lacking a myelin sheath at the sites of the
cell borders, called the nodes of Ranvier (cf. Fig. 145). A
myelin sheath is absent from the axon hillock and the
terminal ramifications of the axon where synapses are
established. In the central nervous system, oligodendro-
cytes produce myelin sheaths for more than one axon,
and the oligodendrocyte cell body remains outside of
the myelin sheaths. By contrast, in the peripheral nerv-
ous system the Schwann cells provide myelin only for
one axon, and the entire cell including the nucleus
becomes part of the myelinated nerve fibre.
The figures show a myelinated nerve fibre of the periph-
eral nervous system embedded in endoneurium and a
high magnification micrograph of myelin of the central
nervous system in the inset. In the survey electron
micrograph, the axon can be seen in the centre sur-
rounded by the Schwann cell with its different parts
including the sheath of myelin. Myelin is produced by a
complex process including new production of mem-
brane, redistribution of cytoplasm, cellular movement,
and subsequent interactions 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 spi-
ral around the axon leading to a subdivision of the
mesaxon in inner and outer parts, the inner and outer
mesaxons, separated by the middle part, which produces
the myelin. During the process of wrapping, the plasma
membranes are closely packed. In the peripheral nerv-
ous system, protein zero is an essential mediator of
membrane 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 (asterisk). 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 electron micro-
scope. The closely apposed outer leaflets are visible as
distinct intraperiod lines. The characteristic ultrastruc-
tural periodicity of compact myelin can be seen in the
survey micrograph and is more clearly visible at a high-
er magnification in the inset. The major dense lines
formed by the fused inner leaflets of the Schwann cell
plasma membrane (arrows) alternate with the two
intraperiod lines, corresponding to the outer plasma
membrane leaflets, which reside closely apposed and are
separated by the narrow extracellular space (arrow-
head). 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 cyto-
plasm, a short diffusion pathway is provided between
the outer and the inner Schwann cell collars. Schmidt-
Lanterman clefts are part of non-compact myelin,
which also includes the cytoplasm at the nodes of
Ranvier and the paranodal loops (cf. node of Ranvier,
Fig. 145). During formation of the myelin sheath, auto-
typic 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, specialised
heterotypic junctions connect the cell of Schwann with
the axon (cf. Fig.145).
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Along a myelinated nerve fibre, 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 spe-
cialised Schwann cell extensions. These regions are
called nodes of Ranvier. They are the sites where myeli-
nated nerve fibres are excitable, whereas in the segments
between the nodes, the internodia, due to the myelin
properties, the axon is insulated. Together with adjacent
paranodal and juxtaparanodal regions, the nodes form
specialised areas along the nerve fibre where Na+ and K+

channels and various other specific proteins are concen-
trated in distinct domains. Since the compact myelin in
the internodia reduces the current flow across the axon-
al membrane, the nerve impulse moves saltatory from
one to the next node of Ranvier, skipping the internodi-
al regions. The length of an internodium depends on the
Schwann cell size and can reach 80–100 µm.

The electron micrographs in panels A, B, and C show
a node of Ranvier along a myelinated nerve fibre of the
peripheral nervous system and the adjacent paranodal
(PN) and juxtaparanodal regions (JXP). A survey is pre-
sented in panel A in which the node region is marked by
arrows. In the zone of the node shown at higher magni-
fication in panel B, the axon is encapsuled only by flat
extensions (microvilli) of the adjacent cells of Schwann
(S) 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 magnification 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 specialised 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 associated protein) in the axonal membrane
connected to neurofascin 155 in the loop membrane.
The paranodal axo-glial junctions at the peaks of the
glial loops separate the membrane 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 juxtapara-
nodal regions are localised at the ends of the internodi-
um below the compact myelin. Other functions attrib-
uted to the axo-glial junctions include attachment of the
myelin sheath to the axon, signalling between glial cell
and axon, and limitation of lateral diffusion of mem-
brane constituents. In addition to the heterotypic junc-
tions with the axon, the paranodal loops also contain
autotypic tight, adherens, 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 protein 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 glycoproteins. 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 stabilises adjacent
membrane lamellae. Proteolipid protein is the main
protein in the CNS compact myelin.
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Various types of injury including mechanical transec-
tion, ischemia and compression result in axonal degen-
eration. The classical type is the Wallerian degeneration
after experimental nerve transection and the structural
alterations observed in the nerve distal to the injury
occur also in a variety of pathological states. The degen-
eration 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.
The one involving the part of the axon proximal to the
injury is called retrograde degeneration. The structural
changes follow a certain time course and develop grad-
ually. Initially, axon swelling and disintegration of neu-
rofilaments and microtubules occurs. The axolemma
becomes discontinuous, and retraction and disintegra-
tion of myelin ensues. These changes result in the pro-
gressive disintegration of the axon and myelin.
Fragments of the axon often contain large amounts of
myelin debris and are called myelin ovoid. Schwann cells
proliferate and ingest the degenerating axon. Finally,
phagocytes eliminate the remnants of the axons. Such
degenerative changes also occur in the axon 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 sheath. 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 axo-
plasm is almost completely disintegrated but the
remaining myelin still shows some laminated structure.
Although finally the axon and the myelin sheath 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
proximal nerve stump. Dividing Schwann cells are of
great importance in this process since they arrange
themselves in tubes (bands of Bünger) guiding the
regenerating axon.
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Neuroaxonal dystrophy (Schindler’s disease) is a rare
autosomal recessive disease caused by deficiency in the
activity of lysosomal α-N-acetylgalactosaminidase (for-
merly termed α-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 α-N-acetylgalactosaminidase, different types of
N- and O-linked glycoproteins as well as glycosphin-
golipids and proteoglycans are abnormally terminated
with α-N-acetylgalactosamine residues and accumulate
in various tissues and in body fluids.

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 tubulovesicular arrays. At higher magnifi-
cation, 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 com-
posed of lamelliform membrane arrays and exhibit aci-
cular clefts. In type-I neuroaxonal dystrophy, no mor-
phological evidence for lysosomal accumulation was
found. However, this is the characteristic finding in type-
II adult onset Schindler’s disease. In the skin, various
types of cells, among them most prominently endothe-
lial cells, eccrine sweat gland cells, fibroblasts, and
smooth muscle cells, were found to contain numerous
cytoplasmic vacuoles. Such membrane limited vacuoles
either appeared “empty” or contained a filamentous
material.

Clinically, three major phenotypes of the disease can
be distinguished, of which types I and II could be char-
acterised in more detail. Type I is an infantile-onset clas-

sical neuroaxonal dystrophy. The accumulations occur
in the nervous system and not in visceral organs and
peripheral blood. The electron microscopic examina-
tion of neocortex, myenteric plexus from rectum biop-
sies and skin nerves showed highly characteristic struc-
tural features in preterminal and terminal axons. Axonal
membranous spheroids of complex and heterogenous
composition were observed in GABAergic neocortical
neurons and autonomous myenteric axons.
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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
(Waldenström’s diseases), monoclonal gammopathies
of unknown significance, and B-cell lymphoma and
represent a complication of the basic disease.

Dysproteinaemic neuropathies result predominantly
in structural disturbances of the myelin sheath. By elec-
tron microscopy, different degrees of separation of
myelin lamellae with opening of the interperiod lines
can be observed in a case of IgM monoclonal gam-
mopathy. The changes occur mainly in the outer layers.
This results in a decompaction of the myelin sheet as
can be seen in the electron micrograph from a patient
with dysproteinaemic neuropathy. Further progression
of the disease results in demyelination.

The pathogenesis of dysproteinaemic neuropathies 
associated with IgM monoclonal gammopathies could
be studied in some detail. The IgM was found deposited
in the myelin sheaths and had a specificity for the
myelin-associated glycoprotein. Probably, the presence
of the antigen-antibody complexes initiated comple-
ment-mediated demyelination. Immunoglobulin depo-
sitions in the myelin were not observed in IgG and IgA 
gammopathy associated neuropathies.
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Metachromatic leukodystrophy is a lysosomal storage
disease that is inherited in an autosomal recessive man-
ner. 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 principal structural alteration in metachromatic
leukodystrophy consists of demyelination and the pres-
ence of metachromatic granules. Panel A illustrates an
advanced demyelination of a nerve fiber of the skin with
prominent irregularities of the myelin sheath (inset).
This is accompanied with a proliferation of Schwann
cells. In skin biopsies, the sweat glands show character-
istic inclusions referred to as zebra bodies and tuff stone
inclusions as well as prismatic inclusions (panel B). In
adult metachromatic leukodystrophy, in addition to
prismatic and tuff stone inclusions, composite inclusion
bodies (asterisks in B) exist that are shown at higher
magnification in the inset.

The gene locus for arylsulfatase A has been mapped
to chromosome 22q13, and allelic mutations compris-
ing splice donor site mutations and different amino acid
substitutions are most commonly causative. A general,
however somewhat imprecise, genotype/phenotype cor-
relation has been established in that the severity 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: infan-
tile, juvenile, and adult.

The deficiency in arylsulfatase A activity results in an
impaired desulfation of 3-0-sulfogalactosyl containing
glycolipids and additionally of sulfatides, sulfogalacto-
glycerolipids, and various other sulfated glycolipids.
Sulfated glycolipids are important constituents of
myelin sheaths. Together with galactosylceramides, they
are involved in the maintenance of the insulator func-
tion of myelin membranes and may be operative during
brain maturation. Since sulfated glycolipids exist pre-
dominantly in the myelin sheaths of the central and

peripheral nervous system and only in low amounts in
visceral organs, the disease manifests preferentially in
the nervous system. Here it results in demyelination of
nerve fibres, with subsequent attenuation of the white
matter. The function of visceral organs, with the excep-
tion of gall bladder, is not impaired by the deposition of
metachromatic lipid.

Treatment is largely symptomatic, and the results of
bone marrow transplantation cannot be judged yet
because the period after engraftment has been too short.
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Neuronal ceroid lipofuscinoses (NCL) are lysosomal
storage diseases comprising a group of progressive neu-
rodegenerative disorders inherited in an autosomal
recessive manner. In children, they represent the most
common neurodegenerative disorder. Three major
types of NCL are distinguished clinically: infantile, late
onset infantile, and juvenile. They can also be distin-
guished by electron microscopy since 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 prima-
rily by electron microscopic investigation of skin biop-
sies 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 magnification (B), the stored
material consists of curvilinear bodies (arrowhead) and
fingerprint profiles (arrows) as well as granular osmio-
philic material. This mixed type of inclusion 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 chromo-
some 1p32. The most commonly observed mutations
are a premature stop codon at arginine 151 and a mis-
sense mutation (R122W). By electron microscopy, the
lysosomal deposits consist of pathognomonic granular
osmiophilic material.

In late onset infantile NCL, mainly the subunit c of
mitochondrial ATP synthase is stored in lysosomes. The
cause is a deficiency in pepinase (CLN2), a lysosomal
protease, whose gene has been mapped to chromosome
11p15. 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 prob-

ably is a lysosomal membrane glycoprotein. The stored
material is a lipopigment that shares similarities with
the age related pigment lipofuscin. A major component
is the subunit c of mitochondrial ATP synthase complex
and small amounts of saposins. By electron microscopy
so called fingerprint profiles are observed in lysosomes.
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The cells of the erythroid lineage develop from a multi-
potential myeloid stem cell under the influence of the
major regulator erythropoietin, a glycoprotein hormone
synthesised in the kidney. Erythropoiesis is stimulated
in states of a disproportion of oxygen need and supply,
e.g., hypoxia due to a decrease in oxygen level in the
inspired air or a decreased number of erythrocytes in
the circulating blood, due to bleeding. The erythropoi-
etin-sensitive erythrocyte progenitor cell CFU-E (ery-
throid colony forming unit) differentiates to form a
proerythroblast. Further differentiation stages include
the basophilic, the polychromatophilic, and the
orthochromatophilic erythroblast, as well as the reticu-
locyte, 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 characterised by the synthe-
sis and increased accumulation in the cytoplasm of
haemoglobin, the protein specialised for transporting
oxygen and carbon dioxide. Concomitantly, pro-
grammed cell changes take place, leading to the exclu-
sion 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 the human
bone marrow. Erythroblasts of earlier and later states of
differentiation are shown in panel A. The electron den-
sity of the cytoplasm increases concomitantly with the
increased accumulation of haemoglobin. The partially
sectioned erythroblast on the right hand side shows a
less dense cytoplasm compared with the two erythro-
blasts visible in the centre. The former presumably cor-
responds to an erythroblast of the polychromatophilic
type (pE), the latter to orthochromatophilic erythro-
blasts (oE). Different parts of the cytoplasm are involved
in haemoglobin production, including mitochondria
where protoporphyrin is synthesised and combined
with iron to form the haem part of the haemoglobin
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 sur-
face along with the receptor. In the nuclei, condensed
chromatin (C) occupies extensive areas leading to a

“checkerboard” pattern. Nuclei are delineated by dis-
tended perinuclear cisterns. At this stage of develop-
ment, the cells are no longer able to divide. One of the
orthochromatophilic erythroblasts shows a bizarre sur-
face with irregular extensions. They reflect the surface
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
characteristic fimbrated processes that appear just after
extrusion of the nucleus. Mitochondria and polyribo-
somes (arrows) are retained, endocytosis takes place
(arrowhead), and haemoglobin is still synthesised.
Within a few days, the reticulocytes mature to form ery-
throcytes. 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). 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 “haemoglobin bag”. It is devoid of
cell organelles, and the cytoplasm shows a homogenous
electron density caused by the high haemoglobin con-
centration. A unique membrane skeleton consists of
spectrin, a heterodimeric protein interacting with actin
and plasma membrane proteins, band 3 protein and gly-
cophorin via ankyrin and protein 4.1. The membrane
skeleton is responsible for the biconcave erythrocyte
shape that provides a large surface-volume ratio facili-
tating gas exchange. The elastic submembraneous
matrix formed by the spectrin lattice returns shear-
deformed cells to the biconcave shape.
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Among the white blood cells (leukocytes), the neu-
trophilic granulocytes are the most numerous, and they
also are the most common granulocytes. Neutrophilic
granulocytes make up some 65% of all blood leuko-
cytes. Because of their multilobed nuclei, they are also
called polymorphonuclear neutrophils or polymorphs.
Neutrophilic granulocytes are motile cells. By complex
interactions with endothelial cells in postcapillary
venules (homing), and binding of extracellular matrix
and chemoattractant molecules (chemotaxis), neu-
trophils 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; for phagocytosis cf. Fig. 47) capable of
engulfing foreign material and organisms, mainly via Fc
receptors present in the plasma membrane, and inter-
acting with the Fc region of antibodies bound to anti-
gen, e.g., antibodies decorating the surfaces of bacteria.
Neutrophilic granulocytes have a central role in micro-
bial defence and, together with other leukocytes – such
as eosinophilic and basophilic granulocytes, mono-
cytes/macrophages, lymphocytes, and fibroblasts – hold
key functions in inflammation and wound healing.

The electron micrograph shows a neutrophilic gran-
ulocyte 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 euchro-
matic regions are in contact with the nuclear envelope.
The Golgi apparatus 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 responsible for the homing and antimicrobial
functions of the neutrophils. Three main kinds of gran-
ules are accumulated in the neutrophilic granulocyte
cytoplasm, the specific neutrophilic granules (arrow-
heads), azurophilic granules (arrows), and tertiary gran-
ules (open arrow), among which also different subtypes
exist. It is difficult and may be impossible by ultrastruc-
ture to distinguish all classes of granules. 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, bacteriostatic
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 myeloperoxidase, which
is responsible for the generation of highly bactericidal
hypochlorite and chloramines. Specific and azurophilic
granules are designated as special types of secretory
lysosomes (cf. Figs. 48 and 49). They fuse with phago-
somes and release their contents, forming a phagolyso-
some. This process is called degranulation. After diges-
tion, 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 facil-
itate the migration of the cells through the connective
tissue.

Aside from the various granules, other cell compart-
ments and organelles – including endoplasmic reticu-
lum and mitochondria – are sparse, but the cytoplasm
contains a considerable amount of glycogen, which can
be seen in the form of numerous electron dense parti-
cles. Glycogen is broken down for yielding energy
enabling neutrophilic granulocates to survive in an
anaerobic environment.
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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 defence against
helminthic parasites. Like neutrophils, eosinophilic
granulocytes leave the circulation and populate connec-
tive 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, condensed chromatin is concentrated
mainly in the periphery, and euchromatin localised in
the centre.

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 granules. 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
parasites and protozoans. Eosinophil peroxidase, and

eosinophil-derived neurotoxin are other contents of
eosinophilic granules, both attacking parasitic organ-
isms. After binding to the surface of parasites, the gran-
ule contents are released directly onto the parasites´
membranes. Other enzymes contained in the specific
granules neutralise and moderate potentially deleteri-
ous effects of vasoactive agents released during inflam-
mation. These include cathepsins, arylsulfatase, and his-
taminase that are particularly important at sites of aller-
gic reactions. Eosinophilic granulocytes also contain
azurophilic granules. Some azurophilic granules are vis-
ible aside the nucleus, and between the large specific
granules. They are lysosomes containing a range of acid
hydrolases, which are active in the destruction of para-
sites, and capable of decomposing antigen-antibody
complexes. Both specific and azurophilic granules of
eosinophils belong to special classes of secretory lyso-
somes.

Close to the wavy surface of the eosinophilic granu-
locyte shown in the micrograph are vacuoles similar to
those involved in macropinocytosis. Eosinophilic gran-
ulocytes are known to be particularly specialised for
phagocytosis of antigen-antibody complexes.
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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. 96), 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, also precursors of osteoclasts (cf. Fig. 132)
are counted. Monocytes travel from the bone marrow to
the diverse organs. They are transported in the blood,
where they still remain a few days. Further differentia-
tion 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 physiological
turnover of tissue constituents, including the degrada-
tion of extracellular matrix materials and senescent con-
nective tissue fibres, and are major cells of the specific
and non-specific immune systems. Attracted by compo-
nents of bacteria, and products developing during
injury of the tissue, phagocytic cells also migrate to sites
of inflammation, and regions of pathologic tissue
remodelling. They are involved in phagocytosis of cells,
and microorganisms, and clean up the tissue from dead
cell and tissue debris. Monocytes also develop into anti-
gen-presenting cells, which partially degrade antigens
and present the fragments associated with major histo-
compatibility II molecules located in the plasma mem-
brane to helper CD4 T lymphocytes (cf. Fig. 155).

The electron micrograph shows a monocyte of the
human blood with a typically indented nucleus. In the
cytocentre, parts of centrioles can be seen (arrows) and

small stacks of Golgi cisternae are localised nearby.
Although monocytes are counted to the class of “agran-
ular” blood cells, azurophilic granules are present.
Azurophilic granules correspond to lysosomes (Ly) and
contain a range of typical lysosomal enzymes. They fuse
with phagosomes to form phagolysosomes, where
degradation of the engulfed materials takes place.
Mitochondria (M) are abundant. Rough endoplasmic
reticulum (RER), 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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Lymphocytes are the immunocompetent cells of the
lymphatic or immune system, which have developed the
ability to recognise and respond to antigens. They
account for some 30% of the total blood leukocytes. In
blood and lymph, they are in transit, re-circulating
between different lymphatic tissues. Although they are
morphologically similar, they represent a heterogenous
population of cells differing from each other in various
terms including origin and sites of maturation, cell sur-
face markers, specific functions, localisations within the
lymphoid tissues, and life span. Three functionally dis-
tinct 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 lym-
phocytes are responsible for cell-mediated immunity
and are further classified according to the presence of
CD4 or CD8 proteins, recognising antigens bound to
the major histocompatibility complex (MHC) II- or
MHC I-molecules, respectively. CD4 helper lympho-
cytes 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 complex-
es 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 synthesising 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 channels in the plasma mem-
branes of transformed cell, leading to its lysis.

B cells are named after the Bursa of Fabricius in birds
where they were first recognised, or the bursa equiva-
lents, such as the bone marrow, in mammals. B lympho-
cytes represent the major cells of the antibody-mediated
humoral immunity. Mature B cells express MHC II mol-

ecules and antibodies on their surface, and after activa-
tion, differentiate into antibody-secreting plasma cells.

NK cells are capable of killing cells, such as certain
virus-infected cells and types of tumour 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 6-15µm in diameter. In the
cytoplasm, abundant free ribosomes are visible. Several
mitochondria (M) can be seen, as well as few cisternae
of the rough endoplasmic reticulum (RER). Short stacks
of the Golgi apparatus (Golgi) accompanied by multiple
coated and non-coated vesicles are localised in the cyto-
centre close to the nucleus. A multivesicular body
(MVB) residing in the Golgi apparatus neighbourhood
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. 20%–30% are
mature B cells. Approximately 5–10% of the cells diag-
nosed as lymphocytes do not exhibit markers of either T
or B cells. These include NK cells as well as rare circu-
lating haemopoietic stem cells.

References

Boes M, Cuvillier A, and Ploegh H (2004) Membrane specializa-
tions and endosome maturation in dendritic cells and B cells.
Trends Cell Biol 14: 175
Chin YH, Cai J-P, and Xu X-M (1991) Tissue-specific homing
receptor mediates lymphocyte adhesion to cytokine-stimulated
lymph node high endothelial venule cells. Immunol 74: 478
Ikuta K, Uchida N, Frieman J, and Weissman (IL (1992)
Lymphocyte development from stem cells. Annu Rev Immunol
10: 759
Yagita H, Nakata M, Kawasaki A, Shinkai Y, and Okumura K
(1992) Role of perforin in lymphocyte-mediated cytolysis. Adv
Immunol 51:215

312 Blood

LYMPHOCYTE

Magnification: x 37,000



NucleusNucleus

RERRER

MM

MM

GolgiGolgiMVBMVB

Lymphocyte

Figure 155 313



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 haemostasis system. Formation and release into
the blood is under the primary regulation of throm-
bopoietin, a glycoprotein produced in the kidney and
liver. During differentiation of megakaryocytes, contin-
ued DNA replication in the presence of abortive mitosis
leads to the formation of polyploid nuclei, a process
called endomitosis. It has been shown that polyploidisa-
tion 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 pre-
formed in the cytoplasm of megakaryocytes at sites of
protrusions, called proplatelets. A megakaryocyte may
form 10–20 proplatelets from the tips of which the
platelets are released. Maturing platelets become filled
with organelles and granules, which move from the
megakaryocyte cell body to the tips of the proplatelets.
Extensive platelet demarcation channels are formed by
invaginations of the plasma membrane delineating the
future platelets. The platelet demarcation system is con-
tinuous with the extracellular space. Once the thrombo-
cyte has been filled with organelles, granules, and
cytoskeletal proteins, a marginal band is formed consist-
ing of a single peripheral microtubule wound in 8–12
coils. Proplatelets protrude through apertures of the
endothelial lining of the bone marrow sinusoids allow-
ing the platelets to be released directly into the circulat-
ing blood.

Panels A and C show segments of the superficial
cytoplasm of a megakaryocyte of the human bone mar-
row. Future platelets are roughly delineated by mem-
branes of the demarcation system. Delineated cytoplas-
mic areas, in part, are still devoid of organelles, in part
they are already “filled” containing a range of compart-
ments, organelles, and granules, such as large alpha
granules and dense core granules, corresponding to the
equipment of the future thrombocytes. After release,
parts of the demarcation membrane system that did not
participate in subdividing the megakaryocyte cyto-

plasm, mostly remain forming the open canalicular sys-
tem of the mature platelets (panel B). The open canalic-
ular system is in continuity with the extracellular space.
Parts of the second type of the platelet membrane chan-
nel systems, the dense tubular system, can be seen
vaguely in the left segment of the thrombocyte shown in
panel B (asterisk, cf. also Fig. 157). The dense tubular
system derives from the endoplasmic reticulum of the
megakaryocyte, and serves as a calcium storage com-
partment.

Two phases of platelet formation can be differentiat-
ed. The first phase is characterised by polyploidisation,
enlargement of the cytoplasm, and synthesis of the
platelet-specific membranes, compartments and gran-
ules. This is induced by megakaryocyte-specific growth
factors and takes place over a period of days. In the sec-
ond phase, proplatelets are formed, filled with the bulk
of organelles and granules, and the platelets are released
into the blood. The events of the second phase are com-
pleted within hours.
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Thrombocytes (blood platelets) are cytoplasmic frag-
ments of the bone marrow megakaryocytes (cf. Fig.
156). After release into the blood, the thrombocytes cir-
culate as small cellular disks measuring 3–4 µm in diam-
eter, with a life span of about 10 days. Platelets have a
pivotal role in haemostasis, where they are involved in
several aspects including blood clot formation, clot
retraction, and repair of the injured tissue. 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 mem-
brane systems (cf. also Fig. 156) 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 visible in the cross sec-
tion of the band shown in the upper part of panel B.
About 90% of ß-tubulin in the marginal microtubule
band is of the ß1-isoform that is restricted to cells of the
megakaryocyte lineage. The marginal microtubule band
maintains the discoid cell shape of the platelets, and has
also an essential role in the microtubule-driven process-
es of formation of the proplatelets in the megakaryocyte
cytoplasm. Aside the microtubule coil, the platelet
cytoskeleton includes crosslinked actin filaments con-
nected to spectrin and associated proteins of the mem-
brane skeleton. While circulating in the blood stream,
platelets have to withstand high shear stresses. Rapid
cytoskeletal remodelling is required when platelets, in
response to vascular damages, change their shapes,
round up, and extend filopodia and lamellae. The mar-
ginal structural zone of the platelets is also referred to as
hyalomer.

The centre of the platelets, called organelle zone or
granulomer, contains mitochondria, peroxisomes,
glycogen, and different types of granules. The large
alpha granules (asterisks in panel B, cf. also Fig. 156)
contain mainly coagulation factors, fibrinogen, the
platelet-derived growth factor, plasminogen, and plas-
minogen activator inhibitor. The dense core granules 
(delta granules, cf. Fig. 156) store mainly serotonin,

adenosine diphosphate, adenosine triphosphate, and
histamine, and the lamda granules, corresponding to
lysosomes, contain several hydrolases. The contents of
the alpha and delta granules are particularly important
in the initial phases of haemostasis, platelet adhesion
and aggregation, blood coagulation, and vasoconstric-
tion in the area of the injured vessel. They have a major
role also in the initial stages of vessel repair. The lamda
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: Membrane channels and
tubules of the open canalicular system, which are rem-
nants of the demarcation channels (cf. Fig. 156), and the
dense tubular system derived from the megakaryocyte
endoplasmic reticulum (white arrows in panel A), which
serves as a storage compartment for calcium ions. It has
a major role in the regulation of the platelet calcium
concentration.
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