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ABSTRACT

This thesis is aimed at extending the use of TOF-SIMS (time of flight secondary ion mass
spectrometry) as an analytical tool in cell and tissue research. TOF-SIMS is a relatively new
method that allows analysis of the chemical composition of sample surfaces. Originally, it was
used for imaging the distribution of elements on surfaces in materials science. Technical im-
provements have made analysis of fragile biological samples possible through localization of rele-
vant secondary ions, e.g. lipid fragments and inorganic ion patterns. TOF-SIMS has several ad-
vantages over alternative imaging methods e.g. its sensitivity to all elements, detection of all iso-
topes, and it allows composite imaging of the surface distribution of detected elements and mole-
cules.

The present work comprises new applications of cryomethods for preparation of TOF-SIMS
tissue samples in an effort to obtain analytical results that reflect the vital situation as closely as
possible. Lipid species (galactosylceramides, sulfatides or fatty acids) and ions (Na/K) were iden-
tified and localized in specimens from cerebellum, kidney and intestine with instruments
equipped with a bismuth cluster primary ion source.

Two sample preparation sequences were employed: (1) plunge freezing in liquid nitrogen and
cryosectioning; (i) high-pressure freezing followed by freeze-fracturing and freeze-drying. The
two preparation methods resulted in similar distributions of lipids and fatty acids but only sample
preparation with high-pressure freezing allowed demonstration of separate distributions of so-
dium and potassium in rat cerebellum and kidney.

TOF-SIMS analysis revealed specific distributions of lipids cholesterol, phosphocholine, sulfa-
tides, two galactosylceramide species and ions sodium and potassium in rat cerebellum. It could
be shown that the white matter is separated into a “cytoplasm-rich” compartment containing
phosphocholine, Na*, K" and N-lignoceroylgalactosylceramide and a cholesterol-rich compart-
ment containing cholesterol and N-stearoyl-galactosylceramide. Sulfatides with short chain fatty
acids displayed a uniform distribution in the white matter and a patchy distribution for sulfatide
with C24 fatty acids.

Fatty acid signals showed high intensities for stearic acid in Purkinje cell bodies of the rat
cerebellum; the fatty acids palmitic and oleic acid displayed most intense signals located to the
molecular and granular layer. Fatty acid imaging in mouse intestine revealed highest palmitic acid
signals in the secretory crypt cells and the intestinal lumen and highest oleic acid signals in intes-
tinal villi.

New data on the cellular and subcellular distribution of lipid molecular species in tissues have
been presented that are not possible to achieve with other microscopical techniques. It is con-
cluded that TOF-SIMS at the present state is a powerful tool in imaging of ions and organic
compounds at a MW up to = 1,000 in biological tissues. TOF-SIMS has a potential to provide
very significant information for the understanding of physiological functions and pathological
processes in biomedical research. Further technical development will extend the range of applica-
tions.
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INTRODUCTION

Imaging techniques that explore cell and tissue morphology also provide fundamental data
when investigating metabolism, physiology and function. A main goal in biological and
medical research is the identification, localization and quantification of chemical elements
and complex molecules. In this thesis the time-of-flight-secondary ion mass spectrometry
(TOF-SIMS) technique is used for imaging of cell and tissue chemistry. In particular, results

after tissue sample processing by cryo-fixation are explored.

Secondary ion mass spectrometry SIMS

The SIMS technique was developed about 60 years ago and first used to analyze oxides
and metals. Later, the idea was to provide spatially resolved information with SIMS and that it
should be possible to build an ion-optical collection system, analogous to a lens used in the
light microscope, preserving the spatial relationship of the desorbed ions, as reviewed by
Benninghoven et al. (1987). This was the beginning of imaging SIMS, which has been im-
proved extensively and used in a variety of operational modes (Pacholski and Winograd 1999;

Lockyer 2007; McDonnell and Heeren 2007).

SIMS is a mass spectrometry technique in which material desorbed from a surface by en-
ergetic particle bombardment is analyzed. The main principle behind the SIMS technique is
the use of a focused ion beam of primary ions, generated by a liquid metal ion gun (LMIG),
which impinge upon the surface. The energy of primary ions is transferred by atomic colli-
sions to the target atoms, thereby setting up a collision cascade. The primary ions set atoms in
motion, both by direct collisions with atoms in the sample or indirectly by collisions of atoms
already in motion with other target atoms (figure 1). The energy is transferred back to the sur-
face which allows surface atoms and molecules of approximately the top 2-3 molecular layers
to overcome their surface binding energy (Vickerman and Briggs 2001). The ejected or sput-
tered atoms and molecules from the target surface are termed secondary ions. While most
secondary ions come off neutrally charged, also a small portion generated is ionized, which

can be subsequently analyzed as positive or negative ions by their mass to charge ratio m/z.
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Figure 1: schematic drawing of the secondary ion emission process initiated by the impact of a primary ion

Depending on the ion dose, the technique can be separated into the two modes dynamic
and static SIMS. In contrast to dynamic SIMS, static SIMS is performed with low primary ion
doses. The surface density of atoms is typically 10" atoms cm™. In static SIMS, less than 1%
of the top monolayer is impacted by primary ions, yielding elemental and molecular distribu-
tion of secondary ions. The so-called static limit equates to a primary ion dose density of
<10"” cm™ which results in sensitive analysis from the uppermost molecular layers with
minimized sample damage. This setup also enabled desorption of larger organic fragments
than in dynamic SIMS (Lockyer 2007). With the development of static SIMS, analysis of bio-
logical and biomedical material has become possible. Static SIMS for real surface analysis
was first demonstrated by Benninghoven’s group (Benninghoven 1994), who achieved major

progress in the development of the time-of-flight secondary ion mass spectrometry technique.

Time-of-flight secondary ion mass spectrometry

TOF-SIMS is an acronym for the combination of the SIMS technique with Time of Flight
mass analysis (TOF), which was first described in the 1980s (Chait and Standing 1981). The
principle of TOF mass spectrometry is based on the fact that ions with different masses travel
with different velocities. Basically, desorbed secondary ions from the target surface are accel-
erated by an electrostatic field and travel to the detector. The TOF analyzer separates the ions
according to the time it takes for them to travel through the length of the field-free flight-tube
(figure 2). This time interval is related to the mass and charge of the accelerated particles. The
energy and angular dispersion of the secondary ions can be compensated using focusing ele-

ments such as a reflectron.



The lighter secondary ions arrive before the heavier ones whereby a mass spectrum can be
recorded. The mass spectrum can then be used to obtain composition, distribution and mo-

lecular information of surface constituents (Belu, Graham et al. 2003).
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Figure 2: schematic drawing of a SIMS instrument with a TOF analyzer

With TOF-SIMS, spatially resolved images of molecular species with molecular weight up
to several thousand Daltons and with a spatial resolution less than 100 nm can be produced
(Schwieters, Cramer et al. 1991). Further, it allows parallel detection of multiple samples,
excellent mass resolution, monolayer sensitivity and the ability to record the location of a

wide range of atoms and molecules, including ions, lipids, and metabolites.

In TOF-SIMS, a pulsed primary ion beam is used which achieves greater specificity in
mass-to-charge measurements (Benninghoven, Hagenhoff et al. 1993). The primary ion
source can be operated in different modes of pulsing cycles, in which the pulse time defines
the mass resolution. The shorter the pulse time, the higher is the mass resolution in the spec-
tra. By “bunching” the raw pulse, high mass resolution with “narrow” peaks can be attained
but with a spatial resolution lower than 2-5 pm. Thus, images obtained from spectra measured
in the bunched mode appear often fuzzy. When the sample is analyzed at submicron spatial
resolution, the primary ion gun is operated in a non-bunched mode, using longer pulse times

of primary ion bombardment. This imaging or “burst alignment” mode allows for best spatial



resolution, which in turn is at a cost of the mass resolution (Sodhi 2004). The peaks in this
mode appear broader, pooling several peaks which are located closely. It is therefore reason-
able to measure the sample in both modes, gaining images in a good spatial resolution and

allowing analysis of peaks in high mass resolution.

Improvements of TOF-SIMS in biological applications

The secondary molecular ion production is an important factor for resolution and quality of
the image. The advancement of imaging TOF-SIMS was therefore associated with different
methods of enhanced ion generation. The primary ion source largely determines secondary
ion generation. For a long time the gallium primary ion source provided the best possible lat-
eral resolution as compared to other sources, e.g. indium, argon, cesium or oxygen, making it
the ion source of choice for high spatial resolution imaging MS experiments (Pacholski and
Winograd 1999). Later on, gold cluster ions such as Au,” and Aus* have been shown to en-
hance the yield by more than ten-fold over gallium sources but the short lifetime of gold
sources has been an issue (Andersen, Brunelle et al. 1998). With the use of gold primary ion
sources the mass ranges were extended to imaging of secondary ions of higher masses which
allowed imaging of e.g. cholesterol (Touboul, Halgand et al. 2004) as well as molecular spe-
cies of phospholipids and sulfatides (Sjovall, Lausmaa et al. 2004) in tissues.

The next development step was the discovery that a LMIG providing polyatomic bismuth
clusters yielded better intensities and efficiencies than the gold cluster LMIG. This allowed
faster data acquisition times at submicron spatial resolution not attainable with gold primary
ions sources (Nygren, Borner et al. 2005; Touboul, Kollmer et al. 2005). Other polyatomic
primary ions e.g. Cgo', (English, Van Stipdonk et al. 2001), SFs* (Gillen and Roberson 1998)
or highly charged atomic primary ions e.g. Au®* (Schenkel, Hamza et al. 1999) have also
been shown to significantly improve secondary ion yields but these are so far not available

commercially.

Beside technical requirements, methods of post-ionization and chemical modification of
the sample lead to enhanced sensitivity improving imaging TOF-SIMS measurements. After
primary ion bombardment, only a small fraction of the desorbed material is ionized. With
post-ionization, higher yields of charged organic fragments can be provided, e.g. with laser
secondary neutral mass spectrometry (laser SNMS) (Arlinghaus, Fartmann et al. 2004; Dam-
bach, Fartmann et al. 2004). Chemical modification techniques are based on deposition of

ionization enhancing compounds, the “matrix”, e.g. dihydrobenzoic acid (DHB), or on sample



metallization. Matrix-enhanced SIMS (ME-SIMS) has been shown to increase secondary ion
yield in brain tissue (Altelaar, van Minnen et al. 2005; McDonnell, Piersma et al. 2005). Sam-
ple metallization (Meta-SIMS), applying a nm-thick layer of gold or silver to the sample, has
been shown to provide increased intensities for large analytes in biological tissue (Nygren,
Malmberg et al. 2004; Altelaar, Klinkert et al. 2006). For a more detailed overview on ion

generation the review article of McDonnell and Heeren (2007) is recommended.

Imaging TOF-SIMS

The chemical composition of a sample can be mapped by focussing the primary beam to a
narrow diameter and scanning it across the surface. Different sizes of the area to be analyzed
can be chosen, usually in the range from 10 x 10 to 500 x 500 pm” at a square-pixel density of
256 x 256, i.e. a pixel resolution of about 40 nm to 2 um. Recently, the analysis area was ex-
tended up to 70 x 70 mm” as demonstrated by Smentkowski and Ostrowski (2007). A com-
plete mass spectrum is obtained at each point in the raster of the ion beam. After data acquisi-
tion, a specific ion or a combination of ions can be selected by their mass to charge peaks
from the spectrum and be presented as a surface distribution map (Belu, Graham et al. 2003).
The images obtained thus represent signal intensities of one specific secondary ion, or several

ions as combined colour-coded images.

Imaging TOF-SIMS on cells and tissues

The search for detailed knowledge on chemical organisation of cells and tissues is still de-
veloping in physiology and medicine. An overwhelming majority of imaging-based informa-
tion concerns protein organisation. Therefore, an interesting and important property of the
TOF-SIMS technology is that the yield of secondary ions covers a molecular range that in-
cludes inorganic ions, small organic species and fragments of larger biomolecules.

Accordingly, the information obtained has the potential to bridge an important gap in
available imaging technologies by extending the range of demonstrable molecules to other
fundamental building-stones than proteins, notably lipids, in cells and tissues. This is achieved
as a direct analysis, i.e. without indirect procedures such as the ubiquitous immunocytochem-

istry'.

"Tmmunohistochemistry is of limited value for the imaging of lipids, notwithstanding that sig-
nificant achievements have utilized fluorescent stains, for example filipin-binding to choles-



terol (Gimpl and Gehrig-Burger 2007) or the localization of synthetic fluorescence-labelled
lipids (Lester, Olds et al. 1994; Kuerschner, Ejsing et al. 2005).
It can also identify added organic compounds including isotopes and isotope-labelled spe-

cies. Some recent progresses in this field are compiled in the following paragraphs.

In biomedical research, the first studies with imaging TOF-SIMS concerned the localiza-
tion of drugs and isotopes in tissue. For example, a study was presented that examined the
biodistribution of a radioactively labelled drug molecule targeting melanoma cells. The sig-
nals of the isotopes could be localized to the cytoplasm of melanoma cells and tumour-
infiltrating macrophages as well as the cytoplasm of normal melanocytes in the pigmented
structures of the skin and the eye (Chehade, de Labriolle-Vaylet et al. 2005). The renal distri-
bution of **Mg (Chandra and Morrison 1997), the localization of anticancer drugs (Guerquin-
Kern, Coppey et al. 1997) and the investigation of intra-and extracellular boron distributions
in mouse kidney after treatment with boron-containing drugs (Arlinghaus, Fartmann et al.

2004) are further examples on topics for early TOF-SIMS studies in the biomedical field.

With the development and improvement of the technique e.g. the introduction of polya-
tomic bismuth source, the increase of secondary ion generation allowed imaging of organic
analytes of high masses and at a high spatial resolution whereby TOF-SIMS applications were
brought into the field of lipid research (Nygren and Malmberg 2007). For example, assem-
bling of lipids was studied in membrane models, exhibiting sphingomyelin located in choles-
terol domains in membrane monolayer systems (McQuaw, Zheng et al. 2007).TOF-SIMS
analyses of different phospholipid assemblies showed a strong enhancement in the yield of
both the molecular and the dimer ion peaks of 1-oleoyl-2-palmitoyl-sn-glycero-3-
phosphocholine (POPC) from the bilayered structure as compared to monolayers or disor-
dered films. It was suggested that the molecular peak may be used as an indicator for changes
in the membrane structure and for the presence of bilayer structures in cell and tissue samples

(Prinz, Hook et al. 2007)

An interesting extension of the use of the TOF-SIMS technique was suggested by Kulp et
al. They showed by multivariate statistics that individual cells from three different human
breast cancer cell lines gave rise to different spectra (regardless of the fact that the origin of
many peaks in the lower mass range was unknown) indicating that TOF-SIMS might become

a tool in diagnostic evaluation of malignant cell phenotypes (Kulp, Berman et al. 2006). The



origin of individual cells was also reflected in a TOF-SIMS analysis of lipid composition in
the outer leaflet of the plasmalemma of macrophages after different exposure to cholesterol

(Ostrowski, Kurczy et al. 2007).

The first TOF-SIMS studies on imaging lipids in cells managed to visualize lipid frag-
ments in the lower mass range, which were identified as phosphocholine and cholesterol
(Colliver, Brummel et al. 1997; Roddy, Cannon et al. 2002). By the recent state of the tech-
nique, distributions of lipid fragments and molecules with still higher masses have been iden-
tified in various species and tissues. TOF-SIMS images, e.g. on fatty acids in songbird brain
(Amaya, Monroe et al. 2007), sulfatides and phosphatidylinositol in mouse brain (Sjovall,
Lausmaa et al. 2004), vitamin E in mouse brain (Touboul, Kollmer et al. 2005), fatty acids in
rat retina (Amemiya, Tozu et al. 2004), phosphatidic acids in atherosclerotic plaque (Mas,
Touboul et al. 2007) or di- and triacylglycerols (DAGs, TAGs) in human adipose tissue
(Malmberg, Nygren et al. 2007) were shown.

In studies focussed on pathological events, new high-resolution information on spatial lipid
location was obtained in different tissues. A study showed cholesterol redistribution in intes-
tine after cholera toxin treatment. The high spatial resolution allowed imaging of the finding
that increased amounts of cholesterol were located to the nuclei of enterocytes in the treated
tissue (Borner, Malmberg et al. 2006). Another study showed specific accumulation of two
glycosphingolipids in cutaneous and renal biopsies from patients with Fabry disease. The gly-
cosphingolipids were found accumulated in the dermis and hypodermis, but showed weak
signals in the epidermis and in biopsies from healthy volunteers. In kidney biopsies, an in-
crease of glycosphingolipids signals was seen correlated to the severity code of the disease.
Standard diagnostic tools in Fabry disease could result in false negative for specific cases and
were insufficient concerning structural or quantitative information. High-resolution imaging
TOF-SIMS showed to fill this gap by specific chemical imaging of the different cell layers
(Touboul, Roy et al. 2007). TOF-SIMS analysis on muscle biopsies from mice with Duchenne
muscular dystrophy distinguished different regions in the biopsy. Regions undergoing oxida-
tive stress, degeneration, regeneration, and stable ones were identified according to their
chemical composition (Touboul, Brunelle et al. 2005). Finally, high-resolution TOF-SIMS
images on human aorta revealed that e.g. cholesterol and oxysterols are located to the elastic
lamellae in the aortic wall. Cholesterol distribution in human atherosclerotic plaques was seen

to be irregular but with signals that were mainly located in spots in the intima region



(Malmberg, Borner et al. 2007). These findings provided novel information that could not be

obtained with other techniques.

Sample preparation

Sample preparation is of major concern for biological imaging experiments. Important
properties of samples suitable for imaging TOF-SIMS are good morphological preservation,
sample integrity under ion bombardment, minimal sample contamination, and minimal redis-
tribution of diffusible species. In addition to these requirements, it is desirable that the prepa-
ration procedure is practical and productive for routine analysis (Lazof, Goldsmith et al. 1994;
Pacholski and Winograd 1999). In reality, a compromise between tissue preservation as close
to its natural state as possible, on one hand, and conditions for the measurement under high

vacuum, on the other, has to be accepted.

Theoretically, analysis of freshly gained tissue would represent an ideal experimental
setup, but the necessity of ultra-high vacuum for secondary ion mass spectrometry requires a
sample preparation that ensures that the sample remains stable under these conditions. Such
an increase of specimen stability could be obtained by fixation. Some advantages of chemical
fixation for the structure of adsorbed protein films analyzed with TOF-SIMS (Xia and Castner
2003), in mapping of elements bound to macromolecules (Clerc, Fourre et al. 1997) as well as
in localization of lipids in rat brain (Borner, Nygren et al. 2006) were reported. However, rou-
tine tissue fixation procedures for microscopy that include chemicals, e.g. glutaraldehyde in-
fluence the location and/or interlinkage of ions and molecules and accordingly alter the natu-
ral cell chemistry. An immunohistochemical study reported loss of radiolabelled lipids in tis-
sue samples during chemical fixation and resin embedding (Maneta-Peyret, Compere et al.
1999) and a TOF-SIMS study on soybean leaves showed that ion distribution patterns of
chemically fixed samples were not in agreement with the known physiological distribution. In
contrast, samples prepared with cryofixation showed the expected distribution patterns
(Grignon, Halpern et al. 1997). Some advantages of cryofixation concerning the preservation
of cellular components have been shown by e.g. enhanced preservation of immunocytochem-
istry compared to chemical fixatives (von Schack, Fakan et al. 1993; Baskin, Miller et al.

1996; Tsuyama, Matsushita et al. 2003).



In the field of imaging mass spectrometry, specimen preparation by cryotechniques has
gained great interest. Cryofixation methods have the advantage of fast sample preparation and
fixation, preserving the tissue without the use of chemical additives. Different methods of
plunge-freezing” together with freeze-fracturing were established for cultured cells (Colliver,
Brummel et al. 1997; Chandra 2001; Roddy, Cannon et al. 2002; Wittig, Wiemann et al.
2005). Tissues have also been prepared by plunge-freezing followed by sectioning (Sjovall,
Lausmaa et al. 2004; McDonnell, Piersma et al. 2005; Amaya, Monroe et al. 2007). Here, the
dissected tissue was directly cryofixed with a cryogen, sectioned with a cryostat and dried at
room temperature. Without cryoprotection, plunge freezing inevitably results in formation of
some ice crystals. This problem is overcome to a large extent with high-pressure freezing
(HPF). With this method, fresh and untreated tissue is frozen at high pressure (<2000 bar) and
high speed (jet-stream of LLN,) to a vitrified state, so-called amorphous ice (Studer, Michel et
al. 1989). The great advantage is that even samples of a substantial volume (at least within
one hundred pm from the samples surface) are well frozen (Shimoni and Muller 1998; Studer,
Graber et al. 2001; Vanhecke, Graber et al. 2003) since the pressurized water behaves as if
cryoprotecting agents were added. The method was developed for EM studies where the un-
surpassed quality of ultrastructural morphology after vitrification was exploited. It is also well
established that HPF improves the conditions for immunolocalization of “difficult” antigens
in proteins, e.g. actin in angiosperm pollen (Hess, Mittermann et al. 1995), peptides, e.g.
adrenomedullin (Yuchi, Suganuma et al. 2002), and lipids, e.g. myelin glycolipids
(Kirschning, Rutter et al. 1998).

Part of the present thesis work was undertaken on the assumption that both intra- and ex-
tracellular composition in bulk tissue could be analyzed with TOF-SIMS by employing
freeze-fracturing after HPF, thereby presenting a well preserved, new and pristine surface to

the primary ion beam.

% The specimen is rapidly immersed at ambient pressure into a liquid cryogen, either LN», or a
secondary cryogen with higher thermal dissipation capacity such as melting propane
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AIMS

Considering the challenging potential of the TOF-SIMS technology to provide unique in-
formation on the detailed distribution of ions and molecules that are largely inaccessible for

analysis with other microscopy techniques the overall aim of this thesis work was:

» to develop routines for TOF-SIMS as a tool for imaging cell chemistry in intact tissues

and organs. This included the simultaneous exploration of two separate aspects:

» to develop and evaluate optimal tissue preparation for TOF-SIMS analysis based on

cryotechniques
» to assess the possibility to obtain biologically relevant information with available

TOF-SIMS instrumentation through identification and imaging of selected ions and

lipids in a variety of tissues and organs after cryopreparation.

10



MATERIALS AND METHODS

Animal and tissue preparation

Cerebellum and kidney studies were made on male Sprague—Dawley rats (300 g). The rats
were deeply anaesthetised by inhalation with Isofluran Baxter (Baxter Medical AB, Kista,
Sweden) and euthanized by exsanguination via cardiac puncture according to the ethical

guidelines of the University of Goteborg.

Cerebellum

The skin was removed and the cranium opened carefully. The cerebellum was harvested by
transection of the connections with the brainstem. Under a stereomicroscope, remnants of the
meninges and blood vessels were removed and the cerebellar hemispheres were separated
from the vermis. The preparation was performed in ice-cold physiological buffered solution

(PBS), 0.05 M and pH 7.4. Further preparation steps are described below.

Kidney

The kidneys were removed after cutting the renal vein and artery. The ureters were cut. For
sectioning with the oscillating tissue slicer and following high-pressure freezing, the kidneys
were divided transversely into two equal halves in ice-cold PBS. The samples prepared by

punching for high-pressure freezing were taken from the cortical region of the kidney.

Intestine

For experiments on intestine we used 12-14 weeks old Balb/c mice. Mice were euthanized
with CO, and cervical dislocation. About two centimetres of mouse duodenum were dissected
and the chyme was ejected by carefully squeezing the tissue. Afterwards, the tissue samples

were plunge frozen in liquid nitrogen and stored there until cryosectioning.

Oscillating knife microtomy

Preparation of slices from unfixed tissue was carried out in ice-cold PBS with a Leica
VTI1000S unit. The kidney halves or the cerebellar hemispheres were glued onto the sample
holder with Roticoll® tissue glue and immediately embedded in 3 % agarose with low melt-
ing point, dissolved in PBS (Sigma-Aldrich, Germany) when it was almost hardened. A slice
of 900 um thickness was first cut and discarded. The following slices, which were used for

high-pressure freezing, were cut at a 300-350 pum thickness setting.

11



High-pressure freezing

Sample preparation with high-pressure freezing (HPF) and freeze-fracturing was used in
the work presented in Papers I and I1I. HPF was performed at 2000 bar and -196 °C with lig-
uid nitrogen spray using the EM PACT machine (Leica, Vienna) as described in detail by
Studer et al. (2001). The freeze-fracture equipment available for this system was used. First,
when a section was obtained, a smaller tissue sample of about 1.2 mm in diameter was imme-
diately punched out from a region of interest. This cylindrical piece of tissue was placed in the
freeze-fracture holder under stereomicroscope control. The holder design includes a bottom
carrier with a copper ring on top, which invests the sample. With the help of the loading sta-
tion, this sandwich like arrangement was placed into the loading device. This in turn was in-
serted into the instrument and the automatic burst pressure rise and freezing cycle was initi-
ated. After training, the punching - loading — freezing sequence could be performed in about
30 sec. After cryofixation, the carriers were collected in the liquid nitrogen bath of the EM

PACT.

Freeze fracturing and freeze drying

The high-pressure frozen samples were transferred onto a pre-cooled copper block in liquid
nitrogen. With the help of a pair of forceps, the copper ring was removed from the carrier,
which creates a fractured surface through the tissue. The samples were placed on the cold
copper block and freeze-dried over night at 10° mbar (Warley and Skepper 2000). The sam-

ples were kept in a desiccator under vacuum until measurement with TOF-SIMS.

Plunge freezing

Sample preparation with plunge-freezing and cryosectioning was used in the work pre-
sented in Papers I, Il and IV. After careful dissection, the tissue was cut into smaller blocks of
about 3-4 mm. Such specimens were placed on aluminium foil and rapidly immersed into

liquid nitrogen at ambient pressure.

Cryosectioning

Cryosectioning was performed at -23 °C with a Leica CM3050S cryostat. The plunge fro-
zen tissue blocks were attached without further chemicals but water on the tissue holder.
Slices of 8-25 um were cut, placed on an object slide and kept in the refrigerator. Before
measurement, the samples were dried at room temperature and placed in a box with dry silica

gel as desiccant for transportation.
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Richardson stain histology
After measurement with TOF-SIMS, the mouse intestine slices (Paper II) were stained
with Richardson stain (Richardson, Jarett et al. 1960). The Richardson dye stains for DNA,

RNA, and nuclear acids in the nucleus as well as in the cytoplasm.

Immunohistochemistry

The immunohistochemical method applied in Paper IV has been described previously
(Pernber, Molander-Melin et al. 2002). Briefly, perfusion fixed Sprague—Dawley rat cerebel-
lum (lateral hemispheres) were cut (50 um thick) with an oscillating tissue cutter. Permeabili-
zation with 0.05 % Tween20 and blocking with 1 % bovine serum albumin (BSA) in PBS
were performed overnight at 4 °C in a free-floating procedure with constant agitation. Indirect
double immunolabelling started with incubation with the monoclonal mouse Sulph I (20 mg/l)
antibody described by Fredman et al. (1988) (diluted in 0.01 % Tween20/ 1 % BSA/ PBS)
overnight at 4 °C, followed by incubation with 1 % donkey serum for 30 min and the secon-
dary anti-mouse FITC-conjugated antibody (diluted 1:500) for 3—4 h at room temperature.
Sections were then incubated as above with the second antibody rabbit anti-Neurofilament
200, IgG fraction of antiserum (Sigma N 4142) (diluted 1:100), 1 % donkey serum and the
anti-rabbit Texas Red-conjugated antibody (diluted 1:600). Single immunolabellings and con-
trols, treated similarly to samples but with one antibody excluded at a time, were also per-
formed. Rinsing in PBS was performed between each incubation step. Stained sections were
viewed with a Nikon Eclipse E600 microscope equipped with a Bio-RAD MRC-1024 confo-
cal laser scanning unit. Images were collected using Kalman 5 image processing software,

limiting photon noise and optimizing the contrast.

TOF-SIMS analysis

References

Cholesterol, grade > 99 %, was purchased from Sigma-Aldrich, Sweden. The galactosylce-
ramide reference sample was prepared from bovine brain and characterized as described pre-
viously (Mansson and Svennerholm 1982; Svennerholm, Bostrom et al. 1992). The reference
samples were dissolved in C/M/W (C=Chloroform, M=Methanol, W=Water, 30:60:20, by
volume) at a concentration of 100 pM and prepared by droplet deposition onto clean alumin-
ium foil before mass spectrometry analysis. Surface spectra were taken as described below.

Other references were adopted from the literature.
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Measurement

The tissue sections, the freeze fracture samples, and references were analyzed with an
IONTOF TOF-SIMS IV or an IONTOF TOF-SIMS V instrument. Both instruments were
equipped with a bismuth liquid metal ion gun (Bi-LMIG). First, surface spectra were taken
from an area of 100 x 100 pm? in order to identify the species present at the respective sur-
faces. Here, the bunched mode was used (high mass resolution, 3 um lateral resolution). Both
Bi;" and Bi;" primary ions were applied with target currents of 0.4 pA and 0.15 pA, respec-
tively. In Papers I-1V results with the Bis* source only are presented. The high mass resolu-
tion and high mass accuracy allowed assigning sum formulas to peaks even in the high mass
range up to m/z 1000. Subsequently, mass resolved secondary ion images were acquired in
burst alignment mode using Bis" (nominal mass resolution, lateral resolution 300 nm). The
target current was 0.1 pA. Surface spectra and image raw data files were obtained either in the
positive or in the negative analysis mode, gaining analytical and spatial information of posi-
tively and negatively charged secondary ions. For data analysis the IONTOF programs Ion-
Spec and lonlmage were used to analyze the spectra and to create images from the raw data
information. The analysis time for each area investigated ranged from about 15 min to 2
hours, depending on the gained secondary ion intensity in the image. Fields of view ranged
from 113 x 113 um? to 500 x 500 pm? and the pixel density was 256 x 256. The field of view
is given in figure legends. The intensity bar shows relative intensities with the black colour
representing low secondary ion signals and with increasing yields of secondary ion intensities
per pixel the colours turned to red, yellow and finally white for highest yields. In each paper
the images represent ion and lipid distributions of one or two samples, thus exhibiting a snap-
shot of the tissue chemistry of two or three molecular layers of this sample area. The secon-
dary ion signals mirror the current state of the tissue. This includes tissue physiology, treat-

ment, experimental setup and location at the instant of tissue fixation.

Correlation Analysis

Correlation analysis of image data (Paper III) were performed using scatter plots
(Chambers, Cleveland et al. 1983). Scatter plots visualize the intensity histograms of two im-
ages in a two-dimensional way where the occurrence of intensity combinations is colour
coded. Images with a high degree of correlation show scatter plots with a positive slope
whereas anti-correlated data show negative slopes or localized spots in the upper left und
lower right quadrant of the plot. As an additional means for correlation analysis, colour coded

overlay images were plotted where the intensity of up to three images is colour coded in red,
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green, and blue. Image positions where more than one original image has significant intensi-
ties appear in the respective mixed colours. Mixed colours turned out as the following: red
and green to yellow, red and blue to purple, green and blue to light green.

Secondary ion line profiles, as shown in Paper II, were drawn with the line profile function
of the Ionlmage program. An area of interest was chosen in the secondary ion image of one
image, of which a line profile was drawn and supplemented with the line profile drawn from

the same area chosen in the image of another secondary ion image.

Multivariate Statistics

To identify the main contrast mechanism in the images, shown in Paper IIl, a principal
components analysis (PCA) (Brereton 2003; Nygren and Malmberg 2004; Miller 2005) was
performed. As input, 30 images of the most intense peaks in the spectrum were used (each
normalized to the pixel with the highest intensity). Care was taken to ensure that all contrasts
present in the 800 images detected (m/z 1-800) were included in the input data. A principal
component (PC) is a linear combination of the original mass images where the 1st PC con-
tains the highest variation on the data, the 2nd PC the second highest variation etc. All PCs
form an ortho-normal base system. The so called score plot of the 1st PC (PC1) therefore de-
scribes the main contrast in an image experiment. If an image, for example, is dominated by
topographical effects, PC1 will describe mainly the topography. PCA is a mathematical tool
the results of which need to be interpreted with respect to the original analytical question. By
normalizing all images to PC1, one can separate the remaining image contrasts from the main
contrast. Normalization to PC1 in Paper 11l was therefore used to enhance the remaining con-

trast and to compensate for possible topographic effects.
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SUMMARY OF PAPERS

Tissue preparation

In Paper I, both tissue preparation methods were presented, i.e. plunge-freezing and cryo-
sectioning of the tissue on one hand and high-pressure freezing, freeze-fracturing and freeze-
drying on the other. The localization of Na* and K™ was not separated in plunge-frozen and
sectioned samples but lipid secondary ions showed specific distribution patterns. In samples
frozen by high-pressure liquid nitrogen, some degree of ion separation of Na* and K* could be
seen. The distribution of the lipid secondary ions of cholesterol, galactosylceramides, and
phosphocholine displayed similar pattern for the respective structures in high pressure frozen
samples of rat cerebellum as well as in plunge-frozen and sectioned samples (figures 3 and 5,
Paper I). TOF-SIMS images on rat kidney prepared by high-pressure freezing (Paper III)
showed distinctly different lateral distributions of Na* and K*. In Papers II and IV, negative
TOF-SIMS images of specimen from rat cerebellum and mouse intestine prepared with cryo-
fixation by plunge freezing were presented, revealing specific ion distribution patterns of fatty
acids and sulfatide.

To summarize, two cryo-preparation techniques suitable for TOF-SIMS analysis of lipids
in tissues have been used. High-pressure freezing, as it was applied for TOF-SIMS sample
preparations for the first time, produced minimal tissue perturbation, i.e. an object close to the
vital state and allowed analysis of an unaffected fractured surface which resulted in separate
imaging of the diffusible ions Na* and K*. Topographic effects could occur due to the speci-
men’s irregular surface. Plunge-freezing and cryosectioning exhibited, to a certain extent,
suboptimal tissue preservation as for example seen for ion distributions but the samples are

flat reducing the possible influence of topography.
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Lipid and ion distributions

Paper 1

In this work, positive mode TOF-SIMS images of specific secondary ions could be shown
in different layers of rat cerebellum. The images displayed known lipids cholesterol and the
phosphatidylcholine headgroup phosphocholine as well as glycosphingolipids identified as
galactosylceramides (GalC) with chain length of C18 (N-stearoyl-galactosylceramide) and
C24 (N-lignoceroylgalactosylceramide), which have not been imaged with respect to their
lateral distribution in tissue before. The cryosections prepared by plunge-freezing revealed
highest concentrations of both Na* and K" in the cortical areas and in “star-shaped” areas in
the white matter. A co-localization was seen between phosphocholine and Na*/K*, which was
complementary to the distributions of cholesterol in “ribbon-shaped” areas in the white matter
region. The white matter was seen to be separated into a “cytoplasm-rich” compartment con-
taining phosphocholine, Na*, K*, and GalC C24 and into a cholesterol-rich compartment con-
taining cholesterol and GalC C18. The distributions of GalC C18 and C24 were seen as dots,
GalC C18 was located mainly in the white matter, whereas the GalC C24 signal extended also
into the inner granular layer.

For high-pressure frozen, freeze fractured, and freeze dried samples some degree of ion
separation of Na" and K" could be seen. With this preparation, areas without detectable
amounts of phosphocholine were seen as 10-15 um dots in the granular layer and as “ribbon-
shaped” areas, 10-20 um wide in the white matter but these areas in turn revealed cholesterol
signals. The location of GalC C24 was clearly separate from the distribution of GalC C18 as

seen in the overlay images.

Paper Il

In this work, negative mode TOF-SIMS images on locations of fatty acids to specific cell
types were displayed in samples from rat cerebellum and mouse intestine. The studied neural
tissue revealed specific secondary ion distribution patterns of palmitic acid, oleic acid, and
stearic acid with characteristic signal intensities in the different cerebellar layers. In the Pur-
kinje cell layer and granular layer, palmitic acid and oleic acid secondary ions showed higher
signal intensities than in white matter regions. Palmitic acid signals were low in cell body
regions, whereas the oleic acid signal distribution showed the opposite pattern. In the white

matter, the secondary ions of the saturated fatty acids palmitic and stearic acid showed lowest
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signal intensities, whereas the unsaturated oleic acid was seen in 10-20 um spots of higher
intensities. At Purkinje cells bodies, high intensity spots of stearic acid secondary ions were
observed around the cell nucleus. Spectral analysis of positive mode recordings revealed
fragments of phosphatidylcholine in the same areas that displayed high intensity signals of
stearic acid at the Purkinje cell body. Fragments of other phospholipids, like phosphati-
dylethanolamine, phosphatidylserine, and phosphatidylinositol were devoid or present in low
intensity.

The second test tissue, the duodenum, displayed negative mode TOF-SIMS images on spe-
cific fatty acid distributions in mouse intestine. The secondary ions of palmitic acid revealed
strongest signal intensities in the crypts of Lieberkiihn. The intestinal lumen and the villi
showed palmitic acid signals, which were lower in intensity than in crypt cells and which de-
crease towards the distal part of the villi. For linoleic acid, oleic acid, and stearic acid the
highest intensity signals were seen within the intestinal villi. A gradient of signal intensity
was observed for linoleic acid, lowest in the region around the crypts and highest at the distal
part of the villi pointing to the lumen. Stearic acid was seen overall, with no specific localiza-
tion sites. The secondary ions imaging the head group of phosphatidylinositol displayed high-

est intensities in the crypt region and in areas located to villus cells, the enterocytes.

Paper 111

In Paper III positive mode TOF-SIMS images on inorganic ion distributions in the renal
cortex of the rat kidney were collected. Two glomeruli, where the primary urine is filtered
into the urinary space, could be identified. Proximal and distal tubules were seen located be-
tween the glomeruli and a larger collecting duct, where Na* is known to be re-adsorbed. The
lateral distribution of Na* was distinctly different from that of K" and the phosphatidylcholine
headgroup. Potassium was seen located within cells of the proximal tubulus epithelium and
within cells of the glomeruli. High signals of sodium ions were seen within some cells of the
distal tubulus epithelium, in the basal part of tubular epithelial cells, within the epithelium of
the collecting ducts, and within the glomeruli. Phosphocholine was highest in areas where the
sodium signal was low, which was expected assuming that sodium ions are localized in the

interstitium.
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Paper IV

The results of Paper IV showed that intensities of sulfatide species of different fatty acid
chain length and hydroxylation were different within regions of the cerebellum, white matter,
granule cell layer, Purkinje cell layer, and molecular layer. Cholesterol signals often formed
long and narrow bands that identified the white matter, due to the high content of cholesterol
in myelin. The TOF-SIMS analyses of individual sulfatide species revealed differences be-
tween white matter and the granule cell layer in 6/18 analyzed species. Sulfatide with the hy-
droxylated fatty acid chain Ch16:0 was the only molecular species that showed exclusive sig-
nal in the white matter. Sulfatide C24:1, C24:0, Ch24:0 in particular but also Ch22:0 and
Ch24:1/C25:0 gave stronger signals from the granule cell layer as compared to the white mat-
ter. The other sulfatide species showed equal signals in the white matter and in the granule
cell layer. The images with higher magnification (113x113 um?) of the white matter showed a
patchy pattern, especially obvious with sulfatide C24:1, C24:0 and Ch24:0. These sulfatide
patches were devoid of cholesterol signal. The anti-sulfatide antibody did neither label the
molecular layer in cerebellum nor the Purkinje cells. The granule cell layer showed staining in

both the neuropil and the granule cells and the white matter was very intensely stained.
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DISCUSSION

Tissue preparation

A variety of plunge-freezing procedures to obtain a cryofixed specimen are available and
this has become a widely used principle for TOF-SIMS sample preparation. In Papers I, 11
and 1V we adopted this methodology. It was noted that the chemically unfixed samples pre-
pared with this method had sufficient stability after dehydration to allow the high-vacuum
analysis. Further, cryosections of plunge-frozen tissue were, in contrast to fractured high-
pressure frozen samples, assumed to be flat which should be an advantage for TOF-SIMS
analysis by reducing topography effects (discussed further below). Plunge frozen dried tissue
showed specific distribution patterns of lipids at the single cell level, which indicates that this
tissue fixation is suitable for TOF-SIMS analysis (Papers I[+11+1V). However, plunge-frozen
and sectioned specimens failed to maintain specific and separate distributions of ions (Pa-
per I). Probably this reflects that unbound ions in interstitial water and the cytoplasm were
redistributed during preparation. This might be expected since no cryo-protectants were used
for reduction of ice crystal formation during freezing. Moreover, the warming of the tissue
before cryosectioning to -23 °C likely caused further re-crystallization of water in the cells.
Finally, the sections were thawed before drying at room temperature, which allows for redis-
tribution of soluble material. Therefore, the TOF-SIMS results on cryosections were con-
ceivably most relevant for localization of lipids at low resolutions since redistributions at

smaller scale of length could not be excluded.

High-pressure freezing, the second method in the present thesis, was applied on tissue
preparation for TOF-SIMS for the first time. The EM PACT freezing machine used in this
study, achieves cooling rates of about 7000 °C s, which is classified as very high cooling
rates (Yavin and Arav 2007). In a study on cryofixation of Saccharomyces cerevisiae a cool-
ing rate of more than 5000 °C min" was shown to prevent water exit from cells and thereby
preserved the cell viability. This process seemed to be exponential, the higher the rate, the
more the cell viability increased (Dumont, Marechal et al. 2003). In addition to the advantages
of HPF for preservation of subcellular morphology, the cited viability assessments therefore
support the assumption that the cellular distribution of water and solutes could be maintained
through the EM PACT preparation of tissue samples. It should be emphasized that the TOF-
SIMS analyses were performed on the fracture plane through the central part of the tissue

blocks. This was a level at a good distance from the surfaces that were cut by the knife of the
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oscillating slicer. Further, sample handling and preparation were carried out as rapidly as pos-

sible and under cold conditions in a physiological buffer solution.

According to these considerations, the adoption of the HPF technique followed by freeze
fracturing should provide tissue specimens for TOF-SIMS analysis that reflect the intravital
situation as closely as possible at the present state of technology. This is corroborated by the
observation in nerve tissue and kidney that the ions sodium and potassium had separate distri-
bution patterns (Papers I + III). The functional significance of the ion distribution patterns is
supported e.g. by the particular finding of high levels of sodium in the basal part of renal tu-
bular epithelial cells, displayed in TOF-SIMS images of this work (Paper III) This is consis-
tent with earlier findings described in the literature which showed that renal epithelial cells
are functionally polarized. Immunohistochemical studies revealed that the Na,K-ATPase re-
sides at their basolateral surface which in turn generates a sodium gradient by active transport
of sodium ions out of the cells into the basal interstitium (Caplan 2001). This could explain
high sodium levels in the basal part of epithelial cells seen in the TOF-SIMS image figure 5,
Paper I11.

As indicated above, an advantage of cryotechniques for tissue fixation is the possibility to
perform freeze-fracturing. Fracturing exposes a fresh surface that has not been in contact to
the preparation environment. During the process of freeze-fracturing, the fracture runs at a
random level through the tissue, breaking the frozen tissue into two parts. The analysis of the
tissues in this thesis was not performed in image resolutions that allowed visualization of dif-
ferent fracture faces but the formation of fracture planes should be born in mind when inter-
preting the secondary ion distributions. The cryofracture preferentially follows the plane be-
tween the hydrophobic zones of the lipid bilayers in cellular membranes, often jumping from
one bilayer to another. Moreover, by removing ice the freeze-drying step exposes additional
membrane surfaces that had not been cleaved by the fracture (Branton 1966). Thus, both as-
pects of the inner as well as the outer leaflet of a membrane could be exposed to the ionic
beam during TOF-SIMS analysis. Although it has been shown that lipids move between the
inner and outer leaflet (Bevers, Comfurius et al. 1999), it is widely accepted that the lipid
composition of the membrane bilayer in living cells is asymmetric. For example, a study on a
Schwann cell line reported that the phospholipids of the plasma membrane of intact cells and
of isolated plasma membrane fractions revealed asymmetric distribution. Sphingomyelin and

phosphatidylcholine were preferentially located in the outer leaflet, while aminophospholipids
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as phosphatidylethanolamine, phosphatidylserine, and phosphatidylinositol were preferen-
tially seen in the inner leaflet of the membrane (Calderon and DeVries 1997). Although the
fracture often follows the membrane, it also exposes volume compartments as e.g. the cytosol,
the nucleoplasm, vesicles, and the extracellular space. It is, without further histological inves-
tigations, difficult to draw conclusions on which membrane surfaces exactly were imaged
when considering their chemistry. In this thesis conclusions regarding the site of origin of
specific signals are thus based on probability reasoning. Obviously, much further research,
encompassing correlation with other high resolution techniques, are required to determine
unequivocally the biological source of isolated organic ion signals that approach the resolu-

tion limit of the TOF-SIMS instrument (Nygren and Malmberg 2007).

Water can be a source of interference in TOF-SIMS analysis because water clusters domi-
nate the mass spectra (Zierold and Schafer 1988; Colliver, Brummel et al. 1997; Roddy, Can-
non et al. 2002; Roddy, Cannon et al. 2002). This necessitated a dehydration step, which was
performed as freeze-drying for the high-pressure frozen samples and with drying at room
temperature for the plunge-frozen and sectioned ones. Freeze-drying was accomplished ac-
cording to the procedure described by (Warley and Skepper 2000). These authors reported
that ion redistributions occurred below a distance of 40 nm from the specimen surface. Thus,
ion redistributions are unlikely to have affected our results since only the most superficial
volumes of the fractured samples were measured. Freeze-dried samples are known to undergo
a certain amount of shrinkage, which we accepted as an unavoidable artefact in sample prepa-
ration for vacuum-dependent imaging techniques, cf. scanning electron microscopy (Boyde

and Maconnachie 1981).

Data interpretation

In TOF-SIMS studies concern is directed to the possible influence of topography effects. In
the context of the present work it is obvious that the surface of fractured specimens by neces-
sity exhibits certain topographic irregularities. As expected, slight topographic effects were
seen in the images of high-pressure frozen and fractured tissue, in contrast to the findings
from cryosections. As topography can influence the ionization yields in SIMS (McDonnell,
Piersma et al. 2005), images were compensated by normalization of the specific ion images
over the total ion image (Papers [+III) or by normalization of images against the first princi-
pal component (PC1) in multivariate image analysis (Paper III). Normalization is an estab-

lished image processing method which consists of dividing the spectra at each pixel by the
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total ion counts at that pixel to reduce interference from topographic or matrix effects from
chemical differences (Tyler, Rayal et al. 2007). Normalization to PC1 (Paper 11I) was used to
enhance the remaining contrast and to compensate for possible topographic effects. Kidney
samples revealed, after normalization, areas without signals in TOF-SIMS images which were
identified as urinary spaces and lumina of renal tubules. It is conceivable that these fluid filled
spaces were emptied of their content, the primary urine, during freeze drying and therefore
exhibited particularly strong effects of topography. Both preparation methods used in this
thesis resulted in identical distribution patterns of the lipids galactosylceramide, phosphocho-
line, and cholesterol in rat cerebellum as it could be shown in Paper I, which leads to the as-

sumption that irregularities in topography did not impair histological results.

Truly quantitative SIMS analysis of biological specimens is impossible due to fluctuations
in secondary ion yields as a function of chemical composition. For example, the presence of
one secondary ion may quench ionization of other molecular species. In the image this would
lead to the recording of areas with lower signal intensity that thus underestimates the presence
of the material in vivo. Such matrix effects are particularly prominent when chemical hetero-
geneities are present in the system (Harton, Zhu et al. 2007). In the current series of works, we
assume that areas without any signals do not result from these effects. Absence of signal is
interpreted as absence or presence at a concentration below the detection limit of the molecu-
lar species in that area since secondary ions of the same species were seen in adjacent histo-
logical domains with very similar overall composition. This is exemplified by the dot-like
sulfatide distribution pattern that was obtained in rat cerebellar white matter (Paper IV). For
reasons of simplicity we thus consider an image with a graded distribution pattern of signal
intensities to provide its own control or reference, i.e. differences in different tissue compart-
ments within an area analyzed are considered as true (whereas quantitative statements are not

allowed).

Lipid and ion distributions

Three different tissue types, which are cerebellum, kidney and intestine, were investigated
in the series of works included in this thesis. They were chosen as model-system representing
specific composition and function. Cerebellum represents nerve tissue, containing high
amounts of specific membrane lipids and was thus considered to be suitable for the study of
lipid distributions. The kidney has among other functions importance in ion homeostasis and

is thus an adequate model for ion imaging studies. The intestine was chosen for lipid and fatty
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acid studies since the intestine plays an important role in lipid metabolism. These tissues have
been investigated intense previously with other methods, which simplifies the correlation of

secondary ion locations to known tissue morphology and physiological functions.

There is an obvious need to correlate the images recorded by the TOF-SIMS instrumenta-
tion, containing analytical information, with our knowledge of cell and tissue organisation as
established by other microscopy techniques. The properties and limitations of imaging spec-
trometry often make these correlations very difficult and necessitate indirect reasoning as re-
gards the identity of structures that give rise to or lack secondary ion signals. This is particu-
larly obvious when reproducible signals are obtained near the resolution limits of the system.
In the present series of works on whole tissues correlative microscopical analysis was re-
stricted to two light microscopy techniques. The first one employed a routine tissue staining
according to the method of Richardson (Paper II), which was applied to sections that had
been subjected to TOF-SIMS analysis. The second one, specific confocal immunofluores-
cence was made on separate samples that had been processed with chemical tissue fixation
(Paper IV). It is probable that the true identity of “interesting sites” could be improved by
different measures including scanning electron microscopy on the complementary fragment
after freeze fracture, and light and electron microscopy on adjacent sections, i.e. that share
surface with the TOF-SIMS specimen. In the following paragraphs some selected aspects of
the correlation problems between the present TOF-SIMS results, tissue organisation, and

functional aspects, are discussed.

In Paper I, cholesterol and glycolipids in the white matter of rat cerebellum were localized.
Cholesterol-rich areas were found excluding Na* and K* secondary ion signals, conceivably
dominated by myelin. These areas to a large extent co-localized with regions with a dot-like
distribution of galactosylceramides. Three possible explanations to this dotted pattern were
suggested. The first interpretation was based on the fact that sphingolipids are synthesized in
the Golgi complex and are active in the intracellular regulation of membrane trafficking.
Therefore, the dots might represent intracellular vesicles (Holthuis, Pomorski et al. 2001).

The second interpretation referred to the organisation of specific membrane domains.
Membrane microdomains representing lipid rafts, caveolae, and tight junction regions, have
been identified in the myelin membrane (Debruin and Harauz 2007). Monoglycerolceramides
tend to be concentrated in the outer leaflet of the plasma membrane together with cholesterol

in the specific membrane domains designated as lipid rafts (Simons, Kramer et al. 2000; Ha-
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yashi and Su 2004). The resolution of the images shown in Paper I was too low for the un-
equivocal demonstration of rafts with a postulated average diameter in the range of 100 to 200
nm, which were seen in a wide variety of mammalian cell types (Sangiorgio, Pitto et al.
2004). To be able to suggest that the galactosylceramide signals covering 0.8 — 1.5 um dem-
onstrate lipid rafts, we must assume that rafts are distributed in small clusters or that these
structures are larger than anticipated.

Because TOF-SIMS images displayed co-localization of ions with the galactolipid GalC
C24 inside the white matter region, the third explanation to their dot-like distribution could
relate to ion channels. Sphingolipids have been reported to contribute to the stability of paran-
odal regions and ion channel clusters in myelinated nerve fibres (Susuki, Baba et al. 2007),
which supports the relation of galactosylceramides to ion channels. A study on knockout mice
that lack the enzyme ceramide galactosyltransferase (CGT), which synthesizes the sphingolip-
ids galactosylceramide GalC and the sulphated galactosylceramide sulfatide, showed that
normal clustering of Na* and K*-channels is disrupted in the myelin (Ishibashi, Dupree et al.
2002). Another study on Na,K-ATPase, an enzyme located near ion channels in the plasma
membrane, showed Na,K-ATPase immunoreactivity at the nodes of Ranvier of axons from
the peripheral and central nervous system (Ariyasu, Nichol et al. 1985). Accordingly, we as-
sumed that the galactosylceramides are located to the nodes of Ranvier in the white matter
myelin, where ion channels were determined. The star-shaped areas of approximately 10-20
um in size with high intensities of phosphocholine and GalC C24 in TOF-SIMS images seen
in Paper I could therefore represent nodal and paranodal regions of white mater axons. Areas
with absence of secondary ion signals of phosphocholine and GalC C24 but presence of GalC
C18 and cholesterol signals described as ribbon shaped areas in the white matter may hence

represent regions of the internodal myelin sheath.

In this context it is interesting that we found a patchy distribution pattern of sulfatides, as
described in Paper IV, which resembled the distributions of GalC, described in Paper I. Stud-
ies on knockout mice incapable of synthesizing sulfatide through disruption of the galactosyl-
ceramide sulfotransferase (CST) gene but capable of synthesizing GalC (Honke, Hirahara et
al. 2002), showed that it is especially the paranode that is affected. In the peripheral nervous
system sulfatide has been shown, using high magnification confocal microscopy, to be con-
centrated to the region of the nodal complex adjacent to the nodal region, the paranode
(Pernber, Molander-Melin et al. 2002). These facts favour the presumption that also sulfatide

has a special function in the paranodal area of the myelin and that the patchy image produced
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by TOF-SIMS reflects sulfatide located to the paranode in the myelin of the white matter. The
regional close location or even co-localization to the paranode is expected, since sulfatides are
synthesized from GalC with the CST enzyme galactosylceramide sulfotransferase.

The latter example shows that TOF-SIMS analysis reveals information on different stages
of lipid metabolism. This was achieved by analysis of fragments and molecules in the positive
and negative mode of the same sample or even the same area investigated. Since the TOF-
SIMS technique analyzes fragments and molecules at the same time, it is difficult to reason
whether the detected secondary ions demonstrate the molecule of origin or a fragment of an-
other lipid. Therefore, analysis of the fragmentation pattern of reference spectra is crucial
when spectra data are interpreted (Al-Saad, Siems et al. 2003; Touboul, Brunelle et al. 2006).
Nevertheless, information on different lipid components and fragments give valuable informa-
tion on their origin, as also discussed in the paragraph on fatty acid distributions presented in

Paper I1.

In Paper 1V, TOF-SIMS images showed specific localization of sulfatide molecular species
of different chain length in rat cerebellum. The myelin contains the highest amount of sulfa-
tide in the brain (Norton and Autilio 1966; Norton 1981). Therefore the white matter of the
cerebellum, which is mainly composed of myelinated nerve fibres, would be expected to show
strong sulfatide signals. The confocal immunofluorescence image of sulfatide distribution as
revealed by the Sulph I antibody (Paper 1V), showed most intense and homogenous sulfatide
labelling in the white matter and less labelling in the granular layer. This is in agreement with
previous studies (Ishizuka 1997; Pernber, Molander-Melin et al. 2002; Molander-Melin,
Pernber et al. 2004). In contrast to the homogenously distributed sulfatide signals seen by
immunofluorescence on perfusion fixed, sectioned, and permeabilized tissue, our analyses
with TOF-SIMS (after plunge-freezing and cryosectioning) showed a patchy sulfatide distri-
bution with small, irregular very high signal areas surrounded by low signal areas within the
white matter. Similar locations for sulfatide signals in the white matter of mouse cerebrum,
imaged with TOF-SIMS, have been shown by (Sjovall, Lausmaa et al. 2004). The patchy dis-
tribution could be related to nodal and paranodal regions of the myelin, as discussed above. In
addition to possible influences of the different specimen preparations the apparent contradic-
tion between the spectroscopy and confocal images might partly relate to the fact that TOF-
SIMS signals are derived from the very surface of the specimen whereas even confocal im-

munofluorescence is influenced by volume and scattering effects.
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Albeit this might be an insufficient explanation to the differences it is difficult to envisage
that the patchy TOF-SIMS signal of sulfatide was artefactually generated. Assuming that the
patchy signal of long chain fatty acid sulfatides nevertheless originates from a homogeneous
distribution of the molecules it is possible that the explanation can be found in the composi-
tion of the myelin. Speculatively, long chain fatty acid sulfatides could be less available for
imaging by TOF-SIMS in the compact myelin than in the paranodes, where the myelin lamel-
lae open up into cytoplasmic loops (Peles and Salzer 2000). However, there is no technical or
biological support for this notion. We suggest that the finding of sulfatide heterogeneity is of

biological significance, awaiting further studies with independent techniques.

In Paper II, fatty acid distributions of different tissues were analyzed by TOF-SIMS. So
far, the relative concentrations of fatty acids could be shown e.g. in cell fractions (Kuksis
1984) or in studies on fatty acid related proteins (Veerkamp and Zimmerman 2001) but imag-
ing of the fatty acid distribution in tissues has been limited. With the development of the
TOF-SIMS technique the first efforts to image fatty acids were made by the group of Touboul
et al. on rat cerebrum (Touboul, Kollmer et al. 2005) and mouse muscle tissue (Touboul,
Brunelle et al. 2005). In Paper I, for the first time, fatty acid distribution patterns could be
shown to be specific for different cell types and cell layers with respect to chain length or
grade of saturation. These results reduce the scale of fatty acid detection from a general veri-
fication regarding specific cell layers to a level that allows allocation of local variations within
these cell layers and at the single cell level.

The negative mode TOF-SIMS images presented in Paper II displayed spots of higher
fatty acid concentrations, about 10— 20 um in size, inside the white matter. These spots could
be related to areas assumed as nodal and paranodal regions in the myelin sheath as they were
discussed for distributions of galactosylceramides (Paper I) and sulfatides (Paper IV).

The possibility of imaging both positive and negative secondary ions of the same sample
area with TOF-SIMS allowed the investigation for further lipid constituents. A region of in-
terest, in this case the area containing the Purkinje cell body, was chosen. By spectra analysis
in the opposite mode we were able to search for phospholipid headgroup fragments (positive
mode) and fatty acids (negative mode) at the same area. This in turn allowed for suggestions

on the origin of imaged fatty acids.
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Positive phosphocholine fragments were shown to be localized at the Purkinje cell body
(figure 3, Paper II). The main part of detected fatty acids were thus supposed to originate
from membrane bound glycero-or sphingolipids. These findings indicate that Purkinje cells
have a specific membrane structure, other than the surrounding cells. This could be coupled to
the physiological functions of Purkinje cells, which play a central role in signal reception and

transduction in the cerebellum.

In mouse intestine, different distributions for the fatty acids palmitic acid, linoleic acid,
oleic, and stearic acid were shown. These were suggested to originate from membrane bound
phospholipids or from the intestinal mucine, a viscous highly glycosylated gel layer located to
the intestine lumen, which is known to be capable of binding fatty acids (Gong, Turner et al.
1990; Krause 2000). This is supported by the finding that signals of phosphorylinositol at m/z
241 were co-localized with signals of the fatty acid palmitic acid, suggesting that the high
intensity signals in TOF-SIMS images of palmitic acid originated from membrane bound
phospholipids. Phosphorylinositol is a fragment of the phosphatidylinositol (PtdIn) headgroup
as shown in previous studies on reference samples with mass spectrometry (Ekroos, Cher-
nushevich et al. 2002; Taguchi, Houjou et al. 2005). Phosphoinositide fatty acids have been
shown to regulate the PtdIn 5-kinase, phospholipase C and protein kinase C activities in rectal
epithelial cells, which could be one of its functions in duodenal epithelium too (Carricaburu
and Fournier 2001). However, the recorded fatty acid signals can also originate from other
membrane lipids as for example phosphatidylethanolamine, phosphatidylserine, and phos-

phatidylcholine.

Future perspectives

So far, the application of the TOF-SIMS technique in simultaneous imaging of a variety of
ions and lipids in cells and tissues is a great advance in biomedical research. A desirable goal
is to extend imaging at sub-cellular levels through improved high resolution qualities ap-
proaching electron microscopical detail. It is conceivable that such a development will depend
on further refining of the TOF-SIMS equipment but also on extended and parallel use of tech-
niques from the EM realm. This was done in the present work by exploiting HPF and freeze-
fracturing. Much additional information at the EM level is to be extracted from fractured
specimens. Moreover, variations of cryo-ultramicrotomy offer the possibility to obtain speci-

mens that merge information from EM and TOF-SIMS.
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Some progress has been made on development of methods and techniques for analysis of
biological samples for TOF-SIMS in the hydrated state with measurement under cold condi-
tions (Chandra and Morrison 1996; Colliver, Brummel et al. 1997; Lockyer and Vickerman
2004). Our experiences of HPF indicate that direct analysis of the frozen-fractured specimen
would be possible to perform. A promising enhancement of advantages of these techniques
could be cutting of the high-pressure frozen sample at low temperature and direct analysis in
the high-vacuum chamber, as it has been likewise done with plunge-freezing by the group of
Arlinghaus in Miinster, Germany (Tyler, Rangaranjan et al. 2006).

Recent fields of interest in imaging TOF-SIMS, e.g. 3D reconstructions of cells imaged in
numerous planes at high resolution in the subcellular level are promising developments
(Fletcher, Lockyer et al. 2007; Nygren, Hagenhoff et al. 2007). With further progress of the
technique, e.g. enhancement of ion generation, imaging of molecules and fragments in the
higher mass range could be improved, since the secondary ion yields gained in the mass range
m/z > 1000 are rather low at the present state, even at long acquisition times. Together with
advancements in sample preparation and TOF-SIMS operation, imaging of highly interesting
lipids as e.g. gangliosides at a spatial resolution similar to the EM level are soon within the
reach.

Already at present, TOF-SIMS represents a part and parcel on the repertoire of imaging

methods in cell and tissue research.
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CONCLUSIONS

The two rapid cryofixation techniques applied in this thesis were shown to be suitable

preparation methods for bulk tissue samples prior to TOF-SIMS analysis:

» plunge-freezing followed by cryostat sectioning enabled imaging and distribution analysis
of lipids (galactosylceramides, phospholipids, sulfatides, cholesterol and different fatty ac-

ids) in rat cerebellum and mouse intestine
» high-pressure freezing followed by freeze fracturing and freeze drying preserved the tissue
chemistry to also enable separate localization of the diffusible ions sodium and potassium

in kidney and cerebellum

» imaging TOF-SIMS could reveal specific distributions of lipid building-stones in cells and

tissues

» our work has extended the range of TOF-SIMS applications in biomedical cell and tissue

research
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