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1. Summary 
 
The aim of this study was to expand already existing methods for two dimensional data 

acquisition of the keratin filament network with the goal to obtain three dimensional datasets. 

For this purpose different novel electron microscopical methods were applied and compared. 

Thin sections of high-pressure-frozen and freeze-substituted Panc1 cells (by Katharina Höhn) 

were analyzed using high and low voltage STEM at accelerating voltages of 300 and 30 kV. 

Using this approach, it was not possible to unambiguously track the thin filaments, since they 

are hidden by other cell compounds. Therefore, these cell compounds were removed by an 

extraction method using Triton X-100, so that only the keratin filaments remained. These 

samples were then analyzed simultaneously in STEM and SEM mode. Since keratin filaments 

have a diameter of only about 12 nm, the volume-dependent STEM signal did not yield 

enough contrast of the thin filaments. The signal to noise ratio of filaments compard to 

unextracted cell compounds was, however, increased, when imaging with the surface-

dependent secondary electron signal, which is strong from the thin filaments. As a new 

approach, tomograms using the secondary electron signal were recorded in the SEM at an 

accelerating voltage of 5 kV by tilting the sample with 2° step size to a maximum tilt of -60° 

to +60°. For this purpose a special pre-tilted holder was developed. The resulting image series 

was reconstructed into a three-dimensional model and could then be analyzed with statistical 

methods.  

 

To investigate whether artifact formation occurred during critical point drying, control 

samples were prepared using a freeze drying protocol. When comparing freeze dried keratin 

filament networks with critical point dried samples, no differences in network characteristics 

could be found. In both cases the filaments showed similar branching and directional 

distribution. We conclude, therefore, that the keratin filament network is more robust than the 

actin network and thus less affected by disturbances during extraction, fixation, dehydration 

and drying. 
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2. Introduction 
 

2.1 The Pancreas 
 

The pancreas is a gland organ belonging to the digestive and endocrine system of vertebrates. 

It is located in the retroperitoneum and has both endocrine and exocrine functions. The 

smaller endocrine part is producing several hormones such as insulin or glucagon, whereas 

the bigger exocrine part secrets digestive enzymes. Injury or diseases of the pancreas are 

potentially severe and very often leads to death. Typical examples of these diseases are 

diabetes mellitus, pancreatitis and, of course, pancreatic cancer. 

 

Pancreatic cancer is considered as one of the most fatal types of cancer and one of the main 

reasons of cancer death. When pancreatic cancer is diagnosed, more than 80% of patients 

already suffer from either locally advanced or metastatic disease, leading to a high mortality 

rate. The majority of patients die within one year after diagnosis, only 1-4% of all patients 

with adenocarcinoma of the pancreas survive five years (Ellenrieder et al. 1999). The cause of 

this rapid death is the aggressive growth of the cancer and the expansion into adjacent tissue, 

as well as early lymphatic and hematogenous metastasis. For this reason, the control of cell 

motility is a first step towards developing more effective diagnostic and therapeutic strategies 

(Ellenrieder et al., 1999). 

 

2.2 Keratin Filaments  
 

Vertebrate cells contain three types of fibrous individual biopolymers: microtubules, actin 

filaments and intermediate filaments (Janmey et al., 1991). These filament types form the 

cytoskeleton, a network of proteins in the cytoplasm, responsible for different cell properties 

and functions. Whereas microtubules are involved in mitosis and intracellular transport, actin 

and intermediate filaments play an important role concerning mechanical stabilization, shape, 

and active movement of the cell as a whole. In contrast to microtubules and actin filaments, 

intermediate filaments are more flexible and more stable when exposed to shear forces and 

have a better resistance to breakage (Herrmann & Aebi, 2004). Furthermore, unlike actin and 

microtubules which are polymers of single types of protein, intermediate filaments are 

composed of more than 50 different proteins, expressed in different types of cells. Also, 
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intermediate filaments are insoluble in physiological buffers and resistant to extraction with 

detergents such as 1% Triton X-100. 

 

Keratin filaments are the most complex group of the intermediate filament system and the 

characteristic part in epithelial cells and cells of epithelial origin. They form a self assembling 

scaffold, defining the shape and the mechanical properties of a cell (Herrmann et al., 2003), 

such as cell motility, elasticity and protection against mechanical stress. Keratins are obligate 

heteropolymers of type I (CK9-20; acidic) and type II (CK1-8; neutral/basic) keratin 

polypeptides (Hatzfeld & Franke, 1985) forming coiled-coil molecules, which then associate 

in shifted antiparallel tetramers. The tetramers then assemble to build a unit length filament 

(ulf) and at last, several ulfs then are assembled end to end and represent the final 

intermediate filament with a diameter of about 10 nm (Figure 1).  

 
Fig. 1: Schematic drawing of the assembling of keratin intermediate filaments (kindly provided by: 

Prof. Dr. med. Rudolf Leube, Institute for Molecular and Cellulare Anatomy, Aachen, reproduced with 

permission) 

 

The small keratin monomers can be regulated posttranslational by i.e. phosphorylation and 

glycosylation, which influences the network architecture (Coulombe & Omary, 2002; Beil et 

al., 2005). CK8 and CK18 are the basic keratin forms expressed in simple epithelia (Fuchs & 

Weber, 1994) and their tumors, such as pancreatic carcinoma.  
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2.3 Electron Microscopy 
 

Electron microscopy works with electrons to create a magnified image of a sample. 

According to Abbé’s equation (Abbé, 1873), the wavelength of light limits the resolution of a 

conventional light microscope to about 200 nm. Since the wavelength of accelerated electrons 

(between 5keV and 300 keV, as used in this study) is several orders of magnitude smaller, an 

electron microscope can achieve resolutions of better than 0.1nm (the present “resolution 

record” of our Titan is about 0.06 nm). In modern life science microscopy different types of 

electron microscopes are applied, they all consist of an electron gun, special electromagnetic 

lenses, a vacuum system, and a sample holder. They differentiate mainly in beam projection 

and signal collection: in a classical transmission electron microscope (TEM), the beam 

projection is very similar to a light microscope and electrons are transmitted through the 

sample. For this purpose the sample needs to be very thin to keep the amount of inelastically 

scattered electrons small. Inelastically scattered electrons would cause chromatic aberration 

when passing through the projective lenses. The scanning electron microscope (SEM) in 

contrast, produces images by scanning the usually bulk sample with a focused electron beam. 

This process causes the release of different kind of electrons and other signals from the 

sample that can be collected with adequate detectors, and an image is formed on a display 

screen by integrating the signal over time. Usually the signal is formed by usage of the 

secondary electrons, low energetic electrons released from the sample by inelastic scattering 

events of the electron beam, and the back scattered electrons, beam electrons reflected from 

the sample by elastic and inelastic scattering. The scanning transmission electron microscope 

(STEM) is a type of a TEM, where the electron beam is focused to a narrow spot, scanning a 

thin sample in a raster similar to the SEM. In this type of microscope, however, the electrons 

passing through the sample are used for image formation. STEM images are usually formed 

by collecting scattered electrons using an annular dark-field detector. 

 

Due to the vacuum and the electron beam in the electron microscopical column, biological 

samples with high water content need to be prepared by special methods before they can be 

analyzed. Generally, it is necessary to fix the specimen so that it is immobilized, and to 

dehydrate it, since water would evaporate in the vacuum and interfere with the electron beam. 

Furthermore, it is important to improve electrical conductivity to prevent charge-up by the 

electron beam. Contrast can be enhanced by staining or coating with heavy metals. The 

preparation steps vary depending on the type of microscope used. There are two main 
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preparation methods, chemical fixation and cryo fixation, each with different advantages and 

disadvantages making the structures of interest amenable to the electron beam. With the 

chemical fixation the molecules of a sample are connected irreversibly (covalent) among 

themselves by a fixative, e.g. glutaraldehyde. This method is the older one and it is easier to 

accomplish. But since penetration of the fixatives into the sample is relatively slow (seconds 

to minutes) the ultrastructure of the sample might change during fixation (Szczesny et al., 

1994). After fixation the samples are dehydrated with alcohol and then critical point dried. 

The cryo fixation method is based on freezing a sample with a thickness up to 200 µm in 

milliseconds with liquid nitrogen under high pressure (about 2000 bar; Moor and Riehle, 

1968). With this method it is supposed to conserve the natural state of the sample much better 

than with chemical fixation (Walther, 2003). After freezing the water in the samples is 

substituted by acetone with solved heavy metals for contrasting media and the sample is 

embedded in resin.  

 

Former electron microscopical experiments with keratin filaments have shown that they need 

to be prepared in a special way before they can be imaged. All lipids and soluble proteins 

have to be removed from the cells, so that only the keratin filament network remains. 

Otherwise it is nearly impossible to analyze the whole network and to track single filaments. 

For this purpose a special extracting method, partially based on the protocol of Svitkina & 

Borisy (1998) can be used. Hereby all cell components except the keratin filaments are 

washed out by using Triton X-100. The keratin filaments are resistant to extraction with 

detergents such as 1% Triton X-100. 

 
Samples undergo strong disturbances during the different preparation steps. Particularly, in all 

steps where chemicals are used, like in extraction, chemical fixation or freeze substitution, 

there always is the risk, that the sample’s natural state might be changed (Walther, 2008).  All 

of this could of course also happen to the keratin filament network, in a way that it no longer 

conforms to the original state in the living cell. But there are also other possibilities, where 

artifact formation could arise:  Ris (1985) described artifact formation (“microtrabecular 

lattice”) in actin filaments caused by traces of water or ethanol remaining in the sample during 

critical point drying, which led to distortions and fusions of fibers. Small (2010) made similar 

experiences concerning actin filaments in lamellipodia. Furthermore, Resch et al. (2002) 

showed that actin filaments fracture and branch artificially during critical point drying.  
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Keratin filament networks are three-dimensional, as all biological structures. The most 

adequate way for the three-dimensional recording of a small biological structure is electron 

tomography. For this purpose, a sample is tilted gradually and images are recorded under 

different tilt angles. (Self-shadowing of the sample as well as the increasing path length of the 

electrons at high tilts limits tilting to about ± 70°.) This procedure results in an image series 

which can be back projected into a three-dimensional model (Hoppe et al., 1974). A few years 

ago scanning transmission electron microscope (STEM) tomography, a new imaging 

technology based on TEM tomography, was introduced (Midgley et al., 2001; Midgley & 

Dunin-Borkowski, 2009). This technique provides better contrast and signal-to noise ratio 

than bright field-TEM tomography (Yakushevska et al., 2007) and can be applied to thicker 

sections up to 1 µm (Aoyama et al., 2008; Hohmann-Marriott et al., 2009).  
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2.4 Aim of the studies 
 
In previous studies of our group image analysis of the keratin filament network was based on 

two-dimensional electron microscopical images (Beil et al., 2005, 2006). These analyses were 

restricted to the peripheral very flat parts of the adherent cells, where the network is almost 

planar. In other parts of the cell closer to the nucleus, however, the keratin network exhibits a 

three-dimensional form. Consequently, the aim of this promotion work was to develop, 

improve and apply novel electron microscopical methods allowing the three-dimensional 

description of the keratin filament network at a nanometer scale. The results were compared 

with data obtained by other methods and possible artifact formation could be critically 

reviewed. 
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3. Results 
 

3.1 Novel electron tomographic methods for three-dimensional 
analysis of keratin filament networks  
 

Authors: M. Sailer, K. Höhn, S. Lück, V. Schmidt, M. Beil and P. Walther 

Microscopy and Microanalysis (2010) Vol. 16, pp. 462-471. 

 
The keratin filament network of human pancreatic cancer cells was analyzed using different 

electron microscopical methods. In STEM-tomography of semi thin sections of high pressure 

frozen and freeze substituted Panc1 human pancreatic cancer cells it was very difficult to 

track the filaments in three dimensions. Better results were obtained when the cells were 

extracted using a pre-fixation extraction method partially based on the protocol of Svitkina & 

Borisy (1998), where most of the cell components are removed and only the finely woven 

keratin filaments remain. The same area of a cell was then imaged simultaneously in an SEM 

at 30 kV using the transmission dark field signal and the secondary electron signal. The 

contrast of the thin filaments was considerably higher in the secondary electron image than in 

the transmission image. The electrons used for contrast formation in dark field transmission 

imaging are scattered in function of the mass density, which is low in these thin filaments. 

Therefore, contrast in STEM is low and the filaments are almost vanishing beside unextracted 

cell compounds having a larger volume and hence high contrast. The secondary electron 

signal, however, is a function of the surface area exposed to the electron beam (Seiler, 1967). 

The secondary electron emission of the filaments is high, because they have a large surface 

compared to the volume (Figure 2). Basing on these results we decided to use the secondary 

electron and not the transmission signal for SEM tomography. Tomograms were recorded at 5 

kV and all single images of one tilt series were back-projected into a three-dimensional 

model. The filaments are displayed not round but oval in the reconstructed tomogram, this is a 

well-known artifact from tomographic reconstructions with a missing wedge of tilt 

angles, which also occurs in computed tomography from regular TEM tilt series (Midgley & 

Dunin-Borkowski, 2009).  
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Fig. 2: Same area of an extracted Panc 1 cell imaged simultaneously in an SEM at 30 kV. The left 

image was recorded using the transmission dark field signal whereas the right one is the image of the 

secondary electron signal. The contrast of the filaments is higher in the secondary electron image than 

in the transmission image. 

 

Fracturing of actin filaments leading to branch-like structures is described in the literature by 

e.g. Resch et al. (2002) or by Vignal & Resch (2003). To investigate whether this kind of 

artifact formation also happens to the keratin filament system, control samples were prepared 

using a freeze drying protocol. When comparing images of freeze dried keratin filament 

networks with critical point dried samples, we could not observe morphological differences. 

In both cases the filaments showed similar branching and directional distribution. We assume, 

therefore, that the keratin filament network is more robust than the actin network and thus less 

affected by extraction, fixation, dehydration and drying methods. 



  Results 

 13

3.2 Three-dimensional analysis of intermediate filament networks 
using SEM-tomography  
 

Authors: S. Lück, M. Sailer, V. Schmidt and P. Walther 
(The first two authors contributed equally) 

Journal of Microscopy (2010), Vol. 239, pp1-16. 
 

In previous studies a correlation between keratin filament network structures and the 

migration ability of cells (Beil et al., 2003) was detected based on quantitative analyzes of 

two-dimensional electron microscopical images of the keratin network (Beil et al., 2005). The 

aim of the current study was to expand these data to three-dimensional tomographic datasets.  

 

For this purpose different methods for imaging and cell preparation were compared. First the 

samples were analyzed with TEM, 300 kV STEM and 30 kV STEM, but unfortunately the 

individual filaments surrounded by other cell compounds could not be tracked easily. So the 

next step was the analyzation of keratin filament networks obtained from detergent-extracted 

cells. When then imaged using a 300 kV STEM and a 30 kV STEM, the volume-dependent 

STEM signal did not give enough contrast of the filaments in comparison to the strong signal 

from unextracted cell compounds, since the thin filaments have only a small volume. The 

signal was, however, increased when using the secondary electron signal, which is surface-

dependent and therefore relatively strong from these filaments. Tomograms were recorded 

with an Hitachi S-5200 in-lens SEM (Hitachi, Tokyo) at an accelerating voltage of 5 kV by 

tilting the sample with 2° step size to a maximum tilt of -60° to +60° using a newly developed 

pre-tilted holder. The resulted image series then could be back projected into a three-

dimensional model using the imod software (Kremer et al., 1996; Fig. 3). Although the tilt 

series does not strictly conform to the projection requirements of tomographic reconstruction, 

this method was possible due to specific properties of the detergent extracted samples. These 

data were analyzed with mathematical approaches. After noise reduction the tomograms were 

binarized by a semi automatical thresholding procedure and skeletonized by using the Avizo 

software package (Fig. 4). It was taken into account that the missing tilt wedge and 

shadowing effects lead to oval stretched filament profiles in the binarized tomograms, which 

was compensated by a special algorithm. To reduce artifacts like loops and dead-ends, several 

corrections were made. For morphological analysis of the filament network, parameters that 

can influence the elasticity of the network, namely network density, mean segment length and 
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Fig. 3: 0°-image of a tilt series of the keratin filament network of an extracted Panc1 cell (left) and 

one layer of the reconstructed tomogram (right). 

 
Fig. 4: Reconstructed tomogram after binarization (left) and network graph extracted from the 

tomogram (right). 

 

mean vertex degree were statistically tested. It turned out that there was no significant 

correlation between network density and mean vertex degree, as well as between network 

density and mean segment length, but a negative correlation between mean segment length 

and mean vertex degree. These results may be a hint that the mechanically relevant structural 

characteristics connectivity and mean segment length do not depend on network density. Panc 

1 cells apparently can influence mechanical properties not only by the amount of intermediate 

filament protein but also by the network architecture. 
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3.3 Statistical analysis of the intermediate filament network in cells 
on mesenchymal lineage by greyvalue-oriented image 
segmentation 
 

Authors: Lück, S., Fichtl, A., Sailer, M., Joos, H., Brenner, R.E., Walther, P., & 

Schmidt, V. (Submitted to Computational Statistics) 

 

In this study the morphology of the keratin intermediate filament network of different cell 

types of mesenchymal origin was analyzed. Undifferentiated mesenchymal stem cells, 

chondrocytes and osteoblasts were used. Mesenchymal stem cells have the potential to 

differentiate into chondrocytes or osteoblasts. Intermediate filaments, microtubules and the 

actin filament network form the cytoskeleton, which is involved in signal transduction, 

thereby influencing cellular differentiation and function, and also in cell migration. 

Intermediate filaments in cells from mesenchymal lineage consist mainly of the protein 

vimentin and thus have certain viscoelastic properties, e.g. protecting cellular integrity from 

mechanical deformations. These viscoelastic properties are regulated by their morphological 

properties (Heussinger and Frey 2007, Huisman et al. 2007, Lin et al. 2010, MacKintosh et al. 

1995) and even small alterations in morphology can have an influence on cell mechanics. 

Hence, it is very important to study this network architecture at the level of single filaments 

and their cross-links. For this purpose detergent extracted cells were imaged using a scanning 

electron microscope (SEM). The varying greyscale of filament pixels which were bright in the 

top filament layer and rather dark in the bottom layer, made it necessary to use greyscale-

oriented methods for image binarization. In this situation simple binarization by thresholding 

would have either resulted in a loss of filaments in lower network layers or background noise 

would have been classified as foreground. As a remedy, an algorithm was applied to compute 

a lower λ-leveling kernel (Couprie et al., 2001), which extracts the crest-lines of the grey-

value topology in the image. The resulting image of crest lines accounts for lower-level 

filaments but is distorted not by image noise. An artefact occurring in the crest line images 

was a certain oversegmentation in the upper filament layer, which was due to local greyscale 

minima within thicker filaments. To reduce the oversegmentation the binarized crest lines 

(Fig. 3 c) were in a first step dilated by 2 pixels, which means that all pixels whose distance to 

a crest line did not exceed two pixels were classified as foreground and colored white. The 

dilation closed small network meshes resulting from oversegmentation but still contained the 

lower level information of the crest line extraction. The dilated image was added to a 

binarized version of the original SEM image, which had been computed by simple 
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thresholding with a high threshold parameter. The latter reliably detected the bright upper-

layer filaments without the oversegmentation in the crest-line images caused by local minima. 

This way a binarization containing lower-level information without substantial contributions 

of noise and hardly oversegmentation in upper network layers was achieved. This binarization 

was finally thinned to pixel trajectories of width 1 by the standard skeletonization algorithm 

in ImageJ (Rasband, 1997-2010). A network graph was constructed establishing linear 

connections between junctions of pixel trajectories in the skeletonized images. Based on the 

network graphs extracted from the SEM image data the network morphology was statistically 

analyzed and compared between different cell types. Samples were analyzed separately for 

the cell periphery and the perinuclear cellular compartment. A total of 138 images was statis- 

 
Fig. 5: a, Original image; b, Lower λ-leveling kernel; c, Extracted crest lines; d, Superposition of 
dilated crest lines and intermode threshold of a,; e,  Skeleton of d,. 
  
tically analyzed, where sample sizes varied between 15 and 20 images per cell type and 

cellular compartment. For each image the total network length per unit area and the mean 

edgelength was computed. It turned out that in chondrogenic direction there is a substantial 

decrease in network density and a corresponding increase of the mean edge length in the cell 

periphery, whereas osteoblasts exhibit an intermediate filament network which is not very 

different from mesenchymal stem cells. Some of the stem cells, however, showed a high 

network density in their periphery, which could not be found in the other cell types. This 

indicates that the intermediate filament network is a dynamical system showing substantial 

local variations of its morphology even within single cells. By modifications of the network 

structure cells are able to adapt their mechanical properties to their needs during migration 

and mitosis. 
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3.4 Morphological analysis of CK20 transfected Panc1 cells 
 
Cytokeratin 20 (CK20) belongs to the intermediate filament protein family and there to the 

type I keratins and it is expressed in epithelia of the stomach, the intestine, the uterus, the 

bladder and in Merkel cells (Zhou et al., 2006). It can be used as a biomarker for the detection 

of metastatic origin in patients with colonic, gastric, and pancreatic carcinomas. 

 

The aim of this experiment was to elucidate possible morphological differences in the keratin 

filament network of CK20 transfected Panc 1 cells in comparison with normal Panc 1 cells.  

 

CK20-DNA was amplified in E. coli, extracted and purified. Panc1 cells were transfected 

with CK20 using CaPO4 with Geneticin resistance as selection marker. The clones were 

cultivated in an incubator at 310 K and 5% CO2. For electron microscopical analyzes the cells 

were extracted using Triton X-100, chemically fixed with glutar aldehyde, critical point dried 

and coated with a thin layer of carbon (about 5nm). When comparing these cells with normal 

Panc1 cells, in fact, there seemed to be differences concerning cell shape and size. The keratin 

network of the transfected cells, however, seemed to be similar to the network of 

untransfected cells, it showed similar branching and directional distribution of the filaments. 

Though, for an exact conclusion mathematical analysis would be needed.  

 

 
Fig. 6: Starved transfected Panc1 cells. Keratin network of starved transfected Panc1 cell at 

magnification. 
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3.5 Analysis of the keratin filament network with helium ion 
microscopy  
 
A new only recently developed kind of microscope exists for examining surfaces, the 

scanning helium ion microscope (HIM). In contrast to a SEM, which uses electrons, a HIM 

possesses a stable helium ion beam with extremely high intensity for scanning the surface of a 

sample (Scipioni et al., 2008). With this kind of microscope it is theoretically possible to 

reach a better resolution due to the very short De Broglie wavelength of the helium ions. 

Furthermore, with this kind of microscope it is possible to analyze uncoated samples. 

 

The motivation for this experiment was the ability of the HIM to examine uncoated filaments. 

By comparing these data with our SEM data, we wanted to check if the unnatural thickness of 

coated filaments of about 20 nm actually was caused by the coating. Panc1 cells were 

extracted using 1% Triton X-100, chemically fixed with glutar aldehyde and critical point 

dried. Half of the samples were coated with a thin layer of carbon, the other half were left 

uncoated. Images of these cells were taken using an Orion microscope, (Zeiss, Oberkochen) 

with a stable helium ion beam with extremely high brightness. 

 
Fig. 7: Carbon coated (left) and uncoated (right) samples from extracted Panc1 cells. 

 

Fig. 7 shows carbon coated keratin filaments (left) and uncoated ones (right). Both images 

were recorded using the same magnification and the same accelerating voltage of 32 kV. The 

filaments from the coated sample possessed a diameter of about 20 nm, which was in 

agreement with our SEM data. The diameter of the uncoated filaments, however, was about 

the expected value of 10-12 nm known from the literature (Alberts et al., 2008). Observation 

of uncoated filament networks in an SEM would be difficult to impossible due to electrical 

charge-up of the sample.  
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3.5 Preparation of cryofixed cells for improved 3D ultrastructure 
with scanning transmission electron tomography 
 

 Höhn, K., Sailer, M., Wang, L., Lorenz, M., Schneider, M. & Walther, P. 
 

Histochemistry and Cell Biology, 2010 (E-Pub ahead of print) 

 

Scanning transmission electron microscopical (STEM) tomography is based on transmission 

microscopical (TEM) tomography, where the sample is scanned by a fine focused electron 

beam providing enhanced contrast and where depth of focus and inelastic scattering is not a 

limitation. Samples up to 1µm thickness can be analyzed by tilting the sample gradually. For 

this work high pressure freezing, freeze substitution, plastic embedding and thin sectioning 

were used as an established preparation protocol that can be easily applied to many different 

biological systems (reviewed by McDonald, 2007). STEM tomograms of mitochondria, 

hemophagocytes, microvilli of Panc 1 cells and intermediate filaments also of Panc 1 cells 

were recorded. Intermediate filaments were also recorded using SEM tomography. The inner 

and outer mitochondrial membranes as well as the membranes in the cristae appeared in very 

close apposition with a minimal intermembrane space. In 880 nm thick sections of 

hemophagocytes, the three dimensional structure of membrane sheets could be observed in 

the virtual sections of the tomogram. A fundamental problem of analyzing intermediate 

filaments with STEM tomography is that contrast of the thin filaments is not high enough to 

clearly decide whether the filaments are connected with each other, or whether they just cross 

each other in a short distance.  

 
Fig. 8: Intermediate filament network of Panc 1 cells. Left: one single image of a tilt series; right: 

reconstructed tomogram of the tilt series. Arrows mark the same filament crossing. 

 

When using SEM tomography (Figure 8), however, filaments are imaged with much higher 

contrast and in a virtual section it can be clearly decided, whether the filaments cross in 

different planes (white arrows) or touch each other (black arrows). 
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4. General Conclusions 
 
 
The main aim of this work was to expand already existing data of the keratin intermediate 

filament system of Panc 1 cells to three-dimensional datasets. This was achieved by applying 

a new technique, SEM tomography, a certain kind of electron tomography. For this purpose a 

new sample holder was created, which allows tilting the sample to ± 60°. In combination with 

the extraction protocol, it was possible to record tomograms where the filaments could be 

tracked even in deeper layers. With these tomograms it was possible to analyze the keratin 

filament network mathematically regarding to parameters like network density and filament 

length. These results can offer valuable clues about the migration ability of pancreatic 

caneroid cells and furthermore also for other cell types. 



  References 

 21

5. References 
 

Alberts, B., Johnson, A., Lewis, L., Raff, M., Roberts, K. & Walter, P. Molecular Biology of 

the Cell, fifth edition. Garland Publishing, New York, NY (2008). 

 

Abbe, E. (1873). Beiträge zur Theorie des Mikroskops und der mikroskopischen 

Wahrnehmung. Archiv für mikroskopische Anatomie 9, 418-440. 

 

Aoyama, K., Takagi, T., Hirase, A, Miyazawa, A. (2008). STEM tomography for thick 

biological specimens. Ultramicroscopy 109, 70–80. 

 

Beil, M., Micoulet, A., von Wichert, G., Paschke, S., Walther, P., Omary, M.B., Van 

Veldhoven, P.P., Gern, U., Wolff-Hieber, E., Eggermann, J., Waltenberger, J., Adler, G., 

Spatz, J. & Seufferlein, T. (2003). Sphingosylphosphorycholine regulates keratin network 

architecture and viscoelastic properties of human cancer cells. Nat Cell Biol  5, 803-811. 

 

Beil, M., Braxmeier, H., Fleischer, F., Schmidt, V. & Walther, P. (2005). Quantitative 

analysis of keratin filament networks in scanning electron microsopy images of cancer cells. J  

Microsc 220, 84-95. 

 

Beil, M., Eckel, S., Fleischer, F., Schmidt, H., Schmidt, V. & Walther, P. (2006). Fitting of 

random tessellation models to keratin filament networks.  J Theor Biol 241, 62-72. 

 

Couprie, M., Bezerra, F.N. & Bertrand, G. (2001). Topological operators for grayscale 

processing. J Electron Imaging 10, 1003–1015 

 

Fuchs, E. & Weber, K. (1994). Keratin (intermediate) filaments: structure, dynamics, function 

and disease. Annu Rev Biochem 63, 345-82. 

 

Ellenrieder, V. Adler, G. & Gress, T.M. (1999). Invasion and metastasis in pancreatic cancer. 

Ann Oncol 10, 46-50. 

 



  References 

 22

Hatzfeld, M. & Franke, W.W. (1985). Pair formation and promiscuity of cytokeratins: 

formation in vitro of heterotypic complexes and keratin (intermediate)-sized filaments by 

homologous and heterologous recombinations of purified polypeptides. J Cell Biol 101, 1826-

1841. 

 

Herrmann, H. & Aebi, U. (2004). Intermediate filaments: molecular structure, assembly 

mechanism, and integration into functionally distinct intracellular Scaffolds. Annu Rev 

Biochem 73, 749-89. 

 

Herrmann, H., Hesse, M., Reichenzeller, M., Aebi, U. & Magin, T.M. (2003). Functional 

complexity of keratin (intermediate) filament cytoskeletons: from structure to assembly to 

gene ablation. Int Rev Cytol 223, 83-175. 

 

Heussinger, C. & Frey, E. (2007). Role of architecture in the elastic response of semiflexible 

polymer and fiber networks. Phys Rev E 75, 011917 

 

Hohmann-Marriott, M.F., Sousa, A.A., Azari, A.A., Glushakova, S., Zhang, G., Zimmerberg, 

J. & Leapman, R.D. (2009). Nanoscale 3D cellular imaging by axial scanning transmission 

electron tomography. Nat Methods 6, 729-731. 

 

Hoppe, W., Gassmann, J., Hunsmann, N., Schramm, H.J. & Sturm, M. (1974). Three-

dimensional reconstruction of individual negatively stained yeast fatty-acid synthetase 

molecules from tilt series in the electron microscope. Z Physiol Chem 355, 1483-1487. 

 

Huisman, E.M., van Dillen, T.M., Onck, P.R. & Van der Giessen, E. (2007). Three-

dimensional cross-linked F-actin networks: Relation between network architecture and 

mechanical behavior. Phys Rev Lett 99, 208103 

 

Janmey, P.A., Euteneuer, U., Traub, P., Schliwa, M. (1991). Viscoelastic properties of 

vimentin compared with other filamentous biopolymer networks. J Cell Biol. 113, 155-60.  

 

Kremer, J.R., Mastronarde, D.N. & McIntosh, J.R. (1996). Computer visualization of three-

dimensional image data using IMOD. J Struct Biol 116, 71–76. 

 



  References 

 23

Ladinsky, M.S., Mastronarde, D.N., McIntosh, J.R., Howell K.E. & Staehelin, L.A. (1999) 

Golgi structure in three dimensions: functional insights from the normal rat kidney cell. J Cell 

Biol 144, 1135–1149. 

 

Lin, Y., Broedersz, C.P., Rowat, A.C., Wedig, T., Herrmann, H., MacKintosh, F.C. & Weitz, 

D.A. (2010). Divalent cations crosslink vimentin intermediate filament tail domains to 

regulate network mechanics. J Mol Biol 399, 637–644 

 

McDonald, K. (2007). Cryopreparation Methods for Electron Microscopy of Selected Model 

Systems. In: J. R. McIntosh (Ed) Cellular Electron Microscopy. (Methods in Cell Biology) 

Elsevier 79, 23-56. 

 

MacKintosh, F., Käs, J. & Janmey, P.A. (1995). Elasticity of semiflexible biopolymer 

networks. Phys Rev Lett 75, 4425-4428 

 

Midgley, P.A.,  Weyland, M., Thomas, J. M., Johnson, B.F.G. (2001). Z-contrast tomography: 

A technique in 3-dimensional nanostructural analysis based on Rutherford scattering. Chem 

Comm 18, 907-908. 

 

Midgley, P.A. & Dunin-Borkowski, R.E. (2009). Electron tomography and holography in 

materials science. Nat Mater 8, 271-280. 

 

Moor, H. & Riehle, U. (1968) Snap-freezing under high pressure: a new fixation technique for 

freeze-etching. Proc. 4th European Reg. Conf. Electron Microscopy. 2, 33-34. 

 

Rasband, W.S. (1997-2010). ImageJ. U.S. National Institutes of Health, Bethesda, Maryland, 

USA. http://rsb.info.nih.gov/ij/ 

 

Resch, G.P., Goldie, K.N., Krebs, A., Hoenger, A. & Small, J.V. (2002) Visualisation of the 

actin cytoskeleton by cryo-electron microscopy. J. Cell Sci. 115, 1877-1882. 

Ris, H. (1985) The cytoplasmic filament system in critical point dried whole mounts and 

plastic embedded sections. J Cell Biol 100, 1474-1487. 

 



  References 

 24

Scipioni, L., Sanford, C.A., Notte, J., Thompson, B. & McVey, S. (2008). Understanding 

imaing modes in the helium ion microscope. J Vac Sci Technol 27, 3250-3255 
 

Seiler, H. (1967). Einige aktuelle Probleme der Sekundärelektronenemission. Z angew Phy 

22, 249-263. 

 
Svitkina, T.M. & Borisy, G.G. (1998). Correlative light and electron microscopy of the 

cytoskeleton of cultured cells. Method Enzymol 298, 570-592. 

 

Szczesny, P.J., Walther, P. & Müller, M. (1996). Light damage in rod outer segments: The 

effects of fixation on ultrastructural alterations. Current Eye Res 15, 807-814. 

 

Urban., E., Jacob, S., Nemethova, M., Resch, G.P & Small, J.V. (2010). Electron tomography 

reveals unbranched networks of actin filaments in lamellipodia. Nat Cell Biol  12, 429-35. 

 

Vignal, E. & Resch, G. (2003). Shedding light and electrons on the lamellipodium: imaging 

the motor of crawling cells. Biotechniques 34, 780-4, 786, 788-9. 

 

Walther, P. (2003). Recent progress in freeze fracturing of high-pressure frozen samples. J 

Microsc 212, 34-43. 

 

Walther, P. (2008). High Resolution Cryoscanning Electron Microscopy of Biological 

Samples. Book article in: Schatten H, Pawley J. B. (eds) Biological Low-Voltage Scanning 

Electron Microscopy. Springer New York. ISBN 978-0-387-72970-1 (Print) 978-0-

387.72972-5 (Online). pp 245-261. 

 

Yakushevska, A.E., Lebbink, M.N., Geerts, W.J., Spek, L., van Donselaar, E.G., Jansen,  

K.A., Humbel, B.M., Post, J.A., Verkleij,  A.J. & Koster, A.J. (2007). STEM tomography in 

cell biology. J Struct Biol 159, 381-391. 
 
Zhou, Q., Cadrin, M., Herrmann, H., Chen, C-H., Chalkley, R.J., Burlingame, A.L. & Omary, 

M.B. (2006). Keratin 20 serine 13 phosphorylation is a stress and intestinal goblet cell 

marker. J Biol Chem 281, 16453-16461. 

 



  List of own publications 

 25

6. List of own publications  
 

6.1 Full size articles in peer reviewed journals 
 

Sailer, M., Höhn, K., Lück, S., Schmidt, V., Beil, M. & Walther, P. (2010). Novel electron 

tomographic methods for three-dimensional analysis of keratin filament networks. Microsc 

Microanal 16, 462-471. 

 

Lück, S., Sailer, M., Schmidt, V. & Walther, P. (2010). Three-dimensional analysis of 

intermediate filament networks using SEM-tomography. J Microsc 239, 1-16. 

 

Höhn, K., Sailer, M., Wang, L., Lorenz, M., Schneider, M.E. & Walther, P. (2010). Scanning 

transmission electron tomography for improved 3D ultrastructure of cryofixed cells. 

Histochem Cell Biol (E-Pub ahead of publication) 

 

Lück, S., Fichtl, A., Sailer, M., Joos, H., Brenner, R.E., Walther, Paul, & Schmidt, V. 

(20XX). Statistical analysis of the intermediate filament network in cells on mesenchymal 

lineage by grayvalue-oriented image segmentation.  (Submitted to Computational Statistics) 

6.2 Abstracts 
 

Sailer, M., Lück, S., Schmidt, V., Beil, M., Adler, G. & Walther, P.  (2008). Three-

dimensional analysis of the keratin (intermediate) filament network using SEM-tomography. 

In: A. Aretz, B. Hermanns-Sachweh, J. Mayer (Eds.), Proceedings of EMC 2008, pp. 91-92. 

Springer-Verlag Berlin Heidelberg. 

 

Sailer, M., Lück, S., Schmidt, V., Beil, M., Adler, G. & Walther, P. (2009). Three-

dimensional analysis of the intermediate filament network using SEM-tomography. In: M.A. 

Pabst and G. Zellnig (Eds), Proceedings of MC 2009, pp. LI.P603-604. Verlag der TU Graz. 

 
Lück, S., Fichtl, A., Sailer, M., Joos, H., Brenner, R.E., Walther, P. and Schmidt, V. (2010) 

Quantitative analysis of the intermediate filament network in scanning electron microscopy 

images by grayvalue-oriented segmentation methods. Statistical Computing 2010, Schloss 

Reisensburg, Günzburg.



  Acknowledgement 

 26

7. Acknowledgement 
 

First of all I want to express my gratitude to my supervisor Paul Walther for accepting 

me as PhD student and for his continuous help and encouragement throughout this 

work. He was always there to meet and talk about my work and solve any problems. 

I’ve learned a lot from him and without his support I could not have finished my 

dissertation successfully.  

Furthermore, I also want to thank Michael Beil, Volker Schmidt and Sebastian Lück 

for scientific input and constructive teamwork.  

Many thanks to Elke Wolff-Hieber, Iris Repple, Renate Kunz, Chris Hormann, 

Eberhard Schmid and Reinhard Weih for that I always could count on them and their 

technical support. Also thanks to all the other members of the lab and their friendly 

help. 

Special thanks go to all the „Jufos“of the lab: Holger Krisp, Katharina Höhn, Li Wang, 

Christian Soor, Bastian Seidl, Martin Dass, Julia Huber, Christopher Schmid, Martin 

Schauflinger, Sukhum Ruangchai, Jacinthe Gagnon, Helena Ederle and Heiko 

Gregorius. With their know-how and ideas they always gave me the necessary push 

during difficult moments and they were always up for a little fun!  

 
Last but not least, I want to thank Kay Averhoff and my family, who always stood 

behind me. Without their encouragement and understanding it would have been 

impossible for me to finish this work. 

 

 

 



  Appendix 

 27

8. Appendix



  Appendix 

 28

 



  Appendix 

 29

 



  Appendix 

 30

 



  Appendix 

 31

 



  Appendix 

 32

 



  Appendix 

 33

 



  Appendix 

 34

 



  Appendix 

 35

 



  Appendix 

 36

 



  Appendix 

 37

 



  Appendix 

 38

 



  Appendix 

 39

 

 
 
 
 
 
 



  Appendix 

 40

 



  Appendix 

 41

 



  Appendix 

 42

 



  Appendix 

 43

 



  Appendix 

 44 



  Appendix 

 45 



  Appendix 

 46
 



  Appendix 

 47 



  Appendix 

 48 



  Appendix 

 49 



  Appendix 

 50 



  Appendix 

 51 



  Appendix 

 52 



  Appendix 

 53 



  Appendix 

 54

 



  Appendix 

 55

 



  Appendix 

 56

 



  Appendix 

 57

 



  Appendix 

 58

 



  Appendix 

 59

 



  Appendix 

 60

 



  Appendix 

 61

 



  Appendix 

 62

 



 

 63

 


