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Summary

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 Hohn)
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).

type litype Il polypeptide — —

l parallel association
heterodimer ——
I antiparallel association
tetramer — —=3

‘I' lateral annealing

60 nm unit length filament _ =

(ULF)
1 longitudinal annealing
10 nm filament = e — e =

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 um 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 pm (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. Hohn, S. Luck, 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 Pancl 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.
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3.2 Three-dimensional analysis of intermediate filament networks
using SEM-tomography

Authors: S. Lick, 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 Pancl 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: Lick, 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 A-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 ¢) 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-

N«

| _J WK
b-‘l'&‘"

(b)

Fig. 5: @, Original image; b, Lower 1-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 Pancl 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. Pancl 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% CO,. 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 5Snm). When comparing these cells with normal
Pancl 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 Pancl cells. Keratin network of starved transfected Pancl 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. Pancl 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 Pancl 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.

18



Results

3.5 Preparation of cryofixed cells for improved 3D ultrastructure
with scanning transmission electron tomography

Hohn, 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 1um 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.

virtual section
r‘..

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.
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Abstract: The three-dimensional (3D) keratin filament network of pancreatic carcinoma cells was investigated
with different electron microscopical approaches. Semithin sections of high-pressure frozen and freeze substi-
tuted cells were analyzed with scanning transmission electron microscope (STEM) tomography. Preservation of
subcellular structures was excellent, and keratin filaments could be observed; however, it was impossible to
three-dimensionally track the individual filaments. To obtain a better signal-to-noise ratio in transmission
mode, we observed ultrathin sections of high-pressure frozen and freeze substituted samples with low-voltage
{30 kV) STEM. Contrast was improved compared to 300 kV, and individual filaments could be observed. The
filament network of samples prepared by detergent extraction was imaged by high-resolution scanning electron
microscopy (SEM) with very good signal-to-noise ratio using the secondary electron signal and the 3D
structure could be elucidated by SEM tomography. In freeze-dried samples it was possible to discern between
keratin filaments and actin filaments because the helical arrangement of actin subunits in the F-actin could be
resolved. When comparing the network structures of the differently prepared samples, we found no obvious
differences in filament length and branching, indicating that the intermediate filament network is less
susceptible to preparation artifacts than the actin network.

Key words: keratin (intermediate) filaments, SEM tomography, STEM tomography, pancreas, keratin, actin,

electron microscopy

INTRODUCTION

Biological structures such as cytoskeletal networks are three-
dimensional (3D); classical electron microscopy, however,
provides only two-dimensional (2D) images. To fill this gap,
a number of techniques have been developed to record 3D
datasets. Although the origins of these methods lay several
decades in the past, these methods became more widely
used only recently because more efficient computer and
storage devices greatly facilitate the handling of large datasets.

Three-Dimensional Imaging
by Electron Microscopy

The most widely used approach to record electron tomo-
graphical datasets in a transmission-type electron micro-
scope (TEM) is tilting the sample over a large angular range
of about +70° with small increments (about 2°) and thereby
acquiring a series of 2D projection images. This tilt series is
then back-projected into a 3D model (Hoppe et al., 1974

Received December 10, 2009; accepted April 24, 2010
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and others; recently reviewed by Baumeister, 2004). A fur-
ther development of TEM tomography is scanning transmis-
sion electron microscopical (STEM) tomography (Midgley
et al, 2001; Midgley & Dunin-Borkowski, 2009). Yaku-
shevska et al. (2007) introduced this new technique to life
science, highlighting that high-angle annular dark-field
(HAADF)-STEM tomography gives a five times better con-
trast and signal-to-noise ratio than bright-field-TEM tomog-
raphy. In TEM tomography the imaging of relatively thick
sections (e.g., 600 nm) suffers from inelastic scattering that
blurs the image due to chromatical aberration in the projec-
tive lenses. This effect is especially pronounced at high tilt,
where the path length of the electron beam in the sample
increases (by about a factor of 3 at 70%). When a scanning
beam and a STEM detector are used, however, inelastic scat-
tering does not reduce resolution. The resolution is now
mainly limited by widening of the primary beam due to
scattering in the sample. Using this method with a 300 kV
field emission microscope, we have been able to make tomo-
graphic reconstructions of 600 nm thick sections, in which
the two leaflets of membrane lipid bilayers are still clearly
resolved (Hohn et al, 2009). Thus, we considered STEM
tomography a consequential method for the 3D analysis of
keratin filament networks. The disadvantage of using 300 kV/
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accelerating voltage is the low contrast. We, therefore, also
investigated the potential of using low voltage (30 kV) for
STEM imaging (Sailer et al., 2009). Another approach with
great potential for special samples is scanning electron micro-
scopical (SEM) tomography using the secondary electron
signal (Sailer et al., 2008; Luck et al., 2010).

Keratin Filament Networks

Keratin filaments belong te the intermediate filaments, a
part of the cytoskeleton, which forms a network of protein
fibers in the cytoplasm of eukaryotic cells. The scaffold of
the intermediate filaments defines the shape and mechani-
cal properties of a cell (Herrmann et al, 2003), such as
elasticity (Beil et al,, 2003). Keratins are spedifically ex-
pressed in epithelial cells and form heteropolymers of type I
(K9-20) and type I (K1-8) keratin (Hatzfeld & Franke,
1985). Posttranslational modifications of keratin mono-
mers, i.e,, phosphorylation and glycosylation, regulate the
solubility of keratins and thus network architecture (Cou-
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Figure 1. A,B: Computed secticns of
300 KV STEM tomograms of
high-pressure frozen and freeze
substitnted Panc 1 cells. Panel A was
recorded in the perinuclear area
whereas panel B represents a
peripheral area of a cell. C,D: Thin
sections (&0 nm) recorded with an
SEM at 30 k' with a dark-field
STEM detector. The contrast of the
filaments is reasonably good, but
obviously 3D information is missing,
E,F: The same area of an extracted
Panc 1 cell imaged simultaneously in
an SEM at 30 kK. Panel E was
recorded using the transmission
dark-field signal, whereas panel F is
the image of the secondary electron
signal The contrast of the thin
tilarnents is considerably higher in
the secondary electron image (F)
than in the transmission image (E).
Arrows depict the same filament.

lombe & Omary, 2002; Beil et al,, 2005). K8 and K18 are the
basic keratins expressed in simple epithelia (Fuchs & Weber,
1994) and their tumors, such as pancreatic carcinoma, which
are the subject of this study.

Microscopy of Keratin Filament Networks

Keratin filament networks have been extensively studied
with light microscopical methods, with special emphasis on
fluorescent microscopy. Windoffer et al. (2004) demon-
strated that the keratin filament system is not homogenous
but is organized into temporally and spatially distinct sub-
domains. They provide further evidence that continuous de
novo formation of keratin fibers in the cell periphery is a
general principle in epithelial cells, When comparing fluo-
rescence microscopy data with electron microscopical data
of the keratin filament network, it is striking that the
electron microscopical images contain much more struc-
tural details due to the improved resolution of the electron
microscope (Figs. 1, 2). We believe that these images reflect
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the complexity of eukaryotic cells that consist of about 10
protein molecules of about 10* different kinds (Alberts
et al,, 2008). Unfortunately, this complexity makes the life of
an electron microscopist difficult because simple and clear
interpretation of the information overflow is often nat
possible. Electron microscopists, therefore, are seeking strat-
egies to make the complex relations of biological ultrastruc-
ture understandable. One of these strategies is the use of
extraction protocols (Svitkina, 2007). Most of the cell com-
pounds are, thereby, remaved, and only the finely struc-
tured cytoskeleton remnains. In previous studies we have
analyzed the keratin network of pancreatic cancer cells
using these extraction protocols. The samples have been
two-dimensionally imaged in the SEM using the secondary
electron signal and quantitatively analyzed by methods from
spatial statistics (Beil et al,, 2003, 2005, 2006). In our recent
work we have expanded these studies to visualize the 3D
structure of the network by SEM tomography (Sailer et al,
2008, 2009; Luck et al,, 2010).

In this study we investigate and compare different
preparation and imaging protocols for preservation and
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Figure 2. A: An overview of an
extracted Panc 1 cell. The rectangular
marked area is displayed at higher
magnification in panel B. These cells
exhibit an extremely complex and
dense filament network Some
agglomerated cell components are
still left because they were not
completely removed during
extraction. Both images were
recorded with an SEM at 5 12V using
the secondary electron signal.

recording of 3D keratin filament networks in pancreatic
canceroid cells, including high- pressure freezing, freeze sub-
stitution, embedding, and thin sectioning as well as extrac-
tion protocols, We analyzed these samples with 300 kV
STEM-tomography, with (30 kV) low-voltage STEM and,
finally, with secondary electron SEM tomography.

MATERIAL AND METHODS

Sample Preparation
Cell Cuiture

Panc 1 human pancreatic cancer cells (American Type Cul-
ture Collection, Manassas, VA, USA) were seeded (5 % 104
cells/fmL) and cultivated in an incubator at 310 K and 5%
CO,. For the experiments, cells were grown as a monolayer
on glow discharged sapphire discs coated with carbon. For
the low-voltage STEM experiments of Fig. 1E,E cells were
grown on electron transparent carbon coated and glow
discharged 200 mesh gold grids.
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Preparation of High-Pressure Frozen and Freeze
Substituted Cells

The cells on sapphire discs were frozen using a Wohlwend
HPF Compact 01 high-pressure freezer (Engineering Office
M. Wohlwend GmbH, Sennwald, Switzerland) as described
by Buser and Walther (2008). During the following freeze
substitution, water was replaced by the freeze substitution
medium consisting of acetone, osmium tetroxide, uranyl
acetate, and 5% of water (Walther & Ziegler, 2002). This
procedure lasted about 16-18 h during which the tempera-
ture was slowly increased from 183 to 273 K. After substitu-
tion the samples were kept at room temperature for 30 min
and then washed twice with acetone. After embedding of
the samples in epon (polymerization at 333 K within 72 h),
they were cut with a microtome (Leica Ultracut UCT ultra-
microtome) using a diamond knife (Diatome, Biel, Switzer-
land) in ultrathin sections of a thickness of 80 nm for
low-voltage SEM and about 500 nm for STEM tomography
and mounted on copper grids. For low-voltage STEM the
sections were post-stained with lead citrate and uranyl
acetate. Finally the samples were coated with a thin layer of
carbon (5 nm) on both sides.

Preparation of Extracted Cells by Critical Point Drying

To visualize the intermediate filament network by high-
resolution SEM, a prefixation extraction method was ap-
plied, based on the protocols of Svitkina and Borisy (1998)
and Svitkina (2007). After washing with phosphate-buffered
saline (PBS; pH 7.3), the cells were extracted for 25 min at
around 281 K with 1% Triton X-100 (in PBS). Afterward,
cells were washed again with PBS and chemically fixed with
2.5% glutaraldehyde (in PBS and 1% saccharose) for 1 h at
room temperature. After washing with PBS, the cells were
contrasted with OsO, (2% in PBS) for 1 h at room temper-
ature. After repeated washing with PBS, the samples were
gradually dehydrated in 30%, 50%, 70%, 90%, and 100%
Propanol for 5 min. Then the cells were critical-point dried
using carbon dioxide as translation medium (Critical Point
Dryer CPD 030, BalTec, Principality of Liechtenstein). Fi-
nally, the samples were coated with a 5 nm layer of carbon
in a freeze etching device (Baf 300, BalTec, Principality of
Liechtenstein). The thickness was controlled with a quartz
crystal monitor.

Preparation of Extracted Cells by Freeze Drying

Cells grown on sapphire discs were extracted with 1%
Triton as described above with 10 M phalloidin added (to
stabilize the actin network during preparation), and chem-
ically fixed with 2.5% glutaraldehyde in PBS and 1%
saccharose. Then they were washed with distilled water, and
10% of ethanol was added to prevent ice crystal formation
during freezing. The samples were frozen by immersion in
liquid propane, supercooled by liquid nitrogen. The frozen
samples were mounted on a holder that fits into the Gatan
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cryo stage and cryo-transferred to a Baf 300 freeze-etching
device (Bal-Tec, Principality of Liechtenstein). The samples
were partially freeze dried for 30 min at 180 K and then for
10 min at 185 K. Finally, the samples were coated with 2 nm
of tungsten by electron beam evaporation at the same
temperature (Walther, 2008). The samples were never warmed
up but kept cold during liquid-nitrogen transfer to the
cryvo-stage of the SEM.

Electron Microscopy
STEM Tomography

STEM tomography of semithin sections (500 nm) of high-
pressure frozen and freeze substituted Panc 1 cells was done
with a Titan 80-300 field emission STEM (FEI, Findhoven,
Netherlands) at an accelerating voltage of 300 kV and a
convergence angle of 10 mrad. Tilt series (—72° to +72°)
were recorded in scanning mode (1024 < 1024 pixels) with
a HAADF detector (Fischione, Export, PA, USA). The cam-
era length was 301 mm. Tomograms were reconstructed
with the IMOD software (Kremer et al., 1996) by weighted
back projection (Fig. 1A,B).

Low-Voltage STEM

Low-voltage STEM of 80 nm ultrathin sections of high-
pressure frozen and freeze substituted Panc 1 cells was
performed with a cold-field emission SEM (Hitachi $-5200
in-lens SEM, Tokyo, Japan) equipped with a transmission
detector that was used in dark-field mode for best contrast.
Images (1280 < 800 pixels) were recorded in STEM mode at
an accelerating voltage of 30 kV (Figs. 1C-E, 5B).

SEM Tomography

SEM tomography of extracted cells was also performed with
a Hitachi $-5200 in-lens SEM (Tokyo, Japan). For this
purpose a holder pretilted by 30° was constructed that
allows tilting over a range from —60° to +60° though the
holder has to be turned by 180° and the sample needs to be
remounted after recording half of the tilt series. Tomographi-
cal datasets were obtained at tilt angles from —60° to +60°
at an increment of 2° with a magnification of 50,000 and an
accelerating voltage of 5 kV using the secondary electron
signal. This procedure resulted in 61 input images for the
computation of a single tomogram. Tomograms were recon-
structed with the IMOD software by weighted backprojec-
tion (Figs. 3, 4, 5A).

Low-Temperature SEM of Freeze-Dried Samples

For low-temperature SEM the extracted and freeze-dried
samples were transferred under liquid nitrogen to the cold
stage (Gatan, Inc., Pleasanton, CA, USA.) of the Hitachi
§-5200 SEM and quickly inserted into the microscope.
Specimens were investigated at a temperature of 173 K atan
accelerating voltage of 30 kV using the secondary electron
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Figure 3. A: An overview of
extracted Panc 1 cells. B: A cell where
several tomograms were recorded at
different perinuclear (PN, black
boxes) and peripheral (PP, white
bemes) areas. C,D: Images at 0% tilt
angle {C) and at £0° tilt angle (D) of
the recorded tilt series (0% +60°% 2°
steps) of tomogram PP2 in panel B
All images were recorded with an
SEM at 5 kW using the secondary
electron signal

Figure 4. A: Cne layer of a
reconstructed tomogram of the
region PP2 in Figure 3B B: The
tomogram after thresholding. C,D:
The network graph calculated from
the thresholded tomogram, visualized
under difterent tilt angles.



Appendix

200nm

Tomography of Keratin Filament Networks 467

200nm
. e

Figure5. A: An artificially generated section (zbout 80 nm thick) of tomogram PP2, from s detergent extracted and
critical-point-dried sample. Bt An image of an ultrathin section (thickness about 80 nm) of a high-pressure frozen and
freeze substituted Panc 1 cell, imaged with an SEM at 30 kK with a dark-field STEM detector, Both images visualize the
same field size end the same thickness after different preparation and visualization methods. The filaments in the
secondary electron SEM image (A) appear thicker than the ones in the transmission electron image (B). This is due to
carbon coating, as explained in Figure 1E. Besides this difference, both images show similar appearance of the filaments.

signal as descaribed by Walther (2008) (Fig. 6B,C). The data
are compared with a sample of in-vitre polymerized F-actin
that has been frozen, freeze dried, and coated with tungsten
like the samples described above (Walther, 2008) (Fig. 6A).

ReEsuLTs AND DiscussioN

Here we present different electron microscopical approaches
for the 3D morphological data aquisition of keratin inter-
mediate filament networks, In earlier work we quantita-
tively analyzed the keratin filament network of pancreatic
cancer cells in two dimensions (Beil et al,, 2005, 2006) and
are ready to expand these studies to 3D datasets as we have
started in Luck et al. (2010). One motivation for this study
is the influence of the structure of the keratin filament
network on cell mechanics, an important factor for tumor
cell migration (Beil et al,, 2003).

STEM Tomography

To visualize the cytoskeleton in the full context of all cell
compenents, we performed high-pressure freezing, freeze
substitution, and STEM tomography, It is generally acknowl-
edged that aryo-fixation is the best immobilization method
to preserve the structural integrity of a cell (e.g,, Echlin,
1992; Hohenberg et al,, 2003; Dubaochet, 2007). The most
widely established protocol is to process a avo-fixed sample
by freeze substitution (Humbel, 2009). The samples are
afterward embedded in plastic, thin sectioned, and can be
investigated by regular TEM, low-voltage STEM, or by
(SYTEM tomography. Figure 1AB show virtual sections of
300 kV STEM tomograms of 500 nm sections of Panc 1
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cells. Figure 1A depicts the perinuclear area of a cell, where
many keratin filaments are expected. Beside other well-
preserved structural features such as mitochondria, densely
packed filament strands are cbserved. Tt is difficult, how-
ever, to track a single filament through the whole tomo-
gram., It is not absolutely clear whether the observed filaments
represent intermediate filaments or F-actin. Figure 1B shows
filaments in microvilli, which must represent F-actin (Al-
berts et al,, 2008).

Improvements by Low-Voltage STEM and SEM

Since it was difficult to track the filaments with 300 kV
STEM tomography, we switched to an alternative method:
low-voltage STEM. It is expected that contrast is enhanced
at low accelerating voltages (30 kY compared to 300 kV).
Figure 1C,D are low-voltage STEM dark-field images of
ultrathin sections from the perinuclear area of Panc 1 cells.
The recorded cell area in Figure 1C is similar in size to
Figure 1A,B, but the thickness of the section is only 80 nm.
The contrast of the filaments is reasonably good, but obvi-
ously 3D information is missing in the ultrathin section.
Performing tomography at 30 kV is difficult with our equip-
ment for technical reasons, and in addition we assume that
spreading of the primary beam would make tomographic
imaging of semithin sections at 30 kV unsatisfactory. There-
fore, we used the extraction protocol, where most of the
cellular compounds are washed out and basically only the
keratin filament network remains (Svitkina & Borisy, 1998;
Svitkina, 2007) unless F-actin is stabilized by adding phalloi-
din. Figure 1E,F shows the same area of an extracted Panc 1
cell recorded simultaneously. Figure 1E is an image of the
transmission dark-field (STEM) signal, and Figure 1F is the
image of the conventional secondary electron signal. The
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Figure 6. A: An isolated actin filament after freeze drying. The typical helical arrangement of the individual G-actin
subunits can be seen clearly and give the filament the typical saw-toothlike appearance. B,C: Different areas from the
same exfracted Panc 1 cell preparation after freeze drying. Panel B is from the cell periphery, where mainly actin
tilaments are expected. Indeed, most of the filaments in this area exhibit saw-toothlike surface structures. Panel C is
from a perinuclear area, where we mainly expect keratin (intermediate) filaments. Most of the filaments show a smooth
appearance. DB SEM images of (D) freeze-dried and (B} critical-point-dried extracted networks. Both images show
similar branching and directional distribution of the filaments. All images were recorded with an SEM using the

secondary electron signal.

diameter of the filaments is about 10 nm in the transmitted
image and about 20 nm in the secondary electron image.
This is due to the carbon coat that is transparent for the
transmitted electrons but produces secondary electrons.
The bright dots, which most likely represent contamina-
tions due to incomplete extraction, are imaged with about
the same contrast in both pictures, but obviously the thin
filaments are best visualized using the secondary electron
signal because they have a small volume, but a large surface
area, The electrons used for contrast formation in bright-
field and dark-field transmission imaging are scattered in
function of the mass density, which is low in these thin
filaments. Contrast in transmission mode, therefore, is low,
and the filaments are almost vanishing beside unextracted
cell compounds, which have a large volume and therefore
high contrast (Fig. 1E). The secondary electron signal, how-
ever, is primarily a function of the surface area exposed to
the electron beam (Seiler, 1967). The secondary electron
emission of the filaments is high because their surface is
large compared to the volume (Fig. 1F). Figure 2A shows an
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overview of an extracted Panc 1 cell imaged at an accelerat-
ing voltage of 5 kV with the secondary electron signal, It
turned out that in our hands an accelerating voltage of 5 kV
gave the best results with extracted samples at low and
intermediate magnifications because the contrast was even
meore incareased and charging problems were reduced com-
pared to 30 kV {compare with Fig. 1F). This is in agreement
with data from the literature (Pawley, 2008). The marked
area is displayed at a higher magnification in Figure 2B.
Figure 3A represents an overview of several Panc 1 cells
grown on a sapphire disc.

SEM Tomography of Keratin Intermediate
Filament Networks

The principle of computed tomography was first discovered
by Radon (1917) in his work on the reconstruction of a
function from projection data. The most essential assump-
tion arising from this mathematical foundation of tomeo-
graphic reconstruction is that the input data consist of line
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integrals of some image property through the volume of
interest. The single projection images serving as input for
reconstruction algorithms such as weighted backprojection
or algebraic reconstruction techniques (Buzug, 2008) are
obtained by parallel scanning of the sample with a line
while taking the integrals. The Radon transform of an
object is the collection of these projections that is obtained
by tilting the sample in the interval [—90° +90%) with
respect to a central axis. Computed tomography deals with
the problem of inverting the Radon transform.

At the level of resolution needed to study keratin
networks, the signal collected in STEM mode by a HAADF
detector can be directly related to the projection of the
density through the specimen along the path of the electron
beam, thus approximating line integration by an integral
over the electron probe (Hawkes, 2005). However, the
secondary electron signal recorded as the input data for
SEM tomograms is of quite different nature. The escape
probability of secondary electrons decreases exponentially
with the depth of the location where the secondary electron
is generated (Goldstein et al., 2007). Therefore, the second-
ary electron signal primarily maps surfaces and contains
a rather negligible amount of information on deeper layers
of the specimen. As a consequence, in usual situations
secondary electron imaging does not yield projections of
the specimen that could be used as input for tomographic
reconstruction algorithms. However, detergent extracted
samples of keratin filaments only contain the fine network
structure surrounded by vacuum. As a consequence, single
surface locations along the filaments are freely accessible to
the electron probe under most tilt angles. Thus, even under
high tilt angles, filaments in deeper areas are clearly visible
(Fig. 3C,D), and the secondary electron signal closely resem-
bles projection data of the specimen. Compared to real
projection data, the contrast of filaments in lower network
components is decreased by shadowing effects of network
parts (Fig. 3C). In comparison to STEM, the crucial advan-
tage of secondary electron imaging is the enhanced contrast
of the filaments (Fig. 1E versus Fig. 1F). This high contrast
got transferred to tomograms computed from secondary
electron tilt series, which were recorded by tilting in the
interval [—60° 60°] at an angular increment of 2° and
computed by weighted backprojection (Buzug, 2008)
(Fig. 4A). Thus, the tomograms were generated by a stan-
dard algorithm for the reconstruction of TEM or STEM
data.

A specific artifact in SEM tomograms is that shadowing
of filaments in deeper layers by upper network components
decreases contrast and leads to stretched filament profiles.
The oval stretch of reconstructed filament profiles in SEM
tomograms is a well-known artifact from tomographic re-
constructions with a missing wedge of tilt angles, which also
occurs in computed tomography from regular TEM tilt
series (Midgley & Dunin-Borkowski, 2009). However, in
SEM tomograms these effects are more pronounced due to
mutual shadowing of the image components. As a conse-
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quence, SEM tomography for the 3D analysis of filamen-
tous networks is not primarily limited by sample thickness
but by network density, which controls visibility of single
filaments during tilting. For more details we refer to Liick
et al. (2010).

Quantitative Analysis of Network Structure
Based on SEM Tomograms

Based on high-contrast SEM tomograms, the graph struc-
ture of the networks can be extracted by techniques from
image analysis. Figure 4B depicts the tomogram after thresh-
olding. Figure 4C,D visualizes the network graph extracted
from the thresholded tomogram by means of an algorithm
discussed in Liick et al. (2010). Apart from the segmentation
of the foreground phase by thresholding, the algorithm
applied to generate Figure 4C,D is fully automatic and thus
reduces potential bias from user interaction. Given the
extracted network graph, statistical analysis of network char-
acteristics such as network density, filament length, and
cross-link topology can be conducted. Since such character-
istics are related to the mechanical behavior of the network,
these techniques represent promising approaches to quanti-
tatively link network morphology to mechanical properties
of the cytoplasm and the migration ability of cells, which
can be measured in biophysical experiments (Marti et al.,
2008; Lautenschliger et al., 2009).

Preparation Artifacts

Possible artifact formation of extraction and critical point
drving protocols have been described in the literature, such
as surface tension artifacts caused by traces of water during
critical point drying (Ris, 1985} as well as fracturing of actin
filaments, leading to branch-like structures (Resch et al.,
2002; Vignal & Resch, 2003). To obtain more confidence in
our preparation protocol, we compared extracted samples
with the results of freeze substitution (Fig. 5) and freeze-
drying experiments (Fig. 6).

In Figure 5 we compare two different preparation and
visualization methods for a similar volume in a Panc 1 cell.
Figure 5A is an artificially generated section (about 80 nm)
of tomogram PP2 (the sample was detergent extracted),
whereas Figure 5B is an image of an ultrathin section
(thickness about 80 nm) of a high-pressure frozen and
freeze substituted Panc 1 cell. Both images, therefore, repre-
sent the same surface area and the same thickness after
different preparation and visualization methods. Taking into
account that the filaments appear thicker in the secondary
electron SEM image (Fig. 5A) due to the carbon coating, as
explained above, both images show similar variation of
filament density. Moreover, under both preparation meth-
ods the filaments form rather long tracks, which are par-
tially organized in parallel strands. We conclude, therefore,
that fracturing of filaments as postulated by Resch et al.
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{(2002) for F-actin in critical point dried samples does not
occur in these intermediate filament samples.

In Figure 6 we compared our results for critical-point-
dried samples with freeze-dried controls. We added phalloi-
din to the extraction medium to better preserve the actin
filament structure. As described earlier (Walther, 2003, 2008),
the helical arrangement of individual actin subunits is well
visible in isolated actin filaments after freeze drying and
coating with a very thin layer of tungsten (Fig. 6A), but not
after critical point drying. Figure 6B,C shows different areas
from the same extracted and freeze-dried Panc 1 cell prepa-
ration. Figure 6B is from the cell periphery where mainly
actin filaments are expected, and, indeed, we find saw
toothlike surface structures on most of the filaments in this
area. Figure 6C is from a perinuclear area, where we mainly
expect keratin (intermediate) filaments. In fact, most of the
filaments in this image show a smooth appearance.

Figure 6D,E shows SEM images of freeze-dried (Fig. 6D)
and critical-point-dried (Fig. 6E) networks. Comparing cen-
tral regions after freeze drying (Fig. 6D) and after critical
point drying (Fig. 6EF), the keratin filament network ap-
peared similar after both preparations and, most notably, we
could not observe more branching in critical-point-dried
samples. Based on these results we suppose that the keratin
filament network is more stable than the actin network and,
therefore, less affected by chemical and mechanical distur-
bance during extraction, fixation, dehydration, and drying.

CONCLUSIONS

In an earlier work (Liick et al., 2010), we performed statisti-
cal analysis of 3D keratin filament networks. These samples
had been prepared by the extraction protocol combined
with critical point drying and imaged by SEM tomography.
These techniques vield a high level of contrast in tomo-
grams, which is necessary for the extraction and analysis of
the network structure by means of image analysis and
spatial statistics but cannot be achieved by the other meth-
ods discussed in the present study. Here we confirmed that
the network structure of keratin (intermediate) filaments
appears similar after being prepared by different prepara-
tion protocols. This gives confidence that the 3D structure
of the network is well preserved by all of the different
preparation protocols used in this work, including SEM
tomography of extracted cells.
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Summary

We identified tomographic reconstruction of a scanning
electron microscopy tilt series recording the secondary
electron signal as a well-suited method to generate high-
contrast three-dimensional data of intermediate filament (IF)
networks in pancreatic cancer cells. Although the tilt series
does not strictly conform to the projection requirement of
tomographic reconstruction, this approach is possible due
to specilic properties of the detergent-extracted samples. We
introduce an algorithm to extract the graph structure of the IF
networks from the tomograms based on image analysis tools.
Thisallows a high-resolution analysis of network morphology,
which is known to control the mechanical response of the cells
tolarge-scale deformations. Statistical analysis of the extracted
network graphs is used to investigate principles of structural
network organization which can be linked to the regulation of
cell elasticity.

Introduction

The cytoskeleton of eucaryotic cells is composed of three
biopolymer systems: the network of actin filaments, the system
of microtubuli and the network of intermediate filaments (IFs).
This study focusses on the network of IFs, which have a
diameter of between 10 and 12 nanometres (nm) (Coulombe
& Omary, 2002) and are formed by a heterogenous group of
proteins with a tissue-specific expression. In epithelial cells
and their tumours like the human pancreatic cancer cells
considered in this study, IFs mainly consist of keratins K8
and K18 (Fuchs, 1994).

IFs possess a particularly high extensibility and resistance
to breakage (Herrmann et al., 2007 and references therein).
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Therefore, they govern the elastic properties of a cell when
it is exposed to deformations of large scale and override the
impact of the actin network (Beil et al., 2003; Suresh et al.,
2005). IF as well as actin networks are formed of semi-
flexible polymers. It is known from numerical simulations
and experimental studies that networks composed of semi-
flexible polymers exhibit a much stronger interplay between
network morphology and elasticity than observed in flexible
polymer networks (Gardel et al., 2004; Heussinger & Frey,
2006, 2007). It is therefore of interest to develop methods
for the visualization and image analysis of IF networks,
which allow for detailed assessment of morphological network
characteristics. In previous studies, this was done based
on two-dimensional (2D) scanning electron microscopy
(SEM) (Beil et al., 2005, 2006). This is an appropriate
technique for networks observed in the cell periphery,
which exhibit an almost planar structure. Nevertheless,
in other cellular compartments IF networks can possess a
genuinely three-dimensional (3D) architecture. Numerical
simulations revealed that the mechanical behaviour of 3D
biophysical networks can be intrinsically tied to morphological
characteristics of 3D nature (Huisman et al., 2007). These
characteristics comprise connectivity and segment length,
which for non-planar networks can only be adequately
assessed from 3D image data. In this study, we introduce
a method that allows to monitor the 3D structure of IF
networks and we statistically investigate the interplay of
certain mechanically relevant network characteristics in
pancreatic cancer cells.

Since the diameter of IFs and interfilament distances are
smaller than the diffraction limit of light microscopy, an
analysis of network morphology at the level of single filaments
and their cross-links cannot be achieved by fluorescence
imaging of living cells (Windoffer et al., 2004; Woll et al.,
2007). A widely applied electron microscopical method
to visualize cytoskeletal filament networks such as IFs is
detergent extraction of the cells, followed by chemical fixation
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and critical point drying. The samples are then coated with a
thin layer of heavy metal or carbon and can be visualized either
in the SEM or, after replication, in the transmission electron
microscope (TEM; e.g. Svitkina & Borisy, 1999).

The natural approach to obtain 3D image data of IF
networks would be tomographic reconstruction of a TEM
or scanning TEM (STEM) tilt series. Transmission images
are appropriate for tomography since they are projections of
the specimen as required by all tomographic reconstruction
algorithms. However, the volume-dependent transmission
electron signal yields rather low contrast of the thin
filaments in comparison to the strong signal of non-IF
cytoplasmic components that are not completely removed
during extraction. We therefore suggest an approach using
the surface-dependent secondary electron signal, which is
relatively strong from the filaments. Due to the extraction
protocol, single filaments are visible on secondary electron
images under most tilt angles. Thus, these tilt images can
be viewed as good approximations for projections of a
maodified density, which highlight the filamentous structures.
Reconstructions of secondary electron tilt series vielded
substantially increased filament contrast in comparison to
TEM and STEM.

Although SEM also comprises techniques which do not use
secondary electrons such as STEM, for the ease of wording,
we will sometimes replace the term ‘secondary electron’ by
the simple prefix ‘SEM’. Thus, in this work, whenever the term
'SEM’ is used, we refer to secondary electron data such as single
tilt images or tomograms.

Analysis of network morphology requires the extraction
of the network connectivity graph from the tomograms.
For this purpose, we combined standard technigues from
image analysis, namely thresholding and skeletonization,
with a specifically designed algorithm that reduces artefacts
arising from errors in continuity tracking and tomographic
reconstruction of secondary electron tilt series. Based on this
data, we statistically investigated the morphology in different
samples of IF networks. This statistical analysis revealed
principles of network organization, which can be linked to
the regulation of cell elasticity.

Material and methods

Cell culture

Panc 1 human pancreatic cancer cells (American Type Culture
Collection, Manassas, VA, USA) were grown as a monolayer
on glow discharged sapphire discs coated with carbon as
described by Buser et al. (2007).

Cell preparation

The preparation of cells to visualize the keratin network by
high-resolution SEM by a prefixation extraction method (Ris,

1985) was partially based on the protocol of Svitkina & Borisy
(1998). After washing with phosphate-buffered saline (PBS;
pH 7.3), the cells were extracted for 25 min at around 8°C
with 1% Triton-X 100 (in PBS). Cells were washed again with
PBS and fixed with 2.5% glutar aldehyde (in PBS, with distilled
water and 1% saccharose) for 1 h at room temperature. Alter
washing with PBS, the cells were contrasted with 0s0y4 (2% in
PBS) for 1 h at room temperature. After another washing
step with PBS, the samples were gradually dehydrated in
30%, 50%, 70%, 90% and 100% propanol (for 5 min at each
step). Then the cells were critical-point dried using carbon
dioxide as translation medium (Critical Point Dryer CPD 030,
BalTec, Principality of Liechtenstein). Finally, the samples
were perpendicularly coated with a thin layer of carbon by
electron beam evaporation (5 nm; BalTec Bafl 300).

Electron microscopy

To analyze the filamentous structure of the keratin network,
the samples were imaged with a Hitachi $-5200 in-lens SEM
(Tokyo, Japan) at an accelerating voltage of 5 kilovolts (kV)
using the secondary electron signal. Since the stage of the SEM
allows only a maximal tilt of 40°, we mounted the samples on
a pretilted (35°) specimen holder. After having recorded the
series from +60° to 07, the sample was rotated by 1807 and
remounted in order to record the second series from (7 to —60°,
(Attilt angles above 60° contrast became very poor most likely
dueto sell-shadowing eflects. ) Tilt series were recorded with 2°
step size at a magnification of 50,000, In total, 11 tomograms
were recorded. Tomograms were reconstructed by weighted
backprojection (WBP) with the von sofltware (Kremer et al.,
1996) (Figs 5(a) and (b)).

Image segmentation

Image processing in Avizo

As a first step towards extracting the graph structure of
the IF network from the tomograms, image filters provided
by the Avizo software package (Mercury computer systems,
2008) were applied. Noise was reduced by an edge-preserving
smoothing algorithm which consists of Gaussian filtering
followed by an anisotropic diffusion, which guarantees
that diffusion stops at edges within the image. Afterwards,
the image was binarized by thresholding and subsequent
elimination of small islands in the foreground phase as
well as some smoothing of the boundary (Figs 1{a) and
5(d)). Since due to shadowing effects the secondary electron
signal from filaments in lower layers of the cell tends
to be weaker than the signal from upper parts of the
network, thresholding was done semi-automatically, i.e.
thresholds were adapted manually to the brightness level
of the different network components, which were then
automatically identified based on connectivity. In the next
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Fig. 1. Extraction of the graph structure from a detailed section of a secondary electron tomogram. (a) Detail of a tomogram after thresholding.
(b) Skeleton of the foreground phase. (¢) Extracted network graph after all processing steps, cross-links highlighted by spheres.

step, a homotopic, i.e. connectivity-preserving, skeleton of
the lilamentous phase was computed by the skeletonization
package of Avizo (Fourard et al, 2006) (Fig. 1(b)). The
skeletonization result was reduced to its graph structure
and exported as vector data, where the filament trajectories
were represented as polygon tracks. The subsequent steps
of image processing were based upon the graph ol the
skeletonization result obtained in this way and implemented
in the Geostoch software library (Mayer et al., 2004). An
example of a final segmentation result can be seen in Fig. 1(c).
Several corrections were applied to the graph structure
obtained from the Avizo software in order to compensate
for artefacts resulting from binarization, skeletonization or
missing information which would have been needed for
unbiased tomographic reconstruction.

Removal of loops and linearization of filaments

The images of the tilt series suggested that loops, i.e. lilaments
starting and ending at the same point had to be regarded as
artefacts. Therefore, all loops were removed [rom the network
graph. Moreover, since filaments exhibited only negligible
curvature, network vertices of degree 2, i.e. nodes joining
exactly two edges, were removed from the graph unless
the corresponding line segments enclosed an angle of less
than 270°. Whenever a vertex of degree 2 was removed,
the corresponding connection was replaced by a single line
segment.

Optimization of segment positions

Although the filaments on the tilt series images exhibited
hardly any curvature, the line segments ol the graph
representing the filaments still had to be regarded as linear
approximations of the actual filament shapes. Since they were
constructed as straight connections between filament linking
points their position did possibly not optimally resemble the
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filament trajectories in the threshold images. An algorithm
was designed in order to improve the position of all line
segments within the filamentous phase of the tomograms.
Details are given in Appendix A. The algorithm takes
particular care to centre the extracted network segments
in z-direction within the lilamentous phase since binarized
tomograms exhibited some filament proliles whose height
exceeded their width by up to factor 3, although in reality the
profile of IFs is circular. This inaccuracy of the resolution in
z-direction is a consequence of the limited tilt range in electron
tomography (the missing wedge problem, see e.g. Bartesaghi
et al. (2008) and Midgley & Dunin-Borkowski (2009)) and
a certain oversegmentation in upper network layers, which
could not be avoided if threshold values were used which
still allowed for identification of lower network components
exhibiting reduced contrast. The optimization algorithm for
segment positioning was repeated after each step of graph
modification described below.

Merging of closely located cross-links

Since some filaments are entangled in such a way that they
enclosed small angles, filament links located very closely to
each other were regarded as artefacts. Therefore, as suggested
in Beil et al. (2005), such pairs of filament links were merged
into a single one located in their centre of gravity (Fig. 2).
Taking into account that after carbon coating lilaments had a
diameter between 20 nm and 25 nm merging was performed

A

LN

N\

%am

Fig. 2. Merging of closely located cross-links.
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Fig. 3. Extrapolation of a dead end.

for network nodes ol a distance less than d = 36 nm apart
in ascending sequence, i.e. link pairs of smaller distance were
merged first. Afterwards segment positions were optimized as
described in the preceding section.

Dead ends

In SEM images of [F networks, one hardly observes filament
ends which are not connected to other network components.
In spite of this, in the network graphs extracted from the
SEM tomograms such dead ends occurred. A certain fraction
of these were well-known artefacts of the skeletonization
algorithm (Soille, 1999). However, some dead ends also
resulted from principle limitations of the technique of SEM
tomography. In contrast to TEM, the SEM tilt series does not
consist of projections ol the specimen but measures the surface-
dependent secondary electron signal. As a consequence, due
to shadowing effects in areas ol dense network structure
lower lilament layers were partially not visible or only at less
contrast. Therefore, some trajectories of lower level lilaments
were truncated in the binarized tomograms (Fig. 3). These
artefacts were reduced by an algorithm which establishes
extrapolations of dead ends within the network graph and
checks them for plausibility. A detailed description of the
algorithm can be found in Appendix B. Dead ends, which did
not have aplausible extrapolation as defined by this algorithm,
were regarded as skeletonization artefacts and removed from
the network graph unless they were close to the boundary of
the observation window.

Statistical analysis of network morphology

By means of 3D numerical finite element simulations of
semi-flexible polymer networks, correlations between network
stiflness and the three morphological characteristics network
density, defined in terms of filamentous polymer concentration
in the system, average segment length and connectivity
have been demonstrated (Huisman et al. 2007). These
results motivated our choice of network characteristics lor
the analysis of IF network morphology. Their definitions
will now be made precise. Since alter preparation ol the
cells and tomographic reconstruction the actual 3D volume
of the cellular compartments is hard to be estimated, we
defined network density as the total network length per base

area. It should be emphasized that this definition of network
density purely focusses on the amount of polymers [orming
the network and not on network architecture. Since the
amount of filamentous polymers is controlled by synthesis and
phosphorylation status of IF proteins (Coulombe & Omary,
2002), network density defined in this way can be directly
linked to biological processes. Other measures of density
such as cross-link density are not only tied to the amount
of polymers but to structural characteristics of network
architecture, which in this study are assessed separately by
mean segment length and connectivity.

If mean segment length is measured as the total network
length divided by the number of segments, one obtains a biased
estimator. This is due to the fact that the length of filaments
protruding the observation window is underestimated. In
order to avoid these edge eflects, the mean was only taken
with respect to segments whose centre was located in a smaller
sampling window. The base of this sampling window was
chosen as the central 1.84 x 1.2 um?® of the observation
window, its height was not restricted since filaments did not
protrude the observation window in the third dimension.

Network connectivity was measured by considering the
mean vertex degree of the network, where the degree of a
vertex (i.e.across-link in the network) is defined as the number
of segments emanating from it.

Network density, mean segment length and mean vertex
degree were computed for 11 tomograms ol IF networks
in pancreatic cancer cells. Qur statistical analysis primarily
focusses on the interplay of these characteristics, namely
their mutual correlations. These can be exploited to infer the
relation of dilferent principles applied by the cells in order to
vary network architecture, and thus change their elasticity.
When working with relatively small sample sizes, estimated
values lor correlation coefficients of two random variables can
be misleading due to stochastic variability. Meaningful results
concerning the correlation of different morphological network
characteristics can however be obtained by testing if the
measure of correlation significantly differs from zero. Standard
tests for correlation exploit the distribution of Pearsons's
correlation coefficient. However, the latter depends on the
bivariate distribution of the sample vectors to be investigated,
which at small sample sizes can hardly be inferred. Naturally,
for small sample sizes also asymptotic tests are inappropriate.
As a remedy, instead ol Pearson's correlation coeflicient we
considered Spearman'’s rank order correlation coefficient py
and Kendall's coefficient of concordance t (for a definition, see
e.g. Sheskin, 2000). Under the assumption of uncorrelated,
identically and continuously distributed sample vectors (X,
¥1)smn (X,, Y,) the distributions of Spearman’s pg and
Kendall's 7 do not depend on the distribution of the sample
vectors. Therefore, for both ol these measures of correlation
nonparametric statistical tests are available, which can
already be applied at small sample sizes (Sheskin, 2000). The
detailed construction of the tests can be found in Hollander &
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Wolfe (1973). The tests can be used to detect dependencies of
the following type:

(a) There is a tendency of the larger values of X, ..., X, to
be paired with the larger valuesof Y, ..., Y,.
(b) There is a tendency of the larger values of X, ..., X, to

be paired with the smaller valuesof Yy,....Y,.
The null hypothesis of the tests is ‘no correlation between the
two samples’, i.e. Hy : ps = 0 or Hy : T = 0, respectively.
Hy can be tested against the one-sided alternative of positive
correlation (i.e. (a)), against the alternative ol negative
correlation (i.e. (b)) or against the two-sided alternative (i.e.
(a) or (b)).

Results

We investigated several preparation and imaging protocols
for preservation and recording of the 3D IF network. The first
one was high-pressure freezing, freeze substitution, embedding
and thin sectioning. We analyzed these samples with regular
TEM, 300 kV Scanning TEM (STEM) and 30 kV STEM (Sailer
et al., 2009). It turned out, however, that on these samples
it was difficult to track the individual filaments in the very
complex context of all the retained cellular structures of
unextracted cells. We analyzed, therefore, IF networks from
detergent-extracted cells. When imaging these samples with
a 300 kV STEM, the signal of the thin filaments was relatively
poor, it could be increased by using a 30 kV STEM, but
still the signal of the filaments was insuflicient compared
to the strong signal of non-IF cytoplasmic components that
were not completely removed during extraction (Fig. 4(a)).
Therefore, we used the secondary electron signal, which is
surface-dependent and relatively strong from thin filaments
(Fig. 4(b)). As a consequence ol detergent extraction, even
single filaments in some depth are clearly visible under most
tilt angles. Therelore, they are captured by tomographic
reconstructions of secondary electron tilt series (Fig. 5(c)).

3D ANALYSIS OF IF NETWORKS USING SEM TOMOGRAPHY 5

The data sets were recorded by tilting the sample similar to
TEM-tomography. Weighted backprojection (WBP) was then
used to construct a 3D model from the tilt series.

In our setting, the input signal of the reconstruction
algorithm was not a projection of the specimen as required
by the mathematical theory of WBP, but a surface-
dependent signal (Joy & Pawley, 1992). Simulated signals
were used to clarify the impact of the violated projection
requirement on the reconstruction of single filaments. In the
parallel beam geometry of single-axis electron tomography,
the reconstruction of a 3D volume is done by separate
reconstruction of parallel 2D slices from their one-dimensional
(1D) projections. In most orientations of a filament with
respect to the tilt axis, its intersection with a 2D slice of
the considered volume is an ellipse. Therefore, we simulated
the surface-dependent and the projection signal of a 2D circle
and compared the corresponding WBP reconstructions. The
diameter was chosen as 11 pixel lengths, which is comparable
tothe diameter ofan IF at the resolution used for this study. The
surface-dependent signal at a pixel of'a tilt image was modelled
to be proportional to the boundary length hit by abeam whose
width was chosen as one pixel length. The value of a simulated
projection at a particular pixel was chosen to be proportional
to the area within the circle that got projected onto the pixel.
Both signals were normalized in order to obtain the same total
signal strength for projections and surface rendering.

Figure 6 illustrates that the WBP reconstruction based
on a surface dependent signal (Fig. 6(b)) does not diller
substantially from the reconstruction obtained from projection
data (Fig. 6(a)). The main difference is a slightly more faded
interior of the circle in the reconstruction based on the surface
signal in comparison to the one obtained [rom projections.
In backprojections of experimental SEM tilt series, the fading
in the interior of the filaments was less noticeable than
for the simulated data. This is plausible since in the WBP
reconstruction of an imperfectly aligned tilt series the relatively

Fig. 4. STEM dark field and SEM secondary electron images taken from the same intracellular location at 0° tilt. STEM images provided a rather low
signal of IFs in comparison to the strong signal of non-IF cytoplasmic leftovers after extraction of the cells. Secondary electron imaging enhanced the

signal of IFs. (a) STEM dark field image at 30 kV. (b) SEM image at 30 kV.
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Fig. 5. IF network in a detergent-extracted Panc 1 cell visualized at a magnification of 50,000, Filaments in some depth are clearly visible at good contrast
in the secondary electron tomogram. The graph extracted from the tomogram exhibits a genuinely 3D structure. (a) SEM image at (7 tilt, (b) Horizontal
cut through an SEM tomogram. (c) Vertical cut through an SEM tomogram. (d} Tomogram after binarisation (top view). (e) Network graph extracted
from the tomogram, top view (left). rotated by 40° around central axis (right).
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(a) (b)

Fig. 6. WBP reconstructions of a circle (diameter 11 pixel lengths) from
simulated projections (corresponding to TEM) and from a simulated
surface dependent signal (corresponding to the secondary electron signal
of SEM). The tilt range was chosen from —60° to +60° at an increment
of 27, (a) WBP from simulated TEM signal. (b} WBP from simulated
secondary electron signal.

high density, which under ideal alignment is found along
the boundary of the reconstructed object, is spread over
a larger area. This is a consequence of the superposition
ol backprojections under dilferent tilt angles in the WBP
algorithm (Buzug, 2008).

In order to monitor the impact of shadowing effects,
WBP reconstructions were computed from the simulated

(a)

(d)

3D ANALYSIS OF IF NETWORKS USING SEM TOMOGRAPHY 7

SEM tilt series of the circle where the signal was set to
zero over a variety ol tilt ranges. Figures 7(d), (e) and (I),
illustrate the effect of shadowing for the central part of the
tilt range, where the information of the central 40°, 60°
and 807 is missing, respectively. The missing information
resultsin decreased contrast. Furthermore, the reconstruction
of the circle approaches a square. Figures 7(a), (b) and
(c) depict the most frequent shadowing scenario occurring
for filaments in deeper network layers of our experimental
data, namely shadowing at high tilt angles. In this setting,
the reconstruction of the circle exhibited an oval shape at
decreased contrast to the background. The loss in contrast was
more extreme than observed in the experimental data, where
WBPs were computed from tilt series with small imperfections
in alignment. As discussed above, density was therefore more
evenly spread over the filament profiles than on a WBP under
ideal alignment such that contrast was increased.

Morphological network characteristics were computed for
11 tomograms, where sampling regions were chosen at
random throughout the entire cytoplasm. Network densities
varied between 0.0082nm~" and 0.0133 nm~! with mean
0.01 nm~! and standard deviation 0.0019 nm~" (Fig. 8(a)).
The spread between minimal and maximal network density
observed was thus equivalent to 51% of the mean value of the
network densities.

(f)

Fig. 7. WBP reconstructions of a circle (diameter 11 pixel lengths) [rom a simulated secondary electron signal with shadowing effects. The tilt range was
chosen from —60° to +60° at an increment of 2°. (a) Shadowing for tilt angles in (—60°, —507) and (307, 60°). (b) Shadowing lor tilt angles in (—60°,
—407) and (40", 60°). (c) Shadowing for tilt angles in (—60°, —30) and (30", 60°). (d) Shadowing for tilt angles in (—20°, 207). (e) Shadowing for tilt

angles in (=307, 30°°). () Shadowing for tilt angles in (—40°, 407).
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Fig. 8. Boxplots of network density, mean segment length and mean vertex degree that were computed for 11 tomograms. Bold lines depict medians,
whereas dashed lines indicate the sample means. whose values can be found to the left of the boxes. (a) Network density. (b) Mean segment length.

{c) Mean vertex degree.

The mean segment length in the tomograms varied between
93 nm and 137 nm, its mean and standard deviation being
111 nm and 13.6 nm, respectively. The spread between
maximum and minimum mean segment length corresponds
to 40% of the average mean segment length (Fig. 8(b)).

Measurements of the mean vertex degree indicated
substantial variability of network connectivity. Values varied
between 3.5 and 4.2 with a standard deviation of 0.23. This
spread corresponds to 20% of the average mean vertex degree
with respect to all tomograms, which was 3.7. Maximum
connectivity was measured for tomogram 3, which exhibited
increased relative [requencies of vertices of degree 4 and even
higher (Fig. 9(a)). Vertex degrees above 4 were observed

il several I[Fs were linked by microgel structures (Fig. 10).
Degree distributions with pronounced increases in relative
[requencies of higher vertex degrees could also be observed
in tomograms 4, 10 and 11 (Fig. 9). On the other hand,
tomograms with extremely low connectivity such as samples
1, 2 exhibited a high frequency of vertices of degree 3 (Fig. 9).

Since connectivity was assessed by vertex degrees it was
important to monitor if the results were distorted by the
merging parameter d in the segmentation algorithm, which
ensures that network vertices of less than a distance d apart
are replaced by a single cross-link (see ‘Image segmentation’
section). Figure 11 shows that the mean vertex degree
depended on the merging parameter. However, ranking of the
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Fig.9. Fractionsofvertices with degree 3, 4 and =5 (with respect to all vertices ol degree at least 3). (a) Tomograms 1-5 ([rom left to right). (b) Tomograms

6-11 (from left to right).
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Fig. 10. Filaments connected by a microgel structure, (a) Section of a thresholded tomogram. (b) Extracted graph structure.
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Fig. 11. Mean vertex degree as a function of the merging distance d in the
segmentation algorithm.

different tomograms with respect to the mean vertex degree
was rather stable. As a consequence, the test results for the
rank-based correlation coefficients ps and t discussed below
were hardly affected by the merging parameter. For these
investigations d was not chosen smaller than 20 nm, since
this would be less than the filament diameter after carbon
coating and thus, shorter network segments can clearly be
regarded as segmentation artefacts.

In orderto assess whether changes of network density, mean
segment length and connectivity exhibit interdependencies,
two statistical tests were performed for each pair of
characteristics. The [irst one tested the null hypothesis that
Spearman’s rank-order correlation coeflicient pg was equal

© 2009 The Authors
Journal compilation © 2009 The Royal Microscopical Society, Jourmal of Microscopy

to 0 whereas the second one tested the analogous hypothesis
for Kendall’s 7. In both tests, the alternative hypothesis was
chosen as two-sided, i.e., any kind of correlation no matter if
positive or negative leads to a rejection. As also suggested
by the scatterplot in Fig. 12(a) the hypothesis that there
is no significant correlation of network density and mean
segment length is not rejected for Spearman’s pg( P = (0.99)
and for Kendall's (P = 1.0). The tests also did not reject the
hypothesis of uncorrelated changes of network density and
mean vertex degree (Table 1, see also Fig. 12(b)). At the level
of significance @ = 0.1 variations of the merging parameter
d did not change test results (all P-values were above 0.29).
Thus, independently of d the correlation coefficients did not
signilicantly differ from 0.

Tests however indicated a signilicant negative correlation
between mean segment length and mean vertex degree
(Fig. 12(c)). More precisely, the null hypothesis of correlation
coefficients being equal to zero was rejected at the 10% level
although not at the 5% level (Table 1). The tests for correlation
of mean segment length and mean vertex degree were also
applied in their one-tailed version for negative correlation,
i.e., Hy was rejected il and only if the correlation coeflicient
(which was either py or 7) was less than its & quantile. In that
case, Hy was even rejected at the 5% level (p=0.026 and p =
0.043 for ps and 7, respectively).

At the 10% level, significant correlation was found for all
merging distances d > 28 nm. For d = 24, P-values increased
to 0.16 for py and to 0.1 for 7. A merging distance of d = 20
did not exhibit significant correlation of mean segment length
and mean vertex degree. Since we identified d = 36 nm as a
reasonable merging parameter to suppress artefact formation,
one can conclude that test results behaved stable for suitable
choices of d.
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Fig. 12. Scatterplots displaying the correlation between network characteristics. (a) Network density vs. mean segment length, (b) Network density vs.

mean vertex degree. (¢) Mean segment length vs. mean vertex degree.

Table 1. Test results for the hypothesis of uncorrelated changes in the
depicted pairs of network characteristics. The table contains p-values of
tests for Hy @ pg = O (upper values) and Hy : v = 0 (lower values) against
the two-sided alternative. The hypothesis of uncorrelated variation of
two characteristics is rejected at a level of significance «, once the
corresponding p-value does not exceed «. Hence both tests detect a
significant correlation of mean segment length and mean vertex degree
at the level of o = 0. 1, whereas there is no significant correlation between
network density and each of the other two characteristics.

p-values Mean segment Mean vertex
length degree
Network density 0.99 0.85
1.0 1.0
Mean segment length 0.05
.09

Discussion

The architecture of the IF network plays a pivotal role for
cell migration by regulating cell viscoelasticity (Beil et al.,
2003). In networks formed by semi-flexible polymers such
as IF, even small alterations ol network architecture can
significantly change the elasticity of the network and, hence,
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the mechanical properties of cellular compartments (Morse,
1998; Gardel et al., 2004). Numerical studies and physical
models for networks in 2D can provide valuable information
on the relation between 2D network morphology and the
elastic shear modulus of the networks (Head et al., 2003;
Heussinger & Frey, 2006, 2007; Fleischer et al, 2007).
Nevertheless, although IF networks in the cell periphery often
exhibit an almost planar structure (Beil et al. 2005), in less
flat cellular compartments the IF cytoskeleton can clearly
form a genuinely 3D biophysical network (Fig. 5(c)), which
in comparison to the 2D case possesses additional degrees
of freedom with respect to morphology and mechanical
behaviour (Huisman et al., 2007). The methodology of this
study allows one to investigate IF network morphology in
3D at high resolution. This way, we were able to compute
network characteristics from a tomographic data set, which
for non-planar networks can only be assessed [rom 3D image
data. These comprise connectivity and the length of network
segments, which in a correlative numerical study have been
identified as relevant parameters for the elasticity of semi-
flexible polymer networks (Huisman et al., 2007).

There exist a number of papers discussing detergent
extraction for TEM replicas (e.g. Svitkina, 2007). These data
sets still represent the generally accepted standard on which
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the textbook models of cytoskeleton structures as e.g. in
Alberts et al. (2008) are based. For actin networks artefact
formation caused by detergent extraction, such as filament
branching and visibility of the helical arrangement ol G-actin
subunits has been discussed in Resch et al. (2002) and Walther
(2008). Therefore, alternative methods, such as cryo-TEM
were introduced. In pioneering work by Medalia et al. (2002),
theactin lilament network in a very thin protrusion of the slime
mould dictyostelium was tomographically visualized by cryo-
TEM. This method is currently restricted to very thin samples;
compartments of Panc 1 cells with non-planar IF networks
would be too thick. In future work, we plan to combine
detergent extraction with freeze drying methods (Walther,
2008) in order to reduce the danger ol artefact formation.
Data obtained by detergent extraction and critical point drying
need to be interpreted with care. However, lirst experiments
with freeze-dried samples do not show obvious diflerences with
respect to network structure.

A notable phenomenon on our images is that filaments
appear considerably thicker (20 to 25 nm) than described
in the literature (10 to 12 nm) (Coulombe & Omary, 2002),
This could be due to a number of factors. The samples are
fixed with glutaraldehyde and osmium tetroxide. Parts of this
fixatives could attach on to the filaments and increase the
measured thickness. Carbon coating was done perpendicular
to the sample, without rotation. The thickness of 5 nm was
measured by a quartz crystal thickness monitor, which is a
flat object. I carbon coating would be purely geometrical,
the 5 nm would be added only at the top of the filaments
and not influence the measured thickness, at least at 0° tilt
angle. However, carbon is reflected during coating by the
objects, so that it sticks to the flilaments and increases the
filament diameter by a not fully predictable amount. Finally,
SEM imaging itself bears some error, since the electron probe
is not infinitely small but has a certain diameter, and as in any
kind of scanned imaging, the structure visible in the picture is
a convolution of the sample and the imaging probe.

At first sight, tomogram generation based on an SEM
tilt series may appear counterintuitive, since the input
data is surface dependent and thus violates the projection
requirement of tomographic reconstruction. Nevertheless,
the contrast in STEM projections of the keratin networks
in detergent-extracted cells turned out to be so low that
continuity tracking of the [ilaments in the reconstructed
tomograms was hardly possible. Since for this study detergent-
extracted cells were investigated, single filaments were clearly
visible at most tilt angles and could therefore be mapped by
the surface-dependent secondary electron signal yielding high
contrast images. Thus, the single images of the SEM tilt series
could be viewed as good approximations for projection images
of'a modified density distribution within the observed volume.
These modifications were such that filaments were highlighted
and the grey level of non-IF cytoplasmic components, which
had not been removed during extraction, was decreased.
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Shadowing effects as illustrated in Fig. 7 weakened contrast
in lower levels ol the tomograms and posed a certain difficulty
for segmentation of the image in filamentous and background
phase. This was therefore not done by a global thresholding
procedure but semi-automatically by means of the Avizo
software package. where thresholds were selected manually
for different parts of the network that were then identified
automatically based on connectivity. Imperfections of the
segmentation resulting in dead ends within the network graph
were additionally reduced by the extrapolation algorithm
discussed in Appendix B. For the extraction of the network
graph from the thresholded tomogram it was also taken into
account that the missing tilt wedge and shadowing effects
lead to ovally stretched filament profiles in the binarized
tomograms. This was compensated for by an algorithm
centring the extracted line segments within the filamentous
phase (Appendix A). It should be emphasized that alter semi-
automatic binarization of the tomograms into filamentous
phase and background, network graphs were extracted by a
fully automatic algorithm. This way potential bias introduced
by manual segmentation was minimized.

The thickness ol the networks, investigated in this study
was up to 550 nm, not taking into account single filaments
protruding from the main network body. The method of SEM
tomography for detergent extracted samples is not primarily
limited by sample thickness but by network density. In our
samples, we could detect up to three [ilaments on top of
each other. Nevertheless, for denser networks this may not
be possible if shadowing of deeper network components leads
to a more limited visibility during tilting. On the other hand,
in less dense networks even more layers of filaments may be
reliably reconstructed in the tomograms.

Analysis of the extracted network graphs revealed a
substantial morphological variability of IF networks in
cultured human pancreatic cancer cells. For our analysis,
we focussed on morphological network characteristics that
can influence the elastic modulus of semi-flexible polymer
networks (Huisman et al., 2007), namely network density,
mean segment length and mean vertex degree. All of these are
spatial averages of morphological characteristics and can thus
be assumed to possess a stable behaviourin the sense of ergodic
limits. This makes them appropriate lor statistical analysis at
small sample sizes. Although the mean vertex degree depended
on the merging parameter d of the segmentation algorithm, the
latter being necessary to remove skeletonization artefacts in
image segmentation, highly and weakly connected networks
could clearly be distinguished independently of the choice for
d(Fig. 11).

Tomograms did not only exhibit substantial variations in
network density but also in their mean segment length and
connectivity as measured by the mean vertex degree. Tests
for correlation between these characteristics revealed that
there is no significant correlation between network density
and mean vertex degree as well as between network density
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and mean segment length. On the other hand, tests indicated
negative correlation between mean segment length and mean
vertex degree. Test results were similar when connectivity
was assessed by an approach based on the relative length
of minimum spanning trees (MST), that has been suggested
in Beil et al. (2009). Since relative MST length and mean
vertex degree were strongly correlated these results were
not included in [avour of a more concise presentation. Our
results suggest that the mechanically relevant structural
characteristics connectivity and mean segment length cannot
be viewed as a function of network density, which in our
definition primarily measures the amount of filamentous
protein in the network independently of network architecture.
Thus, in addition to controlling the amount of IF protein
forming the networks, Panc 1 cells apparently possess a second
degree of Ireedom for adjusting network architecture in a
way that influences the elastic modulus of the network. Since
variations of mean segment length and connectivity do not
require protein syntheses they are possibly used as energy-
efficient means for fine-tuning of mechanical properties. To the
best of our knowledge, there is currently no universal physical
model that would allow for a computation of the elastic
shear modulus of a 3D semi-flexible polymer network based
on morphological measurements and the material properties
of single filaments. Since results of numerical correlation
studies are dependent on specilic material properties and the
models used to generate virtual network data, they do not
allow forimmediate quantitative conclusions in other settings.
They can however reveal principles defining the interplay
between network morphology and mechanics, and hence
yield substantial indications for mechanical effects caused
by morphological variability. Independently from numerical
simulations, experiments can be designed in order to combine
micro-and nanomechanical measurements on fixed and living
cells (Atakhorrami et al., 2006; Marti et al., 2008) with
the method of SEM tomography and image segmentation
proposed in this study. This presents a promising experimental
approach to correlate mechanical properties of the cells and
3D morphological characteristics ol their IF network.
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Appendix A Algorithm for the optimization of segment
positions

The algorithm discussed in this section has been designed
to centre the line segments of an extracted network graph
within the filamentous phase of the binarized tomograms (see
‘Image segmentation’ section). In the lollowing for a voxel
k = (k. ky. k3) € I N? the third coordinate will denote height
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Fig. 13. Illustration of the distance transform and the computation
of average length-weighted distance for the 2D case. In the
setting displayved one obtains Dy(S) = (57 + 52 + 53 + 254 + 55 — 87 —
sg)/ Z’f _1 ;. where each weight s; corresponds to one of the intersection
lengths |Qy N S| in (A.1).

in the image stack and will be referred to as the z-coordinate,
whereas k) and k» are the planar coordinates at 0° tilt. After
binarization by thresholding a tomogram can be viewed as
amap T:V — {0, 1} with bounded discrete domain V =
{0, 00 Nap 0,005 Natse {0,004 N3}, where theintegers
Ni. N> and N; € IN define the size of the volume. A voxel
k such that T(k) = 1 will be called a filament voxel, i.e. it
is part of the foreground of the binarized tomogram, whereas
background voxels havethe value T (k)= ). In the following for
a given tomogram T we will consider a 3D distance transform
dy : V — Zwhich is defined as

min {‘{Zf‘:,{k; —my)?:
— min {‘{Zf‘:,{kj —my)

i.e., each filament voxelis mapped toits Euclidian distance from
the background, whereas each background voxel is mapped
to the negative of its distance from the foreground. The 2D
analogue of this distance transform is illustrated in Fig. 13.
The position of a line segment S with respect to the foreground,
i.e. the filamentous phase, can now be evaluated based on its
average length-weighted distance
1

|S]

T(m) = (}] if T(k)=1,

T(m) = 1] il T(k) =0,

Dr(S) = — D 1Qi N Sldr (k).

keV

(A.1)
where |-| is 1D length and

1 1 1 1
=|k-=kh+= ky— =k + =
0= [- ey x [ ]

X [k;—%,k]-l—%jl
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select vertex at rand
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suggest random Evaluate positions of all segments linked
shift of vertex by the vertex computing (A.1) before and
after shift

select vertex at rand
iterations=iterations+1

[ Improvement for all segment positions ? ]
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Fig. 14. Algorithm for centring the line segments in the filamentous
foreground phase.

denotes the voxel k viewed as a volume element. The

illustration for (A.1)in Fig. 13 shows thatlarge valuesol D (S)

imply that the segment S is located rather centred within the

foreground phase, whereas small values occur, once S is close
to or within the background phase. Notice that D(S) can
be interpreted as a normalized line integral of the distance

transform along S.

In order to optimize the position of the line segments
representing the filaments, the algorithm summarized in
Fig. 14 was applied. The idea of the optimization procedure
is to randomly shift the positions ol vertices. Such a shift is
accepted as update of the network graph if the positions of
the line segments connected by the vertex have improved in
the sense of (A.1). Il not, the shilt is rejected. The algorithm
consists of the following steps:

1. Define a maximum number max of iterations.

2. Select a network vertex at random.

3. Suggest independent and normally distributed shifts with
mean () and standard deviation 8 nm in each of the three
directions.

4. Evaluate the position ol all segments linked by the vertex
before and after shifting by (A.1).

5. II the position of all segments linked has improved alter
shifting, update the network graph by shilting the vertex
to the new position.

6. If the number of iterations is less than max, select a new
vertex and continue with step 3. With probability 0.9 the
new vertex is chosen randomly among the neighbours of
the current node, with probability (0.1 it is picked randomly
among all vertices.

For our data on average 300 shifts were suggested for each
vertex.

As discussed in the ‘Image segmentation’ section, a specilic
flaw in data quality was the inaccurate resolution of the
segmented tomograms in z-direction. This resulted from the
limited tilt range and a certain oversegmentation in upper
network layers, which could not be avoided il threshold
values were used which still allowed for identification of lower
network components exhibiting decreased contrast. Thus, the
segmented tomograms exhibited some filament proliles whose
height exceeded their width by up to factor 3. In order to
optimally centre the line segments in z-direction within the
filamentous phase, the above optimization algorithm was also
implemented lor a modified distance map, defined by

min{|k; —m;|: T(m) =0}

—min{|k; —m;|: T{m) =1}

irrk) =1,

dy(k) =
! if T (k)= 0.

Thus, foreground voxels are mapped to their distance from
the background in z-direction and background voxels to the
negative ol their z-distance to the foreground. This way.
certain centre voxels ol z-stretched ovally profiled filaments
are mapped to higher values than in case ol a regular 3D-
distance transform and so the random shift algorithm can be
used to centre the segments within the ovale filament profiles
with respect to the z-axis.

Since some [ilaments presumably not touching each other
were stretched in z-direction in the tomograms and thus
overlapping, computation of a skeleton resulted in an artificial
link between these filaments. In order to remove these
artefacts, the algorithm monitors all segments shorter than
60 nm which enclose an angle ol no more than 45° with the
z-axis. Such a segment is removed il each of the segment ends
is integrated into a network vertex of T-shaped topology. This
means that at least two more line segments are emanating
from the vertex in a such a way that an angle of more than
90° is enclosed.

The two consecutive steps to improve filament positions
based on the two diflerent distance transforms were repeated
alter each step ol graph modification described in the ‘Image
segmentation’ section.

Appendix B Algorithm for the extrapolation of dead ends

Skeletons computed [rom binarized tomograms (Fig. 1(b))
[requently exhibit dead ends, which are well-known artefacts
from skeletonization and should be removed (Soille, 1999).
However, in binarized SEM tomograms of IF networks some
dead endsresult from errorsin continuity tracking of filaments.
In this case, they should be extrapolated as shown in Fig. 3 for
the IF network data and illustrated in Fig. 15. In the following,
we describe an algorithm constructing extrapolations of dead
ends. The algorithm computes possible extrapolations and
ranks them according to certain quality criteria. Following
the order of this ranking, a plausibility check is performed,
investigating whether the trajectory of the extrapolation was
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Fig. 15. Different extrapolation tyvpes. Dead ends are marked in grey,
extrapolations are depicted by dotted lines.

allected by shadowing during recording of the SEM tilt series. In
this case, the extrapolation can be assumed to compensate for a
network component thatismissing in the segmented 3D image
due to its insufficient contrast in the tomogram. The dead
end is extrapolated by the highest-ranked connection that
passes the plausibility check. If all extrapolations are classified
as implausible, the dead end is regarded as a skeletonization
artefact and removed from the network graph. The details
discussed in the following are summarized in Fig. 16.

3D ANALYSIS OF IF NETWORKS USING SEM TOMOGRAPHY 15

Potential extrapolations considered by the algorithm can be
ol two different types. If the dead end is extrapolated to another
dead end in the network graph, an I-connection is established
(Fig. 15(a)). Alternatively, the dead end can be extrapolated to
a network edge that is integrated into the network with both
ends. In this case. the algorithm considers the connections to
the point on the edge closest to the dead end to be extrapolated.
Thus, a T-connection is formed (Fig. 15(b)).

For the potential extrapolations, their directional deviation
from the orientation ol the dead end and their length serve
as criteria for a ranking to assess their quality. Directional
deviations of more than /8 and lengths of more than 0.4 pum
are rejected a priori. The remaining extrapolations are then
ordered in two different ways, first by directional deviation
and secondly by their length. In both cases, small values are
considered as desirable. A total score for an extrapolation is
now computed as the weighted mean of these tworanks, where
the directional rank is weighted by 0.7 and the distance rank
by 0.3. By ordering the potential extrapolations in ascending
order of their score, a list is obtained where the quality of
extrapolations decreases in list position.

Dead ends, which are the result of interrupted filament
trajectories due to shadowing effects, often possess a dead

/

Compute ordered list¢,,...,c, of potential extrapolations

~

Order extrapolations
Compute potential

based on directional deviation

ascendingly

Order extrapolations ascendingly i

extrapolations of

length < 0.4 om
and directional

based on a score defined as
weighted mean of directional and

deviation < /8

length rank >,

Order extrapolati
based on length

a7 l
Modify ordering such that l-con- )
nections with ranks 1-10 are

placed on top of the list (in their
score-based order)

}

Extrapolate or remove dead end

N

Compute the average length-weighted
distance Dpyry(c;) of the extrapolation ¢

in the 20 projection TI(7) of the binarized
tomogram (Fig. 13)

Dyny(@) >15 ?

l

4
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Fig. 16. Algorithm for the extrapolation or removal of dead ends.
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end counterpart. Thus, I-connections should be regarded as
favourable. Therefore, the score-based ranking of the potential
extrapolations is modilied by moving the I-connections with
ranks 1 to 10 to the top of the list (in the internal order of their
score-based ranking).

Given the ordered list of potential links it is left to decide
whether the extrapolations compensate for shadowing effects
in the data or the dead end has to be considered as a
skeletonization artefact. For this purpose a binarized 2D
projection TI(T) of the 3D tomogram T after thresholding is
computed where a pixel (k, k) is set to 1 whenever there
is some k3 € {0..... N3} such that T((ky. k2. k3)) = 1.
Otherwise, the pixel is set to (0. Filaments whose projections
are covered by TI(T) are likely to be affected from shadowing

effects. In order to assess the degree of coverage ol a
potential extrapolation ¢, its average length-weighted distance
D nyry(e) with respect to I(T) is computed (the principle is
illustrated in Fig. 13, the formal definition is analogously
to the 3D case discussed in Appendix A). Assuming that all
dead ends needing extrapolation are caused by shadowing
effects, an extrapolation is accepted once its normalized
line integral of the 2D distance transform exceeds 1.5.
The dead end is extrapolated by the connection of highest
rank that is accepted by this criterion. In case none of
the potential extrapolations is accepted, the dead end is
considered as an artefact and removed from the network
graph unless it is close to the boundary of the observation
window.
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Abstract Scanning transmission electron tomography
offers enhanced contrast compared to regular transmission
electron microscopy, and thicker samples, up to 1 um or
more, can be analyzed, since the depth of focus and inelas-
tic scattering are not limitations. In this study, we combine
this novel imaging approach with state of the art specimen
preparation by using novel light transparent sapphire speci-
men carrier for high-pressure freezing and a freeze substitu-
tion protocol for better contrast of membranes. This
combination allows for imaging membranes and other sub-
cellular structures with unsurpassed quality. This is demon-
strated with mitochondria, where the inner and outer
mitochondrial membranes as well as the membranes in the
cristae appear in very close apposition with a minimal inter-
membrane space. These findings correspond well with old
observations using freeze fracturing. In 880-nm thick
sections of hemophagocytes, the three-dimensional struc-
ture of membrane sheets could be observed in the virtual
sections of the tomogram. Microtubules, actin and inter-
mediate filaments could be visualized within one sample.
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Intermediate filaments, however, could even be better
observed in 3D using surface scanning electron tomography.

Keywords STEM tomography - High-pressure {reezing -
Membrane - Cytoskeleton - Mitochondrium -
Autophagosome - Autophagy

Introduction

Transmission electron microscopical (TEM) tomography is
a method of acquiring three-dimensional data of biological
samples at a nanometer scale of resolution (reviewed by
Baumeister 2004). Thereby, a small sample is tilted gradu-
ally in the TEM and images are recorded at different tilt
angles. This procedure results in an image series, which can
be back projected into a three-dimensional model (Hoppe
etal. 1974).

In this paper, we improve sample preparation for scan-
ning transmission electron microscopical tomography
(STEM tomography). STEM is a type of transmission elec-
tron microscopy where no projective lenses are used for
image formation, but the sample is scanned by a very fine
focused electron beam (similar to surface scanning electron
microscopy). The scattered electrons are recorded with a
detector and an image is formed on a monitor by integrating
the signal over time. In life science, STEM has been used
for mass determination of biomacromolecules (e.g.. Engel
etal. 1976; Miiller and Engel 2001) and for X-ray micro-
analysis (e.g., Zierold and Steinbrecht 1987). The potential
of using STEM for tomography has been pioneered by
Midgley etal. (2001) for material sciences. STEM
tomography has been introduced to the life sciences by
Yakushevska etal. (2007). They showed that with
STEM tomography, contrast and signal-to-noise ratio of

@ Springer
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plastic-embedded biological samples were considerably
better compared to conventional bright-field TEM tomogra-
phy. when using the same electron dose. STEM tomography is
especially well suited for thick samples up to | pm
(Aoyama et al. 2008) for several reasons. One such reason
is the possibility of using dynamic focus, preventing the
peripheral areas of a section from being out of focus at high
tilt angles. The more important reason, however, is chro-
matic aberration due to inelastically scattered electrons,
which is a limitation in TEM, but not in STEM. Aoyama
etal. (2008; Fig. 5) showed an electron energy loss spec-
trum of a 300-keV beam passing through a 1-pm thick sec-
tion at 0% and at 707 tilt. At 70° tilt (when the path of the
electrons through the sample is about 3 pm), almost all
electrons experienced inelastic scattering events leading to
energy loss and to chromatic aberration and poor image
quality in the TEM mode. In the STEM imaging mode,
however, the scattered electrons will not form an image, but
eventually hit the detector. Since these electrons are not
focused by lenses after having lost energy, chromatic aber-
ration is not an issue and inelastically scattered electrons
may also contribute to image formation. Hohmann-Marriott
etal. (2009) experimentally demonstrated that STEM is
superior to TEM and EFTEM for tomography of 1-pm
thick samples. They also pointed out the advantage of using
axial (bright field) STEM tomography. Biskupek et al.
(2010) introduced “parallel beam STEM tomography”. By
aligning the three-condenser system of an FEI Titan (FEI,
Eindhoven, The Netherlands) such that the semi conver-
gence angle became as small as 0.6 mrad compared to
10 mrad in regular STEM mode, the depth of focus was
increased by a factor of 17. It turned out that this parallel
beam mode greatly facilitates tomogram collection, since
even at low magnification the sample is never out of focus
and the tedious dynamic focus mode is no longer required.

Even the best microscopical imaging method, however,
can only image structures that are retained during specimen
preparation. For this study, we optimized high-pressure
freezing, freeze substitution, plastic embedding and thin
sectioning, a preparation protocol that can be applied to
many different biological systems (reviewed by McDonald
2007). Some recent improvements of the method include
the release of new high-pressure freezing machines (HPF
Compact 01, Engineering Office M. Wohlwend GmbH,
Sennwald, Switzerland; EM PACT, and EM HPM 100,
Leica, Vienna, Austria), use of sapphire discs without alu-
minum cover for faster handling of the specimen before
freezing, improvement of high-pressure freezing quality
(Hawes etal. 2007) and stronger membrane contrast by
adding water to the substitution medium (Walther and
Ziegler 2002; Buser and Walther 2008).

The aim of this study was to record three-dimensional
subcellular structures in a life-like situation using the better
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contrast and the possibility to work with thicker sections
provided by STEM tomography. This shall be achieved by
high-pressure freezing of the samples in a physiologically
defined state, thereby minimizing the risk of artifact forma-
tion before freezing and of preparation-dependent artifacts.
The contrast in the samples shall be improved by novel
freeze substitution protocols to enhance heavy metal stain-
ing in membranes and in cytoskeletal elements. Using
different kinds of STEM and SEM tomography, high-qual-
ity data sets shall be recorded from samples as thick as
I pm.

Materials and methods
Sapphire discs

Two different types of sapphire discs (Engineering Office
M. Wohlwend GmbH, Sennwald. Switzerland) were used
as support for the different types of cells in culture. The
standard discs (for protocol A) had a thickness of 0.05 mm
and the new discs (for protocol B) had a thickness of
0.17 mm, so that they could also serve as coverslips for
standard light microscopes in correlative microscopy. The
sapphire discs were cleaned by sonication for 15 min each
in 60% sulfuric acid, soap water and twice in absolute etha-
nol, and allowed to dry, The discs were then coated with
approximately 20 nm carbon by electron beam evaporation
and dried for 8 h or overnight in an oven at 120°C to
increase the stability of the carbon film. The coated sap-
phire discs were then carefully immersed in complete
medium and the cells were seeded on top.

Cell cultures

Monocyte-derived macrophages (Fig. 1) were differentiated
from monocytes as previously described (Frascaroli et al.
2009). Monocytes were isolated from PBMC by negative
selection with magnetic microbeads (Monocyte Isolation
Kit II; Miltenyi Biotec, Bergisch Gladbach, Germany). One
day before high-pressure freezing, the macrophages were
seeded on the thin sapphire discs (1.5 x 10 cells/well).

Hemophagocytes (Fig. 2) were specifically enriched by
adherent cell cultures from patients suffering from hemo-
phagocytic lymphohistiocytosis (Schneider etal. 2002,
Blood) as well as other hyperinflammatory diseases. After
cell culture, the floating cells were plated onto sapphire
discs and were high-pressure frozen.

Panc 1 (Figs. 3, 4) human pancreatic cancer cells (Amer-
ican Type Culture Collection, Manassas, VA, USA) were
seeded (8 x 10* cells/ml) on carbon-coated, glow-dis-
charged sapphire discs (thickness 170 pm) and cultivated in
DMEM with 10% (v/v) FCS, 100 U/ml penicillin and
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Fig. 1 Macrophage. a An over-
view image of a macrophage,
prepared following protocol A.
The section thickness is about
375 nm as measured with the
microscope. The tilt series for
the tomogram (b, ¢, d) were
recorded using convergent beam
STEM and show a mitochon-
drion; part of this was manually
segmented (b in blue). ¢,

d Computed sections with a
virtual thickness of 2 nm (one
voxel). In the mitochondrial
membranes, the two leaflets of
the bilayer are well visible. Inner
and outer membranes and the
membranes of the cristae are in
close apposition to each other.
The sheet-like cristae are in
touch with the inner mitochon-
drial membrane only at a few
points (white arrows). In most
areas, the membrane bends at the
end of the cristae, leaving a gap
between the cristae and the inner
mitochondrial membrane

100 mg/ml streptomycin in a humidified atmosphere con-
taining 5% CO, at 37°C. Confluent cell monolayers were
achieved after 2 days.

High-pressure freezing and freeze substitution

The cells on sapphire discs were frozen using a Wohlwend
HPF Compact 01 high-pressure freezer (Engineering Office
M. Wohlwend GmbH, Sennwald, Switzerland).

The samples were high-pressure frozen according to two
different protocols.

For protocol A, 50-um thick sapphire discs with the cells
grown on them were clamped in between two aluminum
planchettes so that the cells were protected in a 100-pum
cavity on one planchette as described earlier (Buser and
Walther 2008). The cavities were filled with hexadecene as
introduced by Studer et al. (1989).

For protocol B, a 50-um gold spacer ring (diameter
3.05 mm, central bore 2 mm; Plano GmbH, Wetzlar,
Germany) was mounted in between two 170-um thick sap-
phire discs with the cells grown on them, similar to the pro-
tocol introduced by Hawes et al. (2007). These sandwiches
were high-pressure frozen without aluminum planchettes
and without the use of hexadecene.
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Freeze substitution was performed as described in
Walther and Ziegler (2002) with a substitution medium
consisting of acetone with 0.2% osmium tetroxide, 0.1%
uranyl acetate and 5% of water for good contrast of the
membranes. During 17 h, the temperature was exponen-
tially raised from —90°C to 0°C. After substitution, the
samples were kept at room temperature for 1 h and then
washed twice with acetone. After stepwise embedding of
the samples in epon (polymerization at 60°C within 72 h),
they were cut with a microtome (Leica Ultracut UCT
ultramicrotome) using a diamond knife (Diatome, Biel,
Switzerland) to semi-thin sections with a nominal thickness
of 500 nm or | pm, as measured from the readout of the
microtome.

The sections were collected on bare copper grids with
parallel grid bars in one direction only, to prevent the grid
bars from hiding the biological structures at high tilt angles
(grids for tomography, diameter 3.05 mm, 300 bars per
inch, Plano GmbH, Wetzlar, Germany). For tomography, it
is essential that the sections are mounted as flat as possible.
It turned out to be rather difficult to attach the relatively
thick sections on the grid bars. Therefore, the copper grids
were coated with poly-L-lysine (10% in water) before the
sections were attached. The grids were then warmed on a
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Fig.2 a Whole hemophagocyte. b Tomogram showing autophagic
vacuoles (AV) and mitochondria (M). The thickness of the section,
measured with the microscope, is 880 nm as can be seen in the XZ
plane. The arrows depict an isolated membrane sheet that is visible in

heating table to a temperature of 60°C to flatten the
sections. Afterward, the sections were again coated with
poly-L-lysine to attach the 15-nm colloidal gold particles
(Aurion, The Netherlands) on both sample sides. These
gold particles served as fiducial markers for the calculation
of the tomograms. Finally. the mounted sections were care-
fully coated with 5-nm carbon from both sides by electron
beam evaporation to increase electrical conductivity and
mechanical stability. Improving electrical conductivity helps to
reduce mass loss caused by ionization due to inelastic

a Springer
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all three planes. ¢ Several virtual sections of a portion of the tomogram
showing appearance (165-125) and disappearance (175 and 105) of the
isolated membrane sheet. The resolution of structural details, e.g., the
membrane bilayers, is slightly decreased when compared with Fig. 1

scattering (Walther et al. 1995). Also, drift is reduced
when electrical conductivity is enhanced by carbon coat-
ing. Before imaging, the samples were plasma cleaned for
10s.

STEM tomography
The tilt series (—72° to +72°; 2° increment) were recorded

with a 300-kV field emission STEM (Titan 80-300 TEM,
FEI, Eindhoven) using an annular dark-field detector
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Fig. 3 Tomogram of a Panc 1 cell’s microvilli prepared by protocol B
and recorded using parallel beam STEM. The bilayer structure of the
membranes is well resolved in all areas of the 435-nm thick section
(measured with the electron microscope) and visible as two parallel
white lines. Besides the membrane, the internal structure of the micro-
villi, consisting of actin and actin-related proteins, is also well pre-

(Fischione, Export, PA, USA) with a camera length of
301 mm. Ilumination time per 1,024 x 1,024 pixel image
was 18s. So, a total of 73 images per tomogram were
recorded. The tomograms were either recorded in “conver-
gent beam mode” (Fig. 1) with a semi-convergence angle
of 10 mrad, or in “parallel beam mode™ with a very small
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served. The actin bundles keep a constant distance (about 20 nm) from
the membrane. It is difficult to clearly resolve the thin (about 7 nm)
actin filaments, which seem to be hidden by the actin-related proteins.
A glimpse of individual filaments can be seen in the cross-sectioned
microvillus in virtual section number 180

semi-convergence angle of 0.58 mrad (Figs. 2, 3 and 4 a—d)
as outlined in Biskupek et al. (2010).
Tomograms were reconstructed by weighted back pro-

jection (WBP) or by simultaneous iterative reconstruction

technique (SIRT) with 25 iterations using the standard set-
tings of the IMOD software package (Kremer et al. 1996)

@ Springer
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Fig. 4 Intermediate filamentsin
Panc 1 cells. a-d Tomogramof a
portion of a Panc | cell, prepared
according to protocol B and
recorded with parallel beam
STEM. The tomogram shows an
area of the cytoplasm bounded
on two sides by a kidney-shaped
nucleus. In the cytoplasm, a bun-
dle of densely packed filaments
is visible that most likely repre-
sent intermediate filaments. The
three-dimensional arrangement
of these filaments and two cross-
ing microtubules were visual-
ized by manual segmentation
(Fig. 2b, not all filaments were
segmented). Using SEM tomog-
raphy (e, f), filaments are imaged
with higher contrast and, in a vir-
tual section (f), it can be clearly
decided whether the filaments
cross at different planes (white
arrows) or touch each other
(black arrows)

version 4.1.2. For segmentation and data display, the
AMIRA (Fig. 1b) and the IMOD (Fig. 4b) software were
used.

Extraction preparation for SEM tomography

For comparison, intermediate filaments of Panc 1 cells were
also prepared by a detergent extraction protocol (Sailer
et al. 2010), using 1% of Triton X-100 so that basically all
structures except intermediate filaments were removed, and
afterward critical point dried and carbon coated. These
samples were then imaged in a Hitachi S-5200 (Hitachi,
Tokyo, Japan) scanning electron microscope (SEM) at an
accelerating voltage of 5 kV using the secondary electron
signal for SEM tomography at tilt angles from —60° to
+60° at an increment of 2° (Fig. 4e, f), as described by
Sailer et al. (2010).

Results

Using a scanned electron beam for microscopy instead of

regular TEM requested adaptation of the preparation proto-
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col in order to minimize sample damage. From earlier
STEM studies, as well as from high-resolution surface
SEM studies, it is known that damage can be threefold: one
effect is the charge-up caused by the scanned beam. We
reduced charge-up by coating the sections with 5-nm car-
bon from both sides, making the surface electrically con-
ductive. Another effect is mass loss due to beam-induced
ionization processes (also referred to as “etching”, Miiller
and Engel (2001). This effect was also reduced by the car-
bon coating (Walther et al. 1995). On the other hand, mass
can build up on the scanned area due to hydrocarbon mole-
cules migrating over the sample surface. These are ionized
and bound to the surface by the scanned beam (a process
that is usually referred to as “contamination”™; Miiller and
Engel 2001). The amount of contamination was tremen-
dously reduced by short plasma cleaning, thereby removing
hydrocarbon molecules from the sample surface immedi-
ately before microscopy, as explained in “Materials and
methods™.

First, we wanted to inspect the conservation and visuali-
zation of membranous structures. We therefore inspected a
macrophage attached on thin sapphire discs. It was high-
pressure frozen and freeze substituted according to protocol
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A on thin sapphire discs in between two aluminum planch-
ettes using hexadecane to fill the extracellular cavities
(Fig. 1). The tilt series were recorded using convergent
beam tomography. The nominal section thickness (readout
at the ultramicrotome) was 500 nm. The value measured by
the electron microscope, however, was about 375 nm.
Figure la is an overview showing good overall structural
preservation and visibility of ultrastructural details.
Figure 2b—d shows computed sections from a tomogram
with a virtual thickness of 2 nm (one voxel). For best con-
trast, the tomogram was reconstructed by weighted back
projection (WBP) and simultaneous iterative reconstruction
technique (SIRT) using the IMOD software (Kremer et al.
1996) and both virtual sections were overlaid as explained
in “Materials and methods™. In the mitochondrial mem-
branes, the two leaflets of the bilayer were well discernable.
The thickness of the intermembrane space including both
membranes was <20 nm. The membranes of the cristae
were also in close contact with each other. The sheet-like
cristae were connected to the inner mitochondrial mem-
brane only at a few points (white arrows). This is visible in
the manual segmentation (Fig. 1b, in blue) as well as in the
original data (Fig. lc, white arrow). In most areas, the
membrane bent at the end of the cristae, leaving a gap
between the cristae and the inner mitochondrial membrane
(video in supplementary material).

To investigate the potential of parallel beam STEM, we
prepared a hemophagocyte by the standard freezing proto-
col A (Fig. 2). The sections were cut with 1,000 nm readout
at the microtome and the thickness measured in the micro-
scope was 880 nm. The hemophagocyte contains many
autophagic vacuoles (AV). In addition, mitochondria (M)
can be identified (Fig. 4a, b). An isolated piece of a mem-
brane lies in parallel to the vacuole’s membrane (arrows,
Fig. 4b) and is visible in all three virtual section planes
(XY, XZ and ZY). Figure 4¢ shows series of virtual sec-
tions with a thickness of 4 nm. The distance from one pic-
tured section to the next is 40 nm. The membrane sheet is
limited to the inner part of the thick section, since it cannot
be seen in the outermost virtual sections 175 and 105. This
sample demonstrates that tomography of sections as thick
as 880 nm is still possible. The resolution, however,
slightly decreases, so that the two leaflets of the membrane
bilayer can no longer be resolved in contrast to the thinner
sections in Figs. | and 3.

Finally, we wanted to check the potential of STEM
tomography to visualize the cytoskeletal elements. For this
purpose, Panc 1 cells were prepared by protocol B (Figs. 3,
4). In general, the freezing quality of cultivated cells frozen
with this new approach that does not require hexadecane
appears Lo be as good as with the standard prorocol A. The
tilt series were recorded using parallel beam STEM.
Figure 3 shows microvilli of a Panc 1 cell. The tomogram
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was recorded using parallel STEM and reveals good struc-
tural preservation of membranes and cytoskeletal elements.
The bilayer structure of the membranes is well resolved in
all areas of the 435-nm thick section (measured in the elec-
tron microscope). Besides the membrane, the internal struc-
ture of the microvilli, consisting of actin bundles and actin
related proteins, is also well preserved.

The tomogram of Fig. 4 shows an area of the cytoplasm
bounded on two sides by a kidney-shaped nucleus. In the
cytoplasm, a boundle of densely packed filaments is pres-
ent, most likely representing intermediate filaments. The
three-dimensional arrangement of these filaments and two
crossing microtubules has been visualized by manual seg-
mentation in Fig. 4b. Not all filaments were segmented,
since the filaments were extremely densely packed.
Figure 4e is an image and Fig. 4f is a virtual section from
an SEM tomogram recorded using secondary electrons.
This sample was detergent extracted. The individual fila-
ments were imaged with very high contrast, allowing to
clearly discern the virtual section between real crosslinks
(black arrows) and filaments just passing each other at a
short distance (white arrows).

Discussion

In previous studies, it has been implied that STEM tomog-
raphy was a powerful alternative to TEM tomography in
life science (Yakushevska et al. 2007; Aoyama et al. 2008;
Hohmann-Marriott et al. 2009). In the present study, we
combined this novel approach with the best protocols for
high-pressure freezing and freeze substitution. For enhanc-
ing contrast by increased heavy metal staining, it was help-
ful to leave the samples in the freeze substitution medium at
room temperature for an additional hour. In addtition, we
optimized the samples for STEM imaging by carbon coat-
ing and plasma cleaning. This allowed us to image mem-
branes and other macromolecular structures with high
contrast in thick sections.

We found inner and outer mitochondrial membranes in
close apposition with a very small intermembrane space
(Fig. 1). This structure is different from the generally
accepted model with a wide intermembrane space (Sun
etal. 2007; Rabl etal. 2009), but in agreement with old
cryofixation and freeze fracturing studies of mitochondria
(Lang and Bronk 1978; Knoll and Brdiczka 1983), where it
is stated that the membranes in “energized” mitochondria
are in close apposition, whereas they separate when the
mitochondria are “de-energized”. It also fits well with our
earlier studies using freeze substitution (Walther and Zie-
gler 2002) as well as using high-pressure freezing and
freeze fracturing (Walther etal. 2009). We therefore
assume that the tomogram represents the situation in a
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healthy, energized mitochondrion, whereas the intermem-
brane space is enlarged when the mitochondria are de-ener-
gized, e.g.. due to inappropriate treatment of the cells
during chemical fixation or prior to freezing. The cristae
we observed in macrophages were of the lamellar type
(reviewed by Zick et al. 2009). They were connected to
the inner mitochondrial membrane only at a few points
(video in supplementary material). This fits with the “cris-
tae junction model” originally proposed by Daems and
Wisse (1966) and confirmed in several newer studies
based on electron tomography (Rabl etal. 2009; Zick
etal. 2009; van Driel etal. 2009; Perkins etal. 2010;
Péranzi et al. 2010).

In a very thick section of a hemophagocyte (Fig. 2), it was
still possible to unambiguously track an isolated membrane
fragment (arrows). It is supposed that those membrane frag-
ments occur in the context of autophagy (Liou et al. 1997).
The elaborate membrane structures of newly formed phago-
phores and autophagic vesicles have been recently reviewed
by Hsieh etal. (2009). TEM is an important qualitative
approach to monitor autophagy. It obviously needs to be sup-
ported by additional techniques to unambiguously quantify
autophagic flux (Barth et al. 2010).

The samples frozen in between two sapphire discs with-
out aluminum planchettes and without using hexadecene
(protocol B) showed the same freezing quality as samples
frozen with the standard protocol A. The new protocol B
bears the potential for new correlative light and electron
microscopical approaches that need to be explored in future
studies. In Fig. 3, the actin distribution in microvilli indi-
cates good freezing with minimal ice crystal formation,
since the actin bundles keep a constant distance (about
20 nm) from the membrane. According to the textbook
(Alberts et al. 2008, Fig. 16-50), this is caused by bridging
formed by actin-related proteins such as myosin I or cal-
modulin that connects the actin filaments to the membrane.
In samples with ice crystal damage, the actin distribution in
the microvilli is uneven and no space between membrane
and the filaments is visible (data not shown).

Even better visibility of intermediate filaments can be
achieved by secondary electron SEM tomography (Sailer
etal. 2010). The electrons used for contrast formation in
transmission imaging are scattered approximately in func-
tion of the mass density, which is low in thin filaments. The
secondary electron signal, however, is a function of the sur-
face area exposed to the electron beam (Seiler 1967), which
is high because the surface of the filament is large com-
pared to the volume (Fig. 4e). Using this method, we could
clearly discern between filaments crossing at near distance
and real crosslinks (Fig. 4e, f). For this approach, the fila-
ments need to be exposed to the surface and extraction pro-
tocols that are not yet fully tested for artifact formation
need to be used.
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Hohmann-Marriott et al. (2009) pointed out the advan-
tage of using axial (bright field) STEM tomography. For
technical reasons, we were not able to implement this
improved approach to our microscope and had to use dark-
field imaging for this study. Nevertheless, tomography
using a scanned electron beam as probe still bears a large
potential for novel signal collection and specimen prepara-
tion methods.
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