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Zusammenfassung 

Eisen ist für den menschlichen Körper von entscheidender Bedeutung, da es verschiedene 

wichtige Prozesse wie den Sauerstofftransport, die mitochondriale Energieerzeugung oder 

die Myelin- und Neurotransmittersynthese nutzt. Ferner ist Eisen mit vielen 

neurodegenerativen und entzündlichen Erkrankungen verbunden, bei denen ein veränderter 

Eisenstoffwechsel eine Rolle spielen kann. Es ist auch bekannt, dass sich während der 

Alterung des Gehirns Eisen in verschiedenen Regionen ansammelt, die mit Alzheimer und 

Parkinson assoziiert sind. Ferritin ist das wichtigste Eisenspeicherprotein im menschlichen 

Körper und befindet sich hauptsächlich in Leber und Milz, aber auch in Herz und Gehirn. 

Das Ferritinpartikel besteht aus einer Kugelschale aus Ferritinproteinen und einem 

Eisenkern, der bis zu einigen tausend Eisenatomen einschließt.  

Das Ziel dieser Studie war es, die zelluläre und subzelluläre Verteilung von Ferritin bzw. 

seines Eisenkerns im menschlichen Gehirn in Bezug auf Gesundheit und Krankheit zu 

untersuchen. Mehr Wissen über die zelluläre Verteilung von Eisen im menschlichen 

Gehirn kann weitere Einblick in die Mechanik gewähren, die diesen belastenden 

Krankheiten zugrunde liegt. Elektronenmikroskopie kann die notwendige Auflösung 

liefern, um Ferritinpartikel im Gehirngewebe zu lokalisieren. Mit der energiegefilterten 

Transmissionselektronenmikroskopie (EFTEM) kann der Eisenkern der Ferritinpartikel in 

der Probenscheibe sichtbar gemacht werden. Diese Befunde können mit der durch 

Massenspektrometrie (MS) der einzelnen Hirnregionen bestimmten Gesamteisenmenge 

verglichen werden.  

In einem ersten Schritt wurde die Probenvorbereitung hinsichtlich einer besseren Erhaltung 

der Ultrastruktur des Gewebes optimiert, die Anzeichen eines Abbaus durch autolytische 

Prozesse zeigt. Daher wurde eine neue Herstellungsmethode, die Hybrid-Gefriermethode, 

etabliert. Im frontalen Cortex konnte durchschnittlich eine Eisenpartikelkonzentration von 

55.6 und in der entsprechenden weißen Substanz 16.9 Eisenpartikel pro Kubikmikrometer 

beobachtet werden. In den Basalganglien wurde eine höhere Menge von 208.7 

Eisenpartikeln pro Kubikmikrometer im Putamen bzw. 149.7 im Globus pallidus gefunden. 

Der mit EFTEM ermittelte Eisenwert der analysierten Hirnregion korreliert mit den 

Ergebnissen der Massenspektrometrie, wenn nur die Mittelwerte berücksichtigt werden. 

Eine Korrelation der MS-Ergebnisse mit den EFTEM-Eisenwerten war aufgrund der hohen 

Fehlerabweichung der Methoden schwierig. 
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Die Anzahl der untersuchten Proben war zu gering, um relevante Schlussfolgerungen 

hinsichtlich eines veränderten Eisenstoffwechsels bei Alzheimer zu ziehen. Weitere 

Untersuchungen mit einer höheren Probengröße, gesunden und erkrankten, sind wichtig, 

um mehr Wissen über die Verteilung und den Metabolismus von Eisen im menschlichen 

Gehirn zu erlangen. 
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Abstract 

Iron is crucial for the human body as it is used for various important processes like oxygen 

transport, mitochondrial energy generation, or myelin and neurotransmitter synthesis. 

Furthermore, iron is associated with many neurodegenerative and inflammatory diseases, 

where an altered iron metabolism may play a role. In addition, it is known that during brain 

aging, iron accumulates in distinct regions which are associated with Alzheimer’s disease 

and Parkinson’s disease. 

Ferritin is the major iron storage protein in the human body and is mostly localised in liver 

and spleen but also in the heart and the brain. The ferritin particle consists of a globular 

shell formed by ferritin proteins and an iron core which encloses up to a few thousands 

iron atoms. 

The aim of this study was to research the cellular and subcellular distribution of ferritin, 

specifically its iron core, in the human brain in health and disease, respectively. More 

knowledge about the cellular distribution of iron in the human brain may provide more 

insight into the mechanics which underlie these debilitating diseases. 

Electron microscopy can provide the necessary resolution to localise ferritin particles in 

brain tissue. With energy-filtered transmission electron microscopy (EFTEM), the iron 

core of the ferritin particles can be visualised in the sample slice. These findings can be 

compared with the total amount of iron of the individual brain regions determined by mass 

spectrometry (MS). 

In a first step, the sample preparation was optimised regarding a better preservation of the 

ultrastructure of the tissue showing signs of degradation by autolytic processes. Therefore, 

a new preparation method, the hybrid freezing method, was established.  

On average, in the frontal cortex, an iron particle concentration of 55.6 and in its 

corresponding white matter 16.9 iron particles per cubic micrometre could be observed. In 

the basal ganglia, higher amounts of 208.7 iron particles per cubic micrometre in the 

putamen and 149.7 in the globus pallidus, respectively, were found. The iron scores of the 

analysed brain region determined with EFTEM correlate with the results obtained by mass 

spectrometry if only the mean values are taken into account. A correlation of MS results 

with the EFTEM iron values was difficult to reach due to the high range of observational 

errors of the methods. 

The number of samples examined was too small to draw any relevant conclusions 

regarding an altered iron metabolism in Alzheimer’s disease. Further investigations with a 
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greater samples size, for both healthy and diseased individuals, are important to gain more 

knowledge about the distribution and metabolism of iron in the human brain. 
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1 Introduction 

People are progressively reaching higher ages, which poses increasing challenges for 

society as the incidence of age-related diseases like Alzheimer's or Parkinson’s diseases 

rises dramatically. In the population of over 60 years of age, around 1 – 2 % are clinically 

diagnosed with either Alzheimer’s or Parkinson’s disease (1–3). With rising age, the 

number of people affected by Alzheimer’s disease increases significantly to 25 – 45 % in 

the population over 85 (2,4). 

The number of patients with Parkinson’s disease has doubled in the last generation and is 

set to increase in the future, due to people getting older, a longer disease duration, and 

environmental factors (5). The same pattern can be seen when cases of dementia are 

observed. From 1990 until the year 2016, the number of people with dementia shows an 

increase of 117 % up to 43.8 million individuals (6).  

Unfortunately, the number one risk factor for neurodegenerative diseases is aging (7,8). To 

date, there is no preventative measure known for AD and also no effective treatment option 

is available (9). 

1.1 Neurodegenerative diseases 

In older people, Alzheimer’s disease is the most common form of dementia. It is 

characterised by two pathological entities, β-amyloid protein deposition and tau 

hyperphosphorylation. 

The exact mechanism is still heavily debated, but it is assumed that metal ions like iron, 

copper, zinc, and aluminium may also play a role in the disease pathogenesis. Due to 

alteration of the homeostasis, these metal ions may influence the inclusion of 

phosphorylated tau proteins in neurofibrillary tangles (NETs) and processes of β-amyloid 

protein deposition in senile plaques (10). Not just Alzheimer’s disease, but other 

neurodegenerative diseases like Parkinson’s disease, multiple sclerosis, dementia with 

Lewis bodies, and Huntington’s disease, too, are characterised by a clinical picture 

described by insoluble protein aggregations which appear to be colocalised with metals 

like iron (11,12). 

The investigation of the signalling network which regulates these diseases also regarding 

their connection with the transition metals is crucial for the development of drugs to 

combat these debilitating diseases. 
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Currently, a few theories regarding defining factors in neurodegenerative diseases are 

under investigation. First, it has been suggested that mitochondrial dysfunction play a role 

(13): As neurons have a high energy demand for their function, any mitochondrial defect 

would have a strong detrimental effect (14). Zeineh et al. (15) state that in the 

hippocampus of AD patients, microglia-mediated neurodegeneration occurs, which can be 

detected with MRI. 

Another theory for which increasing evidence emerges is that tau pathology can be 

transmitted (16) as β-amyloid protein depositions are prions which do not require other 

cofactors or proteins (17). Prions are distinct strains capable of self-replication producing a 

unique pattern of neuropathology (18–20). 

Detection of structural alteration of various organelles in the neuronal profile is an 

important research step as those may be caused by neuronal diseases (21–23) and therefore 

represent a possible target for therapy. 

In neurodegenerative diseases, often the mechanisms of cell death are dysregulated (24). A 

special form of programmed cell death is ferroptosis, which is a leading driver not only in 

neurodegenerative diseases but also in the neuropathology of major psychiatric disorders 

(25). In the plasma membrane, the polyunsaturated fatty acids are fatally effected by iron-

related lipid peroxidation, which is known as ferroptosis, a special version of programmed 

death defined by the increase of iron (24,26–28). 

It is also know that an excessive amount of intracellular iron directly down-regulates the 

protein p53, and as a consequence, DNA repair, which is mediated through p53, gets 

disabled (29). Unfortunately, aging leads to increasing iron levels which further damage 

the DNA and block its repair. This mechanism is defined as ferrosenescence (30). The 

epigenome is severely damaged due to ferrosenescence by hypomethylation of the DNA 

and the mobilization of transposable elements (TE)(30–32). 

1.2 Iron in the human brain 

For cellular processes in the normal metabolism of the brain, iron is essential, as it is used 

in vital processes like oxygen transport, mitochondrial energy generation, and the synthesis 

of DNA, myelin and neurotransmitters (33–36). Iron seems to accumulate while people 

grow older (37,38) up to an age of 30 years due to an increased requirement during the 

growth process and then stagnate during healthy adulthood (12,34,39). However, the 

mechanisms of this iron increase during aging are still unclear (40) but it is known that 

iron deficiency could lead to cognitive and behavioural changes (41). 
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An inhomogeneous distribution of iron in the brain can be observed whereas an 

accumulation can be seen predominately in the basal ganglia, which are associated with 

motor-functions (38,42,43). 

 

Figure 1: Schematic overview of the different brain regions (left) and schematic display of the brain in the 

coronal plane to visualise the basal ganglia. 

 

In a study by Wayne Martin et al. (37) with individuals in an age range of 24–79 years, a 

direct relationship between age and the amount of iron in the putamen (Put) and caudate 

nucleus (CN) was observed. However, in the globus pallidus (GP) and the thalamus (Th), 

this connection could not be seen. Great differences in age-related iron content in the 

putamen could also be seen in a meta-analysis of 20 MRI studies, where the iron amount in 

the basal ganglia, the red nucleus (RN), and the substantia nigra (SN) were estimated (40). 

In general, a reliable positive relationship between the iron amount in the basal ganglia and 

age could be established, whereas the GP showed the smallest difference (40). Already in 

early adulthood, the iron content in the GP is comparatively high (44), and therefore the 

enrichment over the remaining lifespan is relatively moderate. 

In regions like the basal ganglia and the hippocampus, which are relatively small in 

volume and have little myelination, a larger amount of iron found in healthy adults (45,46). 

The aging of a healthy brain is marked by an increase of iron, whereas an excessive 

accumulation may lead to harmful secondary effects like demyelination and shrinking 

brain volume (40). 

The basal ganglia, consisting of the globus pallidus and the putamen, schematically shown 

in Figure 1 on the right, are the brain regions with the highest iron content in healthy 

adults. The globus pallidus has the highest iron concentration with 205 ± 32 mg/kg 
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followed by the putamen with 153 ± 29 mg/kg (42). Further towards the cortex, the iron 

concentration declines to 48 ± 14 mg/kg in the frontal white matter and 37 ± 10 mg/kg in 

the occipital white matter (42). Comparing frontal white and frontal grey matter, Magaki et 

al. (47) showed that the iron concentration was significantly higher in the white matter than 

in the grey matter. In a meta-analysis, Schrag et al. (48) did not find any significant 

difference between an AD group and a control group. It could also be shown that there is a 

statistically significant difference in the iron concentration between the right and the left 

hemisphere (42,49) but no gender related differences. In the hippocampus of AD patients, 

it could be shown that despite an increase in ferritin concentration, the iron concentration 

did not increase significantly compared to controls (50). 

Increased iron level in the brain is suspected to lead to an increased formation of free 

radicals, which cause oxidative stress and therefore may lead to neurodegeneration (7,37). 

In addition, some other bioactive metals like copper and manganese have been alleged to 

play a role in oxidative stress and protein misfolding which may lead to protein 

aggregation in neurodegenerative diseases (51–53). In a meta-analysis by Schrag et al. 

(48), several publications published before January 2010 were analysed regarding the 

amount of iron, zinc, and copper in the neocortical brain regions (hippocampus, frontal, 

temporal, and parietal lobes) of patients with AD compared to controls. The authors 

concluded that iron accumulation was not significantly higher in AD patients compared to 

healthy controls. Only in the putamen (outlier-adjusted), a modest elevation of iron levels 

of 21.4 % in AD brains could be revealed (48). Furthermore, it was reported not only that 

the assumption of increased iron levels in AD is a widespread misconception but also that 

it is a result of a significant citation bias towards the literature claiming an increase (48).  

Therapeutic strategies that are targeting iron assume that the accumulation of β-amyloid 

and therefore the formation of neurofibrillary tangles are facilitated by excessive iron. 

Despite severe side effects and limitations in long-term application, iron chelators have 

become a greater focus of interest. A common treatment plan for Alzheimer’s disease, 

despite the lack of robust evidence, is still the interception of metals, especially iron, using 

chelators (54). While the mechanisms are still heavily discussed, it was described that in 

case of a systemic iron deficiency or overload, the brain is not overly affected (55,56). 

Accordingly, it is assumed that the control of iron levels in the CNS is independent from 

the rest of the body. 

Iron in the CNS can be found in the ultrastructure of neurons, astrocytes, and microglia 

cells, but predominantly in oligodendrocytes (57). In the CNS, oligodendrocytes, counted 
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among the glial cells, are producing myelin. In the healthy adult brain, they are the cell 

type with the greatest amount of iron compared to all other cells (58–60). In the white 

matter, they appear to be organised in rows (61). In the white matter, the iron distribution 

appears to be organised in patches (60); however, the functional implication is not clear – 

there appears to be an epigenetic influence (61). In human adults, a continuous 

maintenance and production of myelin also requires a continuous supply of iron (62). The 

limitation of iron intake is associated with hypomyelination, which underlines the 

importance of iron in the myelination process. Interestingly, during development the iron 

supply of the oligodendrocytes appears to have a temporal aspect, as neurological sequelae 

still exist despite the fact that iron deficiency in the system is reversed (61). The strong 

impact of iron shortage on myelination suggests that iron is not only used in the production 

of lipids or protein but is also important for the metabolism of the oligodendrocytes. The 

exact mechanism of action of iron deficiency is still unclear. Due to their high demand for 

energy and ATP, where iron is an essential production factor, the susceptibility to iron 

deficiency would be explained. In the white matter, it could be seen that microglia begin to 

accumulate iron before the onset of myelination (60,63). During development, the amount 

of iron and ferritin in the microglia is higher than in the oligodendrocytes (64). 

Nevertheless, the iron level in oligodendrocytes remains stable over their lifespan, whereas 

glial cells show an altered cellular distribution with increasing age (57). 

It is proposed that iron, or rather non-transferrin-bound iron (NTBI), enters neurons and 

astrocytes trough calcium-permeable channels but also through divalent metal transporter 1 

(DMT1) and is strongly associated with synaptic activity (65). In neurons, transferrin 

receptors (TfRs) are expressed at high levels under physiological conditions and can 

therefore collect a bigger part of iron from transferrin. Commonly, the microglia cells are 

incorporating the transferrin-bound iron (TBI) with TfRs but also with the dicarboxylic 

acid receptor as well as presumably the lactoferrin receptor (25). The divalent metal 

transporter-1 (DMT-19) is upregulated under neuroinflammatory conditions, so that non-

TBI can be collected from neurons and glial cells (25). The iron metabolism in the cell is 

post-transcriptionally controlled by the IRE (iron responsive element)/IRP (iron regulatory 

protein) system (66–68). In cell culture with reducing condition (like in vivo), it could be 

shown that astrocytes are capable of importing not only Fe(II) but also Fe(III) (69,70). This 

finding supports the theory that astrocytes are mediating a protective mechanism, as they 

are able, due to their iron uptake, to buffer the synaptic environment. They are also capable 
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to enhance this function in the case of neuroinflammatory and neurodegenerative processes 

(65). 

The microglia amount to up to 10-15 % of the glial cells and in the CNS, they are the 

resident macrophages, which gives them an important role in health and disease in the 

CNS (71,72). In the various brain regions, the distribution of microglia differs; thus, in the 

white matter there is significantly more microglia than in the grey mater (73), with an 

increase in the basal ganglia, SN, the hippocampus, and the olfactory cortex (73,74). 

Microglia appears to have a central role in aiding the development of oligodendrocytes, 

and through H-chain ferritin, they may supply the iron for the myelination (61). 

1.3 Ferritin and its iron core 

The healthy body of a human contains around 4 g of iron, more than half of which is bound 

in haemoglobin. The rest is located in ferritin, the main iron-storage protein, which is 

found mostly in liver and spleen, but also in the heart and the brain. In the liver, the iron is 

distributed nearly homogeneously, whereas in the brain, iron accumulates in distinct 

structures (41). Nearly all of the non-heme iron, over 90 %, is stored in ferritin (38,40,75). 

Iron in the striatum, the CN and the Put, is important for neural activity, especially for 

dopaminergic transmission (7). 

The protein ferritin is the main iron-storage protein in the human body. Ferritin has 

24 subunits in a 432 symmetry (76), forming a hollow sphere with the capacity to store up 

to 4500 iron atoms. In vertebrates, the ferritin particle consist of two different subunits, the 

heavy chain (H-chain) and the light chain (L-chain) subunit, which have different functions 

(77). In contrast, ferritin isolated from bacteria or plants consists only of the H-chain 

protein (77). The localisation of the ferritin also changes its configuration, so 

oligodendrocytes express a combination of heavy and light chain whereas neurons produce 

predominantly H-chain ferritin and microglia mainly L-chain ferritin (60,78). The light 

chain subunit of ferritin, which is prevalent in the microglia, is related with iron storage, 

whereas the H-ferritin contains the catalytic centre and is therefore the dominating subunit 

in oligodendrocytes and neurons, as these have a high metabolic turnover and iron demand 

(60,61). As myelination progresses, iron in the oligodendrocytes and the new myelin starts 

to appear and increase in the temporal process, whereas the concentration of iron in the 

microglia subsides (64). In an H-ferritin-knockout mouse model, it was shown that H-

ferritin is indispensable for life, as the mutation for a complete depletion of H-ferritin 

turned out to be embryonally lethal (79,80). 
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In the inner cavity of the ferritin protein shell, the iron atoms are stored as ferrihydrite, 

which is produced by catalytic oxidation of Fe(II) at the ferroxidase centre in the H-chain. 

Iron(III) enters the protein as a precursor and is then oxidised with dioxygen or hydrogen 

peroxide (81,82). With electron microscopy, it could be shown that the diameters of the 

ferritin-iron cores in the brain (3.5 ± 0.5 nm GP) are smaller than in the liver 

(6.0 ± 0.5 nm) but also differ in size according to localization in the brain (41). With the 

aid of aberration-corrected high angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM), Jian et al. (83) showed that the mineral core in equine 

spleen ferritin grows like a string of pearls along the inner protein shell. This can lead to 

half-moon or donut-shaped iron cores. Despite some persisting controversies and 

mechanisms not being fully elucidated, it is proposed that the iron in ferritin is mobilised 

through protein degradation in lysosomes (84). 

1.4 Electron microscopy 

The first transmission electron microscope (TEM) was developed in 1931 by Ernst Ruska, 

who in 1986 was awarded the Nobel Prize in physics (85) for his ground-breaking 

invention. Already in 1941, the first biological investigations were carried out with the 

TEM, when Helmut Ruska could show the first images of bacteriophages. Especially in 

neuroscience, TEM technologies led to a better understanding of cellular processes, as for 

instance the organisation of synapses could be investigated (86) or it could be shown that 

dendrites are sites of synaptic contact (87). 

For numerous functional studies of neuronal systems, the high resolution reached by the 

electron microscope (EM) is essential (88–92). This high resolution is achieved with the 

use of accelerated electrons under high vacuum directed with electromagnetic lenses, 

analogous to the visual light and glass lenses of an optical microscope. With the 

significantly smaller wavelength of the electron beam in relation to the range of visible 

light, highly magnified images of samples can be generated. The two widely used types of 

electron microscopes are the transmissions electron microscopes (TEM) and the scanning 

electron microscopes (SEM). In TEM, the sample needs to be cut ultra-thin, so the 

electrons can pass through the sample to the detector beneath. By contrast, SEM provides 

information about the surface of the sample, as electrons which are backscattered or 

emitted from underneath the surface of the sample are used for imaging. Further 

information like chemical analysis or a better resolution of the sample can be achieved 
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with additional correctors, detectors, or filters. With highly aberration-corrected TEMs, 

resolutions under 50 pm are possible (93). 

The transmission electron microscope gave insight into the ultrastructure of the CNS and 

revealed its complexity (94) as even fine structures like synaptic vesicles or protein 

aggregations can be visualized. In 1975, Cragg et al. (95) carried out one of the first EM 

investigations of human cortical synapses in biopsy and post-mortem samples of the 

frontal and temporal lobes (96). A recent study by Domínguez-Álvaro et al. (97) analysed 

the morphological alterations of 4722 synapses in AD patients and controls with electron 

microscopy. In the transentorhinal cortex (TEC) of AD patients, a reduction of the number 

of synapses that target the spine heads could be observed. In comparison to non-demented 

people, AD patients showed an increase in the number of fragmented asymmetric 

synapses. 

A totally different approach was developed by Jeff Lichtman, who is not working on the 

finer detail of the neuronal network but aims to reveal the complete wiring of the 

mammalian brain, the connectome (98). A connectome has so far only been completely 

mapped for the nematode Caenorhabditis elegans where it consists of 302 neurons and 

5000 chemical synapses (99). It is understood that the adult human brain consists of 100 

billion neurons and a few trillion synapses (98); nevertheless, a map of circuits in the brain 

is crucial in order to gain more insight in the transmission of information, how it is 

physically stored and how diseases alter these structures in the brain. Not only the 

generation of this huge number of data sets is challenging, but new technologies had to be 

developed, including serial sectioning techniques like the automated tape-collecting 

ultramicrotome (ATUM). With this device, thousands of ultra-thin sections on tape can be 

analysed with a scanning electron microscope (SEM). This technique can be used for large 

neuronal reconstructions (100) and – with modifications – also for high-throughput image 

acquisition (101). The handling of big data in EM gains more and more in importance as 

the images are undergoing a huge increase in number and resolution and therefore in size 

(102). 

With the establishment of cryo-electron microscopy, it became possible to visualise 

unfixed and unstained vitrified samples that therefore can be investigated in their near-

native state. This technique made near-native high-resolution observations of 

bacteriophages or viruses possible and revealed their structural composition (103). For 

their development of cryo-electron microscopy, Jacques Dubochet, Joachim Frank, and 
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Richard Henderson were awarded with the Nobel Prize in chemistry in the year 2017 

(104). 

1.4.1 Analytical EM 

The possibility of analysing the chemical elements in a sample through (analytical EM) 

was an important step and provided a wide scope of applications in the area of research 

with biological samples (105–108).  

Analytical EM is possible in various forms like energy-filtered TEM (EFTEM), electron 

energy-loss spectroscopy (EELS), or energy-dispersive X-ray spectroscopy (EDX), to 

name just a few (see Figure 2). 

 

Figure 2: Schematic display of a transmission electron microscope and its beam path (Maximilian Schinagl) 

and the resulting images (Stefan Wernitznig), reproduced with permission. 

Top right: bright field image of human brain tissue, bottom right EFTEM image at iron L edge of the same 

sample. Grey arrow indicates a ferritin particle in the bright field image as black dot, as the protein shell is 

more stained than the surrounding cytosol. In the EFTEM image, the arrow indicates the same ferritin 

particle but the dot is bright, as the measurement at the iron edge gives the localization of iron particles. 

 

Analytical EM can be done with a post-column type filter (also termed magnetic prism) 

underneath the column of the microscope. When an electron beam hits a thin sample, most 

of the electrons pass thought the specimen uninterrupted. A few of the electrons are 

interacting with the sample, resulting in elastic or inelastic scattering. As a result of 

inelastic scattering, the energy loss of the inner-shell ionization edges, i.e., Fe L2,3 reveals 

chemical information of the atoms in the sample (109,110).  

Energy filter 
for EFTEM and EELS 

EDX detector 
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The paths of the electrons are different according to their energy within the magnetic prism 

in the magnetic sector, which is shaped like an arc. With an energy-selective slit and the 

help of quadruple and sextuple lenses, the image is focused on the CCD camera (110). 

With this energy filter, electron energy-loss spectroscopy can be performed, where the 

interaction of the electron with the sample can be measured through the energy loss of the 

electrons. Thus the chemical configuration of the sample can be detected (111).  

In EFTEM, the chemical information of the EELS is added to the spatial information and 

results in an elemental map. This is especially important if light elements are investigated 

of which biological samples mainly consist and which are nearly unavailable with energy-

dispersive X-ray spectroscopy. However, one big disadvantage of this method, especially 

in biological samples, is the beam damage (110). One single EFTEM image cannot be used 

as a chemical map, as the spectrum always shows a non-element-specific background. 

Often the three-window technique (111,112) is used to overcome this problem, as the 

intensity of a quantitative image at a specific excitation edge is proportional to the EELS 

spectrum intensity. As the name suggests, an image of the scattered electrons is generated 

at three different energy windows in the spectrum. The non-element-specific background 

of each pixel in the image is estimated through two images prior (pre-edge) to the element-

specific edge. At the element-specific excitation edge, the third image (post-edge) is 

captured. For each pixel in the image, the estimated background is subtracted from the 

post-edge intensity and the elemental map results. The intensity of each pixel in these 

excitation-specific or element-specific image is proportional to the amount of electrons 

with this excitation energy (110). 

The jump-ratio technique, which is calculated from only one pre-edge and one post-edge 

image, presents an alternative to the three-window technique. As the post-edge image is 

divided by the pre-edge image, the signal-to-noise ratio is smaller as no background 

estimation is done. In addition, the image shows fewer drift problems as only two images 

are used, and they also have a reduced sensitivity to the preserved elastic contrast as this 

information is lost by the division. The disadvantage of the jump-ratio technique is in 

general the lack of quantitative information, but it is a good method to distinguish elastic 

contrast effects from real chemical changes (110). 

Aronova et al. (105) adapted the two-window technique by correcting the signal for plural 

scattering and were able to generate a quantitative EFTEM map of near-physiological 

calcium concentrations in neurons. In addition to the pre- and post- edge image they also 

acquired a zero-loss and unfiltered image to estimate the relative thickness of the specimen 
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in the field of view to correct the intensity for plural scattering in the element-specific 

range. 

1.4.2 Immunolabelling with EM 

Labelling of antigens with antibodies can be visualised in the electron microscope by using 

gold-conjugated secondary antibodies. Atoms with high atomic mass, like osmium or gold, 

are able to scatter the electron beam strongly, which results in high contrast, so the gold 

particles attached to the antibody appear as electron-dense or “dark” dots in the image. 

With this method, the localisation of antigens in the tissue or the cell is combined with 

high spatial resolution and the possibility of further chemical analysis of the EM. 

The sample preparation for immunolabelling is challenging, as the sample has to be fixed 

and embedded in ways that the ultrastructure is preserved but the epitopes are still 

recognised by the antibody. Basically, two types of immunolabelling can be distinguished, 

depending on if the labelling of the sample is done pre-embedding or post-embedding. In 

the pre-embedding method, the labelling is done before the embedding, while in the post-

embedding approach, the labelling is done on sections of the embedded samples. The gold 

labelling of antigens can be used for relative quantitative determinations, if factors like 

random systematic sampling with stereological estimation and statistical evaluation of the 

distribution are considered (113). 

Since the method was first described in 1971 (114), countless adapted variants have been 

established, for example a combination with cryofixation for better labelling rate and 

structure preservation (115,116).  

With immunogold labelling, for example, viral antigens and their position relative to each 

other like the glycoproteins in the influenza virus can be visualized (117). In another 

example, one ‘hypothetical protein’ of the synaptic PSD-95 complex (118) was identified 

at the postsynaptic density around 33 nm away from the membrane in the forebrain of 

adult rats (119). 

1.5 Post-mortem Interval (PMI) 

In histological studies, the focus is on the structure of the tissue and therefore the 

preservation of the sample has to be perfect for the data to be construed correctly. With a 

long time lag between the patient’s time of death and the fixation of the samples, the 

autolytic processes are damaging the tissue and the ultrastructure increasingly degenerates 

the longer the delay. This is especially true for brain tissue as it degenerates very fast due 
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to the high water content compared to other tissue when human decomposition starts only 

four minutes after death (120). The accumulation of waste products like lactic acid starts 

due to the lack of cassation of blood and damages the cell. Furthermore, the reduction of 

plasma and cytoplasmic pH harms the integrity of the membranes of lysosomes and the 

cell in general and leads to the release of active endogenous enzymes (121). In organs with 

a high amount of hydrolytic enzymes and lysosomes, like the liver or the spleen, the 

autolytic changes occur faster (120,121). Some organelles like the mitochondria are good 

indicators of the cell condition, as they become elongated and form extensive networks 

under stress (122), but also they appear to be a defining factor in neurodegenerative 

disorders like Alzheimer’s, Parkinson’s, and Huntington’s diseases (13,14). A clear 

attribution of the morphological changes in the ultrastructure to distinctive events becomes 

even more challenging with an increasing PMI. In comparison to animals which can be 

easily transported and whose brain can be perfusion-fixed, working with human brain 

tissue provides often huge logistic challenges, such the fast transport of the corpse to the 

pathology lab and the autopsy being carried out in a timely manner. In addition, when 

human samples are used, a delay can occur for ethical reasons (farewell of the deceased). 

Therefore, it is possible that the time delay, the PMI, can range from a couple of hours to 

nearly 100 hours (123–127). In this period of time, autolysis goes on despite a slowdown 

due to the cooling of the corpse and the disintegration of the ultrastructure in the tissue 

continues. Thus, one main factor for the conservation of the neuronal profile of human 

brain tissue is the PMI (128). However, a prolonged PMI had little if any effect on the 

amount of basic protein of the human central myelin (129). 

1.6 Sample preparation as a limitation for EM 

Sample preparation is the key step in electron microscopy, as the quality of the image 

depends largely on it. Therefore, various methods, procedures, and equipment have been 

developed to optimise sample preparation. Electron microscopy can be done at room 

temperature or at cryogenic temperatures (cryo-electron microscopy), but always requires 

high vacuum. Accordingly, the samples either have to be dehydrated and embedded in a 

matrix resistant to the electron beam or frozen in vitreous water to avoid the implosion of 

the cells and the tissue in high vacuum. 

With tissue samples, the standard approach for electron microscopic analyses at room 

temperature is chemical fixation in a first step after obtaining the tissue. Chemical fixation 

is mostly achieved with a combination of aldehydes, glutaraldehyde and formaldehyde 
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(126,130), for the crosslinking of proteins. Often, the sample preparation is followed by 

post-fixation with osmium tetroxide to stabilise the lipids by binding to conjugated double 

bonds and also to enhance the low contrast of biological samples that are composed of 

light elements. 

Dehydration with alcohol or acetone to eliminate the water in the sample for embedding in 

hydrophobic resin is crucial for the preservation of the ultrastructure of the sample. A 

major part of the lipid extraction happens in this preparation step (131). 

Sample preparation heavily depends on the type of analysis required. As for the 

immunolabelling, the sample had to be fixed very gently so the epitopes of the antigen are 

still recognised by the antibody. In addition, a more hydrophilic resin has to be used so the 

antibodies are able to migrate into the slice. 

An alternative to the standard chemical fixation is the cryo-fixation (e.g., high pressure 

freezing, HPF), often used in combination with freeze substitution (FS). The main 

advantage of high- pressure freezing is the conservation of the near-native structure of the 

unfixed tissue (132). This has to be achieved without the formation of non-vitreous ice 

crystals, which would destroy the ultrastructure; this is ensured by the fast freezing rate of 

the HPM (133,134). The samples in the HPM are frozen by applying 2100 bar and liquid 

nitrogen, so the vitrification of the sample is faster than the formation of ice crystals.  

The preservation of myelin preservation of different animal models with high-pressure 

freezing in different animal models is excellent (135) in comparison to aldehyde perfusion 

fixation (136,137). 

A crucial step in the processing of the samples regarding the conservation of the 

ultrastructure of the tissue is dehydration. Temperature and the hydrophilicity of the 

molecule are the factors that define the size of their hydration shell. This shell keeps the 

molecules in a non-aggregated state, correctly folded and most notably in aqueous 

solution. At sufficiently low temperatures, even hydrophobic molecules eventually acquire 

a hydration shell (138). Dehydration with freeze-substitution is the approach with the least 

adverse effect on the ultrastructure of the samples thanks to the partially preserved 

hydration shell at low temperatures. However, the exact mechanisms behind this 

phenomenon are still not fully understood (139). Diffusion artefacts can also be avoided 

and the stabilizing compounds in the substitution cocktail can infiltrate the sample slowly 

and interact when the temperature is slowly raised (139). By using an agitation device 

during freeze substitution, both substitution and dehydration of the sample are more 

efficient (140–142). Usually, substitution protocols are time-consuming, but time can be 
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reduced through an agitation device and still show high contrast even in challenging 

samples (140–142). HPF and FS and be individual combined and adapted to suit the 

particular sample and the specific research question. The method can also be used for 

immunolabelling if the samples are rehydrated ahead of the antibody incubation (116,139). 

For fluorescence imaging with high en-bloc contrast, Tsang et al. (143) developed a 

method using a combination of HPF and FS. Other authors combined glutaraldehyde 

fixation with HPF and observed good preservation of neurons so they could be injected 

and photooxidised with a fluorophore (144). 

1.7 Research question 

Since most of the non-heme iron is thought to be stored in ferritin cores, it is postulated 

that the number of ferritin molecules is higher in brain areas with a high total iron content 

than in those with low iron content. Furthermore, it is assumed that in samples of patients 

with Alzheimer’s disease, changes in the numbers of ferritins should be observable in the 

basal ganglia. To verify these postulates, the number of ferritin cores per volume was 

determined in thin sections of human post-mortem brain samples. 

This question was addressed using analytical electron microscopy, as it provides adequate 

resolution to analyse the distribution of iron stored in ferritin cores in human brain samples 

at a cellular level. For determining the overall iron content in the brain tissue, mass 

spectrometry (MS) was applied. For future reference and to relate the ferritin distribution, a 

magnetic resonance imaging (MRI) iron scan of one hemisphere was carried out.  

A major part of this thesis consisted of optimising the sample preparation procedure to 

determine the number and distribution of ferritins at the ultrastructural level in human post-

mortem samples. 

With progressing PMI, the ultrastructure of the brain tissue is further degraded. However, 

tissue preservation is absolutely crucial for the interpretation of the micrographs. 

Therefore, the preparation procedures of human post-mortem brain tissue for investigation 

through electron microscopy was optimized. Special attention was paid to improving the 

preservation of the neuronal profiles beside the myelin sheaths, as long PMIs do not have 

an effect on the proportion of myelin proteins (129). 

With analytical electron microscopy, the number of iron particles and their concentration 

in the different brain regions was analysed. Furthermore, it was determined if the iron load 

in the ferritins differed in the different brain regions. 

By comparing the ferritin concentration of samples with Alzheimer’s disease to healthy 
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controls, we intended to observe changes in iron regulation. In this regard, the 

accumulation of copper and zinc in AD was also analysed. 
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2 Material and Methods 

2.1 Human brain tissue 

The Institute of Pathology of the Medical University of Graz and the Institute of Pathology 

of LKH South-West provided small samples taken predominantly from the frontal lobe and 

the basal ganglia of human post-mortem brains. The samples were included in the study 

when patients not known to have a neurodegenerative disorder and with no 

macroscopically detectable lesions were seen. The staging of Alzheimer’s disease-related 

changes in the brain was carried out in accordance with the protocol described by Braak et 

al. (145). The ethics commission of the Medical University of Graz approved this study 

(vote 28-549 ex 15/16). 

An overview of the human post-mortem samples obtained is shown in Table 1. The 

acquired tissue was cut into cubes of approximately 1 cm3 for high-pressure freezing and 

about 1 mm3 for standard embedding. 

 

Table 1: Overview of the brain samples of this study 

No. Sample 
Year of 

birth 
Sex PMI [h] 

Braak & Braak 

NFT stage 

(145) 

Comment 

1 Fe270217 1945 Male 09:00 I (146), Case 5 

2 Fe171031 1956 Female 15:58 I (146), Case 1 

3 Fe171103 1948 Female 18:05 I (146), Case 2 

4 Fe180206-59 1948 Male 19:50 V (146), Case 3 

5 Fe180206-60 1965 Male 20:55 V   

6 Fe180223 1937 Male 23:40 VI (146), Case 4 

7 Fe180323 1932 Male 20:00 IV   

8 Fe180326 1944 Female 15:30 II   

9 Fe180615 1942 Male 19:00 I No Putamen 

10 Fe181126 1950 Male 14:30 - LKH West 

11 Fe190215 1968 Female 19:00 - LKH West 

12 Fe190314 1946 Male 06:30 - LKH West 
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2.2 Sample Preparation for electron microscopy 

In Table 2, an overview can be seen of the three different preparation methods for human 

brain samples for electron microscopy: standard fixation and resin embedding, the newly 

developed hybrid freezing method with different substitution cocktails, and the preparation 

for immunolabelling. 

Elements of the optimisation process of the sample preparation were published by Sele et 

al. (146). 

 

Table 2: Comparison of post-mortem brain tissue processing methods for electron microscopy. Parts from 

(146) 

Step 
Standard fixation and 

resin embedding* 

Hybrid freezing 

method (HFM) 

High-pressure freezing 

and freeze substitution 
Immunolabelling 

1 Prefixed with 2 % formaldehyde + 2.5 % 

glutaraldehyde in 0.1 M cacodylate buffer for 

24 hours at 4 °C 

Prefixed with 2 % 

formaldehyde + 0.1 % 

glutaraldehyde in 

0.1 M phosphate buffer 

for 24 hours at 4 °C 

Prefixed with 2 % 

formaldehyde + 0.1 % 

glutaraldehyde in 

0.1 M phosphate buffer 

for 3 hours 

2 Vibratome sections at 150 µm, ROI punched out - 

3 Post-fixation with OsO4 0.1 M cacodylate buffer for 15 minutes at RT - 

4 Washing in 0.1 M 

cacodylate buffer 

High- pressure freezing with hexadecane as 

cryoprotectant 

Washing in 0.1 M 

phosphate buffer 

5 Dehydration in 

ascending ethanol 

series 

Freeze substitution over 27 hours in different 

substitution cocktails 

Dehydration in 

ascending ethanol 

series 

6 Intermedium propylene 

oxide 

Washing in acetone - 

7 Resin infiltration with 

ascending resin series 

in propylene oxide 

Resin infiltration with ascending resin series in 

acetone 

LR White Resin 

infiltration with 

ascending resin series 

in ethanol 

8 Resin polymerization at 60 °C for 72 hours in oven Resin polymerisation 

at 50 °C for 24 hours 

in the oven 

9 Ultra-thin sectioning at 70 nm and stain grids with lead citrate and platinum blue 

10 Electron microscopic examination of ultra-thin sections 

* For better comparison, the standard resin embedded samples in (146) are also cut with the vibratome 
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2.2.1 Standard tissue preparation for electron microscopy 

For standard embedding, tissue blocks with a size of approximately 1 mm3 were prefixed 

with 2 % formaldehyde and 2.5 % glutaraldehyde in 0.1 M cacodylate buffer for 

three hours at room temperature. Afterwards the samples were postfixed, dehydrated and 

embedded in TAAB embedding resin (TAAB Laboratories Equipment Ltd, UK) as shown 

in Table 3. The samples were polymerized at 60 °C for 72 hours. 

 

Table 3: Standard resin embedding for electron microscopy 

Step Substance Time [h] Temperature [°C]  

Postfixation 2 % OsO4 0.1 M cacodylate buffer 

Vibratome sections 

1 mm3 blocks 

 

0.25 

2 

RT 

Washing 0.1 M cacodylate buffer 2x 0.25 RT 

Dehydration 50 % ethanol 0.5 

RT 

70 % ethanol 0.5 

80 % ethanol 0.5 

96 % ethanol 0.5 

100 % ethanol 0.25 

100 % ethanol 0.25 

Embedding Propylene oxide 1 
RT 

Propylene oxide/ TAAB embedding resin (1+1 parts) 3 

Propylene oxide/ TAAB embedding resin (1+2 parts) O/N 4 

TAAB embedding resin 1.5 45 

TAAB embedding resin 1.5 45 
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2.2.2 Embedding for immunolabelling 

The samples for immunolabelling were slightly fixed with 2 % formaldehyde and 

0.1 % glutaraldehyde in 0.1 M phosphate buffer for three hours at room temperature. 

Afterwards, the samples were embedded according to Table 4. The tissue samples were put 

in gelatine capsules for polymerization at 50 °C for 24 hours under oxygen exclusion. 

 

Table 4: Embedding for immunolabelling 

Step Substance Time [h] Temperature [°C] 

Washing 0.1 M phosphate buffer 2 RT 

Dehydration 50 % ethanol 0.25 RT 

70 % ethanol O/N 4 

80 % ethanol 0.5 
RT 

90 % ethanol 0.5 

Embedding 90 % ethanol/LR White resin (1+1 parts) 1 

RT LR White resin  1 

LR White resin  1 

LR White resin  O/N 4 

 

2.2.3 Storage of fixed tissue samples 

The human brain samples were prepared with standard embedding at the initial time point. 

The remaining tissue pieces (~1 mm3 size) were stored in the buffer used for fixation 

(0.1 M cacodylate buffer pH 7.4 or 0.1 M phosphate buffer pH 7.4 with sodium azide) at 

4 °C. The samples were stored for variable durations as seen in Table 5 and then embedded 

with the standard method. 

Table 5: Storage time of prefixed tissue samples stored in buffer 

Tissue samples Storage time [d] 

Fe270217 450 

Fe171031 202 

Fe171103 197 

Fe180206-59 84 

Fe180206-60 84 

Fe180223 84 

Fe180326 47 

Fe180323 47 
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2.2.4 High pressure freezing 

With a vibratome (Leica, Austria), the prefixed tissue samples were cut into sections of a 

thickness of 150 µm. By using a biopsy punch (diameter 4 mm), the region of interest 

(ROI) was cut out. Afterwards, the ROIs were postfixed for 15 minutes with 2 % osmium 

tetroxide (Electron Microscopy Sciences, USA) in 0.1 M cacodylate buffer at pH 7.4. The 

postfixed tissue samples were washed in 0.1 M phosphate buffer and then inserted in a 

6 mm diameter aluminium carrier suitable for high-pressure freezing (Engineering Office 

M. Wohlwend, Switzerland). Either 1-hexadecene or 20 % BSA in bidest. water (Sigma-

Aldrich, USA) were used as a filler. The sandwiched tissue was frozen with an HPM100 

high-pressure freezer (Leica, USA), with a cooling rate of around 32300 °C per second, 

dwell time of over 270 ms. 

2.2.5 Freeze substitution 

For the automated freeze substitution, an AFS2 (Leica, Austria) was used. In addition to 

the AFS, an agitation device (141) with an operating voltage of 12 V and ethanol as a 

mediator medium were used to reduce the substitution time. The five different substitution 

cocktails tested are shown in Table 6. Furthermore, two different temperature programs for 

the AFS were tested and are shown in Figure 3. The ‘standard’ temperature program holds 

the temperature (-90 °C, -60 °C, -30 °C) for 8 hours each with a heating rate of 60 °C per 

hour and 1.5 hours at 0 °C at the end of the program. This results in a total duration of the 

AFS of 27.5 hours. In the ‘long’ AFS program, -90 °C were held for 48 hours and the 

samples were warmed up with a heating rate of 4 °C per hour. Including the 1.5 hours at 

0 °C at the end of the program, the long temperature program takes 72 hours. 

 

Table 6: Overview of the different freeze-substitution cocktails 

 Freeze-substitution media 

Cocktail I 2 % osmium tetroxide and 0.2% uranyl acetate in water free acetone 

Cocktail II 0.2 % uranyl acetate in water free acetone 

Cocktail III water free acetone 

Cocktail IV 0.1 % tannic acid 

Cocktail V 1 % water, 2 % osmium tetroxide and 0.2% uranyl acetate in water free acetone 

 



Material and Methods  Sample Preparation for electron microscopy 

34 

 

Figure 3: Temperature diagram of the two different AFS 

 

In the substitution with cocktail IV, the sample was exposed to 0.1 % tannic acid during 

the first eight hours, afterwards carefully washed with cold acetone and the rest of the 

substitution the samples were in cocktail I. Also tested was a solution of 0.1 % tannic acid, 

2 % osmium tetroxide and 0.2 % uranyl acetate in water free acetone. 

The samples were carefully taken out of the AFS device and then immediately washed, 

embedded as described in Table 7, and polymerized at 60 °C for 72 hours. 

 

Table 7: Resin embedding steps after AFS 

Step Substance Time [h] Temperature [°C]  

Washing Acetone 3x 0.1 RT 

Embedding Acetone / TAAB embedding resin (2+1 parts) 3 RT 

Acetone / TAAB embedding resin (1+1 parts) O/N 4 

TAAB embedding resin 2 45 

TAAB embedding resin 2 45 

 

2.2.6 Sectioning 

The resin-embedded samples were cut in semi-thin sections of 500 nm, which were stained 

with 1 % toluidine blue solution (Sigma-Aldrich, USA). This dye was used because it 

stains the acidic structures like DNA and RNA (147) and it is a specialized method for 

visualizing myelinated nerve cells (148). 
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Under the light microscope (Olympus BX63), the region of interest can be selected for 

trimming. After trimming out the region of interest, the sample was cut in ultra-thin 

sections of 60 nm on an ultramicrotome (Leica, Austria) and collected on 300 mesh copper 

grids. Before EM imaging, the sections on the grids were stained with lead citrate and 

platinum blue, using an Ultrastainer (Leica, Austria). To analyse the sample under the light 

microscope, one section with a thickness of 500 nm was cut after finishing the ultra-thin 

sectioning. The section was stained with toluidine blue and cover-slipped. 

2.3 EM for ultrastructure analysis 

By using the algorithm at https://www.randomizer.org/, the samples were double-blinded 

to the persons acquiring as well as to those examining the images. An electron microscope, 

FEI Tecnai G2 20 (Thermo Fischer Scientific, USA), was used at a high tension of 120 kV. 

From each sample, two sections at three points each an overview image (3x3 images were 

stitched together) at a magnification of 1 500x (a total of six overview images) were 

captured with a 2K x 2K CCD camera (Ultrascan 1000, Gatan, USA) and Serial EM 

software (version 3.6.14, written by David Mastronarde, ©Regents of the University of 

Colorado). At each of these six acquisition points, three micrographs with a magnification 

of 6500x were produced using DigitalMicrograph™ software (Gatan, USA), resulting in a 

total of 18 micrographs at 6 500x magnification for each of the 16 specimens. These 

images and its analysis were published in (146). With Adobe Photoshop (Adobe Systems, 

MountainView, USA) contrast and the brightness of the images were adjusted. Parts of 

these were published in (146). 

 

2.3.1 Energy-filtered transmission electron microscopy (EFTEM) 

The FEI Tecnai G2 20 (Thermo Fischer Scientific, USA) is used at a high tension of 

200 kV. A Serial-EM script developed by Daniel Kummer and Stefan Wernitznig based on 

(149) is applied for randomly choosing 10 acquisition points. Each acquisition point of the 

samples was prepared for EFTEM measuring by 30 minutes exposure to the beam at a 

magnification of 8 000x. At a magnification of 80 000x, the iron-L-edge EFTEM images 

were acquired with the 3-window technique: The images were generated with a Quantum 

963 GIF (Gatan, USA), a 2K x 2K CCD camera (Ultrascan XP, Gatan, USA) and the 

following parameters: post-edge at 718 eV, pre-edge 1 633 eV and pre-edge 2 673 eV with 

a slit of 40 eV and an exposure time of 30 seconds with binning 2. At each of the 10 

https://www.randomizer.org/
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randomly chosen acquisition points, the field of view was shifted about 0.6 µm in each 

direction, as is shown in Figure 4. With this approach, 50 images per sample were 

generated.  

 

Figure 4: Theoretical EFTEM acquisition pattern 

 

In Table 16, all images used for the evaluation of iron particles are listed. Excluded were 

images which were not located in the overview image (in overlay) or displayed heavy drift, 

holes or parts of the grid, as noted in Table 16. The jump ratios were calculated with the 

post-edge and the pre-edge 2 image in each area. 

2.3.2 Immunolabelling of ferritin 

The polymerized samples were cut ultra-thin and collected on a 300 mesh copper grid with 

Pioloform coating. Primary antibodies Anti-Ferritin heavy chain ab81444 from Abcam 

(Lot ab81444, Abcam, USA) and Anti-Ferritin heavy chain antibody from Bioss (Lot bs-

5907R, Bioss, USA) were tested. 

As a secondary antibody, anti-rabbit IgG with 10 nm gold (BBI solutions, UK) was used 

and as a control IgG rabbit c = 15 mg/ml (Lot X0936, Dako, USA). The PBG solution 

consists of GibcoTM PBS (phosphate-buffered saline, Thermo Fischer, USA) with fish 

gelatine 0.1 %, 0.1 M glycerine and 0.8 % BSA (bovine serum albumin). The blocking 

solution consist of 5 % goat serum in PBG with 0.05 % Tween20. The separate steps of the 

post-embedding immunolabelling process are described in Table 8. Each antibody was 
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tested in the dilutions 1:10, 1:50, and 1:250. For enhancing the contrast, the samples were 

stained for 15 minutes with platinum blue and for 7 minutes with lead citrate. 

Table 8: Preparation steps of post-embedding imunolabelling  

Sample Negative control Time [min] 

Washing with PBG Washing with PBG 2x 5 

Blocking Solution (goat serum) Blocking Solution (goat serum) 30 

Prim. Antibody PBG/Tween 120 

Washing with PBS Washing with PBS 4x 5 

Sec. antibody Sec. antibody 60 

Washing with PBS Washing with PBS 4x 5 

Washing with bidest. water Washing with bidest. water 3x 5 

Move through bidest. water Move through bidest. water - 

 

Further instigations with post-immunolabelling of ferritin in human brain samples were 

done in the supervised master thesis by Maximilian Schinagl (150). 

2.4 Isolation of ferritin  

In a first step, ferritin was isolated from pig brain, and after establishing the purification 

procedure, human brain tissue was used. The isolation was performed in the master thesis 

by Manuel Hündler that was supervised by the author of this thesis (151). 

In a first step, brain tissue was homogenized and ferritins were separated by heat 

precipitation. In a further step, the protein separation was carried out with a linear 

glycerine gradient in density-gradient centrifugation. The characterisation of the isolated 

ferritin particles was undertaken with TEM and negative contrast. On carbon-coated 400 

mesh copper grids, 5 µL of the protein suspension was applied and allowed to settle for 

1 minute. For negative contrast, the protein on the grid was stained with 5 µL of 1 % 

uranyl acetate solution for 30 seconds. 

2.5 Mass spectrometry (MS) 

The chemical analysis of the metals iron, copper, and zinc in the brain samples was 

performed at the Institute of Chemistry – Analytical Chemistry for Health and 

Environment at the University of Graz by Prof. Walter Gössler. 

The brain tissue was dried until constant mass with a Gamma 1-16 LSC freeze-dryer 

(Martin Christ GmbH, Osterode am Harz, Germany). The chemical digestion of the 

samples was carried out in quartz vessels in nitric acid at 250°C for 30 minutes in a 
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microwave-heated autoclave, UltraCLAVE III (EMLS, Leutkirch, Germany). The 

elements were determined with an Agilent 7700x inductively-coupled plasma mass 

spectrometer (Agilent Technologies, Waldbronn, Germany). The iron concentrations were 

measured at a mass-to-charge ratio (m/z) of 56 using helium as a collision gas to reduce 

polyatomic interferences. With the certified bovine muscle (RM 8414, NIST), the accuracy 

of the measured concentration was confirmed. 

2.6 Magnetic resonance imaging (MRI) 

Prof. Stefan Ropele from the Division of General Neurology at the Medical University of 

Graz carried out the magnetic resonance imaging of the right hemisphere of the acquired 

human brain samples. 

Magnetic resonance relaxation is affected by the presence of paramagnetic iron. The 

highest sensitivity has been demonstrated for the transversal relaxation rate R2* (= 1/T2*), 

which shows a linear dependency over the entire physiological range of iron concentration 

in the brain. R2* was assessed in the post-mortem brain samples on a 3.0 Tesla whole body 

system (MAGNETOM Prisma, Siemens Healthcare, Erlangen, Germany) which is located 

in the Department of Radiology at the Medical University of Graz. During the 

measurements, the brain samples were immersed in GaldenTM to reduce background signal 

and unwanted susceptibility artefacts from air bubbles at the surface of the samples. R2* 

mapping was done with a spoiled multi-echo 3D FLASH sequence (TR/FA = 68 ms/20°, 

echo spacing = 4.9 ms) at an in-plane resolution of 500 µm2. A high SNR was achieved by 

using a wrist array coil for signal reception.  

 

Figure 5: Axial slices from corresponding T2- (left) and T1- (right) weighted sequence at the level of the 

lateral ventricles. Note that only one hemisphere was imaged. Images provided by Prof. Stefan Ropele and 

reproduced with permission. 

 

Additionally, a fast FLAIR sequence and a T1-weighted true inversion recovery sequence 

were acquired for ruling out brain abnormalities and for providing an anatomical reference 
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for regional analysis. R2* was obtained by fitting a single-exponential decay function into 

the signal intensities obtained at the individual echo times in the predefined regions. 

The right hemisphere of the human brain samples was used to acquire the magnetic 

resonance image, see examples in Figure 5 and Figure 6. 

 

Figure 6: First (left) and last (right) echo of the 3D FLASH sequence. Note the signal intensity drop in the 

caudate nucleus due to the presence of iron (ferritin). Images provided by Prof. Stefan Ropele and 

reproduced with permission. 

2.7 Evaluation 

2.7.1 Statistics 

The statistical analyses in this thesis were done with GraphPad Prism (version 8.0.2) and 

IBM® SPSS® Statistics (version 25). The one-way ANOVAs were followed by a post-hoc 

analysis (Scheffé) with a significance level of p = 0.05. In the box plots, the data are shown 

with Tukey whiskers. A simple linear regression was used to compare the EFTEM and MS 

results. 

2.7.2 Blinded ultrastructural study 

In a double-blinded approach, four different persons rated every sample. The questionnaire 

used for the evaluation of ultrathin-sections and for semi-thin sections can be found in 

Table 17 and Table 18. 

2.7.3 Evaluation of the myelin sheath thickness (g-ratios) 

The g-ratio is the ratio of outer diameter of the myelinated axon (diameter of the myelin 

sheath) and the inner diameter (diameter of the axon). The g-ratios were analysed with a 

plug-in (©Ingo Bormuth) for ImageJ (version 1.44, Wayne Rasband, National Institutes of 

Health, USA), which calculates the ratio on the basis of manually drawn axon and myelin 

sheath borders, respectively. The software is freeware and available at (http://gratio.efil.de, 

https://imagej.nih.gov/ij). For each sample (cases 1-4 and cocktails I-III) in all of the six 

overview montages, 10 axons were randomly selected, drawn and calculated. Parts were 

published in (146). 

http://gratio.efil.de/
https://imagej.nih.gov/ij
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2.7.4 Density of myelinated axons in brain tissue 

In the overview montages (magnification 1 500x), consisting of nine images with an image 

size of 129.5 µm², the numbers of myelinated axons in the image were counted. For each 

of the samples, either five (standard embedding, case 4; cocktail I, case 2) or six images 

(remaining samples) were used for calculating the density of the myelinated axons. The 

number of axons per square micrometre is defined as axon density. Parts of this data were 

published in (146). 

2.7.5 Myelin sheath quality 

Samples from cases 1-4 were prepared with cocktails I-III as described in (146). With the 

software ImageJ, a grid of 1024 points with random offset was laid on the 18 images per 

sample. In addition, a grid consisting of 100 points was tested in one sample. 

When a point fell on a myelin sheath, it was categorized in the following three classes: 

“intact” (blue) – a compact wrapping of the myelin sheath layers can be seen, “disbanded” 

(cyan) – the myelin sheaths shows space between their single layers, and “unspecified” 

(green) axons – either insufficient contrast or they were not cut in cross section. Parts of 

this data were published in (146). 

2.7.6 Iron density 

A CellProfilerTM (version 3.1.8) pipeline (152) developed in cooperation with Daniel 

Kummer was used to identify the iron cores of the ferritin in the EFTEM images semi-

automatically. The iron map was generated from the 3-window EFTEM images at a 

magnification of 80 000x and a pixel size of 1 842 px/nm. 

The Images are analysed using CellProfilerTM as follows. In a first step, the iron maps are 

smoothed with a Gaussian filter to reduce noise. Then the object of interest (iron) is 

identified with the adaptive thresholding method Otsu. The CenterPoints of these objects 

were used as seeds for an object detection using a watershed algorithm to identify iron 

objects in a further smoothed image. Objects with an overly large area were excluded and 

the objects within the right dimensions regarding eccentricity and the maximal and 

minimal diameter were filtered according to their radial intensity distribution based on 

Zernike magnitude. The pipeline output consisted of the original iron map, the binary map 

of the identified object, the overlay of the included and excluded objects with the iron map 

and the object measurement data. The detailed description of the CellProfilerTM pipeline 

can be found in Table 19. 
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2.7.7 Iron distribution 

In the free graphic program GIMP (version 2.10.12, © Spencer Kimball, Peter Mattis and 

the GIMP Development Team), an overlay of the EFTEM images (80 000x) in the bright 

field overview images (6 500x) was done as seen in Figure 7. When there was overlap 

between two EFTEM images, one of the two was excluded. 

The dimensions of the overview images at a magnification of 6 500 are 8.08 µm x 8.08 µm 

(5 324 x 5 324 pixel) which results in an area per image of 65.29 µm2. The EFTEM images 

and the calculated iron map at a magnification of 80 000 have dimensions of 

555.76 nm x 555.76 nm (1024 x 1024 pixel) with an area per image of 0.314 µm2.  

To qualify the number of ferritin cores manually, the jump ratio and the iron map of each 

location were compared and those ferritins were counted that were clearly visible in both 

the jump ratio and the iron map.  

 

 

Figure 7: Overlay of bright field overview image (6 500x) with EFTEM images (80 000x); scale bar 1 μm 
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3 Results 

3.1 Sample overview 

In total, twelve human brain samples with a PMI range of 6.5 – 24 hours and with Braak & 

Braak NFT staging from I – VI could be collected. The natural autolysis of the brain tissue 

dismantled the ultrastructure. For this reason, one main task was the optimisation of the 

preparation method (standard embedding vs. HFM) to facilitate analysis (e.g. iron with 

EFTEM) with the electron microscope. Another vital part was the transformation of a 

visual impression from electron microscopic image into objective numbers. 

Not every analysis was done with every brain or brain region; therefore, an overview of the 

samples is shown in Table 9. The optimisation of the sample preparation was done with 

samples with a PMI range of 16 – 24 hours to observe changes in the tissue over a longer 

PMI period. For the analysis of iron particles, samples with the shortest possible PMI 

(range of 6.5 – 20 hours) were selected. As the ultrastructure dismantles over time and the 

identification of iron particles became more difficult. 

 

Table 9: Sample overview of all acquired brain samples primarily involved in this study; samples marked 

with question mark indicate that Braak & Braak NFT staging is still under investigation. The samples 

labelled with x indicate that analysis was done and minus means that analysis was not carried out. 
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1 

Fe270217 FGM 9 I - - - 48.9 41.9 36 x 

Fe270217 FWM 9 I - - - 31.8 0.0 76 x 

Fe270217 Put 9 I - - - 153.8 168.8 176 x 

Fe270217 GP 9 I - - - 620.4 529.7 116 x 

2 

Fe171031 FGM 16 I x x x 34.3 29.7 20 x 

Fe171031 FWM 16 I x x x 32.9 12.6 82 x 

Fe171031 Put 16 I x x x 57.6 39.4 61 x 

Fe171031 GP 16 I x x x 89.0 82.7 91 x 

3 

Fe171103 FGM 18 I x x x 25.9 15.3 20 x 

Fe171103 FWM 18 I x x x 99.9 4.7 35 x 

Fe171103 Put 18 I x x x 206.4 213.8 60 x 
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Fe171103 GP 18 I x x x 18.8 5.5 40 x 

4 

Fe180206-59 FGM 20 V - - - - - - x 

Fe180206-59 FWM 20 V - - - - - - x 

Fe180206-59 Put 20 V - - - - - - x 

Fe180206-59 GP 20 V - - - - - - x 

5 

Fe180206-60 FGM 21 V - - - - - - x 

Fe180206-60 FWM 21 V - - - - - - x 

Fe180206-60 Put 21 V - - - - - - x 

Fe180206-60 GP 21 V - - - - - - x 

6 

Fe180223 FGM 24 VI x x x - - 108 x 

Fe180223 FWM 24 VI x x x - - 51 x 

Fe180223 Put 24 VI x x x - - 147 x 

Fe180223 GP 24 VI x x x - - 167 x 

7 

Fe180323 FGM 20 IV - - - 22.5 14.3 33 x 

Fe180323 FWM 20 IV - - - 22.7 3.8 45 x 

Fe180323 Put 20 IV - - - 291.9 265.4 189 x 

Fe180323 GP 20 IV - - - 143.8 112.8 55 x 

8 

Fe180326 FGM 15.5 II - - - 109.8 60.4 28 - 

Fe180326 FWM 15.5 II - - - 62.2 12.1 53 - 

Fe180326 Put 15.5 II - - - 82.0 45.8 144 - 

Fe180326 GP 15.5 II - - - 59.4 38.2 - - 

9 

Fe180615 FGM 19 I - - - - - 22 - 

Fe180615 FWM 19 I - - - - - 23 - 

Fe180615 - 19 I - - - - - - - 

Fe180615 GP 19 I - - - - - 144 - 

10 

Fe181126 FGM 14.5 ? - - - 40.2 24.4 22 - 

Fe181126 FWM 14.5 ? - - - 62.2 31.8 23 - 

Fe181126 Put 14.5 ? - - - 614.0 545.1 122 - 

Fe181126 GP 14.5 ? - - - 64.1 2.2 272 - 

11 

Fe190215 FGM 19 ? - - - - - 35 - 

Fe190215 FWM 19 ? - - - - - 48 - 

Fe190215 Put 19 ? - - - - - 78 - 

Fe190215 GP 19 ? - - - - - 59 - 

12 

Fe190314 FGM 6.5 ? - - - 271.3 203.5 25 x 

Fe190314 FWM 6.5 ? - - - 183.4 53.1 52 x 

Fe190314 Put 6.5 ? - - - 267.7 182.3 91 x 

Fe190314 GP 6.5 ? - - - 382.9 276.8 38 x 
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3.2 Optimisation of sample preparation 

Sample preparation for electron microscopy varies widely with regard to the requirements 

of application and the sample properties. 

The standard in-house embedding method consists of chemical prefixation with aldehydes, 

postfixation with osmium tetroxide, dehydration with ethanol, and embedding in an epoxy 

resin named TAAB embedding resin. This standard method was intended to be optimised, 

given that for the localisation of iron or ferritin particles, the preservation of the 

ultrastructure of the tissue needs to be as good as possible. Different combinations of pre-, 

post- and cryofixations as well as different substitution variants were therefore tested. All 

variations of the embedding method were compared to the standard embedding method. 

Parts of the optimisation procedure for sample preparation were published in 

Sele et al. (146). 

3.2.1 Chemical prefixation 

Samples from the same brain tissue were prefixed either with a hard mixture with more 

glutaraldehyde (GA) or with a soft mixture that contains little GA. In addition to the GA, 

both fixation media contained the same amount of formaldehyde (FA). In both samples, 

the individual wrappings of the myelin sheaths can be identified, see Figure 8. 

The tissue prepared with the soft fixation medium with 0.1 % glutaraldehyde showed 

fewer preserved myelin sheath, as parts of the myelin sheaths appeared to have been torn 

out. In a general impression, the sample displayed a rather washed-out look with fewer 

details visible in the ultrastructure compared to the ones fixed with the hard medium. They 

also appeared to have less contrast than the hard-fixed ones, which further underlines the 

washed-out look of the softly-fixed samples. The hard-fixed brain tissue samples showed 

more intact myelin sheaths and details like microtubules in the axon could be seen more 

clearly. The myelin sheaths in the sample with only 0.1 % GA in the fixation medium had 

missing parts which appeared to be ripped out. On these grounds, the human brain tissue 

samples were subsequently prefixed with 2 % FA and 2.5 % GA. 
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Figure 8: Comparison between the two different tissue fixation media, sample Fe270217;  

Left: The sample prefixed with the higher concentration of glutaraldehyde showed fewer gaps in the 

wrapping of the myelin sheaths than the sampled fixed with less GA on the right side. Both fixation media 

contained the same amount of FA. Scale bars 0.2 µm 

3.2.2 Postfixation 

For further stabilisation of the ultrastructure, predominantly the myelin sheaths with their 

high content of lipids, postfixation with osmium tetroxide, a cross-linker for lipids, was 

tested. Therefore, samples postfixed before cryofixation were compared to the non-

postfixed samples. It was revealed that postfixation is a key factor in the optimisation of 

the preservation of the myelin sheaths in the neuronal tissue, as can be seen in Figure 9. 

Figure 9: Electron microscopic images of the human brain sample Fe270217 prepared with and without 

osmium trioxide as post fixation before cryo-fixation with HPF (146). 

In the sample with postfixation displayed on the left side, the individual layers of the myelin sheaths are 

clearly visible, compact, and have only minor gaps compared to the sample displayed on the right. However, 

protein with good accessibility displayed stronger staining, clearly visible in the left image. The samples 

were both processed with the substitution cocktail I. Scale bars 0.2 µm 

 

The particular layering of the myelin sheaths can be easily recognised, displayed on the left 

side of Figure 9. In the right panel, the myelin sheaths of the non-postfixed samples have 
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missing or ripped-out parts compared to the compact ones of the postfixed samples. 

Therefore, the neuronal tissue subsequently was prefixed with a high amount of GA and 

afterwards postfixed with osmium tetroxide for better preservation of the myelin sheaths. 

3.2.3 Filler substance 

After fixation (pre- and postfixation), the samples are high-pressure frozen. The carriers of 

the HPM100 are filled with the fixed sample and an inert filler substance to displace air. 

As filler substances, both a 20 % BSA solution as well as 1-hexadecene were tested, see 

Figure 10. 

Figure 10: Comparison of the same sample (Fe270217) high-pressure frozen with two different filler 

substances. In the left panel, the sample displayed was prepared with hexadecane, and better detail 

preservation can be seen, whereas in the right panel, after using BSA, the structures appeared to be washed 

out and showed lower contrast. Scale bars 0.5 µm 

 

The samples frozen with either filler substance showed disbanded and damaged myelin 

sheaths, albeit the preparation with hexadecene appeared to have slightly more contrast. 

Furthermore, hexadecene was more agreeable in handling and application. 

Thus, subsequently hexadecane was used as a filler for high-pressure freezing of fixed 

brain samples. 

3.2.4 High-pressure freezing (HPF) 

Usually cryofixation, e.g. high-pressure freezing, is done with native tissue (without 

fixation and postfixation) to maintain the original tissue ultrastructure without any artefacts 

(e.g. cross-linking of proteins or lipids due to fixation). However, due to the softness of the 

brain, especially for tissue with longer PMI, prefixation was necessary to be able to cut a 

piece to size suitable for HPF. 
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3.2.5 Freeze substitution (FS) 

Dehydration in organic solvent (acetone) was carried out at cryogenic temperature in a so-

called freeze-substitution process. During this process, the high-pressure frozen samples 

have to be gently warmed up without damage to the tissue ultrastructure for embedding at 

room temperature. The warm-up was done with automated freeze substitution (AFS). For 

the optimisation of this preparation step, different temperature programs and agitation 

devices (here usually to speed up to enhance affectivity of substitution) were tested. 

Furthermore, various substitution cocktails were investigated regarding the effect on the 

preservation of the ultrastructure, especially the myelin sheaths. 

3.2.5.1 Temperature program 

The frozen samples were either processed with the in-house standard AFS temperature 

program, where the temperature increase was staircase-shaped with a total duration of 

27 hours, or with a longer version, with a long dwell time in the beginning and an isocratic 

increase of the temperature, which resulted in a total duration of 72 hours. The details of 

the temperature programs are described in Figure 3. 
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Figure 11: Comparison of high-pressure frozen samples (Fe270217) with the same substitution cocktail but 

one with the standard FS temperature program and once with a long version. Left column: sample prepared 

with the standard AFS with 2 500x and displayed beneath. In the right column, images of the sample 

processed with the long AFS and 6 500x beneath. Scale bars 0.5 µm 

 

The finer structures like microtubules in the axon are more clearly visible in the standard 

AFS than in the extended version. In addition, the layers of the myelin sheaths become 

slightly more apparent in the standard version. Hence, the timesaving standard AFS 

temperature program was used subsequently. 

3.2.5.2 Agitation 

Cryosubstitution is usually a time-consuming step in the sample preparation, and sample 

agitation is known to enhance this step (153). The high-pressure frozen brain samples were 

prepared with a magnetic force-driven agitation module that can be inserted in the 

cryochamber of the automated freeze substitution device (140–142). The 24 V motor of the 

device, through free rotation of the rotor blade with its magnets and the sample tube holder 

with a magnetic element on top, allows the frozen samples in the substitution cocktail to be 

in motion (140). 
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Figure 12: Electron micrographs of the sample Fe270217 prepared with substitution cocktail I with and 

without the use of an agitation module. In the sample prepared with the agitation device (left side), the 

individual layers of the myelin sheaths appeared to be better preserved than in the preparation without the 

usage of the agitation device (right side). The proteins with good accessibility showed stronger staining. 

Scale bars 0.2 µm 

 

The samples prepared with the FS under agitation can be seen in Figure 12 on the left. It 

can be characterised with an increase in distinguishability of the finer structures like the 

filamentous material in the pre- and postsynaptic zone with its vesicles and protein 

complexes. Further, the membranes appear to be uninterrupted, smoother, and with higher 

contrast, especially the membranes forming the synaptic vesicles. 

3.2.5.3 Substitution cocktails 

Different substitution cocktails (I-V, described in detail in Table 6) were tested with the 

aim of improving the quality of tissue preservation. The two cryosubstitution cocktails, 

cocktail IV with tannic acid and cocktail V with water added to cocktail I, showed no 

decisive improvement in the structural preservation of the neuronal tissue. Therefore, only 

cocktails I-III and the standard resin preparation were compared in a systematic and 

comparable manner to elaborate the method with the best ultrastructural preservation of the 

brain samples. 

The ultrastructure of the brain tissue is dismantled over time due to irreversible natural 

autolysis, but what is left needs to be preserved as effectively as possible. Therefore, a key 

factor is the post-mortem interval of the brain tissue. The myelin sheaths appeared to be a 

structure that degrades relatively late in the autolysis; hence the focus of the structural 

analysis was laid there. 
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In preliminary tests, water and tannic acid were added to the substitution cocktail as is 

often recommended for neuronal tissue. Micrographs of the so prepared samples are 

displayed in Figure 13. In the sample substituted with tannic acid in the cocktail, the 

myelin sheaths showed huge gaps in their wrapping. Overall, the finer structures were not 

clearly visible and in total the ultrastructure gave a washed-out appearance. However, the 

contrast was satisfactory, especially compared to the preparation with cocktail V, Figure 

13 right side. Therefore, both cocktails were not tested any further, as they showed no 

improvement regarding tissue preservation. 

Figure 13: Preliminary test with tannic acid (cocktail IV) and water (cocktail V) added to the freeze-

substitution cocktail. Tissue of the frontal white matter of specimen Fe270217 was processed with cocktail 

IV with contained tannic acid (left side); the myelin sheaths showed gaps but the contrast in the sample was 

satisfactory. The samples prepared with cocktail V which contained water (right side) did not show improved 

preservation of the myelin sheath and the contrast was low. Scale bars 0.2 µm 

 

The samples prepared with the HFM, cryofixation, of postfixed samples and 

cryosubstitution with cocktail I, appeared to preserve the tissue best (compare Figure 14 A-

D and Figure 14 E-H). Further, with respect to standard embedding, the samples prepared 

with cocktail I generally showed a considerably improved quality of myelin sheath 

preservation regardless of the PMI. 

Although the myelin sheaths showed remarkable resistance against autolysis even in 

samples with longer PMIs, the condition of the finer ultrastructural details appeared to be 

more sensitive to the PMI; an illustrative example are the microtubules in the axons. 
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Figure 14: Electron micrographs of human brain samples with different PMIs and cryosubstitution cocktails 

at 6 500x magnification (146). 

(A-D) Frontal lobe from Fe171031 (PMI 16 h), (A) prepared with standard embedding method showing two 

myelinated axons. (B) After hybrid freezing with freeze substitution one, the myelinated axons have tightly 

wrapped myelin sheaths with clearly visible microtubules inside the axons and a strong overall contrast. (C) 

and (D) Samples prepared with substitution cocktail II (C) and cocktail III (D) exhibiting lower contrast and 

less preserved myelin sheaths than (B). (E-H) Frontal lobe samples from Fe180223 (PMI 24 h), (E) prepared 

by standard embedding, (F) processed with cryosubstitution cocktail I (hybrid freezing, HFM), (G) hybrid 

freezing with cocktail II, and (H), hybrid freezing with cocktail III. (F) shows the strongest contrast, but the 

myelin sheaths exhibit only a slight increase in preservation between (E) and (F) and no clear change in 

preservation in samples (G) and (H). Scale bars 0.5 µm 

 

The hybrid freezing method (HFM) consisting of chemical fixation (pre- and postfixation), 

cryofixation (HPF), and cryosubstitution was developed to optimise the preservation of 

human brain tissue for electron microscopic analysis. This was primarily compared to the 

standard resin embedding; moreover, also different cryo-substitutions cocktails were 

tested. 

3.3 Ultrastructure of the post-mortem brain 

In a double-blinded study with four researchers performing the evaluation and four brains 

each, the four brain regions (FGM, FWM, Put, GP) and different preparation methods 

(standard embedding. HFM and different substitution cocktails) were analysed regarding 

their ultrastructure preservation. The evaluation was done with semi-thin sections (SD) in 

light microscopic and ultra-thin sections (UD) in electron microscopic images on the basis 

of a questionnaire (Table 17 and Table 18). 

3.3.1 Storage of samples 

The stability of the prefixed brain tissue samples was checked by comparison of samples 

which were initially (at the autopsy date) processed with the standard embedding method 
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with stored samples of the same tissue. For this procedure, the remaining prefixed tissue 

was stored at 4 °C in buffer and embedded again to be re-examined. The storage period 

ranged between around 1.5 months up to over one year. 

For the evaluation of the preservation quality of the ultrastructure of the fixed and stored 

neuronal tissue, the scores of questions UD3, UD4, and UD9-27 were added up and the 

sums plotted in Figure 15. 

Figure 15: Comparison of the same samples treated with standard embedding initially (dots) and after storage 

(squares). Lines at the best possible score (46 points) and the worst possible score (22 points). The mean and 

standard deviation for all evaluators are shown. The value of stored Fe180326 is not available. 

 

No significant differences in the ratings could be determined when the initial score was 

compared with the score of the stored samples. Therefore, no adverse effects regarding the 

duration of storage on the ultrastructure could be recognised. Subsequently storage of the 

prefixed samples in cacodylate puffer at 4°C in the fridge was continued. 

3.3.2 Brain under the light microscope 

The signs of autolysis are clearly visible even under the light microscope, as can be seen in 

Figure 16. Most striking are the light dilations around the glia cells and the vessels, which 

strongly increase with a rising PMI.  
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Figure 16: Semi-thin sections of human brain samples under the light microscope (146).  

Four samples were prepared with cryosubstitution cocktail I, and after cutting ultra-thin slices 500 nm thick, 

semi-thin slices were dyed with toluidine blue. The arrows indicate vessels with a light halo and the 

arrowheads glia cells with halo. 

Fe171031, PMI 16 h, frontal grey matter; the zoom-in is indicated with a black square and shown in (B). 

(C) Fe171103, PMI 18 h, frontal white matter. (D) Fe180206-59, PMI 20 h. frontal white matter. 

(E) Fe180223, PMI 24 h, frontal white matter. Scale bars 20 µm 

 

In Fe171031, the sample with the shortest PMI (16 h), the neuronal tissue appeared to have 

a denser organisation. However, the organisation of the tissue appeared to become diffuse 

and loosen more and more with a rising PMI. Some cellular components degraded beyond 

recognition and appeared as vacuole-like structures that became more and more apparent 

with rising PMI (Figure 16 and Figure 18). This is clearly visible in sample Fe180223 with 

a PMI of 24 h (Figure 16 E or Figure 18 D) where barely any structural details are 

recognisable in the enclosing matrix and the vacuole-like structures are enlarged and high 

in numbers. 



Results Ultrastructure of the post-mortem brain 

 54 

 
Figure 17: Analysis of the semi-thin sections under the light microscope by all four evaluators. 

The dots represent question SD7 with a worst possible score of four, the squares represent question SD8 and 

the triangles represent question SD9 with a worst possible score of three each. The mean and standard 

deviation for all evaluators are shown. 

 

Semi-thin sections of the embedded samples of the frontal white matter from the cases 

Fe171031 (PMI 16 h), Fe171103 (PMI 18 h), Fe180206-59 (PMI 20 h) and Fe180223 

(PMI 24 h) were evaluated under the light microscope. The scores of questions SD7-9 

regarding autolysis signs are shown in Figure 17. The fluctuation rates of the scoring were 

very high and therefore no trend in the evaluation of the ultrastructure of the samples 

prepared with the different substitution cocktails could be observed. This is in stark 

contrast with the visual observations in the images. 

3.3.3 Brain under the electron microscope 

The light microscopic impression of the degradation of the ultrastructure including a 

growing number of vacuole-like structures with an in increasing PMI was even stronger in 

the EM, as can be seen in Figure 18 D and H.  
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Figure 18: Overview images of brain tissue with different PMIs and prepared either with standard preparation 

method or with hybrid freezing (146). Nine images with magnification of 1 500x were merged together (3 x 3 

montages) for an overview image for all samples (Fe171031 PMI 16 h, Fe171103 PMI 18 h, Fe180206-59, 

PMI 20 h, Fe180223 PMI 24 h, all frontal withe matter). Top row (A-D): Samples processed with standard 

embedding and rising PMI, Bottom row: same samples but prepared with the hybrid freezing method (cryo- 

substitution cocktail I). Scale bars 1 µm 

 

Autolytic processes starting after the death of the patient are responsible for this significant 

structural degradation. Enlargements of the mitochondria and the coarse ER accompanied 

by a loss of its ribosomes are further consequences of autolysis. The washed-out look of 

the cytoplasm and the lack of compartments are due to the chromatin becoming more and 

more coarse, as shown in Figure 19.  

Figure 19: Comparison of EM micrographs from human brain tissue as examples of autolysis either 

processed with standard embedding or HFM (146). In tissue from Fe180223 with a PMI of 24 h, signs of 

autolysis can be seen in both preparation methods, for example in (A) and (C), coarse chromatin of the nuclei 

(arrows) and swollen mitochondria (B and D, arrow heads). Scale bars 0.5 μm 
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In samples with longer post-mortem time, the cell organelles and compartments were 

hardly or not at all recognisable and the appearance of vacuole-like or blank membrane 

bubbles increased. Compared to the samples processed with the standard embedding 

method, in the ones prepared with the HFM (cocktail I) finer details in the ultrastructure 

can be seen, which results in a generally denser organisation and enhanced preservation 

(compare Figure 14 A-D with E-H). 

In addition, images of the ultra-thin section from the four cases Fe171031 (PMI 16 h), 

Fe171103 (PMI 18 h), Fe180206-59 (PMI 20 h), and Fe180223 (PMI 24 h) with the four 

different methods of processing applied were evaluated in a double-blinded process. For 

the evaluation, the scores of questions UD3, UD4, and UD9-27 were summed up, as 

shown in Figure 20. 

Figure 20: Evaluation of the blinded structural analysis of the samples prepared with the different 

substitution cocktails. 

Lines at the best possible score (46 points) and the worst possible score (22 points). The mean and standard 

deviation for all evaluators are shown. 

 

In all evaluated specimens except in sample Fe171103 (PMI 18 h), where the standard 

embedding method had the highest rates, preparation with substitution cocktail III scored 

best in the blinded evaluation, although the relatively high fluctuation rate in the scores 

limits the significance of the outcome, which should be approached critically. 

3.4 Characterisation of the post-mortem brain 

For the assessment of the quality of the preparation but also the tissue samples (general 

condition, autolysis. etc.), the condition of the myelin sheaths was analysed. 



Results Characterisation of the post-mortem brain 

 57 

With different approaches, findings from electron microscopy as a visual method were 

translated to numeric values for comparison. The myelin sheath quality was analysed with 

a point-counting method. The variation of the thickness of myelin sheaths was measured in 

g-ratios, and the quality of the brain tissue was assessed through the density of myelinated 

axons in the tissue. 

3.4.1 Myelin sheath quality 

For the assessment of the quality of the myelin sheaths, a point-counting method (154) was 

used. In a first step, a grid pattern with 100 and one with 1024 points were overlaid with 

the same 18 images (Sample Fe171031-FWM, standard embedding). Thus, the amount of 

points falling on the myelin sheath were categorized and evaluated, as shown in Figure 21. 

Due to the big differences in the amount of the well-preserved (5.1 %) and in the 

unspecified myelin sheaths (3.9 %) determined with both approaches, the analysis with a 

1024-point grid was deemed more precise and used for the further analysis. 

Figure 21: Comparison of the same sample evaluated with a 100- and 1024-point grid pattern to analyse the 

quality of the preserved myelin sheaths. 

The amount of the well-preserved myelin sheaths is represented in blue, the amount of the disbanded in cyan, 

and the mass of the unspecified myelin sheaths is shown in green. 

 

In a second step, samples produced by hybrid freezing method (HFM) were compared with 

samples treated with the standard embedding method, focussing on the quality of the 

myelin sheath preservation. Therefore, the 1024-point-pattern was overlaid with the EM 

images and the amount of well-preserved, disbanded, and unspecified myelin sheaths was 

estimated for all four procedures. In total, 68 121 points out of 294 912 were counted and 

categorized in 288 images. 
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The apparent influence of the PMI on the quality or on the preservation of the myelin 

sheaths can be seen in Figure 14. The analysis of the myelin sheaths with the point-

counting method points in the same direction. The higher the PMI of the sample, the lower 

the fraction of well-preserved myelin sheathes. When the HFM (cryosubstitution cocktail 

I) was applied, the amount of well-preserved myelin sheaths distinctively increased 

compared to the standard preparation method in all of the cases except in Fe171103, where 

it remained equal. 

Figure 22: Analysis of the different substitution cocktails regarding the quality of the preserved myelin 

sheaths and the standard embedding method (146). 

Top: The blue squares represent the amount of well-preserved, cyan dots the disbanded, and light green 

triangles the unspecified myelin sheaths in 18 images per sample; Bottom: An exemplary EM image with the 

categorized myelin sheaths (colour-marked) and the 1024-point grid pattern in red; scale bar 0.2 µm. 

 

In sample Fe171031, the one with the shortest PMI, a stark increase in well-preserved 

myelin sheaths by 7.8 % could be observed in contrast to classic embedding. On the other 

hand, the proportion of disbanded myelin sheaths showed a decline of 4.9 % compared to 

the HFM when standard embedding had been used for the samples. 

The preparation method seemed to have no significant influence on the well-preserved 

myelin sheaths in sample Fe171103, where only a slight decrease can be seen after 
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applying cocktail III (Figure 21, second panel). Conversely, the amount of disbanded 

myelin sheaths decreased by 7.2 % when cocktail I was used instead of the standard 

method. 

The specimens with the longest PMI, Fe180206-59 with 20 h and Fe180223 with 24 h, 

revealed only a slight increase (1.7 % respectively 4.3 %, Figure 21 right side) in the 

amount of well-preserved myelin sheaths and generally a lesser incidence when cocktail I 

was used for preparation. 

3.4.2 Density of myelinated axons in brain tissue 

Two facts were revealed when the densities of the myelinated axons in the white matter of 

the frontal lobe were compared. In Figure 23, it can be seen that firstly the axon densities 

decreased with a longer PMI of the specimen, and secondly, the density of the myelinated 

axons appeared to be significantly higher than in the hybrid-frozen samples (Figure 23). 

For a comparison of the two embedding methods, the HFM and the standard embedding, 

over 6 000 myelinated axons in an image area of around 6 000 µm² were counted. 

Significant differences regarding the density of the myelinated axons were revealed by 

one-way ANOVA, with standard embedding: (F(33.212); p = 0.000) and with cocktail I: 

(F(22.943); p = 0.000). 

Figure 23: Analysis of the density of myelinated axons in the human frontal lobe with different PMIs 

prepared with standard embedding and cryosubstitution cocktail I (146).  

Mean and standard deviation values of the number of myelinated axons per square micrometre image are 

shown. One-way ANOVA with Scheffé post-hoc analysis revealed a significant difference *(p < 0.05) 

between the standard embedding and cryo-substitution cocktail I. 
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The samples prepared with standard resin embedding revealed the following axon densities 

(mean values ± standard deviation). In Fe171103 (PMI 18 h): 1.59 ± 0.22, in Fe180206-59 

(PMI 20 h): 0.99 ± 0.06, and in Fe180223 (PMI 24 h): 0.80 ± 0.08. However, when the 

same samples had been prepared with the HFM method, consisting of cryosubstitution 

with cocktail I, the following axon densities could be measured: for Fe171103 (PMI 18 h): 

1.20 ± 0.12, in Fe180206-59 (PMI 20 h): 0.80 ± 0.08, and 0.49 ± 0.11 for Fe180223 (PMI 

24 h). 

3.4.3 Evaluation of myelin sheath thickness (g-ratios) 

The g-ratio is commonly used both as a structural and a functional index of the optimal 

axonal myelination. It is defined as the ratio of the inner axonal diameter to the total outer 

diameter (155) and was measured for each sample. The g-ratios differed significantly 

between the individuals. In all four sample preparations, a significant difference in the g-

ratios of Fe171103 and Fe180206-59 could be seen. Figure 22.  

The samples prepared with standard resin embedding showed the following mean 

values ± standard deviation of the g-ratios: Fe171031 (PMI 16 h) 0.59 ± 0.12, Fe171103 

(PMI 18 h) 0.62 ± 0.12, Fe180206-59 (PMI 20 h) 0.70 ± 0.15, and Fe180223 (PMI 24 h) 

0.67 ± 0.12. When the same samples were substituted with cocktail I, Fe171031 had g-

ratios of 0.61 ± 0.12, Fe171103 0.64 ± 0.10, Fe180206-59 0.70 ± 0.11, and Fe180223 0.65 

± 0.12. When cocktail II was used, the g-ratios were 0.65 ± 0.12 for Fe171031, 0.62 ± 0.12 

for Fe171103, 0.73 ± 0.12 for Fe180206-59, and 0.68 ± 0.12 for Fe180223. When cocktail 

III was applied, the g-ratios were 0.63 ± 0.14 in Fe171031, 0.61 ± 0.13 in Fe171103, 0.69 

± 0.10 in Fe180206-59, and 0.67 ± 0.12 in Fe180223. 
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Figure 24: Analysis of g-ratios in the human frontal lobe with different PMIs and variable substitution 

cocktails compared to standard embedding (146). 

Boxplot with Tukey whiskers. ANOVA Scheffé post-hoc analysis revealed a significant difference 

*(p < 0.05) between seven samples. 

 

When the samples of the same case had been prepared with different substitution cocktails, 

no statistically significant differences could be observed. The one-way ANOVA provided 

the following results: Fe171031: (F(3.232) = 1.957; p = 0.121); Fe171103: (F(3.213) = 

0.515. p = 0.673); Fe180206-59: (F(3.231) = 0.448. p = 0.719), and Fe180223: (F(3.226) = 

0.418. p = 0.740).  

3.5 Analytical EM 

A feasibility test with commercial ferritin isolate from human liver was done with EELS 

spectroscopy to observe the energy edge of iron in ferritin. 

The samples prepared with HPM clearly showed the best ultrastructural preservation of 

brain tissue. Unfortunately, the samples prepared with HFM were extremely delicate to 

handle due to their brittleness. Furthermore, they were so sensitive to the electron beam 

that element analysis with the electron microscope was virtually impossible. For this 

reason, the samples with standard embedding were used for analytical EM. 

3.5.1 Iron measured with EELS 

In a feasibility test, purified human liver ferritin (Sigma-Aldrich, USA) was analysed with 

EELS spectrometry, as shown in Figure 25. The iron in the ferritin showed a strong peak at 

the iron L2 edge at 721 eV and with the 3-window method, it was possible to generate an 

iron map of the image. 
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Figure 25: Human liver ferritin (Sigma-Aldrich) analysed with EELS and EFTEM. Data generated in 

cooperation with Stefan Wernitznig. 

Left: In the unfiltered image, the ferritin particles appear differently dark due to their iron content; Right: 

Iron Map generated with the 3-window method at the L-edge, where iron atoms appear as light dots. 

Scale bars 50 nm. 

 

3.5.2 Iron measured with EFTEM 

With energy-filtered TEM images at the characteristic energy edge of iron, the core of the 

ferritin particles in the neuronal tissue could be visualised (see Figure 26). For the 

generation of the iron map, the 3-window technique was used. First a post-edge image was 

acquired followed by the two pre-edge images, and after spatial drift correction between 

the images, the elemental map and jump ratio are computed. 

The particles with the right size, shape and brightness were interpreted and counted as iron 

cores of ferritin, indicated with blue circles in the right image in Figure 26. 

  

Unfiltered image Iron L Map 

EELS spectra 

721 keV Fe L2 
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Figure 26: Visualisation of the EFTEM 3 images for iron in human brain tissue. From left to right: 

Micrographs with magnification of 80 000x at Pre-edge 1, Pre-edge 2, Post-edge and the Iron L Map. The 

images show an axon with its myelin sheath, which is showing lamellae splitting (white triangles) with iron 

particles at its edge; three of the 27 iron particles are indicated with blue circles. Scale bars 50 nm 

 

3.5.3 Immunolabelling of ferritin and iron measurement 

In a preliminary test, post-embedding immunolabelling with anti-ferritin heavy chain 

antibodies was carried out in human brain samples. In a first step, samples of the basal 

ganglia Fe270217 were tested with the standard immunolabelling fixation and embedding. 

Two anti-ferritin heavy chain antibodies of two different manufactures (Abcam. and Bioss) 

were used. Both antibodies showed specific labelling of ferritin particles, and the 

concentration of 1:50 of the primary antibody resulted to be efficient for both antibodies. 

In a first visual analysis of the labelling rate, the Abcam anti-ferritin antibody appeared to 

have a higher labelling rate (see Figure 27). 

Figure 27: Immunolabelling of globus pallidus treated with anti-ferritin heavy chain primary antibody and 

10 nm gold-conjugated secondary antibody, indicated with black arrows, myelin sheaths with triangles, axon 

cytoplasm with squares. Scale bars 0.2 µm; Left: GP treated with Abcam antibody 1:50; Right: GP treated 

with Bioss antibody 1:50.  

 

In a second step, the immunolabelling protocol was further developed and systematically 

tested in the context of the master thesis by Maximilian Schinagl, whom the author of this 

Pre-edge 1 633 eV Pre-edge 2 673 eV Post-edge 713 eV Iron L Map 
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thesis supervised (150). With EDX measurements displayed in Figure 28, gold particles 

(area 1, red box) could be found in close proximity to iron clusters (areas 1 & 2, blue 

boxes), which indicates that a ferritin particle had been labelled with gold, providing 

further evidence for the specificity of the antibody. 

 

 

Figure 28: Top: HAADF overview, zoom-in area marked with green square, scale bar 500 nm;  

Bottom: HAADF image zoom-in with marked spots (1-4) for EDX measurements, scale bar 25 nm; Right: 

EDX measurements: Area 1 (red box) with strong characteristic peaks at 9.7, 2.1 and 11.4 eV indicating a 

gold particle; Areas 2 and 3 (blue boxes) are indicating iron particles with a peak at 6 eV, Area 4 (white box) 

as background area shows strong copper signal at 7.5 eV; data by Maximilian Schinagl (150) and Stefan 

Wernitznig, reproduced with permission. 
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Figure 29: Images unfiltered and filtered at the Iron L and Iron M edge (signal inverted). Iron particles are 

indicated by black arrows and gold particles by arrowheads. Scale bars 50 nm; zoom-in scale bar 10 nm. 

Unfiltered Image: In the image, the dark gold dot from the secondary antibody is well visible. Iron L Map: At 

this energy range, the gold particles are no longer visible. Iron M Map: At this energy range, the iron and 

gold atoms can be seen. Zoom-in Iron M Map: Gold and iron particles can be seen in close proximity. Data 

by Maximilian Schinagl (150), reproduced with permission. 

The master thesis by Maximilian Schinagl (150) showed that for better contrast, the sample 

should be treated with 0.1 % osmium during sample preparation (compare Figure 29 with 

Figure 27). The best labelling rate in the systematic tests was found with the antibody from 

Bioss in a 1:50 dilution. The Abcam antibody showed a lower labelling rate in the same 

dilution. In addition, the labelled samples were only lightly stained, with 30 seconds 

exposure to lead citrate, which made them better suitable for automated gold particle 

counting. 

3.5.4 Iron particles in the brain 

Iron particles were counted in 800 micrographs originating from seven brain samples, and 

in each case, four brain regions were investigated. The detailed list can be found in Table 

16. First the number of ferritin cores was determined automatically from iron maps with 

the CellprofilerTM program. Then, each map was manually compared to its corresponding 

jump ratio, resulting in a manual count of the ferritins that were clearly visible in both iron 

map and jump ratio. The detailed list with the inclusion and exclusion criteria for 

CellprofilerTM can be found in Table 19. 

The highest total mean concentration of iron particles was observed in the basal ganglia, 

GP and Put, although a higher mean iron level was found in the putamen. These regions 

were followed by the frontal cortex and the white matter with the lowest concentration. In 

general, the calculated concentration of iron particles was lower when manually counted 

than with the automatic count. Furthermore, the range of the counted iron particles was 

wider when they were identified and counted by software instead of manually, as is 

summarised in Table 10. In total, 1730 iron particles were identified and counted in all 

Unfiltered image Iron M Map Zoom in Iron M Map Iron L Map 
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measured samples. In Figure 30, concentrations of the iron particles are regionally grouped 

for each brain. The highest concentration of iron particles was observed in the globus 

pallidus of Fe270217, followed by the putamen of sample Fe181126. Both samples had an 

over 520 iron particles per cubic micrometre. By far the lowest concentration of iron 

particles was found in the frontal white matter of specimen Fe270217. 

 

Table 10: Iron particle concentrations (median values and ranges) counted manually and automatically in 

Iron Maps and Jump Ratios in each brain region. The evaluated samples are indicated in the column marked 

with N. 

 Automatic Manual 

Iron particles/µm3 Iron particles/µm3 

 N Median Min Max Median Min Max 

FGM 227 40.2 22.5 271.3 29.7 14.3 203.5 

FWM 155 32.9 22.7 183.4 12.1 0.0 53.1 

Put 200 206.4 57.6 614.0 182.3 39.4 545.1 

GP 217 89.0 18.8 620.4 82.7 2.2 529.7 

 

In case Fe270217, the highest concentration of iron particles was found in the basal 

ganglia, mostly in the GP rather than the Put and in the frontal cortex more than in white 

matter. In all samples, the concentration of iron particles per cubic micrometre was higher 

in the frontal grey matter than in the white matter. In case Fe171103, the highest 

concentrations of iron particles were found in the putamen and the globus pallidus. Only 

half as many ferritin cores were counted in the putamen of Fe180323 than in the globus 

pallidus. In the basal ganglia of this specimen, the general iron concentration per cubic 

micrometre was very low compared to other cases. The second-highest concentrations of 

iron particles of all samples were found in the putamen of Fe181126, whereas in the GP, 

only a few particles were found. In the frontal cortex and in the GP, the concentrations of 

iron particles are nearly equal.  
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Figure 30: Comparison of the concentration of iron particles per square micrometre in different human brain 

regions, counted automatically from Iron Maps (grey-black striped bars) and manually counted (black bars). 
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3.6 Ferritin isolation 

In the context of the master thesis by Manuel Hündler, who was supervised by the author 

of this thesis, an isolation and purification procedure for human brain ferritin was 

developed (151) and initial size measurements were performed. With bright-field 

transmission electron microscopy and negative staining (see Figure 31), the purity of the 

samples was checked. The analysis of the images revealed a mean maximal diameter of 

4.8 ± 2.1 nm for the ferritin iron core in the frontal lobe and 5.2 ± 2.2 nm in the occipital 

lobe. 

 

Figure 31: Images of isolated human brain ferritin (frontal lobe, Fe230318) at 50 000x magnification. Scale 

bar 100 nm. Left: Bright-field image with dark ferritin particles and big light artefacts (stars) from the 

preparation. Right: Negative staining of the sample, zoom-in: the protein (ferritin, light arrow) appears light 

and the iron core dark (full arrow), scale bar 25 nm. Data by Manuel Hündler (151) and reproduced with 

permission. 

 

For the calculation of the mean diameter, over 2 450 particles were measured, showed in 

Figure 32. The minimal and maximal diameters of the particles were measured to give a 

better representation of the size and of the orientation and plane of the particles. The 

various filling stages of the iron in the ferritin particles can be seen in Figure 31 in form of 

the differently shaped dark cores within the light protein shell in the negative staining 

image. 

For an analysis of stability of the particles, the ferritin isolate of the occipital lobe 

(Fe180326) was measured initially and after storage at 4 °C for two months. The initial 

maximal diameter was 5.4 ± 1.6 nm and the minimal diameter of 3.7 ± 1.4 nm, 

respectively (151). 

After the master thesis by Manuel Hündler had been completed (151), the isolated human 

ferritin was stored and measured again. The ferritin particles showed a maximal diameter 
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of 4.4 ± 1.8 nm and a minimal diameter 2.9 ± 1.3 nm, respectively. After storage, a 

decrease of approximately 20 % in diameter size has been observed. 

 
Figure 32: Evaluation of ferritin particles regarding their size, isolated from the frontal lobe (Fe230318); 

Scale bar 100 nm. Top: Image and distribution of Fe230318 after isolation. Data by Manuel Hündler (151) 

and reproduced with permission. Bottom: Image and distribution of Fe230318 after two-month storage at 

4°C. 

 

For comparison, isolated human liver ferritin (Sigma-Aldrich) was measured and showed a 

maximal diameter of 5.4 ± 1.6 nm and minimal diameter of 3.7 ± 1.4 nm, respectively. 

Furthermore, equine spleen ferritin (Sigma-Aldrich) was measured, revealing a maximal 

diameter of 4.5 ± 1.6 nm and a minimal diameter of 3.1 ± 1.3 nm, respectively. 

3.7 Mass spectrometry (MS) 

The brain tissue samples were analysed by mass spectrometry at the Institute of Chemistry 

– Analytical Chemistry for Health and Environment at the University of Graz by Prof. 

Walter Gössler.  

The median concentrations of the five measured elements calcium (Ca), copper (Cu), iron 

(Fe), magnesium (Mg), and zinc (Zn) were calculated based on wet tissue weight and are 

summarized in Table 10. In general, in the human brain magnesium had by far the highest 

concentration with a maximum in the basal ganglia and caudate nucleus and further in the 

white matter samples. The minimum amount was found in cortical grey matter and the 

substantia nigra. A similar mean concentration in the brain was found for iron. The mean 

calcium concentration in all brain regions was in the same range except in the parietal grey 

matter where the mean concentration was clearly higher. Zinc and copper had the lowest 
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concentration in the human brain among the measured elements. In the basal ganglia and 

the caudate nucleus, the maximum amount of zinc could be found, followed by the cortical 

grey matter, and the minimum was in the white matter samples. The same pattern was 

shown for the distribution of copper in the brain, except that the maximum amount was in 

the substantia nigra. The highest mean iron concentration was measured in the basal 

ganglia and the caudate nucleus, whereas the lowest mean concentration was found in 

temporal and parietal grey matter, as shown in Table 11. 

The concentrations of all measured trace elements, Ca, Cu, Fe, Mg and Zn, of all brain 

regions are shown in detail in Table 15 in the appendix.  

 

Table 11: Measured brain regions grouped according to their iron amount (mean and SD) in mg/kg wet tissue 

weight. 

 Iron  

 Mean SD N 

Put 106.63 58.55 9 

CN 101.88 57.38 3 

GP 88.62 80.62 9 

SN 73.49 75.03 3 

FWM 41.71 19.13 10 

OGM 41.38 14.92 10 

OWM 39.18 14.42 10 

FGM 37.79 24.61 10 

PWM 37.33 2.82 2 

TWM 31.69 2.28 2 

PGM 25.89 4.33 2 

TGM 20.34 0.75 2 

 

3.7.1 Accuracy and reliability of measurement 

For ensuring the accuracy and reliability of the ICP-MS measurements of the trace 

elements Ca, Cu, Fe, Mg and Zn, reference material was measured and the results are 

shown in Table 12. The measured trace element concentrations of the reference material 

are in good agreement with the data of the producer. 
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Table 12: The concentration of 3 measurements of standard bovine muscle tissue specimen (RM 8414, mg/kg 

dry weight) compared to the certified values. 

 Standard specimen values [mg/kg] Certified values [mg/kg] 

Mean SD Recovery rate [%] Mean SD 

Ca 155 5 107 145 20 

Cu 2.71 0.09 96 2.84 0.45 

Fe 68.9 2.1 97 71.2 9.2 

Mg 998 47 104 960 95 

Zn 146 6 103 142 14 

 

3.7.2 Wet-to-dry mass ratio 

In the last column of Table 13, the measured wet-to-dry mass ratios of the different brain 

regions are shown and graphically displayed and ranked in Figure 33. The grey matter 

regions and the caudate nucleus showed the lowest values compared to the white matter, 

where the water content is higher. The lowest wet-to-dry mass ratios were found in frontal 

and occipital white matter, whereas the highest ratios could be found in temporal and 

parietal grey matter. 

 
Figure 33: Tissue wet-to-dry mass ratios in different brain regions; box plot with Tukey whiskers and mean 

indicated with a plus symbol. 

TGM, temporal grey matter; PGN, parietal grey matter; FGM, frontal grey matter; OGM, occipital grey 

matter; CN, caudate nucleus; Put, putamen; SN, substantia nigra; GP, globus pallidus; TWM, temporal white 

matter; PWM, parietal white matter; OWM, occipital white matter FWM, frontal white matter. 
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3.7.3 Trace elements in the human brain 

The measured trace element concentrations grouped per brain are compared to the 

published concentration range described in Krebs et al. (43) and displayed in Figure 34 and 

Figure 35. 

In sample Fe270217 with Braak & Braak NFT stage I, the magnesium amount in the 

frontal and occipital cortex was higher than the range described in Krebs et al. (43), 

whereas in all other regions the amount was within that range. Only in the frontal cortex 

and the occipital white matter, the calcium amount was lower than the range described in 

Krebs et al. (43). The concentrations of copper and zinc of all brain regions were within 

the range. 

In brain Fe171031 in the frontal lobe and in the occipital lobe, the magnesium amount was 

above the range described in Krebs et al. (43) and in the temporal white matter as well as 

in the globus pallidus, it was substantially lower. The calcium concentration of the frontal 

white matter and the putamen was higher than the range described in Krebs et al. (43). In 

the frontal cortex, the substantia nigra, and (moderately) in the putamen, the copper 

amount was below the range. In all brain regions except the temporal white matter where it 

was below the range, the zinc content was within the expected range. 

In sample Fe171103, the amount of magnesium in the frontal and occipital cortex was 

higher than the published range, whereas in the corresponding white matter, the levels 

were rather low, like in the substantia nigra. Calcium levels were lower except in the 

occipital cortex and the putamen. In the substantia nigra and the caudate nucleus, the 

copper concentration was lower than the range described in Krebs et al. (43). The amounts 

of zinc in the frontal lobe, the occipital cortex, and the putamen were within the range. In 

all other regions, the levels were too low. 

In Fe180223, the sample with the highest Braak & Braak NFT stage of VI, magnesium and 

zinc levels were higher than the range described in Krebs et al. (43) only in the frontal 

cortex. The calcium levels were lower only in the occipital lobe. Apart from the globus 

pallidus, where the concentration was lower than the expected range, copper levels in all 

other regions were within the range. 

In sample Fe180323 with a Braak & Braak NFT stage of IV, the amount of magnesium in 

the frontal and occipital cortex were higher than the expected range. In all regions, calcium 

levels were below and the zinc levels within the range. In the basal ganglia and the red 

nucleus, the copper concentration was below the range. 
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In sample Fe180326 with a Braak & Braak NFT stage of II, magnesium levels in the 

frontal cortex were higher and in the occipital white matter lower than the range described 

in Krebs et al. (43). In the whole frontal lobe, the occipital white matter and the caudate 

nucleus, calcium concentrations were lower and in the putamen higher than expected. In all 

brain regions, the measured copper and zinc levels were within the range. 

No abnormalities could be observed in the measured trace element values in sample 

Fe180615 with Braak & Braak NFT stage I. 

The magnesium content in sample Fe181126 with an unknown Braak & Braak NFT stage 

was higher than the published range in the frontal cortex and lower in the occipital white 

matter. The frontal cortex and the globus pallidus had a lower amount of calcium than the 

range described. Copper and zinc contents were within the range in all measured brain 

regions. 

The iron amount in the basal ganglia in Fe190215 with an unknown Braak & Braak NFT 

stage was exceptionally low, whereas the iron amount in the occipital white matter was 

uncharacteristically high. Calcium levels in the frontal and occipital grey matter were 

higher than in other samples. 

In sample Fe190314 with an unknown Braak & Braak NFT stage, the basal ganglia 

showed a low iron amount. Especially in the globus pallidus, the iron and calcium levels 

were extremely low.  

 

 

Figure 34: Visualization of the mass spectrometry analyses of all measured brain regions and all trace 

elements for samples Fe270217, Fe180223, Fe171031 and Fe171103. 
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Figure 35: Visualization of the mass spectrometry analyses of all measured brain regions and all trace 

elements for the samples Fe10323, Fe180326, Fe180615, Fe181126, Fe190215 and Fe190314. 
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Table 13: Element concentrations (median values and ranges) measured with mass spectrometry for each brain region by wet tissue weight. The wet-to-dry mass ratios of the 

same brain regions (median and range) are shown in the last column. 

  Fe [mg/kg] Mg [mg/kg] Ca [mg/kg] Cu [mg/kg] Zn [mg/kg] Wet-to-dry mass ratio 

 n Median Range Median Range Median Range Median Range Median Range Median Range 

   Min Max  Min Max  Min Max  Min Max  Min Max  Min Max 

FGM 10 26.6 19.6 107.7 80.6 56.8 104.5 48.9 32.0 87.7 3.12 1.95 4.75 10.5 8.4 21.6 7.31 11.51 6.05 

FWM 10 51.8 22.9 81.7 109.9 96.3 193.7 45.8 25.6 96.0 3.05 2.61 5.91 9.4 6.5 16.3 3.94 4.81 2.93 

OGM 10 42.0 24.3 76.5 79.3 58.0 144.2 46.9 23.2 225.2 4.07 2.79 6.38 9.3 8.1 14.3 6.85 9.36 5.37 

OWM 10 40.7 22.6 110.8 92.5 75.3 132.3 37.4 17.9 73.3 2.50 1.65 5.78 8.0 5.2 10.8 4.06 4.90 3.18 

Put 9 122.1 59.6 189.4 110.8 79.4 672.4 45.4 27.4 229.0 5.05 4.69 35.66 13.4 10.8 67.1 5.68 6.56 4.60 

GP 9 90.8 38.4 271.6 101.5 58.1 496.5 45.8 0.0 170.8 4.69 3.66 18.70 11.3 6.1 34.8 4.97 6.77 2.02 

SN 3 90.3 44.0 176.5 91.4 64.1 118.7 67.6 54.2 81.1 6.09 4.68 7.50 9.1 4.7 13.6 5.62 6.14 4.03 

CN 3 139.2 20.8 145.6 107.4 82.8 134.3 47.8 37.5 86.8 4.31 3.29 5.04 12.1 4.4 14.0 5.79 5.92 4.80 

PGM 2 25.9 21.6 30.2 82.8 72.2 93.5 93.3 52.2 134.3 2.80 2.69 2.90 10.9 8.5 13.4 7.36 7.76 6.96 

PWM 2 37.3 34.5 40.2 106.0 104.9 107.0 62.1 56.2 68.1 2.68 2.58 2.78 7.5 5.6 9.4 4.32 4.39 4.25 

TGM 2 20.3 19.6 21.1 82.0 78.9 85.0 48.0 37.7 58.3 2.47 2.34 2.60 11.0 9.4 12.5 7.90 8.33 7.46 

TWM 2 31.7 29.4 34.0 91.5 83.7 99.4 39.2 33.2 45.2 2.16 1.77 2.55 6.1 5.7 6.4 4.92 5.03 4.82 
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Figure 36: Mass spectroscopy results of all measured samples grouped by samples. 
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3.7.4 Iron in the human brain 

The mean iron concentration of all seven measured brain samples sorted by regions are 

shown in Fehler! Verweisquelle konnte nicht gefunden werden..  

 

Figure 37: Iron concentration values (mean, SD and sample size) of different brain areas, determined with 

mass spectrometry 

In the globus pallidus of Fe270217, the iron concentration was lower in comparison with 

the observed ranges in Krebs et al. (43) while it was higher in the frontal cortex and the 

occipital white matter .Compared with the observed ranges in Krebs et al. (155), sample 

Fe171031 showed a higher iron level in the occipital cortex and a significantly lower iron 

level in the basal ganglia. In the substantia nigra and the caudate nucleus in sample 

Fe171103, the measured iron levels were significantly reduced compared to the literature 

(155). In the sample with the highest Braak & Braak NFT stage, Fe180223, the iron 

concentration was higher than the value given in reference only in the frontal cortex (155). 

Only in the globus pallidus of sample Fe180323, the iron levels were significantly lower 

than those described in the literature (155). In all measured brain regions of sample 

Fe180326, the iron concentrations were within the range given in reference (155). 

In the iron values of sample Fe180615, no abnormalities could be observed. In sample 

Fe181126, the iron amounts in the frontal white matter and the thalamus were slightly 

below and in the globus pallidus slightly above the range given in reference (155). 

In the frontal lobe and in the occipital grey matter of sample Fe190215, the iron amount is 

within the ranges reported in the literature (155). The iron values in the basal ganglia were 

extremely low, nearly at cortex level. Furthermore, sample Fe190314 had extremely low 

iron values in the basal ganglia. In all other measured regions, the iron amount was within 

the range stated in the literature (43). 
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3.7.5 Comparison of MS and EFTEM results 

In Figure 38, the mean concentration of iron particles detected with EFTEM versus the 

total mean iron amount determined with mass spectrometry for each brain region, the 

frontal cortex and its corresponding white matter, the putamen and the globus pallidus 

showed a linear correlation (R2 = 0.81, p = 0.1027) when only the mean values are taken 

into account. Although this correlation can just be observed if the mean values of the brain 

regions are compared, an intra-regional correlation cannot be seen. 

 

 

Figure 38: Comparison of the mean concentration of iron particles detected with EFTEM with the total mean 

iron amount determined with mass spectrometry in seven brains for four brains regions each. The dashed line 

is the linear regression R2 = 0.8051, p = 0.1027. In FWM, the SD was too small to be displayed. 
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A comparison of the samples with mass spectrometry results and an iron particle count is 

shown in Table 14.  

 

Table 14: Comparison of the samples with MS and EFTEM results. Samples marked with a question mark 

refer to Braak & Braak NFT staging being still under investigation.  

Case Brain region 
Braak & Braak 

NFT stage 
Fe [mg/kg] Iron particles/µm3 

Fe270217 

FGM I 36.4 41.9 

FWM I 75.8 0.0 

Put I 175.8 168.8 

GP I 115.5 529.7 

Fe171031 

FGM I 19.6 29.7 

FWM I 81.7 12.6 

Put I 61.3 39.4 

GP I 90.8 82.7 

Fe171103 

FGM I 19.7 15.3 

FWM I 35.3 4.7 

Put I 59.6 213.8 

GP I 40.4 5.5 

Fe180323 

FGM IV 32.9 14.3 

FWM IV 44.7 3.8 

Put IV 189.4 265.4 

GP IV 54.8 112.8 

Fe180326 

FGM VI 27.9 60.4 

FWM VI 53.2 12.1 

Put VI 144.4 45.8 

GP VI - 38.2 

Fe181126 

FGM ? 22.1 24.4 

FWM ? 22.9 31.8 

Put ? 122.1 545.1 

GP ? 271.6 2.2 

Fe190314 

FGM ? 25.3 203.5 

FWM ? 52.0 53.1 

Put ? 37.1 182.3 

GP ? 31.0 276.8 
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4 Discussion 

The most important point for any analysis using electron microscopy is the best possible 

preservation of the ultrastructure, high contrast, and resilience against the electron beam. 

The best microscope is useless if the subcellular structure to be investigated is not well 

enough preserved in the preparation to be analysed in detail or even identified. This is 

especially true if special analyses with the microscope are undertaken like analytical 

electron microscopy (156) or immunolabelling (116,139). 

4.1 Optimisation of sample preparation 

Starting point for the optimisation of tissue embedding was the in-house standard 

embedding protocol. Due to the long PMIs of the samples resulting in a badly damaged 

ultrastructure of the human brain tissue samples, an improvement of sample preparation 

would make further analysis less problematic. 

4.1.1 Fixation 

In the sample preparation for electron microscopy, chemical fixation, mostly consisting of 

formaldehyde (FA) and glutaraldehyde (GA), is commonly used (157,158). The aldehydes 

are linking the amino groups of the proteins with methylene bridges (159), thus stabilising 

the tissue. Caused by this cross-linking, proteolytic enzymes are rendered inactive, 

although this process is relatively slow (158). 

However, an advantage of chemical fixation is the achievable sample size, which is mainly 

limited by the diffusion rate of the chemicals. Furthermore, the fixation solution can be 

used independently of the location. Therefore, the time delay from the autopsy to the start 

of the fixation process can be reduced compared to the cryofixation. 

Stabilisation of lipids occurs in a postfixation step with osmium tetroxide, where osmium 

is added to the conjugated double bonds with simultaneous introduction of heavy metal 

atoms for enhanced contrast. 

What is important for the sample quality when HPF is used is that the sample has to be 

completely frozen before ice crystals in the cells can be formed (160,161). This is 

especially challenging in tissue with a high water content, like brain tissue (162) or cell 

cultures. In order to ensure an efficient temperature and pressure transfer in high-pressure 

freezing (163), two different filler substances were tested, with hexadecene (164) showing 

better results compared to a BSA solution. 
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4.1.2 High-pressure freezing (HPF) 

The main advantage of cryofixation, e.g. high-pressure freezing or plunge freezing, with 

following freeze substitution is the better preservation of the native state of the cell or 

tissue, as chemical artefacts and their consequences are not introduced. Fixation artefacts 

can be avoided because the fixation is done physically (frozen) and not chemically (e.g. 

aldehydes, osmium tetroxide). In addition, with the very low temperatures of the 

substitution, artefacts like tissue shrinking during dehydration can be reduced. One limiting 

factor for HPF, particularly when tissue is used, is the limiting space of maximally 200 µm 

in the carriers, requiring the tissue to be cut to this size. Due to the softness, based on its 

high water and lipid content and the PMI, this is highly challenging for unfixed brain 

tissue. The ideal situation for the tissue to be frozen within seconds after the autopsy.  

Combining the advantages of standard chemical fixation with those of cryofixation and 

freeze substitution, a new hybrid freezing method (HFM) was created. As quickly as 

possible after the autopsy, the brain tissue was first chemically fixed in an aldehyde 

solution, then cut into 150 µm-thick slices, postfixed with osmium tetroxide, cryofixed 

with HPF, and afterwards freeze-substituted. By using the HFM, not only a better 

preservation of the myelin sheaths could be achieved but also a higher contrast in 

comparison to the standard method consisting of a chemical fixation and dehydration at 

room temperature. The combination of chemical fixation, cryofixation and freeze 

substitution is not new (144), but in the HFM, postfixation with osmium tetroxide before 

HPF and the optimization of the substitution cocktail enhance the preservation of the 

neuronal tissue. 

4.1.3 Freeze substitution with different Substitution cocktails 

By applying a substitution cocktail with a combination of osmium tetroxide and uranyl 

acetate, not only the preservation of the ultrastructure, in particular the myelin sheaths, was 

improved but also the contrast of the samples was enhanced. This cocktail in connection 

with postfixation beforehand showed superior results compared to the other 

cryosubstitution cocktails tested. Despite postfixation of the samples with osmium 

tetroxide, the osmium tetroxide is again needed in the freeze substitution mixed with 

uranyl acetate. With the usage of an agitation device (141), the duration of the substitution 

process could be reduced with the same quality in relation to the protocol of Sosinsky et al. 

(144) due to the continuous agitation of the samples in the substitution cocktail. In 

addition, a longer temperature program with a long initial dwell time was tested, although 
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it did not improve preservation of the ultrastructure and was demanding in its handling 

(refilling the Dewar bottle with liquid nitrogen during the operation). 

Especially when working with human tissue, biosafety is a crucial point, as it is known that 

certain pathogens like Mycobacterium tuberculosis are still viable even after an overnight 

treatment with 2 % glutaraldehyde (165). Therefore, the application of osmium tetroxide 

might also lower the infection risk. 

One central point for the quality of the sample preparation is dehydration. In this process, 

cellular components (139) can be extracted and shrinking tissue (136) can introduce 

artefacts and significant damage to the ultrastructure. The low temperatures of freeze 

substitution are partially able to preserve the hydration shell of the proteins (139) which 

makes these dehydration processes far less damaging to the ultrastructure. As it turned out, 

the cocktail which contained the combination of osmium tetroxide and uranyl acetate was, 

compared to the other solutions, the one which best preserved the ultrastructure and 

produced the highest contrast. It is hardly surprising that uranyl acetate enhances contrast, 

as Weibull et al. (166) state that it stabilises lipids against extraction. It is worth noting 

that, despite postfixation of the samples with osmium before the HPF, the addition of 

osmium tetroxide in the substitution cocktail is necessary to achieve good structure 

preservation. For the preservation of the myelin sheaths, the quantity of osmium applied in 

the preparation appeared to be important. Often in the freeze substitution of neuronal 

tissue, the cryosubstitution cocktails contain either tannic acid (135,136,144) or some 

amount of water (143,163). These additions are supposed to enhance the quality of the 

preparation regarding structural preservation and contrast, neither of which could be 

confirmed in the preliminary tests. 
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4.2 Ultrastructure of the post-mortem brain 

For the assessment of the ultrastructural changes in the brain samples, a double-blinded 

evaluation was carried out. As EM is a visual method, it is difficult to standardise findings 

without measurements. Furthermore, the area that was analysed by EM was relatively 

small and it was challenging to compare findings with other non-spatially resolved analytic 

methods. To exclude the effect of personal bias and individual interpretation (167) as best 

as possible, four different evaluators with considerable difference in experience, ranging 

from a few months to decades, were requested to score how well structures in electron 

microscopic images of the various brain samples had been preserved. Unfortunately, these 

evaluations generated inconclusive results due to strong fluctuations in the rating of the 

samples. 

4.2.1 Sample storage 

The brain tissue was stored at 4 °C after fixation in cacodylate buffer and was embedded 

on the date of the autopsy and after storage. The duration of storage varied from around 

1.5 months to over one year. In the ultrastructural analysis of the tissue samples, no 

adverse effects regarding the preservation of the ultrastructure could be discovered. 

4.2.2 The brain under the microscope 

Despite every effort in the optimisation of the sample preparation, like using the hybrid 

freezing method, the ultrastructural preservation mainly depended on the PMI of the 

samples (128). This is especially relevant in biopsy samples of the human brain (168). 

Xu et al. (169) described a rise in vacuole-like structures devoid of any structural material 

as a sign of increasing autolysis. These structures can be increasingly observed in samples 

with longer post-mortem intervals. 
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4.3 Characterisation of the post-mortem brain 

The observations from the electron microscopic images as a visual method are converted 

into a numeric value. The quality of the preservation of the ultrastructure, with special 

focus on the myelin sheaths, was evaluated regarding the overall myelin-sheath quality 

with a point-counting method, counting the density of myelinated axons in brain tissue, 

and an analysis of myelin sheath thickness (g-ratios). 

4.3.1 Myelin sheath quality 

With the HFM, the quality of myelin sheath preservation could be further increased in 

samples with short PMIs. With a rising PMI, the effect of the HFM appeared to become 

smaller. These findings are consistent with the statement by Glausier et al. (128) as they 

report that the PMI did not change the number of intact myelin sheaths. However, the 

myelin sheaths displaying lamellae splitting showed a positive correlation with the PMI, 

although this was not statistically significant. 

4.3.2 Density of myelinated axons in brain tissue 

It can be further observed that with an increasing PMI, the density of the neuronal tissue 

clearly decreases. Liu and Schumann (170) could show that the close connection between 

higher PMI and lower axon densities becomes even stronger. Their samples with a PMI of 

36 hours displayed a density of 0.14–0.19 axons/µm² (temporal lobe) (170). Ideally, the 

PMI of the samples would be zero to avoid the effects of autolysis altogether. 

Unfortunately, this is not possible due to practical (e.g. logistics, autopsy, etc.) and ethical 

reasons (farewell of the deceased). Nevertheless, some scientists (171,172) advise against 

the usage of samples with longer PMIs than seven or eight hours. It seems that all samples 

prepared with the HFM had a significantly lower axon density compared to their 

counterparts with standard embedding, which seems to be puzzling at first. During 

dehydration at room temperature, it is known that tissue can shrink up to 2 % (173), and 

therefore the density of axons wrongly appeared to be higher. Thus it can be assumed that 

samples prepared with the hybrid freezing method may be closer to their original or native 

state than samples prepared with standard embedding. 

4.3.3 Evaluation of myelin sheath thickness (g-ratios) 

The different preparation methods seemed to have no significant effect on the g-ratios of 

the brain tissue. Furthermore, it could be observed that the variability between individuals 
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appeared to be the decisive factor for the g-ratios rather than the preparation method. The 

question if those significant differences are caused by the diversity of the individuals could 

not fully be clarified due to the low sample size. As Glausier et al. (128) showed, the g-

ratio is significantly associated with the PMI. In addition, no significant differences in the 

g-ratios were found by Liu and Schumann (170) in their comparison of frozen and 

formalin-fixed human tissue.  

4.4 Hybrid freezing method 

In a first step, the focus was placed on the optimisation of the sample preparation process 

to achieve better ultrastructure preservation in the human brain samples. These matters 

gained in importance when it began to emerge that the brain samples obtained had very 

long PMIs. While the goal was to acquire spatially-resolved information on ferritin 

particles or their iron cores regarding their localisation in the individual cell compartments, 

this would be nearly impossible without an excellent preservation of these cell 

compartments or ultrastructure in general. With the newly developed hybrid freezing 

method, preservation of the myelin sheaths seemed significantly better than with standard 

embedding. Unfortunately, these samples were very delicate to handle due to their 

brittleness, as could also be seen under the electron microscope. In preparation for the 

energy-filtered images, samples were exposed to a reduced electron beam for some time to 

reduce spatial drift between the images during the long exposure times of the imaging. The 

samples were very sensitive and could hardly withstand even this energy-reduced electron 

beam. Despite greatest efforts, it was impossible to use the hybrid-frozen samples for 

EFTEM imaging. As a consequence, samples with standard embedding had to be used for 

analytical electron microscopy, as they were able to tolerate the electron beam much better. 

A significant drawback is that even if the iron cores are found in the EFTEM image, a 

clear attribution to the relevant cell compartment turned out to be challenging. 

4.5 Analytical EM 

Energy-filtered TEM relies on electron energy-loss spectroscopy and allows identifying 

elements due to the change in the kinetic energy of the electrons, which happens when they 

interact with the sample. It is especially suitable for lighter elements and could also be 

used to determine the chemical state of atoms. In combination with high resolution 

electron microscopy, the morphology of ferritin iron cores can be analysed (83,174). 
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Some metals atoms even show a particularly sharp resonance due to their white lines, e.g. 

the iron L2,3 edge at 707 eV (175) or calcium at the L2,3 edge with 348 eV (176,177) at their 

EELS core edges. With STEM EELS, Aronova et al. (106) could show in the human visual 

cortex that electron-dense particles along the lines of Gennari contained 1740 ± 580 Fe 

atoms, which is consistent with the R2* MRI image and a ferritin particle.  

EFTEM was used for the localisation of ferritin on a cellular and sub-cellular level through 

the iron core of the particle. By using a random systematic sampling approach for image 

acquisition, observation bias was avoided as much as possible. Furthermore, identification 

and counting of the iron particles were done both manually and automatically. 

4.5.1 EFTEM Image Acquisition 

Especially due to generally very long exposure times in this study of 30 seconds per image, 

the images in series (two images before and one at the element-specific energy edge) 

consequently tend to have a big spatial drift between the individual images that can only 

partially be corrected. Usually in three-window technique, the two pre-edge EFTEM 

images are used for background estimation. The calculated background is subtracted from 

the post-edge image, and the resulting core-loss intensity image or elemental map shows 

the distribution of the element (178). The intensity of the pixel in the calculated element 

map is proportional to the amount of the measured element and could result in effective 

concentration maps (179,180). It should be noted that due to background calculation 

extrapolation errors and the statistic fluctuations of the elemental map generation, further 

statistical variations are introduced (178,181). The poor electron yield of the core-losses 

and the additional noise due to background extrapolation are reasons why EFTEM images 

are rich in noise by their nature. This problem is aggravated by the drift occurring during 

the almost unavoidable long EFTEM acquisition times (182). One approach to attempt 

better drift correction has been described by Heil et al. (183) as they use elastically filtered 

images instead of the EFTEM images for the calculation of the drift, which would be 

independent of the SNR. Especially in beam-sensitive materials, it is generally preferred to 

limit the number of EFTEM images acquired (106). However, when the image numbers 

are very high, the time effort to calculate the element maps of a series of elastic images is 

huge. Reduction of the knock-on damage will limit applications like STEM-EELS or 

EFTEM, and the susceptibility of the specimen to radiation damage might make the 

lowering of the beam voltage necessary (106). Therefore, sample preparation and image 
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acquisition should be further optimised as many sample slices showed considerable drift in 

the electron beam during the EFTEM measurement. 

4.5.2 Immunolabelling of ferritin 

Preliminary tests regarding the Immunolabelling of ferritin were carried out in preparation 

for a double immunolabelling, pre-embedding immunolabelling against ferritin in 

combination with a second, post-embedding immunolabelling against different cell types. 

First, two anti-H-chain-ferritin antibodies were tested for immunolabelling in 

conventionally embedded human brain tissue. The samples showed only moderate contrast 

and structure preservation, but the labelling with both antibodies was successful. In a first 

visual assessment of the labelling efficiency, the antibody from the manufacturer Abcam 

appeared to be better. Optimisation of preparation and labelling was studied in the master 

thesis by Maximilian Schinagl (150). This included contrast, enhancement with a low 

amount of osmium tetroxide, made the establishment of automated gold-particle count for 

immunolabelled samples possible.  

Testing a possible double labelling against ferritin and different cell types will be a project 

for another master thesis. Interesting targets for double labelling would be astrocytes 

containing glial fibrillary acidic protein (GFAP) associated with intermediate filaments 

(184) or oligodendrocytes with oligodendrocyte transcription factor Olig2, which is 

required for oligodendrocyte differentiation (185,186). Neurons or dendrites could be 

assessed via brain microtubule-associated proteins (MAPs i.e. MAP2) (187–189), and 

lysosomes could be targeted with lysosome-associated membrane proteins (LAMP) (190) 

or also by Cathepsin D, which is an acid protease that is active in intracellular protein 

breakdown (191,192). Furthermore, also a combination with cyropreparation (115,116) 

could be interesting, as this combination makes a structure preservation and 

immunolabelling possible. 

4.6 Mass spectrometry 

With ICP-MS, various brain regions of six brain samples at different Braak & Braak NFT 

stages were analysed regarding their concentration of calcium, copper, iron, magnesium, 

and zinc. In addition, the wet-to-dry ratios of the samples were also evaluated, being a key 

factor for determining the concentration of trace elements, as the samples are dry-frozen, 

measured, and then calculated with the wet mass recorded for comparison. Therefore, the 

ratio between wet tissue and dry tissue weight significantly influences the results. The 
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regions of cerebral cortex in general have a higher water content according to Krebs et al. 

(43), which could be verified with the data in this study. 

4.6.1 Comparability of the MS measurement 

Special attention should be paid to the fact that most previous analyses of trace elements 

were done with formalin-fixed tissue (43,48,193), in contrast to the native and unfixed 

samples used in this study. In general, tissue in pathology or in tissue banks (48,194,195) is 

fixed in neutral buffered formalin and thus can be stored for years. The formaldehyde 

displaces the water in the tissue until a steady state is reached, which can take weeks for a 

whole brain or hours for a small piece. For example in the study of Krebs et al. (43), the 

brain tissue spent an average of 58 days in formalin fixation prior to sample preparation for 

MS. However, various studies report that the fixation of tissue with formalin has an effect 

on the concentration of trace elements (193,196–198). In these studies, mostly a decrease 

or leaching of the trace elements in the tissue was described. According to Gellein et al. 

(197), the leaching is dependent on several factors, like the type respectively the strength 

of bonding of the trace  element in the tissue and the duration of the fixation. 

Schrag et al. (193) analysed various brain regions and concluded that the effects of fixation 

differ between brain regions and elements. They described a wide variance in the 

concentrations and stated that the iron amount in formalin-fixed brain tissue is reduced by 

40 % and the zinc concentration even by 75 % (48,193). They assume that this drastic 

decline is caused by leaching and tissue dehydration. Although Krebs et al. (43) fixed their 

analysed tissue as whole brains and measured the formalin solution before and after 

fixation, finding only negligible amounts of iron, they still could not exclude a leaching 

effect of other elements. 

As the samples in this study were native and unfixed when measured, a comparison is 

difficult as predominantly formalin-fixed brain samples are analysed certainly due to their 

ready availability. Despite the formalin-fixed samples the trace element concentration 

measured were predominantly compared to the study of Krebs et al. (43). The congruities 

regarding the selected brain regions, measured trace elements and methods of analysis 

were high, and with their great sample size and validation of methods, their results are 

robust. Furthermore, the samples were tested by the same institute and with the same 

measurement parameters, which increases the comparability. 

As only one case with Braak & Braak NFT stage VI was acquired and measured with MS, 

no conclusions regarding the regulation of Alzheimer’s disease could be drawn. 
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4.6.2 Iron in the human brain 

As expected, the highest amounts of iron were found in the basal ganglia and the substantia 

nigra (38,43,199,200), but when the samples were compared by regions, the mean iron 

content in the regions of cerebral cortex was slightly higher and the content in the basal 

ganglia is slightly lower than those described in the literature (39,155–15).  

Compared with the literature (38,43,199,200), the iron levels were higher in the regions of 

cerebral cortex and lower in the basal ganglia. A possible explanation may be the very 

small sample size of this study compared to other research. This is particularly evident in 

the very high variability of the measured iron concentration. The standard deviation for GP 

and SN is almost the same as the mean value and for Put, CN, FWM, and FGM it 

corresponds to half of the mean value. One factor that could also be taken into account, 

given that the samples in this study are native, is the presence of blood with it heme-iron. 

However, other authors have stated that the heme-iron in the brain is negligible (43) as the 

brain iron is mainly attributed to ferritin and hemosiderin (42). Like in other studies 

(43,47,199,200), tissues from frontal white and grey matter were measured separately. 

However, the separation of white and grey matter is much easier in fixed than in native 

tissue. Thus a connection with the other tissue could influence the measurement, as the iron 

concentration in FWM is higher as in FGM. The fluctuations in the iron concentration can 

also be explained by the patchy iron distribution in the white matter (60). 

The concentrations were moderately higher when compared to Magaki et al. (47) (3.2 

times mean, 2.5 times median), which is higher than the findings of other studies, ranging 

between 1.4–1.7 times (38,43,199).  

4.6.3 Trace elements in the human brain 

In this study, the highest amounts of magnesium were found in the basal ganglia, nucleus 

caudate and the cortical white matter samples and the lowest concentration in the cortex 

samples, which is in good agreement with (43) but the opposite of the findings of Harrison 

et al. (201). However, for other elements, the data are comparable with this study, thus 

systemic errors should not be present. The calcium concentrations measured in the brain 

samples were mostly consistent with the literature (43,202). The highest mean amount of 

copper was found in the substantia nigra, again in accordance with the literature 

(43,202,203).  
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Zinc was predominantly observed in the basal ganglia, whereas in the study of Krebs et al. 

(43) the highest amount was found in the substantia nigra. However, the sample size was 

very small and consequently, the results are statistically less robust.  

4.6.4 Comparison of MS and EFTEM results 

Samples were compared with EFTEM and mass spectrometry data. A linear correlation of 

these two datasets can only be seen when mean values (without SD) of the brain regions 

are compared (R2 = 0.81, p = 0.1027); if the error values are taken into account, the 

correlation is only moderate (R2 = 0.25, p = 0.0001). Due to the very small number of 

samples and the large fluctuation range of the measurement results, no statistically 

significant correlation can be established between the iron content measured by mass 

spectrometry and the iron content determined with analytical EM. 

Furthermore, was the sample size too small to correlate the iron score with Braak & Braak 

NFT stages, as other studies had done (204). 

4.7 Ferritin isolation 

It is known that ferritin diameters vary strongly also between the different brain regions, 

like in the GP 3.5 ± 0.1 nm, SN 3.7 ± 0.1 nm, HIP 3.1 ± 0.2 nm (50). Furthermore, ferritin 

iron core diameters of 4.8 ± 2.1 nm could be observed in the frontal lobe and 5.2 ± 2.2 nm 

in the occipital lobe (151). The ferritin diameters measured in this study are clearly bigger 

than those described in literature. One factor may be that the lighter fractions of the ferritin 

particles, which are filled with less iron and thus smaller in size, were discarded in favour 

of a higher purity of the isolated ferritin fraction in the last preparation step. 

Jian et al. (83) measured with high-resolution electron microscopy (with HAADF) in 

equine spleen a ferritin diameter of 7.5 nm at 12 million times magnification. This is 

around 40 % bigger compared to the 4.5 ± 1.6 nm measured at 50 000 times magnification. 

In isolated human liver ferritin a maximal diameter of 5.4 ± 1.6 nm could be measured, 

whereas Galazka-Friedman et al. (50) measured a ferritin diameter of 6.05 ± 0.5 nm, which 

is 12 % bigger in size.  

4.8 MRI 

It could be shown that ferritin and hemosiderin are affecting the MR signal from brain 

tissue due their paramagnetic properties (205). As it is challenging to distinguish heme 

from non-heme iron sources with MRI (206,207) special iron-sensitive sequences like a 
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spoiled multi-echo 3D FLASH sequence, Gradient echo T2*, or susceptibility-weighted 

imaging were developed to observe the iron level in the brain of patients with AD (48). In 

the last years, several studies could show that with MRI, the iron levels in the brain are a 

useful biomarker for AD. They revealed that only in the putamen the iron amounts are 

increased (208–210) due to AD, which is consistent with studies using other technologies 

like mass spectrometry (43,48). Unfortunately, the increase of iron in the putamen is not 

specific for Alzheimer’s disease and therefore not very helpful in diagnosing this disease 

(48). Also in multiple system atrophy (MSA) high amounts of iron in the posterolateral 

putamen and SN could be observed (211–213). It was also shown in MSA that the 

increased iron accumulations are associated with an increased ferritin level (203,214). 

However, it is difficult to compare data because iron is usually detected in tissue using 

very different methods (215). 
The MR images of the brain are difficult to compare with EM findings due to the different 

size of the analysed volume. The MRI provides insight into the iron distribution of the 

whole hemisphere while the EM can only provide information on the iron distribution in 

the range of a few cubic nano- or micrometres. But the observed distribution of ferritin or 

the iron is important for the development of iron sequences in the MR, as the magnetic 

shielding of a ferritin particle localised in the axon tubuli is different from that of ferritin in 

the myelin sheath.  

Due to their paramagnetic properties, engineered ferritin nanocages are tested as natural 

contrast agents in magnetic resonance imaging (216,217). 

4.9 Challenges in methodology and approach 

In general, EM investigations are extremely time-consuming due to their long sample 

preparation which, depending on the method, takes between 1.5 and 2.5 weeks until the 

sample reaches the microscope. Even with the aid of a script for unbiased random 

systematic sampling (149), which navigates the microscope to the recording positions, the 

recording protocol for one sample took in total 13 hours (of which 5 hours were for sample 

exposure to the beam usually done overnight; thus, an overnight period plus 7 hours were 

measurement time, 1 hour for acquiring overview images). Therefore, it will be necessary 

to develop better or more automated protocols so that more samples could be analysed in a 

timely manner. 

Furthermore, the analysis of the iron particle should be improved in the future as automatic 

counting produces too many false-positive results and manual evaluation is extremely 
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time-consuming. In addition, an important consideration is the personal fluctuation in the 

evaluation of images. As the double-blind scoring in this study showed, even with a 

questionnaire and meetings of the evaluators for the classification of structures, the 

fluctuation in their ratings were huge. Therefore, an improvement of automatic evaluation 

would be recommended for the future. 

Taking into account all circumstances and the sample size, any differences of the 

regulation or distribution in AD could not be observed, as the sample size of tissue from 

diseased patients was substantially too small to draw any conclusions. 

4.10 Comparison of healthy and diseased brains 

Heiko and Eva Braak (36,145,218) developed a staging of Alzheimer’s disease-related 

neurofibrillary changes in human brain tissue with immunocytocehmical methods. 

Alzheimer’s disease is characterised through intra-neuronal lesions which consist of 

neurofibrillary tangles (NFTs) and neuritic plaques (NPs) (145). Braak and Braak 

categorized the disease propagation of Alzheimer’s disease in six stages. The stages are 

distinguished with respect to the location and severity of the neurofibrillary changes of the 

neurons. The transentorhinal stages I-II are medically silent cases without symptoms. In 

the limbic stages III-IV, an incipient stage of Alzheimer’s disease can be seen, and in the 

neocortical stages V-VI Alzheimer’s disease is fully developed (218). 

From the nine samples with Braak & Braak NFT staging, five samples were in stages I-II, 

one in stage IV and three samples in stages V-VI. But electron microscopic analyses were 

so far only done in three samples with stage I, one with stage II, und one with stage IV 

(and two without a staging). Therefore, due to low sample size and high personal 

variability in the human brain, any conclusions regarding the distribution and regulation 

changes of ferritin or iron in the brain of Alzheimer patients cannot be drawn. 

It is known that in the AD cortex, iron was found in Aβ-plaques, microglia (219), and in 

cortical layer III-V with very pronounced tau pathology (204). The meta-analysis by Tao et 

al. (220) and other studies (221) share the opinion that the iron level is increased in the 

cortex of AD patients, which could not observed in this study. 
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4.11 Conclusion 

The aim of this thesis was to analyse different regions of the human post-mortem brain 

with low and high iron amounts regarding the number of ferritin cores per volume.  

For a visual analysis of the distribution of ferritin in the human brain, only the resolution of 

the electron microscope is sufficient. In combination with energy filters beneath the 

microscope, the iron core of the ferritin particles can be mostly visualized. 

With mass spectrometry, the total amount of five trace elements (Ca, Cu, Fe, Mg, and Zn) 

was determined. As the samples in the MS analysis in this study were native and most of 

the published data are from formalin-fixed tissue, the comparison was challenging. The 

mean iron concentrations of all seven samples were higher in the cortex and lower in the 

basal ganglia than described before (43). The other measured trace elements were within 

the normal range although the results are moderately meaningful due to the very small 

sample size and the high variability of the measurements. A magnetic resonance (MRI) 

iron scan of one hemisphere of each human brain sample was also performed in order to 

compare the scan data with the other measurements in order to improve the iron sequences 

in the future. 
With the establishment of a new hybrid freezing method for human brain samples for 

electron microscope (146), even in samples with long post-mortem intervals the myelin 

sheaths could be better preserved than with classical embedding. Compared to the standard 

embedding method, the tissue samples prepared with the HFM had better contrast, 

apparently less shrinking, and better preservation of the cellular and sub-cellular details of 

the myelin sheaths. Unfortunately, these samples were also more brittle and sensitive in 

handling. Especially when exposed to the electron beam for a long time for analytical EM, 

they were too delicate to withstand, so the samples with standard embedding had to be 

used for analytical EM. 

For size determination, the ferritin particles were isolated from human brain tissue and 

analysed under the electron microscope. The determined sizes of the ferritin particles were 

around 10 % higher compared to the literature (151).  

On average, in the frontal cortex an iron particle concentration of 55.6 and in its 

corresponding white matter 16.9 iron particles per cubic micrometre could be observed 

with analytic EM. In the basal ganglia, a higher amount of 208.7 in the putamen and 

149.7 iron particles per cubic micrometre in the globus pallidus, respectively, were found. 

A correlation of the iron concentration determined by EFTEM and mass spectrometry 
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could only be observed if the mean values of each brain region are compared, which is, 

however, not statistically significant. 
It turned out to be very challenging to acquire sufficient human brain samples, therefore 

the sample size in this study was very limited, which also significantly limited its 

informative value. Consequently, no differences in the iron regulation in samples with 

Alzheimer’s disease could be observed. 
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Appendix 

Mass spectrometry 

The trace element results determined by mass spectrometry for all measured brain samples 

are shown in Table 15. 

 

Table 15: Sample overview of all measured mass spectrometry results for the human brain samples of this 

study; samples marked with question mark mean that Braak staging still under investigation.  

Case 
Brain 

region 

PMI 

[h] 

Braak & 

Braak 

NFT stage 

Fe 

[mg/kg] 

Mg 

[mg/kg] 

Ca 

[mg/kg] 

Cu 

[mg/kg] 

Zn 

[mg/kg] 

Fe270217 

FGM 9 I 36.4 98.4 55.7 3.8 10.5 

FWM 9 I 75.8 151.9 48.7 5.0 10.6 

OGM 9 I 54.7 120.2 55.4 4.7 12.5 

OWM 9 I 63.4 132.3 41.7 3.9 9.8 

Put 9 I 175.8 146.1 49.8 7.7 14.6 

GP 9 I 115.5 152.4 52.4 5.7 10.7 

Fe171031 

FGM 16 I 19.6 65.8 86.7 2.0 9.2 

FWM 16 I 81.7 193.7 96.0 4.3 16.3 

OGM 16 I 76.5 106.3 63.1 6.4 14.3 

OWM 16 I 41.1 122.1 73.3 2.4 10.8 

Put 16 I 61.3 127.3 87.9 4.7 13.4 

GP 16 I 90.8 85.5 57.9 3.7 10.9 

SN 16 I 176.5 118.7 81.1 7.5 13.6 

CN 16 I 139.2 134.3 86.8 5.0 14.0 

PGM 16 I 30.2 93.5 134.3 2.9 13.4 

PWM 16 I 40.2 104.9 68.1 2.6 9.4 

TGM 16 I 21.1 78.9 58.3 2.3 12.5 

TWM 16 I 29.4 83.7 45.2 1.8 6.4 

Fe171103 

FGM 18 I 19.7 82.6 46.3 2.8 8.4 

FWM 18 I 35.3 104.5 38.7 2.8 6.5 

OGM 18 I 29.1 81.2 59.0 3.4 8.7 

OWM 18 I 34.0 94.4 33.4 2.6 5.2 

Put 18 I 59.6 123.6 52.8 5.1 11.2 

GP 18 I 40.4 101.7 46.5 5.0 6.1 

SN 18 I 44.0 64.1 54.2 4.7 4.7 

CN 18 I 20.8 82.8 37.5 3.3 4.4 
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PGM 18 I 21.6 72.2 52.2 2.7 8.5 

PWM 18 I 34.5 107.0 56.2 2.8 5.6 

TGM 18 I 19.6 85.0 37.7 2.6 9.4 

TWM 18 I 34.0 99.4 33.2 2.5 5.7 

Fe180223 

FGM 24 VI 107.7 104.5 87.7 3.4 21.6 

FWM 24 VI 51.5 100.0 77.8 2.6 9.9 

OGM 24 VI 36.0 69.9 38.5 2.8 8.1 

OWM 24 VI 53.7 100.6 31.8 1.9 6.6 

Put 24 VI 146.6 118.5 48.5 5.0 13.3 

GP 24 VI 166.8 104.5 51.5 4.5 11.8 

Fe180323 

FGM 20 IV 32.9 90.1 51.1 3.7 12.2 

FWM 20 IV 44.7 122.1 45.9 3.0 8.5 

OGM 20 IV 43.1 100.9 48.8 4.3 13.4 

OWM 20 IV 55.3 119.1 41.7 3.0 10.0 

Put 20 IV 189.4 101.4 37.2 4.8 14.3 

GP 20 IV 54.8 127.1 45.2 3.9 9.7 

RN 20 IV 65.9 113.3 46.9 2.6 12.7 

Fe180326 

FGM 15.5 II 27.9 86.9 66.6 2.7 10.6 

FWM 15.5 II 53.2 117.8 45.7 3.1 8.8 

OGM 15.5 II 40.9 67.4 225.2 2.8 9.4 

OWM 15.5 II 40.3 84.8 44.0 1.7 6.2 

Put 15.5 II 144.4 117.4 80.4 5.8 15.0 

CN 15.5 II 145.6 107.4 47.8 4.3 12.1 

Fe180615 

FGM 19 I 23.3 56.8 46.7 2.0 10.4 

FWM 19 I 55.8 97.1 25.6 2.6 10.2 

OGM 19 I 47.2 77.3 41.1 3.9 13.1 

OWM 19 I 35.4 80.6 23.0 2.1 7.5 

GP 19 I 143.6 101.5 30.3 4.9 14.2 

SN 19 I 90.3 68.5 0.0 5.3 13.0 

Fe181126 

FGM 14.5 ? 22.1 65.1 38.9 2.8 9.3 

FWM 14.5 ? 22.9 96.3 50.7 2.8 6.9 

OGM 14.5 ? 24.3 58.0 32.8 3.3 8.3 

OWM 14.5 ? 22.6 81.3 34.4 2.3 5.8 

Put 14.5 ? 122.1 104.2 42.3 5.0 11.8 

GP 14.5 ? 271.6 96.6 43.7 5.5 13.0 

Th 14.5 ? 32.6 98.0 50.3 4.3 9.2 

Fe190215 
FGM 19 ? 34.7 78.7 32.8 3.7 9.6 

FWM 19 ? 48.2 115.3 28.7 3.9 7.9 
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OGM 19 ? 48.8 144.2 45.0 4.7 9.0 

OWM 19 ? 110.8 75.3 17.9 5.8 8.5 

Put 19 ? 77.6 95.6 27.4 5.4 10.8 

GP 19 ? 59.0 74.3 19.2 4.3 10.4 

Th 19 ? 57.3 104.2 33.7 3.4 10.0 

Fe190314 

FGM 6.5 ? 25.3 71.3 32.0 4.8 11.4 

FWM 6.5 ? 52.0 100.9 38.7 5.9 10.6 

OGM 6.5 ? 37.1 61.2 23.2 5.0 9.2 

OWM 6.5 ? 31.0 90.5 40.5 5.4 8.8 

Put 6.5 ? 91.2 79.4 33.1 5.3 11.8 

GP 6.5 ? 38.4 58.1 8.2 4.9 7.6 

Th 6.5 ? 64.5 109.2 35.0 6.6 13.4 
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EFTEM Images for evaluation 

In Table 16 all used images for the evaluation of iron particles are listed. Excluded were 

images which were not located in the overview image, showed heavy drift, holes or parts 

of the grid, or overlap. 

 

Table 16: List of all used images for the evaluation.  

Case Point In overlay 
Area 

b 

Area 

c 

Area 

l 

Area 

r 

Area 

t 
Sum Total 

Fe270217 

FGM 

P1 5x b 
 

l r t 4 

38 

P2 5x b 
 

l r t 4 

P3 5x b 
 

l r 
 

3 

P4 5x b 
 

l r t 4 

P5 5x b 
 

l r t 4 

P6 5x b 
 

l r t 4 

P7 5x b  l  t 3 

P8 5x b  l r t 4 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

Fe270217 

FWM 

P1 1x b 
    

1 

5 

P2 0x 
     

0 

P3 0x 
     

0 

P4 0x 
     

0 

P5 2x b c 
   

2 

P6 1x b 
    

1 

P7 1x b     1 

P8 0x      0 

P9 0x      0 

P10 0x      0 

Fe270217 

Put 

P1 4x b c 
 

r t 4 

39 

P2 0x 
     

0 

P3 5x b 
 

l r t 4 

P4 5x b 
 

l r t 4 

P5 5x b 
 

l r t 4 

P6 5x b 
 

l r t 4 

P7 5x b  l r t 4 

P8 5x b  l r t 4 
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P9 5c b   r t 3 

P10 5x b  l r t 4 

P11 1x b     1 

P12 5x b  l r  3 

Fe270217 

GP 

P1 5x b c l r t 5 

48 

P2 5x b 
 

l r t 4 

P3 5x b 
 

l r t 4 

P4 4x b 
 

l 
 

t 3 

P5 5x b 
 

l r t 4 

P6 5x b 
 

l r t 4 

P7 5x b  l r t 4 

P8 5x b  l r t 4 

P9 5x b c l r t 5 

P10 4x b  l r t 4 

P11 3x b  l  t 3 

P12 4x b  l r t 4 

Fe171031 

FGM 

P1 4x b 
 

l r t 4 

34 

P2 1x b 
    

1 

P3 1x b 
    

1 

P4 4x b 
 

l r t 4 

P5 4x b 
 

l r t 4 

P6 4x b 
 

l r t 4 

P7 4x b  l r t 4 

P8 4x b  l r t 4 

P9 4x b  l r t 4 

P10 4x b  l r t 4 

Fe171031 

FWM 

P1 3x   l r  2 

21 

P2 3x    r  1 

P3 0x      0 

P4 0x      0 

p5 3x   l r t 3 

P6 3x   l r t 3 

P7 2x    r t 2 

P8 0x      0 

P9 3x   l  t 2 

P10 4x   l r t 3 

P11 3x   l r t 3 

P12 3x   l  t 2 
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Fe171031 

Put 

P1 3x  c  r t 3 

35 

P2 4x  c l r t 4 

P3 4x b  l r t 4 

P4 4x  c  r t 3 

P5 0x      0 

P6 5x b  l r t 4 

P7 5x b c  r t 4 

P8 0x      0 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

P11 1x  c    1 

P12 5x b  l r t 4 

Fe171031 

GP 

P1 5X b  l r t 4 

34 

P2 5x   l r  2 

P3 5x b  l r t 4 

P4 5x b  l r t 4 

P5 5x b  l r t 4 

P6 4x b  l  t 3 

P7 5x b  l r t 4 

P8 0x      0 

P9 5x b  l r t 4 

P10 3x b  l  t 3 

P11 0x      0 

P12 4x b    t 2 

Fe171103 

FGM 

P1 5x b  l r t 4 

45 

P2 5x b  l r  3 

P3 5x b  l r t 4 

P4 4x b  l r t 4 

P5 5x b  l r t 4 

P6 5x b  l r t 4 

P7 4x b  l r  3 

P8 5x b  l r t 4 

P9 5x   l r t 3 

P10 5x b  l r t 4 

P11 5x b  l r t 4 

P12 5x b  l r t 4 

Fe171103 P1 0x      0 34 
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FWM P2 5x  c  r t 3 

P3 5x b  l r t 4 

P4 5x b  l r t 4 

P5 5x b c  r t 4 

P6 5x b  l r t 4 

P7 5x b  l r t 4 

P8 0x      0 

P9 5x b  l r t 4 

P10 5x b c  r t 4 

P11 0x      0 

P12 5x b  l   3 

Fe171103 

Put 

P1 5x b  l  t 3 

36 

P2 5x  c    1 

P3 5x    r  1 

P4 5x  c  r  2 

P5 5x b   r t 3 

P6 5x b   r t 3 

P7 4x b c l   3 

P8 5x b  l r t 4 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

P11 5x b  l r t 4 

P12 5x b  l r t 4 

Fe171103 

GP 

P1 5x b  l r t 4 

48 

P2 5x b  l r t 4 

P3 5x b c  r t 4 

P4 5x b c  r  4 

P5 5x b c  r t 4 

P6 5x b  l r t 4 

P7 5x b  l r t 4 

P8 5x b  l r t 4 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

P11 4x b  l r t 4 

P12 5x b  l r t 4 

Fe180323 

FGM 

P1 1x    r  1 

26 P2 5x   l r t 3 

P3 5x b  l r t 4 
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P4 5x b c  r  3 

P5 5x b  l r t 4 

P6 5x b  l r t 4 

P7 4x b  l  t 3 

P8 0x      0 

P9 4x     t 1 

P10 5x b  l r  3 

Fe180323 

FWM 

P1 5x b  l  t 3 

14 

P2 0x      0 

P3 0x      0 

P4 0x      0 

P5 0x      0 

P6 0x      0 

P7 4x   l r t 3 

P8 5x b  l r t 4 

P9 5x b  l r t 4 

P10 5x      0 

Fe180323 

Put 

P1 0x      0 

8 

P2 0x      0 

P3 0x b c l r t 5 

P4 5x   l r t 3 

P5 0x      0 

P6 0x      0 

P7 0x      0 

P8 0x      0 

P9 0x      0 

P10 0x      0 

Fe180323 

GP 

P1 0x      0 

24 

P2 3x     t 1 

P3 3x b c  r  3 

P4 2x b  l   2 

P5 2x b c    2 

P6 4x   l r t 3 

P7 3x   l r  2 

P8 5x b  l r t 4 

P9 4x b  l r  3 

P10 5x b  l r t 4 
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Fe180326 

FGM 

P1 5x b  l r t 4 

29 

P2 1x b     1 

P3 5x b  l r t 4 

P4 0x      0 

P5 5x b  l r t 4 

P6 5x b  l r t 4 

P7 5x b  l r t 4 

P8 5x b  l r t 4 

P9 0x      0 

P10 5x b  l r t 4 

Fe180326 

FWM 

P1 3x b c   t 3 

35 

P2 5x b  l r t 4 

P3 4x b c  r t 4 

P4 5x b c  r t 4 

P5 5x b  l r t 4 

P6 5x b  l r t 4 

P7 5x   l r t 3 

P8 5x    r t 2 

P9 5x b   r t 3 

P10 5x b c  r t 4 

Fe180326 

Put 

P1 0x       

22 

P2 0x       

P3 5x b  l  t 3 

P4 5x b  l r  3 

P5 3x b c    2 

P6 5x   l r t 3 

P7 5x b    t 2 

P8 5x   l r t 3 

P9 5x b  l  t 3 

P10 5x   l r t 3 

Fe180326 

GP 

P1 0X      0 

25 

P2 5X b  l r t 4 

P3 5x b   r t 3 

P4 0x      0 

P5 0x      0 

P6 5x b c l r  4 

P7 5x b c  r t 4 
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P8 2x  c   t 2 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

Fe181126 

FGM 

P1 5x b c l r t 5 

37 

P2 5x b  l r t 4 

P3 5x b  l r t 4 

P4 2x   l  t 2 

P5 5x b  l r t 4 

P6 5x b  l r t 4 

P7 5x b  l r t 4 

P8 5x b  l r t 4 

P9 5x b  l  t 3 

P10 5x   l r t 3 

Fe181126 

FWM 

P1 5x      0 

35 

P2 5x b c l r t 5 

P3 5x b  l  t 3 

P4 5x b  l r t 4 

P5 5x b  l  t 3 

P6 5x b  l r t 4 

P7 5x b c l r  4 

P8 5x b  l r t 4 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

Fe181126 

Put 

P1 5x b  l r t 4 

37 

P2 5x b  l r t 4 

P3 4x   l r  2 

P4 5x b  l  t 3 

P5 5x b  l r t 4 

P6 5x b  l r t 4 

P7 5x b  l r t 4 

P8 5x b  l r t 4 

P9 5x b  l r t 4 

P10 5x b  l r t 4 

Fe181126 

GP 

P1 5x b  l r  3 

24 
P2 5x b  l r t 4 

P3 5x b  l r  3 

P4 5x b  l r t 4 
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P5 5x      0 

P6 3x      0 

P7 5x b  l  t 3 

P8 5x      0 

P9 5x b  l  t 3 

P10 5x b  l r t 4 

Fe190314 

FGM 

P1 5x    r t 2 

18 

P2 5x   l  t 2 

P3 5x b   r t 3 

P4 5x    r t 2 

P5 5x    r  1 

P6 5x      0 

P7 5x    r t 2 

P8 5x b   r t 3 

P9 5x     t 1 

P10 5x b    t 2 

Fe190314 

FWM 

P1 1x b     1 

11 

P2 3x  c l   2 

P3 5x      0 

P4 5x b     1 

P5 4x      0 

P6 4x      0 

P7 4x b     1 

P8 5x b   r  2 

P9 5x b   r  2 

P10 5x b    t 2 

Fe190314 

Put 

P1 5x b  l  t 3 

23 

P2 5x b   r t 3 

P3 5x b   r t 3 

P4 5x b    t 2 

P5 5x b   r t 3 

P6 5x b     1 

P7 5x b  l r t 4 

P8 5x     t 1 

P9 5x     t 1 

P10 5x    r t 2 

Fe190314 P1 5x    r t 2 14 
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GP P2 5x b   r t 3 

P3 3x  c l r  3 

P4 5x b   r t 3 

P5 5x   l   1 

P6 4x      0 

P7 5x b     1 

P8 1x  c    1 

P9 0      0 

P10 0      0 

Total         799 
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Blinded ultrastructural study 

In a double-blinded approach, four different people rated every sample. The questionnaire 

used for the evaluation of ultrathin-sections can be found in Table 17 and for semi-thin 

sections in Table 18. 

 

Table 17: Questionnaire for evaluation of ultra-thin sections 

No Questions ultra-thin Answers 

G
o

o
d
 

b
ad

 

UD1 Is the sample evaluable? Yes No     2 1 

UD2 Are knife marks visible? Yes No     1 2 

UD3 Are there many holes in the resin (quality)? 

1 

no holes 

2 

some 

holes 

3 

many 

holes 

  1 3 

UD4 Are there freezing damages (ice crystals)? 

1 

no ice 

crystals 

2 

some ice 

crystals 

3 

many 

ice 

crystals 

  1 3 

UD5 Are there any contrast agent deposits? 

1 

no 

deposits 

2 

some 

deposits 

3 

many 

deposits 

  1 3 

UD6 Can cell nuclei be seen? Yes No     2 1 

UD7 Can myelin sheaths be seen? Yes No     2 1 

UD8 Are blood vessels available? Yes No     2 1 

UD9 
Are lamellae of the myelin sheaths 

recognizable? 

Yes No     2 1 

UD1

0 
Are holes in myelin sheaths visible? 

Yes No     2 1 

UD1

1 
Myelin sheaths are majority 

1 

intact 

2 

partly 

disbande

d 

3 

mostly 

disbande

d 

  1 3 

UD1

2 
The condition of the chromatin is? 

1 

Hetero-

chromati

n fine 

crumbly 

2 

crumbly 

3 

chromati

n coarse 

cloddy 

  1 3 

UD1

3 
The condition of the mitochondria is? 

1 

Cristae, 

double 

membra

ne intact 

2 

swollen, 

not that 

dense 

3 

serve 

swollen 

4 

no 

crista

e 

visibl

e 

1 4 

UD1 The condition of the blood vessels is? 1 2 3   1 3 
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4 endotheli

a visible 

endothel

ia 

disbande

d 

cell 

borders 

disbande

d 

UD1

5 
The condition of the ER is? 

1 

normal 

2 

extended 

3 

not 

visible 

  1 3 

UD1

6 
Are there many empty areas/washouts? 

1 

no 

2 

few 

3 

some 

4 

many 

1 4 

UD1

7 
Is glycogen recognizable? 

Yes No     2 1 

UD1

8 
Are free ribosomes recognizable? 

Yes No     2 1 

UD1

9 
Are lysosomes present? 

Yes No     1 2 

UD2

0 
Are vacuoles visible in the cytoplasm? 

Yes No     1 2 

UD2

1 
Are phagosomes visible? 

Yes No     1 2 

UD2

2 
Are autophagosomes visible? 

Yes No     1 2 

UD2

3 
Are autolysosomes visible? 

Yes No     1 2 

UD2

4 
Are telolysosomes/residual bodies visible? 

Yes No     1 2 

UD2

5 
Overall assessment of lysis? 

1 

no lysis 

2 

some 

lysis 

3 

much 

lysis 

  1 3 

UD2

6 
Is the synaptic cleft recognizable? 

Yes No     2 1 

UD2

7 
Are vesicles recognizable? 

Yes No     2 1 

UD2

8 
Is a postsynaptic condensation visible? 

Yes No     2 1 

Sum 
 

    39 57 

 

Table 18: Questionnaire for evaluation of semi-thin sections 

No Questions semi-thin  Answers 

G
o

o
d
 

b
ad

 

SD1 Is the sample evaluable? Yes No     2 1 

SD2 Are knife marks visible? Yes No     1 2 

SD3 Are processing damages to be recognized? Yes No     1 2 

SD4 Can cell nuclei be seen? Yes No     2 1 
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SD5 Can myelin sheaths be seen? Yes No     2 1 

SD6 Are blood vessels available? Yes No     2 1 

SD7 Are there many empty areas / washouts? 

1 

no 

2 

few 

3 

som

e 

4 

man

y 

1 4 

SD8 Are there gaps around cell bodies? 

1 

no 

2 

few 

3 

som

e 

  1 3 

SD9 Overall assessment lysis? 

1 

no 

lysi

s 

2 

som

e 

lysi

s 

3 

muc

h 

lysis 

  1 3 

SD1

0 

Processing problems? (Resin problems, fixation gradient, 

dehydration) 

1 

no 

2 

few 

3 

som

e 

  1 3 

Sum 
 

    14 21 
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CellProfilerTM pipeline 

The CellProfilerTM pipeline, which was used for the identification and automatic counting of the iron particles in the EFTEM images, is described 

in detail in Table 19. 

 

Table 19: The detail description of the pipeline with the values for every step. 

S
te

p
 

S
te

p
 N

am
e 

In
p

u
t 

O
u

tp
u

t 

F
il

te
r 

 

M
et

h
o

d
 t

o
 d

is
ti

n
g

u
is

h
 

O
b

je
ct

 

D
im

en
si

o
n

s 

O
p

er
at

io
n
 

M
u

lt
i-

p
la

y
er

 

T
h

re
sh

o
ld

 

 

S
m

o
o

th
in

g
 s

ca
le

 

C
o

rr
ec

ti
o

n
 f

ac
to

r 

L
o

w
er

 u
p
p

er
 b

o
u

n
d

s 

S
iz

e 
ad

ap
ti

v
e 

w
in

d
o

w
 

fo
rm

at
 

 NamesandTypes Images MAP         

1 Smooth MAP Smooth_IMG Gaussian  5 px      

2 Smooth MAP Smooth_IMG_10 Gaussian  10 px      

3 Smooth MAP Smooth_IMG_30 Gaussian  30 px      

4 ImageMath Smooth_IMG 

Smooth_IMG_30 

IMG_WO_BG    Subtract 1.0 

1.0 

   

5 IdentifyPrimaryObjects IMG_WO_BG Ferritin_OBJ Intensity  Min 

8 px, 

Max 

15 px 

  Adapt

ive 

Otsu 

Two 

classe

s 

1.3488 

1.0 

0.2, 1.0 

50 

 

6 MeassureObjectSizeShap Ferritin_OBJ          
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e 

7 FilterObjects Ferritin_OBJ Ferritin_filtered_O

BJ 

Measurement 

 

 Min 

7, 

Max 

30 

AreaShape 

MinFeretDia

meter 

    

8 ExpandorShrinkObjects Ferritin_filtered_O

BJ 

Ferritin_centerpoint

s 

   Shrink 

objects to a 

point 

    

9 ConvertObjectstoImage Ferritin_centerpoint

s 

Centerpoints        Bina

ry 

10 MeassureObjectSizeShap

e 

Ferritin_filtered_O

BJ 

         

11 ImageMath Smooth_IMG_10 

Smooth_IMG_30 

Smooth_WO_BG     1.0 

0.8 

   

12 IdentifySceondaryObjects Smooth_WO_BG Ferritin_centerpoint

s 

Watershed 

Image 

Ferritin    Adapt

ive 

Otsu 

Two 

classe

s 

0 

1.0 

0.14, 1.0 

100 

 

13 ConvertObjectstoImage Ferritin Ferritin_IMG        Bina

ry 

14 IdentifyPrimaryObjects Ferritin_IMG   Ferritin_OBJ_

BIG 

Min1

0 px, 

Max 

40 px 

  Globa

l 

Manu

al 

0.001 

  

15 MeassureObjectSizeShap

e 

Ferritin_OBJ_BIG          

16 FilterObjects  Ferritin_filtered_O Measurement Ferritin_OBJ_ Min AreaShape     
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BJ_BIG  BIG 30, 

Max 

1000 

MaxFretDia

meter 

17 MeassureObjectSizeShap

e 

   Ferritin       

18 FilterObjects  Ferritin_final Measurement Ferritin Min 

0.8, 7 

Max 

25 

AreaShape 

Eccentricity 

MaxFretDia

meter 

MinFretDia

meter 

    

19 MaskObjects Ferritin_filtered_O

BJ_BIG 

Ferritin_WO  Ferritin_final       

20 MeasureObjectIntensity Smooth_IMG Ferritin_WO         

21 ExpandorShrinkObjects  Ferritin_WO_Expa

nd 

   Expand 

objects by a 

specified 

number of 

pixels, 5 

    

22 MeasureObjectIntensityDi

stribution 

MAP   Ferritin_WO_E

xpand 

Center: 

Ferritin_WO 

Max 

Zerni

ke 9 

     

23 FilterObjects Image: 

Smooth_IMG 

 

Ferritin_intense Measurement 

Limit 

MeanIntensit

y 

Ferritin_WO Min 

0.33 

     

24 FilterObjects Image: MAP 

Ferritin_WO_Expa

nd 

Ferritin_Expand_fil

tered 

Measurement 

Limit 

RadialDistrib

 Min 

0.015 

Scale 

4_0 

     



Appendix   CellProfilerTM pipeline 

  131 

 ution 

ZernikeMagn

itude 

25 MaskObjects Ferritin_intense 

Ferritin_Expand_fil

tered 

Ferritin_corrected         

26 OverlayOutlines Image: MAP 

 

 Overlay Ferritin_final 

Ferritin_center

points 

Ferritin_intense 

Ferritin_correct

ed 

      

27 DisplayDataOnImage Ferritin_WO_Expa

nd 

Image: MAP 

Overlay_Data RadialDistrib

ution 

ZernikeMagn

itude 

 Scale 

4_0 

     

28 SaveImage MAP MAP_orig         

29 SaveImage Overlay_Data MAP_overlay         

30 ConvertObjectsToImage Ferritin_corrected Ferritin_object_IM

G 

       Bina

ry 

31 SaveImage Ferritin_object_IM

G 

MAP_binary         

32 ExportToSpreadsheet           
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Manual for EFTEM acquisition  

 

 General 

o Load the samples into the TEM 

o Aperture from 100 µm to 200 µm 

o Microscope setting:  200 kV, Emission 3 

o Load alignments for 200 kV 

o Do daily alignments in EFTEM Mode and with Emission 1 and cooking 

o Save position of a hole in the sample (for EFTEM tuning and illumination 

threshold) 

 

 Get points of acquisition 

o Select LM 75x magnification 

o Check if Camera is not inserted 

o Start SerialEM and open project 

o Setup cooker: Task-> Setup cooker-> Expose for time 30 min-> Close (NOT 

go!) 

o Open Navigator 

o Check settings for camera (View and Record) 

o Make Corner Map of section 

  Add points 

  Set corner points at the edges of ultra-thin section 

 Assign “C” to corner points in navigator and save navigator 

 Start corner montage (Navigator-Grid montage-setup corner montage) 

o Choose add Polygon in Navigator 

 Outline the section 

 Choose “add grid of point” in navigator (distance between points 10 

µm) 

o Shift to marker 

 Choose prominent feature and “add Point” 

 Find prominent feature in SA magnification 

 Record in SerialEM 

 Mark position in the new picture (left click) 

 Navigator “Shift to marker” 

 Magnification back to 75x 

o Script 

 Number of all grid points 

 Number of acquisition points (10) 

 Check illumination and remember value (first hole, tissue, ¼ grid -> 

control in DM) 

 Enter threshold illumination value (first hole-tissue, then tissue-grid) 

 Wait until the points are selected and then you can review them and 

save positions 

 Cooking of samples starts 
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 Tuning of GIF Filter 

o Operate the microscope at RT 

o Switch to EFTEM mode in TIA/DM and select CCD Camera in DM 

o User Mode: DM-HELP-user mode-Power user 

o Filter control: DM-Window-Floating Window-GIF Quantum SE control-Filter 

Control (Slit with should be 10 eV, sometimes it is 1 eV), AutoFilter Window 

o Board Error: Ignore Error message! 

o Go to the hole in the sample for GIF tuning 

o Spot size 2 and C2 48 %, exposure 0.2 sec 

o Choose magnification for EFTEM (80’000x) and beam should be positioned at 

~ 7 o’clock Focus beam carefully until the edges can be seen and centre the 

beam in the image 

o Align Zero loss peak 

o Tuning: Properties- (check everything available)- Full tune 

 

 EFTEM elemental analysis 

o Realign ZLP every 4 points 

o Move to the first acquisition point, Emission 3 

o Focus in bright field 

o Focus: Energy loss at 60 eV, slit 40 eV, exposure time at 0.4 sec and binning 4 

o Centre beam: 600 eV, slit 40 eV and centre the beam in the image 

o Start view and focus image 

o Get elemental map with elemental specific settings: 

 Fe L-edge (measurement): Post: 718 eV, Pre1: 633 eV, Pre2: 673 

eV, Slit 40 eV,  

Exposure 30 s, Binning: 2x, Sum: 1 

o Repeat measurement for all shifted point (at each acquisition point (10) 4 

further images should be done, follow the script) 

o Bright field image at 80’000x  

o Repeat measurement for all acquisition points 

 

 BF montages of points 

o do 3x3 montages at 6500x magnification for each acquisition point  
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SerialEM Script for EFTEM 

 

*************************************************************************

******************************************* 

#macro for EFTEM aquisition with SerialEM in combination with Digital 

Micrograph (Gatan, Inc.) 

#************************************************************************

******************************************** 

# Stefan Wernitznig, Daniel Kummer, Mariella Sele, Medical University 

Graz, Austria 

# Anna-Sophie Wittgenstein, Graz University of Technology, Austria 

ScriptName EFTEMSerialEM V_4_tested_aquisition_May_2019 Mariella 

#************************************************************************

******************************************** 

# Build Global Variables  

 

Verbose 1 

 

Pause ATTENTION! Insert Objective lense!-------------EFTEMSerialEM V_4---

---------- 

 

montageMagnification = 8000 

overviewMagnification = 20000 

eftemMagnification = 80000 

detectionMagnification = 10000 

cookingMagnification = 5000 

 

EnterOneNumber Number of NavItems in the Navigator(Polygon): 

count = $ReportedValue1 

randomlistcount = $count - 1 

 

EnterOneNumber Enter number of Items before the grid points: 

gridshift  = $ReportedValue1 

 

EnterOneNumber Number of Positions for Image Aquisition: 

subsetcount = $ReportedValue1 

 

ratio = $count / $subsetcount 

If ( $ratio < 3 ) 

 Pause Set of NavItems too small for selected !!! 

 Exit 

Endif 

 

UserSetDirectory Choose Working Directory 

#SetDirectory $ReportedValue1 

 

EnterOneNumber Do You want to measure illumination threshold for GRID 

detection?(1 for Yes 0 for No) 

 

if ( $ReportedValue1 == 1) 

 SetMag $detectionMagnification 

 SelectCamera 1 

                      Pause Move Stage to a Position with a hole 

 R 

 ImageProperties A recXsize recYsize 

 ReportMeanCounts A 

 holeMean = $repVal1       

 Pause $holeMean 

 Pause Move Stage to a Position without a Grid   

 R 
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 ImageProperties A recXsize recYsize 

 ReportMeanCounts A 

 nogridMean = $repVal1       

 Pause $nogridMean 

 Pause Move Stage to a Position with a quarter covered by the Grid   

 R 

 ImageProperties A recXsize recYsize 

 ReportMeanCounts A 

 gridMean = $repVal1 

 Pause $gridMean 

 EnterOneNumber Set upper illumination threshold for GRID detection: 

    upthreshold = $ReportedValue1 

    EnterOneNumber Set lower illumination threshold for GRID detection: 

    lowthreshold = $ReportedValue1 

else  

EnterOneNumber Set upper illumination threshold for GRID detection: 

upthreshold = $ReportedValue1 

EnterOneNumber Set lower illumination threshold for GRID detection: 

lowthreshold = $ReportedValue1 

SetMag $detectionMagnification 

SelectCamera 1 

endif 

 

#************************************************************************

******************************************** 

# Loop through Nav Items measure Mean illumination and build array of 

accepted positions 

 

 

poscounter = 0 

Loop $subsetcount 

 

 Loop $count 

  random = RAND 

  randomposition = NEARINT ($random * ($count - 1)) + 1 + 

$gridshift  

 

  IsVariableDefined positionlist 

   

  if ( $ReportedValue1 == 0 )   

   positionlist = { $randomposition } 

  else 

            alreadypicked = 0 

   Loop $#positionlist loopcounter 

    if ( $positionlist[$loopcounter] == 

$randomposition ) 

     alreadypicked = 1 

     Break 

    Endif  

   EndLoop 

   if ( $alreadypicked == 0 ) 

    positionlist = { $positionlist $randomposition } 

   else 

    Continue 

   Endif 

  Endif 

   

  MoveToNavItem $randomposition 

                                           R 

                                           ImageProperties A recXsize 

recYsize 
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                                           ReportMeanCounts A 

   refMean = $repVal1 

 

  if ( $refMean > $lowthreshold AND $refMean < $upthreshold  )  

   IsVariableDefined acceptedpositionlist 

   if ( $ReportedValue1 == 0 )      

    acceptedpositionlist = { $randomposition } 

                                                                                     

poscounter = 1 

   else 

    acceptedpositionlist = {$acceptedpositionlist 

$randomposition} 

                                                                                     

poscounter = $poscounter + 1 

   Endif  

   Break 

  Endif 

         echo ------------------------ ACCEPTED POSITIONS : 

$poscounter  ----------------------------------- 

  

                     EndLoop 

  

EndLoop 

 

echo $acceptedpositionlist 

echo $positionlist 

 

#************************************************************************

******************************************** 

# Check Accepted positionlist 

 

Pause Check the accepted Positions and save them to the TIA User-

Interface? 

 

 Loop $subsetcount checkloopcount 

  MoveToNavItem $acceptedpositionlist[$checkloopcount] 

                R 

  Pause Position $checkloopcount Nav Item 

$acceptedpositionlist[$checkloopcount] and save to TIA User-Interface!!! 

   EndLoop 

 

#EnterOneNumber Do you want to redefine Positions? 

#if ( $ReportedValue1 == 1) 

# CallFunction PickPositions 

# CallFunction CheckPositions 

#endif 

 

 

#************************************************************************

******************************************** 

# Cook Accepted positionlist 

 

Pause Are you ready to start Specimen Cooking? 

 

SetMag $cookingMagnification 

 

Loop $subsetcount cookloopcount 

 

 MoveToNavItem $acceptedpositionlist[$cookloopcount] 

  

                     SetPercentC2 51 
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 AutocenterBeam 

 CookSpecimen  

  

EndLoop 

 

#************************************************************************

******************************************** 

# engage  microscope sleepmode 

 

RetractCamera 

ScreenDown 

SetColumnOrGunValve 0 

 

Pause Are you ready to start EFTEM Aqusition? 

SetColumnOrGunValve 1 

ScreenUp 

 

#************************************************************************

******************************************** 

# Aquire images of Accepted positionlist 

 

SetMag $eftemMagnification 

RetractCamera 

SelectCamera 2 

 

Pause Please check EFTEM Tuning 

 

Loop $subsetcount aquisitionloopcount 

 

 Pause Moving to Position $aquisitionloopcount 

$acceptedpositionlist[$aquisitionloopcount]  

 MoveToNavItem $acceptedpositionlist[$aquisitionloopcount] 

                     Pause Aquire center EFTEM Image in DM and continue 

 MoveToNavItem $acceptedpositionlist[$aquisitionloopcount] 

      MoveStage 0 0.6  

      Pause Aquire top EFTEM Image in DM and 

continue 

 MoveToNavItem $acceptedpositionlist[$aquisitionloopcount] 

      MoveStage 0 -0.6 

      Pause Aquire bottom EFTEM Image in DM and 

continue 

 MoveToNavItem $acceptedpositionlist[$aquisitionloopcount] 

      MoveStage -0.6 0 

      Pause Aquire left EFTEM Image in DM and 

continue 

 MoveToNavItem $acceptedpositionlist[$aquisitionloopcount] 

      MoveStage 0.6 0 

      Pause Aquire right EFTEM Image in DM and 

continue 

EndLoop 

 

 

#************************************************************************

******************************************** 

# Aquire Montage of Accepted positionlist 

 

 

#SetMag $montageMagnification 

#SelectCamera 1 

 

Loop $subsetcount aquisitionloopcount 
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echo Montage Position $aquisitionloopcount : NavigatorItem 

$acceptedpositionlist[$aquisitionloopcount] 

 

EndLoop 

 

Pause FINISHED, Please aquire Montages manually! 


