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Abstract

The threedimensional keratin filament network of pancreatic carcinoma oells invest

gated with dfferent electron microscopical approaches. Sémm sections of higipressure

frozen and freeze substituted cells werelyaeal with STEMtomography. Preservation of
subcellular structures was excellent and keratin filaments could be observed, however it was
impossible to thredimensionally track the individual filaments. In order to obtain a better
signal to noise ratio itransmission mode, we observed ultra thin sections of high pressure
frozen and freeze substituted samples with low voltage (30 kV) STEM. Contrastnwas |

proved compared to 300 kV and individual filaments could be observed. The filantent ne
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work of samples @gpared by detergent extractiovasimagedby high resolution SEM with
very good signal to noise ratio using the secondary electron signal and thditieesional
structure could be elucidated by SEM tomography. In freeze dried samples it watepossi
discern between keratfilaments and actin filaments, because the helical arrangemeot of a
tin subunits in the factin could be resolvedhen comparing the network structures of the
differently prepared samples we found no obvious differences in filaleegth and brarc

ing, indicating that the intermediate filament network is less susceptible to preparation art

facts than the actin h&ork.

Introduction

Biological structures such as cytoskeletal networks are-tlineensional, kassical electron
microscopy, however, provide®nly two-dimensional imagesto fill this gap, anumber of
techniquedave been developéd record threelimensional datasets. thbugh,the origins of
these methods lay several decades in the pasgniethods became more widalged only
recently, sincanore efficientcomputer and storage devices grgdtcilitate the handling of

large datasets.

Threedimensional imaging by electron microscopy

The most widely used approach to recefdctron tomographical datasén a transnssion

type eletron microscop€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 projentges.
This tilt series is then bagirojected into a thredimensionaimodel (Hoppe et al., 1974 and
others; recently reviewed by Baumeister, 20@4jurther development of TEM tomography

is scaning transmission electron microscopical (STEM) tomography (Midgley et al., 2001;
Midgley & Dunin-Borkowski 2009).Yakushevska eal. (2007) introduced this new tec

nique to life science, hidighting that high angle annular dark fieRTEM tomography gives
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a five times better cdrast and signaio noise ratio than bright fiel#iEM tomography. In

TEM tomography the imaging of relagly thick sections (e. g. 600 nm) suffers from inelastic
scattering that blurs the image due to chromatical aberration in the projective lenses. This e
fect is especially mnounced at high tilt, where the thaengthof the electron beam in the
sample mcreases (by about a factor of three at 70°). Whetaaningpeam and a STEM et

tector are used, however, inelastic scattering does not reduce resolution. Tlt®neisohow

mainly limited by widening of the primary beam due totseang in the sampldJsing this
method with a 300 kV field emission microscope, we have been able to make tomographic
reconstructions of 600 nm thick sections, in which the two leaflets of membraneilgyidrb

are still clearly resolved (Hohn et al., 2009). Thus, we censti STEM tomography a 8o
sequential method for the thrdanensional analysis of keratin filament networks. Theddisa
vantage of using 300 kV accelerating voltagi¢ghe low contrast. We, therefore, also invest
gated the potential of using low voltage (B0) for STEM imaging (Sailer et al., 2009).
Another approach with great potential for special samples is scanning electron microscopical
(SEM) tomography using the secondary electron signal (Sailer et al., 2008; Luck et al., in

press).

Keratin filament etworks

Keratin filaments belong to the intermediate filaments, a part of the cytoskelgtash
forms a network of protein fibers in the cytoplasm of eukaryotic célle scaffold of the
intermediate filaments defines the shape and mechanical pespefia cellHerrmann et al.,
2003), suchas elasticity(Beil et al., 2003)Keratins are specifically expressed in epithelial
cells and formheter@olymers of type | (K®0) and type Il (Ki18) keratin (Hatzfeld &
Franke, 1985)Posttranslational modifit@ns of keratin monomers, i.e. plpp®rylation and
glycosylation,regulate the solubility of ketins and thus network architecture (Coulonébe

Omary, 2002Beil et al., 200k K8 ard K18 are the basic kerasiexpressed in simple epgth
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lia (Fuchs & Weber1994) and their tumors, such as pancreatic carcinamigh is the si-

ject of this study

Microscopy of keratin filament networks

Keratin filament networks have been extensively studied with lightasgopical methods
with special emphasis on fluosEntmicroscopy. Windoffer et al.(2004) demonstratedhat
the keratin filament system is not homogenous but is organized mpotally and spatially
distinct subdomains. They provide further evidence that contindeumvoformation of le-
ratin fibers n the cell periphery is a general principle in epithelial cells. When compauning
orescence microscomata with electron microscopical data of the keratin filametwork it
is striking that the electron microscopical images contain much more strudetads due to
the improved resolution of the electron microscdpg.(1 and 2). We believe that these-i
ages eflect the complexity of eukaryotic cells that consist of abod? fifbtein molecules of
about 10 different kinds (Alberts et al, 2008). Unfanately, this coplexity makes life of an
electron microscopist difficult, since simple and clear interpretation of the information ove
flow is often not possible. Electron microscopists are, therefore, seeking fegissdab make
the complex relatiomof biological ultrastructure understandable. One of these strategies is the
use of extraction protocolSvitkina, 2007) Most of the cell compounds are, therebg; r
moved and only the finelystructuredcytoskeleton remasa In previous sidies we havena-
lyzed the keratin network of pancreatic cancer cells using these extractiatqgisotThe
sampleshave beertwo-dimensionally imaged in the SENsing the secondary eteon signal
and quantitatively analyzelly methods from spatial statistics (Beil dt 2003, 2005 and
2006). In our recent work we have expanded these studies to visualize théirtieasional
structure of the networky SEM bmography(Sailer et al., 2008 and 2009; Luckadt, in

press).



In this studywe investigate and compare dié@t preparation and imaging protocols foe{
servation and recording ¢hireedimensionakeratinfilament network in pancreatic canaar
id cells including highpressure freezing, freeze substitution, embedding and thin sectioning
as well as extractionrptocols. We analyzed these samples with 300 kV SA&Nbgraphy,

with (30 kV) low voltage STEM and, finally, with secondary electron St6Mography.

Material and Methods

Sample preparation

Cell culture

Panc 1 human pancreatic cancer cells (American Tudeure Collection, Manassas, VA,
USA) wereseededq x 10 cells/ml) and cultivated in an incubator at 31@ud 5% CQ. For

the expementscells were grown as a monolayer on glow discharged sapphire discs coated
with carbon. (For the low voltage STEMperiments of Fig. 1E and 1F cells were grown on

electron transparent teon coated and glow discharged 200 mesh gold grids.)

Preparation of high pressure frozen and freeze substituted cells

The cells on sapphire discs were frozen using a Wohlwend HPp#&brl high pressure
freezer (Engineering Office M. Wohlwend GmbH, Sennwald, Switzerland) as described by
Buserand Walther(2008). During the following freeze substibn, water was replaced by

the freeze substitution medium consisting of acetone, @sretroxide uranyl acetate and 5

% of water (Walther & Ziegler, 2002). This procedure lasted about 1% hours during
which the temperaterwas slowly increased from 183 K to 273Adter substitution the sa-

ples were kept at room temperature for 30utes and then washed twice with acetone. After
embeddingof the samplesn epon (polymerization at 333 Within 72 hours), they were cut

with a micotome (Leica Ultracut UCT ultramicrotome) using a diamond knife (Diatome,
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Biel, Switzeland) in ultra thinsections of a thickness of 80 nm for low voltage SEM and
about 500 nm for STEMotography 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 lagr of cabon (5 nm) on both sides.

Preparation of extracted cells by critical point drying

In order to visualize the intermediate filament netwloykhighrresolution SEMa prefixation
extraction methodwas applied, basean the protocd of Svitkina & Baisy (1998) and
Svitkina (2007) After washing with phosphateuffered saline (PBS; pH 7.3), the cells were
extracted for 25 min at around 281w{th 1% TritonX 100 (in PBS). Afterwards, cells were
washed again with PBS and chemically fixed with 2.5%aghltdehyde (in PBS and 1%csa
charose) for 1 h at room tempiire. After washing with PBS, the cells were contrasted with
OsQ, (2% in PBS) for 1 h at room temperature. Aftepeatedvashing with PBS, the s&
ples were gradually dgdrated in 30%, 6%, 70%,90%, and 100% Propanol férminutes.
Then the cells were criticgloint dried using carbon dioxide as translation medium (Critical
Point Dryer CPD 030, BalTec, Principality of Liechégein).Finally the samples were coated
with a5 nmlayer of carbonn a freeze etching devic8#&f 30Q BalTec, Principality of Liek-

tenstein. The thickness was controlled with a quartz crystal manitor

Preparation of extracted cells by freeze drying

Cells grown on sapphire discs were extracted with 1% Triton as desabbgd with 10uM
phalloidin addedto stabilize the actin network during preparatjaryd chemicallyiked with
2.5% glutaraldehyde iRBS and 1% sacclase Then they were washed with distilled water
and 10 % of ethanol was added to prevent ice crystaidtion during freezing. The samples
were frozen by immershnin liquid propane, supercooled by liquid nitrogen. The frozem-sa

ples were mounted on a holder that fits into the Gatanstageand cryetransferred to a Baf
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300 freezeetching device (Bal'ec, Principality of Liebtenstein). The samples were partially
freeze dried for 30 min at 180 K and then for 10 min at K8%inally, the samples were
coatedwith 2 nm of tungsteby electron beanevaporatiorat the same temperature (Walther,
2008). The amples were never warmed up but kept cold during ligitidgen transfer to the

cryo-stage of the SEM.

Electron microscopy

STEM tomography

STEM tomographyof semithin sectiongd500 nm) of high pressure frozen and freeze subst
tutedPanc 1 cells was dewith aTitan 80300field emission STEMFEI, Eindhoven) at an
accelerating voltage of 300 kdd a convergence angle of 10 mraik series {72° to +72°)

were recorded in scanning mode (1024 x 1024 pixels) with a high angle annular dark field
detecto (Fischione, Export, PA, USA)The camera length was 301 mifomograms were
reconstructed with the IMOD softwa&remer et al., 1996py weighted back projection

(Figs. 1A and 1B)

Low voltage STEM

Low voltage STEM of 80 nm ultrthin sections of higlpressure frozen and freeze sitst
tuted Panc 1 cells waperformedwith a cold field emission SEM Klitachi S5200 inlens

SEM,; Tokyo, Japan) equipped with a transmission detector that was used in dark field mode
for best contrast. Images (1280 x 800 pixasrerecordedn STEM mode at an accelerating

voltage of 30 k\(Figs 1C, 1D, 1E, and 5B)



SEM tomography

SEM tomographyof extracted cellsvas alsgperformedwith a Hitachi S5200 irlens SEM
(Tokyo, Japan). For this purpose a holdextilted by 30°wasconstructedvhich allows tit-

ing over a range fror60° to +60°, though thieolderhas to be turneby 180°and the sample
needs to be remounted after recording half of the tilt sef@®ographical datasets weole-
tainedat tilt angles from60° to+60° at an increment of 2° with a mafycation of 50,000

and an accelerating voltage of 5 kV using the secondary electron signal. This proeedure r
sulted in 6linputimagesfor the computation of a singtemogram. Tomograms were reco

structed withithe IM OD softwareby weighted backrojection (Figs. 3, 4, and 5A)

Low temperature SEM of freeze dried samples

For low temperature SEM thextracted andreeze dried samples were transferred undgr li

uid nitrogen to the cold stage (Gatan, Inc., Pleasantén,UCS.A.) of the Hitachi $200

SEM and quickly inserted into the microscope. Specimens were investigated at a temperature
of 173 K at an accelerating voltage of 30 kV using the secondary electron signal as described
by Walther (2008)Figs. 6B and 6C) The data are compared with a sample efiiro poly-

merized Factin, that has been frozen, freeze dried and coated with tungsten like the samples

described above (Walther, 2048)g. 6A).

Results and Discussion

Herewe present different electron micoopical approaches for the thrdnensionalmor-
phological data aquisition of keratin intermedifl@ment networks. In earlier work we gua
titatively analyzed thé&eratinfilament networkof pancreatic cancer celis two dimensions

(Beil et al., 2005; Bil et al., 2006) and it is at hand to expand these studies to three
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dimensional datasets as we have started in Lick et al. (in pé@ss)motivation for this study
is the influence of thetructureof the keratin filament network on cetlechanicsan inpor-

tant factor for tumor cell migration (Beil et al., 2003).

STEM tomography

In order to visualize theytoskeleton in the full context of all cell components, we performed
high pressure freezing, freeze substituteord STEM tomography. It is generallgkamowl-
edged that crydixation is the best immobilization method to preserve the structural integrity
of a cell €. g. Echlin, 1992Hohenberg et al., 200®ubochet, 2007)The most widely eska
lished protocol is to process a criwed sanple by freeze wbstitution(Humbel, 2009) The
samples are afte'ards embedded in plastifin sectionedandcan benvestigated by regular
TEM, low voltageSTEM or by (S)TEM tomogaphy. Fig. 1A and 1Bshowvirtual sections

of 300 kv STEM tomograms of 50fm sections bPanc 1 cellsFig. 1A depictsthe pe&inuc-

lear area of a cell, where many keratin filaments are expected. Beside othpreseived
structural features such as mitochondria, densely packed filament strantiseakea. It is,
however, dificult to tradk a single filament through the whole tomogram. It is not absolutely
clear, whetheithe observedilaments representiermediate filament®r F-actin. Fig. 1B

shows flaments in microvilli, which must represent-&ctin (Alberts et al., 2008).

Improvements by bw voltage STEMand SEM

Since it was diffialt to track the filamentsvith 300 kvV STEM tomography, we switched to

an alternative method: low voltage STEM. It is expected that contrast is enhanced et low a
celerating voltage$30 kV compared to 30KV). Fig. 1C and 1Dare low voltageSTEM dark

field imagesof ultrathin sectiongrom the perinuclear area of Panc 1 cells. The recorded cell
areain Fig. 1Cis similarin sizeto Figs. 1A and 1B butthe thickness of the skan is only

80 nm. The contrasof the filaments is reasonably good, but obviously 3D information is
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missing in the ultrathin section. Performing tomography at 30 kV is difficult with oupequi
ment for techrcal reasons and, in addition we assume that spreading of the primary beam
would make tomgraphic imaging of senthin sections at 30 kV unsatisfactory. Therefore

we used the extraction protocol, where most of the cellular compounds are washed out and
basically only the keratin iment network remains (Svitkiré Borisy, 1998 Svitkina, 2007)
unless Factin is stabilized by adding phalloidiRig. 1E and 1Fshow the same area of an
extracted Panc 1 calecorded simultaneousl¥ig. 1E is an image of the transmission dark
field (STEM) sgnal andFig. 1F is the image of the convential secondary electron signal.

The diameter of the filaments is about 10 nm in the transmitted image and about 20 nm in the
secondary elgron image. This is due to the carbon coat that is transparent for the transmitted
electrons, but produces secondadgctwons. The bright dots, which most likely represemt co
taminations due to incomplete extraction, are imaged with about the satnastam both
pictures,but obviously, the thin filaments are best visualized using the secondary electron
signal, sinceltey have a small volume, but a large surface area. The electrons usetfor co
trast 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 transmissienisn thes-

fore, low, and the fdments are almost vanishing beside unextracted cell compounds, which
have a large volume and therefore high contrBgj. (LE). The secondary electron signal,
however, isprimarily a function of the surface area exposedte electron beam (Seiler,
1967). Thesecondary electron emissiohthe ilaments is high, because their surface is large
compared to the vome fig. 1F). Fig. 2A shows an overview of an extracted Panc 1 cell
imaged at an acaghting voltage of 5kV vih the secondary electron signal. It turned out that

in our hands an accele¢ireg voltage of 5kV gave the best results with extracted samples at
low and intermediate ngaifications, sincehe contrast was even more increased and charging
problems wereeduced compared to 30kV (compare with Fig. THjs is in agreement with

data from the literatur@Pawley, 2008)The marked area is displayed at a higher magnific
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tion in Fig. 2B. Fig. 3A represents an overview of several Panc 1 cells grown on a sapphire

disc.

SEM tomographyof 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 assumption arising
from this mathematical foundation of tomographic reconstruction is that the input data co
sists of line integrals of some image property through the volume of interest. The sogle pr
jection images serving as input for reconstruction algorithms such as weightedolpeatiqn

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 tlee colle
tion of these projections which is obtained by tilting H#anple in the interval90°, +90°)

with respect to a central axis. Computed tomography deals with the problem of inverting the

Radon tragform.

At the level of resolution needed to study keratin networks the signal collected in STEM
mode by a high angait dark field detector can be directly related to the projection of the de

sity through the specimen along the path of the electron beam, thus approximatingtine int
gration by an integral over the electron probe (Hawkes, 2005). However, the secontlary ele
tron 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 a-the loc
tion where the secondary electron is generated (Goldstein et al., ZDB&)efore, the se

ondary 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 thecamen which could be used as input for

tomographic reconstruction algorithms. However, detergent extracted samples of keratin fil
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ments only contain the fine network structure surrounded by vacuum. As a conseqguence, Si
gle surface locations along theafilents are freely accessible to the electron probe under most
tilt angles. Thus, even under high tilt angles filaments in deeper areas are clearly Figible (
3C and 3D and the secondary electron signal closely resembles projection data of the spec
men.Compared to real projection data the contrast of filaments in lower network components
is decreased by shadowing effects ofwwek parts Fig. 3C). In comparison to STEM the
crucial advantage of secondary electron imaging is the enhanced contrast idntleats

(Fig. 1E vs. 1H. This high contrast got transferred to tomograms computed from secondary
electron tilt series, which were recorded by tilting in the inten@0, 60°] at an angulani
crement of 2° and computed by weighted backprojectiaz{§ 2008) Fig. 4A). Thus the
tomograms were generated by a standard algorithm for thasteection of TEM or STEM

data.

A specific artifact in SEM tomograms is that shadowing of filaments in deeper layeps by u
per network componentiecreases contragtd leads to strechted filament profildhe oval

stretch of reconstructed filament profiles in SEM tomograms is akmellvn artfact from
tomographic reconstructions with a missing wedfjélt angleswhich also occurs in eo-

puted tomography from reguld@EM tilt series(Midgley & Dunin-Borkowski, 2009) How-

ever, in SEM tomograms these effects are more pronounced due to mutual shadowing of the
image components. As a consequergielM tomography fothe 3D analysis of filamentous
networks is not primarilyimited by sample thickness but by network density, which-co

trols visibility of single filaments during tiltingFor more details we refer to Lick et al. (in

press).
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Quantitative analysis of network structure based on SEM tomograms

Based on high contraSEM tomograms the graph structure of the networks can be extracted
by techniques from image analydtsg. 4B depicts the tomogram after thresholdifgys. 4C

and D visudize the network graph extracted from the thresholded tomogram by means of an
algonthm discussed in Lick et al. (in pres8part from thesegmentation of the foreground
phase by thresholding, the algorithm applied to gené&iigte4C and Dis fully automatic and

thus reduces potential bias framer interactionGiven the extracted nebrk graph, statist-

al analysis of networkharacteristics such as network density, filament length, and-lankss
topology can be conducted. Since subhracteristics are related to the mechanical behavior
of the networkihese techniques represent mprsing approaches tuantitativelylink net-

work morphology to mechanical properties of the cytoplasm and the migration abdeif
which can be measured in biophysical experiments (Marti et al, 2008; Lautenschlager et al.,

2009).

Preparation artfacts

Possible artifact formation of extraction and critical point drying protobelsee been et
scribed in the literature, such as surface tension artifacts caused by traces of water turing cri
ical point drying Ris, 1989 as well as fracturing of actin diiments, leding to brancHike
structures Resch et al., 2002; Vignal & Resch, 200B order to obtain more confidence in

our preparation protocol, we compared extracted samples with the results of freeze-substit

tion (Fig. 5) and freeze dryingperimerts (Fig. 6).

In Fig. 5 we compare two different preparation and visualization methods for a siotlar v
lume in a Panc 1 cell. Fig. 54 an atrtificially generated section (about 1&®) of tomogram
PP2 (the sampleasdetergent extractedyvhereas Fig. 5B an image of an ultra thin &en

(thickness about 80 nm) of a high pressure frozen and fdxsituted Panc 1 ceBoth
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images, lherefore represent the sansairface areand the same thickness after differentopre
aration and visualization method3.aking into account thahe filaments appear thier in

the secondary electroBEM image(Fig. 5 A) due to the carbon coating, as explaiabdve,

both images show similar variation of filamesgnsity. Moreover, under both pregtion
methods the filamnts form rather long tracks, which are partially organized in parallel
strands. We conclude, therefore, that fracturing of filaments as postulated by Resch et al.
(2002) for Factin in critical point dryed samples does not occur in these intermechete it

samples.

In Fig. 6 we compared our resufty critical point dried samples with freeze dried controls
We added phalloidin to the extraction medium in order to better preserve the actin filament
structure. As described earlier (Walther, 2003 ab@B2 the helical arrangement of individual
actin subunits is well visible in isolated actin filaments after freeze demagcoéing with a

very thin layer of tungste(Fig. 6A), but not after critical point drying. Fig. 6B and 6C show
different areas fnm the same extracted and freeze dried Panc 1 cell preparation. Fig. 6B is
from the cell priphery where mainly actin filaments are expected, and, indeed, we find saw
tooth-like surface structures on most of the filaments in this area. Fig. 6C is fronmacpe

lear area, where we mainly expect keratingfintediate) filamentsnlfact, most of the fa-

ments in this image show a smooth appearance.

Fig. 6D and 6E show SEM images of freeze dried (Fig. 6D) and critical point dried (Fig. 6E)
networks. Comparingentral regions after freeze drying (Fig. 6D) and after critical poyat dr

ing (Fig. 6E) the keratin filament network appeared similar after both preparations and, most
notably, we could notliserve more branching in critical point dried samples. Basdtese

results we suppose that the keratin filament network is more stable than the actin network and
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therefore less affected by chemical and mechanical disturbance during extraction, fixation,

dehydration and drying.

Conclusions:

In an earler work (Ludk et al., in press)we performed statistical analysis of three
dimensional keratiriilament networks. These samples had been prepared by the extraction
protocol combined with critical point dryingnd imaged by SEM tomographyhese tek-

niques yield a hig level of contrast in tomograms, which is necessary for the extraction and
analysis of the rtevork structure by means of image analysis and spatial statistics, but cannot
be achieved by the other methods discussed in the present bteywe confirmedhat the
network structure of keratin (intermediate) filaments appears similar after being prepared by
different preparation protocols. This gives confidence that the three dimensional structure of
the network is well preserved @ of the different prearation protocols used in this work

including SEM tomography of extracted cells
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Fig. 1A as well as 1B show computed sections of 300 kV STEM tomograms of high pressure frozen and freeze

substituted Panc 1 cells. 1A was recorded in the perinuclear area whereas 1B represents a peripheral area of a
cell. 1C and 1D are thin sections (80 nm) recorded with an SEM at 30 kV with a dark field STEM detector. The
contrast of the filaments is reasonably good, but obviously 3D information is missing. 1E and 1F show the same
area of an extracted Panc 1 cell imaged simultaneously in an SEM at 30 kV. 1E was recorded using the transmis-
sion dark field signal whereas 1F is the image of the secondary electron signal. The contrast of the thin filaments
is considerably higher in the secondary electron image (1F) than in the transmission image (1E). Arrows depict

the same filament.
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Fig. 2A shows an overview of an extracted Panc 1 cell. The rectangular marked area is displayed at higher mag-
nification in 2B. These cells exhibit an extremely complex and dense filament network. Some agglomerated cell
components are still left, since they were not completely removed during extraction. Both images were recorded

with an SEM at 5 kV using the secondary electron signal.
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