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Summary

Synaptic transmission poses a major energy consuming process in the brain, but how neurons
maintain a constant energy supply during extended synaptic activity and how presynaptic
mitochondria contribute to the energy supply remains elusive. The mitochondria are key
organelles to account for the majority of ATP newly synthesised in neuronal cells. Hence, the
present study aimed at unravelling the structural adaptation of mitochondria to an increase in
presynaptic energy demand. To this end, | first characterized the mitochondrial membrane
architecture and how it changes in response to different energy sources using transmission
electron microscopy. As a model system, several cancer cell lines were used in addition to
primary hippocampal neuronal cultures isolated from rat brain. In all tested cancer cell lines, a
long-term metabolic switch to ketosis induced significant changes in the mitochondrial
structure reflected by an increase of the mitochondrial diameter as well as a significant
increase in the abundance of crista membranes. In contrast, a metabolic switch to glycolysis
resulted in a decrease of the mitochondrial diameter and a reorientation of the crista
membranes in parallel to the mitochondrial outer membrane in these cells. Likewise, in
cultivated hippocampal neurons, the metabolic switch to ketosis induced a 20 % increase of
crista membranes. Interestingly, only about 35 % of the neuronal presynapses showed a
mitochondrial occupation which was not influenced by chemical depolarization with high
concentrations of potassium chloride (KCI), suggesting that induced presynaptic activity does

not affect the travelling of axonal mitochondria to the presynapses of hippocampal neurons.

Furthermore, | used the cochlear nucleus of mice before and after the onset of hearing as a
model system for presynaptic states of low and high-energy demand. Here, the synaptic
morphology together with the presynaptic mitochondrial structure using Focused lon Beam
Scanning Electron Microscopy (FIB-SEM) was assessed. The volume of the synaptic boutons,
the synaptic vesicle pool as well as the post-synaptic density were increased in synapses after
the onset of hearing. Beyond that, the mitochondrial volume in these presynapses increased
significantly. This suggests that synapses and mitochondria undergo major structural changes
to serve the higher energy demands after the onset of hearing. Intriguingly, synapses
containing mitochondria displayed an overall larger volume, synaptic vesicle pool and
postsynaptic density when compared to synapses lacking mitochondria in mice before and
after the onset of hearing. In conclusion, mitochondria play a key role in shaping presynaptic

structure and are thus pivotal for synaptic transmission.

In order to gain functional insights into the role of mitochondria in synaptic transmission in

addition to the structural information obtained by TEM, | developed novel correlative imaging
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tools. These tools include live cell 3D correlative light and electron microscopy (3D CLEM),
which allows to monitor relevant mitochondrial targets by fluorescent labelling and
subsequently correlate the functional information with structural aspects, and high-accuracy
CLEM allowing for high spatial resolution of the detected features in both, light and electron

microscopy.

These protocols built the foundation for an extended correlative approach. There, | combined
high-accuracy CLEM with nanoscale secondary ion mass spectrometry (NanoSIMS). This, for
the first time, allowed extracting the functional and structural information together with the
chemical composition of subcellular areas of the same resin-embedded specimen. These tools
could now be applied to study individual players in mitochondrial function by simultaneously

getting information of their impact on synaptic structure and chemical composition.
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1. Introduction

1. Introduction

The neuronal synapse

Neurons are highly specialized cells in the mammalian brain. Their primary function is the
receiving and transmittance of information. The cell body of neuronal cells is called the soma.
Further, neuronal cells have functionally different sites that are located multiple micrometres
away from the actual cell body. Dendrites are elongated tree-like cell extensions proceeding
the soma. These cell parts are required to receive and process signals from other neuronal
cells. Postsynapses for example are important structures that are located in the dendrites. The
specialized projection that carries the signal away from the cell body is called the axon. The

axon forms presynaptic boutons and presynaptic terminals.

The intercellular transmission of signals between neuronal cells is enabled by synaptic
connections. A synaptic connection consists of a presynapse with an associated postsynapse.
These two compartments communicate by means of electrical and chemical stimuli (1-3). The
chemical messengers are termed neurotransmitters. Neurotransmitter in the central nervous
system include small molecules like for example glutamate, GABA, serotonin or dopamine (4-
6). Prior to release, these molecules are stored in small vesicular compartments called synaptic

vesicles.

Synaptic vesicles at presynapses number between several dozen and a thousand. The
abundance of vesicles in a presynaptic site is an important characterisation for the functional
state of that synapse. The majority of the vesicles is scattered across the bouton volume and
accumulating evidence suggests that these vesicles are organized in a filamentous protein
matrix (7, 8). A smaller number of vesicles, termed docked vesicles, is located in close

proximity to a protein-rich are of the plasma membrane that is called the active zone (9).

At the active zone, the fusion of synaptic vesicles occurs. The fusion of synaptic vesicles
ultimately leads to the release of stored neurotransmitters into the extracellular space that is
called the synaptic cleft (10). The synaptic cleft is defined as the gap between presynapse and
postsynapse that is about 20 nm wide (11). Located on the other side of the synaptic cleft is

the postsynapse that harbours receptors for neurotransmitters.

For glutamate receptors for example it was demonstrated, that the spatial organization of the
receptor molecules with respect to the presynaptic release site mediate fast or long-lasting
transmission signals (12). Scaffolding proteins that mediate downstream signalling of the

action potential are located beneath the postsynaptic plasma membrane forming the
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1. Introduction

postsynaptic density that can be visualized as an electron-dense layer in electron microscopy
(13, 14).

The membrane potential of neuronal cells is negative compared to the extracellular space. The
depolarization mediated by sodium influx through voltage-gated sodium channels is called an
action potential. The depolarization in turn, opens voltage-gated calcium ions located in the
membrane of presynaptic boutons. An increase of intracellular calcium concentrations in the
presynapse stimulates the membrane fusion of synaptic vesicles at the active zone (15, 16)
(Figure 1). Key players of this membrane fusion machinery include synaptotagmin localized
on synaptic vesicles that can promote interactions to SNARE proteins that mediate membrane
fusion (15, 17, 18). Sustained elevated levels of calcium ions at the presynapse can lead to
continuous release of neurotransmitter filled synaptic vesicles. The clearance of presynaptic
calcium ions is a crucial mechanism to control synaptic strength on the presynaptic site (19-
22).

NT

e ——
1
/ NT uptake Transiocation
Fusion pore closes and release
Translocation from plasma membrana
7
nnnnnnnnnnnnnnnnnnnnn
r
Priming Fusion pore formation

prefusion and exacytosis

N

Synaptic cleft

Figure 1: Synaptic vesicle cycle at the neuronal presynapse. 1: Synaptic vesicles are loaded
with neurotransmitters. 2: Loaded vesicles are translocated near the active zone. 3: Docking
of the vesicles near the active zone. 4: Priming of the vesicles at the active zone. 5: Influx of
Ca?" ions trigger the membrane fusion of vesicles with the plasma membrane at the active
zone. 6: Membranes are recovered by endocytosis. 7: Vesicles are recycled and acidified. NT
= neurotransmitter (16).

In order to restore synaptic vesicle pools, new vesicles are generated in a process called
synaptic vesicle recycling. This might involve several strategies, however the process of
clathrin-mediated endocytosis (CME) for vesicle recycling is the most established (23-27). In
CME, endocytosis is initiated by nucleation of the coat followed by the invagination of the pit,

fission of the vesicle and finally the uncoating of the vesicle.
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1. Introduction

After endocytosis and vesicle reformation, the synaptic vesicles are refilled with
neurotransmitters. For neurotransmitter loading, the vacuolar H*-ATPase located on the
vesicular membrane acidifies the vesicles (28-30). The high intravesicular concentration of
protons establishes an electrochemical gradient that enables neurotransmitter transporters to
load the vesicles (30-32). A recent, not yet peer-reviewed study determined the activity of the
vacuolar H*-ATPase on filled synaptic vesicles as a mayor energetic burden that might account
for almost 50 % of the ATP consumed at the presynaptic bouton (33).

After acidification and neurotransmitter loading, the maturation of synaptic vesicles also
requires the association for example with synapsin, rab3 or rabphilin before the vesicles
relocate in the vesicle pool (34-36).

Energy demands at the neuronal presynapse
Neuronal signalling involves a variety of energy consuming processes. In total, synaptic
transmission can make up to 55 % of the total ATP expenditure of neuronal cells (37).

microtubule

Na* channel

Na'/K*-ATPase

O®
© H*-ATPase
Glu €—GlIn

Na*/Ca® exchanger GIn

ca’* channel
Na'/K*-ATPase
endocytosis

Glu

Nat/K*-ATPase

Ca" ATPases astrocyte

Na*/Ca?* exchanger

Figure 2: Energy consuming processes at the neuronal synapse. ATP consuming processes
at the neuronal presynapse include the maintenance of ion levels such as Na*, K* and Ca?".
Further, ATP is required for the recycling of synaptic vesicles, the acidification and subsequent
neurotransmitter loading of synaptic vesicles and finally the priming and release of synaptic
vesicles (38).

The high local concentrations of glucose transporters in the presynaptic plasma membrane
indicates the elevated energy demand in the presynapse. For example, a high extracellular

concentration of glutamate provokes the surface accumulation of Glut3 transporters (39-41).
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1. Introduction

Recent studies further suggest that Glut4 transporters are also crucial for glycolytic regulation

at presynaptic sites (42-45).

The primary source of metabolic demand is the synaptic vesicle cycle (37). In addition, the
active clearance of Ca2+ ions to control synaptic strength as well as the re-establishment of
sodium gradients for neuronal polarization requires energy (46). Furthermore, a sub fraction

of presynaptic ATP might be involved in signalling (38) (Figure 2).

Because of the limited diffusion of ATP, these molecules have to be synthesised locally in the
cells (47). For generation of energy derived from glucose breakdown at remote sites, neuronal
cells can rely on two major strategies namely glycolysis or mitochondrial respiration (48).
Glycolysis involves a series of enzymatic reactions in order to breakdown glucose. This
process enables the extraction of energy for the cellular metabolism. The breakdown of
glucose ultimately produces two molecules each of ATP, NADH and pyruvate as a product.

This newly formed ATP fuels energy demanding processes (49-51).

In neuronal cell, strong evidence points towards glycolysis as the main energy supplier for
sustained synaptic activity. First, the breakdown of glucose during glycolysis is thought to be
relatively fast (51). Further studies demonstrated for example, that chemical inhibition of
glycolytic enzymes by 2-deoxy-glucose caused a fast decline in local ATP levels at the
presynapse. This further lead to a rapid decline in synaptic performance of the cells. In the
same experiments, the inhibition of glycolysis blocked the endocytosis of synaptic vesicles

suggesting that vesicle recycling as well is dependent on rapid ATP supply (52).

The dependency on glycolysis is also supported by recent findings showing the formation of
large protein clusters consisting of glycolytic enzymes at sites of higher synaptic activity.
Synaptosomes chemically fixed with aldehydes showed specific enrichment in five of ten
glycolytic enzymes namely glucosephosphate isomerase, glyceraldehyde-phosphate
dehydrogenase, aldolase, pyruvate kinase and lactate dehydrogenase (53). Enzymes like
pyruvate kinase and lactate dehydrogenase mediate key energy producing steps in glycolysis.
Further, the enzymes glyceraldehyde phosphate dehydrogenase (GAPDH) and 3-
phosphoglycerate kinase (3-PGK) next to others were found on synaptic vesicles (54, 55). This
indicates that for example ATP derived from the two vesicle-bound enzymes supports vesicle

acidification and neurotransmitter filling.

More recently, a study demonstrated a large cluster formed during energetic demands at
presynaptic sites. The cluster that was termed glycolytic metabolon shows a local
concentration increase of the enzymes phosphofructokinase, glyceraldehyde-3-phosphate
dehydrogenase, pyruvate kinase and aldolase (56). The study pointed out a central role of

glycolytic metabolon formation for the synaptic vesicle cycle.

18



1. Introduction

It is considered further, that glycolytic enzymes might be directly associated with the
presynaptic Na*/K* pump that is necessary to restore neuronal polarization (57).

The aforementioned processes indicate a strong dependence of synaptic function on glycolysis
and a failure of neuronal communication caused by insufficient glycolysis. However, in patients
suffering from drug-resistance forms of epilepsy, a high ketogenic diet was shown as an
effective treatment (58, 59). This suggest that neuronal presynapses can switch to a high
activity of oxidative phosphorylation in situations where glycolysis is bypassed. How this
change affects high-frequency activities of presynapses however is poorly understood to date.
In a ketogenic metabolism, ATP at the presynapses would have to be replenished by oxidative
phosphorylation that takes place in mitochondria (60). Mitochondrial contribution to ATP levels
was recently shown to increase during elevated levels of Ca?" in neuronal axons further

indicating, that mitochondria might have a central role in support of synaptic function (60).

Mitochondria — an overview
Mitochondria form a dynamic network of organelles in almost every eukaryotic cell type. They
are a key organelle for constant supply with ATP in the cells. Further, mitochondria participate

for example in signalling of reactive oxygen species, clearance and storage of ions, immune

responses and cell death (61, 62).

Figure 3: Mitochondria in HelLa cells. A: Live cell fluorescence microscopy of HelLa cells
expressing a mitochondrial targeted mEosEM recorded with an epifluorescence microscope.
B: Electron micrograph showing a mitochondrial cross section of a HelLa wildtype cell
chemically immobilized and prepared for transmission electron microscopy. Boxed region in
B: Details of the mitochondrial membrane architecture. CM = crista membrane. IBM = inner
boundary membrane. OMM = outer mitochondrial membrane. Scale bar in A =5 pm. Scale
bar in B = 100 nm. (Own data).

In light microscopy, fluorescently labelled mitochondria of cancer cells appear as a tubular
network (Figure 3 A). In HelLa cells for example, the mitochondria range from a couple of
hundreds nanometres up to a few micrometres in length and about 300 to 500 nm in diameter.
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1. Introduction

Furthermore, mitochondria exhibit a complex membrane architecture that is traditionally
investigated with electron microscopy (63, 64). This architecture consists of an outer
mitochondrial membrane (OMM), the inner boundary membrane (IBM) in parallel to the outer

membrane as well as the crista membranes (CM) (Figure 3 B, boxed region).

Anchor proteins located in the outer mitochondrial membrane facilitates the tethering and the
transport of the organelle on cytoskeletal structures (65-68). The proper localization of
mitochondria is an essential aspect to ensure mitochondrial support of cellular needs. The
precise interaction of mitochondria with cytoskeletal components requires further
investigations. However, for example the calcium-sensing GTPase Miro was identified as a
central mediator of mitochondrial anchoring on microtubules. The interaction of Miro with motor
proteins like dynein und kinesin for example allows travelling and repositioning of mitochondria

in neuronal cells (69, 70).

Localized in the membrane are further important proteins for the in- and export of biological
material, such as metabolites, lipids and proteins (71-75). Transporters localized in the outer

membrane and the inner boundary membrane enable the passage of ions (76-79).

The membrane leaflets called crista membranes spanning across the mitochondrial matrix.
The contact between the inner boundary membrane and the crista membranes is called crista
junction. The crista junctions are maintained by the mitochondrial contact site and cristae
organizing system (MICOS) (64, 80-83). The characterisation of the human MICOS and the

involvement in crista membrane formation is in the centre of current investigations.

The crista membrane leaflets harbours the respiratory chain complexes and the rotary FiFq
ATP synthase (84). The respiratory chain complexes transport protons from the mitochondrial
matrix into the intermembrane space between inner mitochondria membrane and outer
mitochondrial membrane. The electrochemical gradient resulting from the proton shuffling
enables the synthesis of ATP at the ATP synthase and allows for transport processes across

the membranes (85).

The respiratory chain complexes I-IV together with ubiquinone, cytochrome-C and the ATP
synthase form the electron transport chain (ETC). The ETC facilitates the generation of ATP
in a process termed oxidative phosphorylation (86, 87). In oxidative phosphorylation, the
oxidation of the energetic substrates NADH and FADH, creates the energy to shuffle protons
across the membrane. NADH is oxidized on complex | of the ETC and FADH, on complex I
respectively which ultimately drives the flow of 10 H* across the membrane (88-91). The
electrochemical gradient established by proton transfer drives the rotary F1Fo ATP synthase.

The conformational change induced by the back flow of protons through Fo allows then the
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phosphorylation of ADP to ATP (92). The energetic substrates NADH and FADH. that are
needed in the ETC derive from a process called the tricarboxylic acid cycle (TCA).

In the mitochondria, pyruvate dehydrogenase converts pyruvate derived from glucose
breakdown during glycolysis to acetyl-CoA (ACo0A) (93). In the mitochondrial matrix, citrate
synthase then condenses oxaloacetate with acetyl-CoA producing citrate that starts the TCA.
The TCA generates the majority of NADH and FADH2 derived from carbohydrate oxidation
that is required for the ETC. The full oxidation of glucose during glycolysis, the conversion of
pyruvate to ACoA, and the TCA has a net yield of 30 molecules of ATP per molecule glucose.
In comparison, glycolysis only generates two molecules of ATP. This clearly demonstrates that
mitochondria utilize glucose more efficiently compared to glycolysis alone.

Mitochondria in the neuronal synapse

Neuronal cells account for a high carbohydrate turnover in any higher eukaryotes. In the adult
human, the brain can consume up to 20 % of the total calories despite its comparatively small
size (94). Mitochondrial respiration provides the majority of the energy required for proper brain
function (95).

3 £l A—

Figure 4: Transmission electron micrographs showing the mitochondrial structure in cultivated
rat hippocampal neurons. A: Somatic mitochondria. B: Dendritic mitochondria. C: axonal and
presynaptic mitochondria. Scale bar in A = 1 pm. Scale bar in B = 1 um. Scale bar in C = 200
nm. (Own data).

Depending on their positioning, neuronal mitochondria differ in size and appearance (Figure
4). Mitochondria in the neuronal soma and dendrites are large and elongated (Figure 4 A and
B), the axonal and presynaptic the individual mitochondria are usually small and puncta-like
(96) (Figure 4 C). In all three compartments, the mitochondria are dynamic and the cells
redistributes mitochondria on microtubule to cellular sites with higher energy demand (97).

The traveling of mitochondria to the axonal growth cone during development is crucial for the
establishment of synaptic connections. Studies demonstrated a higher stability of presynapses
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occupied with mitochondria. This suggest that high levels of energy are required to form and
maintain synaptic connections and that the demand can only be met by mitochondrial

respiration (98).

As discussed previously, synaptic activity requires substantial energy. This would further argue
for a high occupancy of presynapses with mitochondria. On the contrary, several studies in
neurons of the central nervous system showed that only 20 % to 40 % of presynapses actually
contain mitochondria (99-101). This might indicate a difference in functionality of the individual

synapses with respect to frequency and strength of synaptic transmission.

Measurements using fluorescent reporter molecules for ATP revealed that indeed
presynapses containing mitochondria showed elevated levels of ATP (102). The same studies
pointed out, that presynaptic mitochondria might also contribute to ATP restoration in
neighbouring boutons without mitochondria. Thus, a single mitochondrion could support fast
recovery of ATP levels after synaptic activity in multiple boutons. This suggest that
mitochondria could be located at distinctive points in the axon ensuring evenly distribution of
energy. This is further supported by the observation that mitochondria might be anchored with

cytoskeleton-like filaments to sites of high metabolic demand (103).

The initial observation of a low mitochondrial occupation of presynapses might be linked to an
overall low activity of the neuronal cells. Thus, a long-term activation of synaptic transmission
could lead to a re-localization of mitochondria to synapses. Light microscopy imaging revealed
mitochondrial travelling to pre- and postsynaptic sites during stimulation in primary neurons
(104, 105). However, additional studies demonstrated that the mitochondrial mobility declines
in neuronal cultures during their maturation and ageing (100, 106, 107). Additionally, electron
microscopic investigations of cultivated hippocampus slices stimulated for 120 minutes
showed that the mitochondrial occupation of presynapses does not increase in the
experiments (108). The electrical stimulation of the brain slices followed a theta burst pattern
that is considered a long-term memory-inducing pattern of neuronal networks. However, the
time scale of mitochondrial occupation might be much longer. Thus, further experiments are

needed.

Mitochondrial stalling might lead to short-term association of mitochondria with active
presynapses that does not result in synaptic occupation. In this process, Ca?" ions derived
from the presynaptic bouton bind to the Miro/TRACK complex of mitochondria. Mitochondria
uncouple from their associated motor proteins such as Dynein and Kinesin and additionally
tether via Syntaphilin to the microtubules (109, 110). Mitochondrial stalling can transiently
supply ATP to meet energy demands at the presynapse. The exact contribution of

mitochondrial stalling to presynaptic ATP pools is however not fully understood.
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Electron microscopy aided analyses demonstrated a structural adaptation of individual
presynaptic mitochondria in-vivo. The calyx of Held (CoH) is a large synapse in the auditory
central nervous system. The CoH is a well-established model for a high performance
presynapse and its structure was analysed in detail. Recently, major mitochondrial differences
have been observed in mitochondria of the CoH during ageing of mice (111). Those differences
included a general higher abundance of mitochondria at the terminal as well as a higher volume
of the presynaptic mitochondria. This clearly indicates a long-term adaptation of the individual

mitochondrial structure in high-performing synapses.

The CoH is a highly specialized presynaptic compartment. However, the majority of
presynapses in the brain are comparatively small and much harder to identify and they might
lack the extreme level of specialization. The structural adaptations in these smaller synapses
is less well understood. In a recent approach, the ultrastructure of presynaptic mitochondria in
GABAergic and glutamatergic boutons was investigated in mice and human (112). There,
mitochondria in high-performing synapses (GABAergic) showed an increased size and volume
as well as an increased lamellarity of the crista membranes compared to low-performing
synapses (glutamatergic). This suggest a structural heterogeneity of presynaptic mitochondria

in the brain.

Mitochondria show a specific membrane structure that is dependent on the cell type and the
localization within the cell. In presynapses that are functionally different, they show different
sizes and inner mitochondrial membrane architectures. The performance of these organelles
is modulated by changes in the intracellular concentrations of Ca?" ions (60). A high
intracellular concentration of Ca?" ions for example during synaptic activity leads to an
increased activity of mitochondrial respiration. However, it is not understood how mitochondria
adapt to an increased energy demand at the presynapse and specifically whether an increased
activity of presynaptic mitochondria leads to a structural remodelling of the inner mitochondrial

membranes.
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Electron microscopy for cell biology

Electron microscopy is a central tool to visualize and investigate cellular structures. In contrast
to light microscopy, the specimen is investigated using electrons instead of light. Cellular
details can be visualized at high details because electrons have a much smaller wavelength
compared to light used in fluorescence microscopy. However, the interaction of electrons with
cellular material causes local heating and emitting of x-rays due to inelastic scatter events of
the electrons with the sample atoms. Furthermore, imaging with electrons requires high-
vacuum conditions in the microscope that will destroy hydrated samples. Therefore, the
specimen has to be stabilized accordingly.

A W*";’:’

Figure 5: The ultrastructure of a HelLa wild type cell visualized by transmission electron
microscopy. The electron micrograph shows multiple mitochondria, sheets of the endoplasmic
reticulum, lysosomal vesicles, multiple other small vesicles and cytoskeleton, peripheries of
the nucleus including the nuclear envelope and nuclear pores. M = mitochondria. ER =
endoplasmic reticulum. N = nucleus. L = endosomal vesicles/lysosomes. CS = cytoskeleton.
Images were recorded at 120 kV with 4500x original magnification. Scale bar = 2 pm. (Own
data).

In classical preparations of biological material, proteins are first immobilized by aldehyde-
mediated crosslinking. Subsequently the samples are stained with heavy metals such as
osmium tetroxide and uranyl acetate. Osmium tetroxide stabilizes cell membranes due to

crosslinking of unsaturated lipids (113). Uranyl acetate forms insoluble precipitates with
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organophosphates thus, staining proteins within the cell as well as similar functional groups on
membrane lipids (114, 115). Finally, the samples are then dehydrated and embedded in a
resin. This allows cutting (ultra) thin sections of the specimen that can be viewed in the
microscope. Biological structures are fragile and inherently low in contrast when imaged in
electron microscopy. Staining and resin embedding helps to stabilize the cellular structures for

imaging in high vacuum with an electron beam as well as increasing their contrast (116).

Due to the nature of the staining reagents used, all structures are stained mostly unspecific.
This holds the advantage that the reference space of all organelles and structures is visible

providing valuable context information (Figure 5).

The sample preparation for traditional electron microscopy can introduce significant artefacts
within the sample. First, due to the slow immobilization by aldehyde crosslinking, structures
can move for extended time before they are fixed in place (117). In addition, chemical
immobilization can cause sample perturbations due to changes in osmolarity as well as the pH
value. Next, the staining with heavy metals creates a cast around biomolecules. Thus, the
electron micrographs show a delineation of structures by heavy metals and not the structures
themselves. Finally, sample dehydration and resin embedding significantly changes the

environment of the biomolecules (118).

All of the associated artefacts have to be considered for interpretation of the data. A major
breakthrough addressing these limitations was the development of cryo-immobilization and
electron microscopy of cells at cryogenic temperatures (119-123). Here, the samples are
stabilized in a layer of amorphous ice. This can be obtained for example by high-pressure
freezing of the material (124, 125). A pressure of about 2100 bar as well as fast cooling rates
are applied to the sample. This prevents the formation of large ice crystals that otherwise would
disturb biological structures. The more common approach for cell monolayers however, is
plunge freezing of the cells directly in liquid ethane (126). Biological structures in agueous
milieu are immobilized within milliseconds. Thus, cryo electron microscopy allows in-situ
investigations of cell membranes as well as proteins. Despite all the advantages, cryo electron
microscopy suffers from a very low throughput as well as time-consuming preparation steps.
Traditional room temperature is comparatively straight forward and many cells can be analysed
in a short time. Thus, for most applications in cell biology, room temperature electron

microscopy plays a significant role.

Current applications of electron microscopy involve high-resolution transmission electron
microscopy in 2D as well as electron tomography to study the delicate structural arrangements
within the neuronal presynapse (127, 128). There, the precise architecture of the active zone

and synaptic vesicle pools was deciphered. Important findings include measurements of
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docked vesicles under certain conditions. It is considered, that these values could be used to

estimate synaptic performance.

Furthermore, a filament like organisation machinery of synaptic vesicles was described
recently (129, 130). Other findings described the unique aspects of mitochondrial distribution
within the axon (131) or even the shuttling of organelles between neuronal cells via tunnelling
nanotubes (132, 133). These processes were captured in high detail with a few nanometres

resolution.

Transmission electron microscopy is conducted on thin resin sections. Thus, the sample
volume that can be investigated is limited to a few hundred nanometres. Strategies to image
large sample volumes involves scanning electron microscopy (SEM). Slice and view
techniques like serial blockface or focused ion beam milling combined with SEM are used
extensively to visualize the complex connections formed by several neuronal cells and their
cellular arrangements within the brain (134-136). Volume-SEM applications benefit from a
comparatively large field of view was well as the capability to image thick samples layer by
layer (137).

As a major analytical method in life science, electron microscopy is a central tool in
strengthening our understanding of neuronal cell biology and neuronal mitochondria in

particular.

Correlative Imaging of cellular structures

Electron microscopy is limited in specific labelling strategies of cellular components and
proteins in order to understand functional aspects. Light microscopy on the other side can
highlight the position of a specifically labelled biomolecule with high precision. However, light
microscopy can only provide a limited understanding of structural details within a cell. A

correlation of light and electron microscopy can alleviate those limitations.

In the first correlative light and electron microscopy (CLEM) experiments, cells were first
identified in bright field light microscopy. Flat fibroblast cells of homogenized chicken embryos
only immobilized with osmium tetroxide were identified and these cells subsequently
transferred to the electron microscope. This allowed for the first time to visualize cellular

structures in electron microscopy (138).

For advanced CLEM imaging, a breakthrough was achieved with the discovery and
implementation of fluorescent proteins in cell biology (139). This allows visualizing specific
proteins and gives rise to functional information in both, fixed cells and in living cells. To date

varieties of fluorescent reporters are accessible. Those include fluorescent proteins, potential
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driven chemical dyes and self-labelling enzymes in conjunction with inorganic dyes (140, 141).
To date, multiple sample preparation strategies for correlative imaging are available (Figure

6).
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Figure 6: Sample preparation routes of biological specimens for correlative light and electron
microscopy. The chart displays possible strategies to combine information obtained by light
and electron microscopy of one sample. This ranges from room temperature pre-embedding
CLEM approaches to cryo light and cryo electron microscopy. LM = light microscopy. HPF =
high-pressure freezing. PF = plunge freezing. FIB = focussed ion beam. SEM = scanning
electron microscopy. SBSEM = serial blockface SEM. TEM = transmission electron

microscopy (142).

A combination of light microscopy imaging with subsequent room temperature embedding and
analysis using electron microscopy is called pre-embedding CLEM (Figure 7). In pre-
embedding CLEM, both imaging modalities are performed separately, which allows operating
both, light microscopy as well as electron microscopy at high performance parameters. A
powerful aspect of this approach is the correlation of live cell processes with structural

information.
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Figure 7: Live cell CLEM enables identification of targets. A: Live cell imaging of HeLa cells
stained with Mitotracker Deep Red FM (blue) and a cytoplasmic EGFP reporter (green). B:
Transmission electron micrograph of the same cell population. C: Correlation and overlay of
the light microscopy images on the electron micrograph provides the location of target-
expressing cells for subsequent detailed investigations. Scale bars = 20 um. (Own data).

Most strategies rely on the immobilization by means of aldehyde mediated chemical
crosslinking. As discussed earlier, a major limitation of this approach is the possible
introduction of significant artefacts in the sample during staining and embedding for electron

microscopy. This might limit the precision of registration of the two data sets.

Furthermore, retrieval of the area of interest first imaged in light microscopy can become
challenging especially for three-dimensional correlations. Some of these problems can be

addressed in an approach called post-embedding CLEM (143).

In post-embedding CLEM, all imaging is carried out in a specimen already immobilized and
prepared for light and electron microscopy. With the development of high-pressure freezing
(HPF) for the immobilization of biological specimens, protocols for post-embedding CLEM
advanced. During subsequent freeze substitution and embedding in methacrylate resins, the

fluorescence of proteins and inorganic dyes can be preserved. Recently an automated imaging
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platform with coupled high-pressure freezing was introduced that would allow a minimal time
delay between fluorescence microscopy and the immobilization of the cells (144). This system

would allow combining live cell imaging with post-embedding CLEM.
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Figure 8: Correlative light and electron microscopy of HelLa cells expressing a mitochondria
targeted mCitrine. A registration of overview images obtained by light and electron microscopy
results in a CLEM-map highlighting areas of interest for subsequent detailed analysis. Sub-
areas within the sample are then subjected to high magnification imaging in electron
microscopy revealing the position of the protein of interest within its structural environment.
Scale bar in CLEM-Map = 10 pym. Scale bar in boxed region 1 = 1 um. Scale bars in boxed
region 2 and 3 = 500 nm (145).

For post-embedding CLEM, the fluorophores are imaged in the thin sections prepared for
electron microscopy (Figure 8). Due to the minimalized error in registration, this technique is
also referred to as high-accuracy CLEM. This approach was used to determine the position of
various membrane bound proteins in their underlying structure with high spatial precision. In
combination with multicolour labelling of proteins this even allows to dissect time dependent

interactions of the proteins at the membranes (146, 147).

Correlative imaging can increase the throughput of electron microscopy investigations in
multiple ways. As discussed earlier, cells of interest are identified in light microscopy. This
guides imaging to subcellular areas that might not be recognisable in electron microscopy
alone. Secondly, it was recently demonstrated that mixed populations of cells could be
discerned via fluorescence microscopy thus allowing for specific screening of one population
within the sample (148).

Correlative imaging could be applied for neuronal imaging as well. First studies applied CLEM

in cultivated hippocampal neurons (149-151). These studies further suggest that live cell CLEM
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could be applied to correlate neuronal activity to presynaptic architecture and presynaptic

mitochondria in particular.

Aims of the thesis:

Synaptic transmission poses a major energy burden of the brain. In the brain, mitochondria
are key organelles that provide energy needed for the survival of neuronal cells. The
mitochondrial plasticity reflects their functionality and adaptations in different cell types and to
changing conditions. However, to date the structural adaptation of presynaptic mitochondria to

changes in neuronal activity are poorly understood.

Thus, the goal was of this thesis was to gain detailed insights into the structural adaptation of
mitochondria in synapses to varying energy demands. These findings will provide essential
information that will ultimately help to understand the exact role of mitochondria in synaptic

transmission.

Initially, cultured cancer cells will be used as a model system to study the changes of
mitochondrial structure as a response to different energy sources. Subsequently, mitochondria
in the presynapses of rat hippocampal neurons will be analysed with respect to their structure
and abundance during resting periods and stimulated activity of the neuronal cells. These
findings will then be compared to in-vivo data on presynaptic mitochondria in mice at different

stages of development.

For the visualization of the mitochondrial ultrastructure in different cells and subcellular
compartments transmission electron microscopy (TEM) will be used as a method. To this end,
protocols for the fixation, staining and visualization of the cellular ultrastructure with a focus on
the mitochondrial ultrastructure in different mammalian cells and tissues for transmission

electron microscopy will be established and compared.

Finally, in order to gain additional mechanistic insights to mitochondrial function, tools for
correlative imaging will be developed which will allow combining functional information with
ultrastructural data. Initially, protocols for pre- and post-embedding correlative light and
electron microscopy (CLEM) will be established on HelLa cells and then combined with
metabolic imaging. This correlative approach will allow extracting information about protein

localization, cellular structure and chemical composition on a sub cellular level in HelLa cells.
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2. Methods

Cell culture

Hela, Cos7 and U-2 OS cells were cultivated in DMEM high glucose medium (Thermo Fischer
Scientific) further supplemented with 1x GlutaMAX additive (4 mM final, Thermo Fisher
Scientific), 100 U/ml penicillin and 100 pg/ml streptomycin (Merck Millipore), 1 mM sodium-
pyruvate (Sigma Aldrich) and 10 % (v/v) fetal bovine serum (Merck Millipore) in an incubator
set to 37 °C with 5 % CO,.

Special cell culture medium

Low glucose culture medium

Culture medium containing low glucose consisted of SILAC FLEX medium (Thermo Fisher
Scientific) supplemented with 10 % (v/v) dialyzed fetal calf serum (Thermo Fisher Scientific),

100 U/ml penicillin and 100 pg/ml streptomycin and 5 mM glucose (Sigma Aldrich).

Ketone bodies culture medium

Culture medium containing ketone bodies consisted of SILAC FLEX medium supplemented
with 10 % (v/v) dialyzed fetal calf serum, 100 U/ml penicillin and 100 pg/ml streptomycin and
25 mM beta-hydroxybutyrate (Thermo Fisher Scientific).

Pyruvate culture medium
Culture medium containing sodium-pyruvate consisted of SILAC FLEX medium supplemented
with 10 % (v/v) dialyzed fetal calf serum, 100 U/ml penicillin and 100 pg/ml streptomycin and

10 mM sodium-pyruvate.

Cultivation of rat hippocampal neurons

Hippocampus isolation and dissociation

Rat hippocampi were obtained by resection of the brain of Wistar-rats. Newborn rats (PO or
P1) were decapitated with a large scissor and the skin removed with a pair of forceps. The
skull was opened with a small scissor only making shallow cuts in order to preserve the
undamaged brain. The brain was removed with a spatula and placed in a 3.5 cm culture dish

filled with ice cold HBSS no calcium, no magnesium (Thermo Fisher Scientific). The two
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hemispheres were separated with a sharp spatula and the meninges removed using two pairs
of forceps. The hippocampus was isolated by cutting with a small scissor and a pair of
hippocampi collected in a 15 ml Falcon-tube and stored on ice. For the dissociation the
hippocampi were placed in 4.5 ml ice cold HBSS no calcium, no magnesium and 0.5 ml of a
freshly thawed 2.5 % trypsin (Thermo Fisher Scientific) added to the hippocampi. Dissociation
took place for 18 min in a water bath set to 37 °C with occasional light shaking of the tubes.
Digestion was stopped by adding 10 ml of pre-warmed DMEM supplemented with 5 % FBS to
each Falcon-tube and mixing. The tissues were then centrifuged at 100 g for 3 min. The
supernatant was removed and the tissues washed twice with 10 ml pre-warmed HBSS no
calcium, no magnesium each. The tissues were then dissociated with a 5 ml plastic Pasteur
pipette by pipetting up and down the tissue pieces in approximately 5 ml Neurobasal plating
medium. The cell-suspension was then placed on a 40 um cell strainer and collected in a 50
ml Falcon-tube. The final cell-suspension was achieved by diluting the strained cell-suspension
with pre-warmed Neurobasal plating medium to achieve a final cell count of 1¢10° cells/ml.
Cells were then plated by adding 1 ml of the final cell-suspension onto 18 mm glass coverslips.

One hour after plating the supernatant was exchanged for standard cultivation medium.

Neuronal cell media

Neurobasal plating medium

Standard medium for the cultivation of rat hippocampal neurons consisted of Neurobasal-A
medium supplemented with 0.5 mM GlutaMAX, 0.5 puM glutamate and 1x B-27 supplement. All
media were sterile-filtered (0.2 um filter) prior to use and conditioned by warming up in the

incubator.

Standard cultivation medium

Standard medium for the cultivation of rat hippocampal neurons consisted of Neurobasal-A
medium supplemented with 0.5 mM GlutaMAX, PenStrep, 1x CultureONE supplement and 1x
B-27 supplement (all Thermo Fisher Scientific). All media were sterile-filtered prior to use and

conditioned by warming up in the incubator.

Pyruvate neuronal refeed medium
Neuronal culture medium containing pyruvate consisted of Neurobasal-A medium without
glucose and pyruvate supplemented with 10 mM sodium-pyruvate, PenStrep, CultureONE

supplement and B-27 supplement (all Thermo Fisher Scientific).
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Ketone bodies neuronal refeed medium
Neuronal culture medium containing pyruvate consisted of Neurobasal-A medium without
glucose and pyruvate supplemented with 25 mM beta-hydroxybutyrate, PenStrep, CultureONE

supplement and B-27 supplement (all Thermo Fisher Scientific).

Buffer solutions

10x Phosphate buffered saline (PBS) stock
Stock solutions of 10x PBS buffer were obtained by mixing and dissolving 1.37 M NacCl, 27
mM KCI, 100 mM Na;HPO,4 and 18 mM KH»PO4 in vapour-distilled water.

Phosphate buffered saline working solutions

Working solutions of PBS were obtained by diluting the 10x PBS stock with vapour-distilled
water until the desired final concentration was achieved. The pH was adjusted by either using
0.1 M HCl or 0.1 M NaOH solutions.

0.2 M cacodylic buffer pH 7.4
Final working solutions of 0.1 M cacodylic buffer were obtained by mixing 0.2 M cacodylic
buffer (EMS, pH 7.4) with an equal volume of double distilled H.O. The pH was checked again

after mixing.

0.2 M Sorensen phosphate buffer

Stock solutions of Sorensen phosphate buffer (SPB) were obtained by mixing a 0.2 M
Na,HPO. solution with a volume of 0.2 M KH»PO4 solution until the desired pH of 7.4 was
achieved. Stock solutions were stored in the dark at 4 °C and discarded as soon as microbial

growth became obvious.

0.1 M Sorensen phosphate buffer

Final working solutions were obtained by mixing a stock solution of 0.2 M Sorensen phosphate
buffer with an equal amount of double distilled water. The pH was checked again after mixing.
Final solutions were stored in the dark and discarded as soon as microbial growth became

obvious.

33



2. Materials and methods

Sample preparations of cells for transmission electron microscopy (TEM)

Preparation of CLEM finder substrates

Finder-grids of choice were placed on top of either Aclar polymer film or the top part of high
pressure freezing metal planchettes (Wohlwend). A negative replica of the TEM finder grid was
obtained by sputter dispersion of evaporated carbon with a thickness of 8 to 12 nm. The sample

substrates were then treated with 70 % ethanol to sterilize prior to use.

Cell immmobilization for chemical aldehyde fixation (CAF)

Cells were immobilized using a freshly prepared and pre-warmed solution of 2.5 %
glutaraldehyde (Science Services) in 0.1 M cacodylic buffer at pH 7.4 if not stated otherwise.
Approximately 80 % of the cell culture medium was aspirated and 2 ml of the freshly prepared
fixative added to the cells. Fixative was replaced with fresh fixative after 15 minutes and the
immobilization was continued for 45 minutes at room temperature and subsequently for an
additional 18 hours at 4 °C.

Standard staining procedure for electron microscopy

Prior to the secondary fixation, the samples were washed 4 times with 0.1 M cacodylic buffer
at pH 7.4. The first two buffer exchanges were immediate and the last two exchanges for 5
minutes each. Secondary fixation was facilitated using 1 % osmium tetroxide (Science
Services) in 0.1 M cacodylic buffer at pH 7.4 for one hour at room temperature. Afterwards,
the samples were washed 4 times with double distilled water with the first two exchanges
immediate and the following two exchanges for 5 minutes each. Samples were en-bloc stained
with 1 % uranyl acetate (EMS) in double distilled water for 30 minutes at room temperature in
the dark. Dehydration followed an increasing ethanol gradient starting with 30 % over 50, 70
up to 100 % with several exchanges in-between. Final dehydration prior to resin infiltration was
facilitated with two exchanges of propylene oxide (ReagentPlus = 99 %, Sigma Aldrich) for 5
minutes each. Resin infiltration was mediated with a starting solution of 1:1 Epon resin (Embed
812 kit, Science Services) and propylene oxide for one hour at room temperature followed by
placing the samples into fresh 100 % Epon resin for an additional hour. For overnight
infiltration, the samples were placed again in fresh Epon resin on a rocker table over night at
room temperature. The following day the samples were embedded in BEEM capsules (Science

Services) and resin polymerisation took place over 48 hours at 60 °C.
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High membrane contrast procedure for electron microscopy

Sample preparation was changed to the “high membrane contrast” protocol with the following
aspects. Cacodylic buffer was completely replaced with 0.1 M Sorensen’s phosphate buffer at
pH 7.4. Secondary fixation was started using 1 % osmium tetroxide in 0.1 M Sorensen’s
phosphate buffer for one hour at room temperature. Without any washing in-between the
solution got replaced with 2 % osmium tetroxide in 1.5 % Kas[Fe(CN)e] in 0.1 M Sorensen’s
phosphate buffer and incubated for an additional 40 minutes at room temperature. Samples
were washed first for three times with double distilled water and two additional times with 0.05
M maleate buffer at pH 5.51. For the conditioning of the samples, the last incubation step with
maleate buffer was carried out for 5 to 10 minutes. Samples were then en-bloc stained with 1
% uranyl acetate and 2 % samarium trichloride (Sigma Aldrich) in 0.05 M maleate buffer at pH
5.51. After three washing steps with double distilled water for 5 minutes each, the samples
were dehydrated with a graded ethanol series starting with 30 % over 50, 70 up to 100 % with
several exchanges in-between. Final dehydration prior to resin infiltration was facilitated with
two exchanges of propylene oxide for 5 minutes each. Resin infiltration was mediated with a
starting solution of 1:1 Epon resin and propylene oxide for one hour at room temperature
followed by placing the samples into fresh 100 % Epon resin for an additional hour. For
overnight infiltration, the samples were placed again in fresh Epon resin on a rocker table over
night at room temperature. The following day the samples were embedded in BEEM capsules

and resin polymerisation took place over 48 hours at 60 °C.

fBROPA protocol for serial blockface SEM imaging

This protocol was largely adapted from a recent publication with changes made to the timing
of individual steps. Cells were immobilized using a pre-warmed solution consisting of 2.5 %
glutaraldehyde in 0.1 M Sorensen phosphate buffer at pH 7.4. Fixation was continued for one
hour at room temperature and was completed over night at 4 °C. In case the supernatant
turned yellowish in the process, the fixative was replaced with fresh solution. Secondary
fixation was started using 1 % osmium tetroxide in 1.5 % Ks[Fe(CN)s] in 0.1 M Sorensen’s
phosphate buffer for one hour at room temperature. Without any washing in-between, the
solution was replaced with 1 % osmium tetroxide in 0.1 M Sorensen’s phosphate buffer and
incubated for an additional hour at room temperature. Followed by three washing steps with
double distilled water for 5 minutes each, the samples were incubated in a solution of 320 mM
pyrogallol un-buffered in double distilled water (pH at about 4.1) for 30 minutes. The samples
were then washed three times with double distilled water for 5 minutes each and incubated in
a solution of 1 % osmium tetroxide un-buffered in double distilled water. During three extensive

washing steps using double distilled water for 10 minutes each, the Walton’'s lead aspartate
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solution was prepared. Therefore, 40 mg aspartic acid were dissolved in double distilled water
and the solution brought up to 60 °C in an oven. Next, 66 mg lead nitrate were added to the
solution. The pH of the mixture was then adjusted using 1 N sodium hydroxide solution. Care
has to be taken that the mixture remained at 60 °C throughout. Samples were then immersed
in the lead aspartate solution and kept at 60 °C for one hour. After three washing steps with
double distilled water for 10 minutes each, the samples were dehydrated with a graded ethanol
series starting with 30 % over 50, 70 up to 100 % with several exchanges in-between. Final
dehydration prior to resin infiltration was facilitated with two exchanges of propylene oxide for
5 minutes each. Resin infiltration was mediated with a starting solution of 1:1 Epon resin and
propylene oxide for one hour at room temperature followed by placing the samples into fresh
100 % Epon resin for an additional hour. For overnight infiltration, the samples were placed
again in fresh Epon resin on a rocker table over night at room temperature. The following day
the samples were embedded in BEEM capsules and resin polymerisation took place over 48
hours at 60 °C.

Adapted fBROPA protocol for transmission electron microscopy

Cells were immobilized using a pre-warmed solution consisting of 2.5 % glutaraldehyde in 0.1
M Sorensen’s phosphate buffer at pH 7.4. Sample immobilization was continued for one hour
at room temperature and was completed over night at 4 °C. In case the supernatant turned
yellowish in the process, the fixative was replaced with fresh solution. Secondary fixation was
started using 1 % osmium tetroxide in 1.5 % K4[Fe(CN)g] in 0.1 M Sorensen’s phosphate buffer
for one hour at room temperature. Without any washing in-between, the solution was replaced
with 1 % osmium tetroxide in 0.1 M Sorensen’s phosphate buffer and incubated for an
additional hour at room temperature. During three extensive washing steps using double
distilled water for 10 minutes each, the Walton's lead aspartate solution was prepared.
Therefore, 40 mg aspartic acid were dissolved in double distilled water and the solution brought
up to 60 °C in an oven. Next, 66 mg lead nitrate were added to the solution. The pH of the
mixture was then adjusted using 1 N sodium hydroxide solution. Care has to be taken that the
mixture remained at 60 °C throughout. Samples were then immersed in the lead aspartate
solution and kept at 60 °C for one hour. After three washing steps with double distilled water
for 10 minutes each, the samples were dehydrated with a graded ethanol series starting with
30 % over 50, 70 up to 100 % with several exchanges in-between. Final dehydration prior to
resin infiltration was facilitated with two exchanges of propylene oxide for 5 minutes each.
Resin infiltration was mediated with a starting solution of 1:1 Epon resin and propylene oxide
for one hour at room temperature followed by placing the samples into fresh 100 % Epon resin

for an additional hour. For overnight infiltration, the samples were placed again in fresh Epon
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resin on a rocker table over night at room temperature. The following day the samples were

embedded in BEEM capsules and resin polymerisation took place over 48 hours at 60 °C.

Cell immobilization for high-pressure frozen cells

For correlative imaging, HelLa cells were seeded in 10 cm cell culture dishes at a confluency
of approximately 70 %. On the day of freezing, the cells were incubated with a final
concentration of 200 nm Mitotracker Deep Red FM (Thermo Fisher Scientific) in DMEM
complete medium (Thermo Fisher Scientific) for 1 hour. Cells were then detached by using
0.25 % Trypsin in PBS and collected in a 15 ml Falcon-tube. Trypsin was deactivated by adding
the double volume of pre-warmed DMEM complete medium. Cells were then centrifuged at
300 g for 5 minutes. Cell pellets were re-suspended in DMEM without phenol red and were
supplemented with a final concentration of HEPES at 25 mM, before being transferred to a 1.5
ml Eppendorf-tube. The cell suspension was kept in a heated metal block at 37 °C throughout
this process. Prior to freezing cells were concentrated with a table top centrifuge to achieve a
paste-like consistency of the suspension. Small aliquots of about 2 uL were transferred to gold-
coated copper planchettes (Wohlwend) and immobilized by high pressure freezing in a Leica
HPM2100 (Leica Microsystems). The obtained frozen cell pellets were kept in liquid nitrogen

until further use. These methods were published in (145).

Freeze substitution and resin embedding for CLEM

Sample blocks were obtained by freeze substitution of the cell pellets in 0.5 % uranyl acetate
diluted from a 20 % stock in methanol and 3 % double distilled H2O in acetone in an automated
freeze substitution machine (Leica AFS1, Leica Microsystems). Temperature was set to -130
°C for the first 2 hours and then raised to -90 °C with a 20 °C/hr gradient. Pellets were then
kept at -90 °C for 8 hours and temperature was then raised to -45 °C in a 5 °C/hr gradient. At
-45 °C the pellets were washed three times with pre-cooled pure acetone over the course of
1.5 hours. For resin infiltration the pellets were incubated with 25, 50, 75 and 100 % HMZ20
(Science Services) dilutions in pure acetone for 2 hours each. Pellets were kept in fresh 100
% HM20 overnight while temperature was raised to -25 °C with a 5 °C/hr gradient. On the next
day over the course of 8 hours, the resin was replaced three times with fresh 100 % HM20
resin. Pellets were then transferred to gelatine capsules and UV polymerized over the first 48
hours at -25 °C, followed by a temperature rise to 0 °C with a 5 °C/hr gradient. After trimming
of the gelatine capsules, samples could be used immediately. However, | kept sample blocks
at room temperature in the dark in a fume hood to complete polymerization for at least two

days. Final sample blocks could easily be checked for fluorescence preservation with a 10x air
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objective. Alternatively, thick sections of 400 nm may be cut with a Histo-knife and observed

with a fluorescence microscope. These methods were published in (145).

High-accuracy post-embedding CLEM

For high-accuracy CLEM, sections of 160 nm thickness were cut with a 35° DIATOME ultra
knife and collected on carbon-coated Formvar finder grids (Ted Pella 01910-F; Electron
Microscopy Sciences). Grids were kept in the dark throughout the whole process and were
observed as soon as possible. For fluorescence microscopy, the grids were placed on a glass
microscope slide, covered with a drop of PBS and covered with a glass coverslip. Areas of
interest were identified with a 20x air objective and detailed images acquired with a 100x oil
immersion objective. Bright field images were acquired to allow for a re-identification of the
areas, DAPI channel images were acquired to record uranyl acetate fluorescence, for easier
re-identification of the cells. Finally, the channel of interest was imaged to reveal the
protein/label. After imaging, the grids were recovered by pipetting fresh PBS on one side of
the cover slips in order to float them off gently. Grids were then dried and stored until TEM
investigations. Overview images were taken at an original magnification of 600x for
identification of the cells of interest. Detailed images of grid boxes were taken in a tile scan of
10x10 images, with an original magnification of 3500x. Overview images of individual cells
were obtained by merging the corresponding images with Photoshop CS6 using the
“Photomerge” automated procedure. CLEM overviews were obtained by correlating the light
microscopy data with the electron microscopy images in Icy with the plug-in eC-CLEM (152).

These methods were published in (145).

Image registration for CLEM

Precise correlation of the data obtained by several imaging modalities could be achieved since
all imaging techniques include characteristic features and intrinsic landmarks of the cells,
without the need for additional fiducial markers (e.g. fluorescent beads). Image registration
was carried out by monitoring a target point and landmarks evenly spread out throughout the
field of view, until a minimal localization error was achieved for that point (2D or 3D linear
transformation). For high-accuracy CLEM, the fluorescent data was up-scaled to match the

electron micrograph. These methods were published in (145).
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Cellular imaging

Transmission electron microscopy

Parameters for imaging (section thickness, original magnification, operation of the microscope)
in transmission electron microscopy are listed for every experiment individually. Electron
micrographs were taken, if not stated otherwise, on a Philips CM120 transmission electron
microscope equipped with a LaBe-source and a TVIPS 2x2 slow-scan CCD camera. These

methods were adapted from (145)

Epifluorescence imaging

Fluorescence images for correlative microscopy were, if not stated otherwise, recorded on a
Leica DM6000B microscope (Leica Microsystems GmbH), equipped with a CCD-camera
(DFC350FX) and the following filter cubes. A4 (UV): Exc 360/40, Dichro 400, Suppres BP
470/40. BGR (UV): Exc 420/30; 495/15; 570/20, Dichro 415; 510; 590, Suppres BP 465/20;
530/30; 640/40. GFP (blue): Exc 470/40, Dichro 500, Suppres BP 525/50. L5 (blue): Exc BP
480/40, Dichro 505, Suppres LP 527/30. N3 (green): Exc BP 546/12, Dichro 565, Suppres LP
600/40. SFRED (red): Exc HQ 630/20x, Dichro Q649LP, Suppres HQ 667/30. Furthermore,

this microscope allows imaging in brightfield and phase contrast microscopy.
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3. Results

Section 1 — Mitochondrial adaptation in the neuronal presynapse

In section 1, the structure and specific adaptations of mitochondria in neuronal presynapses
will be analysed. To this end, mitochondria in cancer cells and in 2D cultures of cultivated rat
hippocampal neurons were visualized with transmission electron microscopy in different
metabolic conditions of the cells. Finally, these mitochondrial structures were compared with
the ultrastructure of presynapses in the cochlear nucleus of mice at different ages as an in-

vivo model for mitochondrial adaptation to an increase in presynaptic energy demand.

Development of high contrast staining procedures for electron microscopy

Electron microscopy of cells requires the optimization of fixation and staining protocols. This
ensures that the features of interest are well preserved and can be visualized in the electron
micrographs. In the following, several staining procedures for electron microscopy were tested
and compared. A central criterion for the comparison was the visibility of the inner
mitochondrial membrane architecture. To test the standard preparation protocol, rat
hippocampal neurons were cultivated for 21 DiV on PLL coated glass coverslips. After
immobilization by aldehyde fixation and subsequent sample preparation for transmission
electron microscopy, images of 70 nm thick sections, mounted on Formvar-coated slot-grids

were recorded at 120 kV with an original magnification of 6500x.

Electron micrographs were subjected to a 2 pixel median filter in imageJ (153). Mitochondrial
inner architecture can be visualized in mitochondria located in the soma (Figure 9 A). The
mitochondrial ultrastructure in neurites and especially in presynapses is mostly obscured due
to an electron-dense staining of the mitochondrial matrix. While in such cases the membranous
structure can still be assessed due to a lighter intra-crista staining, the less ordered
arrangement of crista-membranes in presynaptic mitochondria reduces visibility in electron

micrographs significantly (Figure 9 F).

In contrast, other structures commonly visible in electron micrographs from neuronal cells like
microtubules (Figure 9 D), synaptic vesicles (Figure 9 E and F) and the post-synaptic-density
(Figure 9 F) are clearly detectable and easy to identify. Therefore, the standard staining
procedure results in a good preparation of the hippocampal neurons for proper visualization of

the overall cell morphology and many ultrastructural details.
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Figure 9: Transmission electron microscopy images of rat hippocampal neurons prepared with
the standard protocol. A: Mitochondria located in the soma. B: Mitochondria located in
dendrites. C: Mitochondria located in dendrites and presynapses. D, E and F show detailed
view of dot-line boxes from the upper row. M = mitochondria. Mt = microtubules. SVs = synaptic
vesicles. White box in F = postsynaptic density. Scale bars in A, B and C = 500 nm. Scale
bars in D, E and F = 200 nm.

However, it is not sufficient to provide clear representations for internal mitochondrial
membrane arrangements. For a more detailed analysis of the ultrastructural features of these
mitochondria, an adapted protocol is necessary. In the following section, different adaptations
of protocols for cellular staining in electron microscopy will be compared for cultured cancer

cells as well as isolated rat hippocampal neurons.

High contrast membrane procedure

For a high contrast staining of cellular membranes, an additional staining with Ks[Fe(CN)s]
reduced osmium tetroxide was employed prior to secondary fixation. The oxidation state of
Os" is more hydrophobic and therefore solubilizes in biological membranes increasing the
resulting contrast in electron microscopy of these structures (154). Additionally, samarium
trichloride for mitochondrial membrane staining was tested as it was shown to enrich on
mitochondrial membranes (115). To evaluate the overall efficiency of the protocol, HeLa cells
were treated the same way. Rat hippocampal neurons were cultivated for 21 DiV on glass
coverslips. HelLa cells were seeded on Aclar coverslips at approximately 70 % confluency.
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After immobilization by CAF and subsequent sample preparation for transmission electron
microscopy, images of 60 nm thick sections, mounted on Formvar-coated slot-grids were
recorded at 120 kV with an original magnification of 6500x. Electron micrographs were
subjected to a 2-pixel median filter in imageJ. The appearance of cellular components changed
dramatically compared with the standard protocol (Figure 10). The nucleus appears only lightly
stained and very homogenous (Figure 10 A). The nuclear envelope appears as a dark
structure delineating the chromatin as opposed to standard preparations. Also round and very
dark structures are visible that can be presumably assigned to lysosomal-compartments. The
mitochondrial membranes were more clearly visible than with the standard preparation

procedure.

Figure 10: Transmission electron micrographs of rat hippocampal neurons and HelLa cells
suing the high-contrast protocol. A, B: Soma of rat hippocampal neurons. C: Cytoplasm of a
HeLa cell. D, E and F show boxed regions from A, b and C respectively. Scale bars for A, B
and C= 500 nm. Scale bars for D, E and F = 200 nm.

The matrix is more lightly stained while the membrane staining of all organelles is more
pronounced. In neuronal cells however, the mitochondrial outer membrane shows the most
enrichment in stain and thus appears darker than, for example, the crista-membranes (Figure
10 E). Structures like the cytoskeleton are not visible in this preparation. Protein rich structures
located in the cytoplasm, as for example ribosomes, are visible due to their enriched staining.
This is not the case in this preparation; the cytoplasm appears more homogeneously stained.
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In the comparative preparation of HelLa-cells, the structure of the organelles can be readily
assessed in low magnifications due to the pronounced staining of the membranes. The nucleus
shows a uniform staining. Eu- and heterochromatin were not distinguishable. The nuclear
envelope appears as a dark delineation of the chromatin as well. Thus, this protocol stained
primarily lipidic structures such as membranes. All organelle membranes in HelLa cells are

equally enriched in stain and thus very well visible.

The high contrast protocol provided enhanced staining of organelle membranes in HelLa cells.
For neuronal cells, the application of the protocols also resulted in an increased contrast of the
membranes in mitochondria and less electron-dense staining of the mitochondrial matrix.
However, the mitochondrial outer membrane of neuronal mitochondria was more enriched in
stain but crista membranes are still not clearly visualized. To analyse the crista membranes,
the contrast of these membranes needs to be further improved. This could be achieved with

additional labelling of membranous structures with heavy metals.

fBROPA protocol for enhanced membrane staining

The “fast brain-wide reduced-osmium staining with pyrogallol-mediated amplification” protocol
(fBROPA) was recently employed for the improved staining of organ-pieces for volume-SEM
image acquisitions (155). As a main difference to existing protocols, this approach features the
use of pyrogallol instead of thio-carbohydrazide and Walton’s lead aspartate staining instead
of en-bloc staining with uranyl acetate. In both cases, whether using pyrogallol or thio-
carbohydrazide, a multilayer of osmium-crosslinking products on biological and organelle
membranes is deposited resulting in a strong accentuation of membranes within the sample

while reducing the visibility of any cytosolic and matrix localized features.

Here it was tested if the fBROPA protocol improves imaging of neuronal mitochondria with
electron microscopy. To this end, rat hippocampal neurons were cultivated for 21 DiV on glass
coverslips. HelLa-cells were seeded on ACLAR coverslips at approximately 70 % confluency.
The cells were then processed and resin embedded in Epon according to the fBROPA protocol.
Images of 50 nm thick sections, mounted on Formvar-coated slot-grids, were recorded at 120
kV with an original magnification of 6500x. Electron micrographs were subjected to a 2-pixel

median filter in imageJ.

Exemplary images of rat hippocampal neurons and HelLa cells were obtained after staining
with the fBROPA protocol (Figure 11). Structures as the nucleus appeared lightly stained and
homogeneous with the nuclear envelope as a black line delineating the chromatin from the
cytoplasm (for example see Figure 11 A). In addition, sheets of the endoplasmic reticulum

appeared almost uniformly filled as black lines. As opposed to the procedures described

43



3. Results

previously in this section, the mitochondrial inner architecture in both HelLa cells and neurons
was visible already in low original magnifications (Figure 11 A and B). The mitochondrial
matrix showed almost no staining which contributed to the good contrast of the crista-
membranes. The cytoskeleton was invisible in the soma but could be visualized when highly

abundant like in neurites (Figure 11 E).

Figure 11: fBROPA protocol preparations of rat hippocampal neurons and HelLa cells. A and
B: Soma of rat hippocampal neurons. C: Cytoplasm of a HeLa-cell. D, E and F show boxed
regions in A, B and C respectively. Scale bars for A, B and C = 500 nm. Scale bars for D, E
and F =200 nm.

Proteins in the cytoplasm were not visible with this preparation technique. In HeLa-cells, the
organelles appear a bit clearer as in the preparations from neuronal cells. However, at higher
magnifications, the structure of the mitochondrial membranes shows some aberrations, which
might be caused by the incubation with lead aspartate at higher temperatures. The multilayer
deposition of heavy metals will result in an increased thickness of lipid bilayers. Using this
protocol, the thickness of the ultra-thin sections should not exceed 50 nm as otherwise the
membranous structures will appear less defined within the electron micrographs and can
overlap with each other (Figure 11 F).

The mitochondrial ultrastructure in rat hippocampal neurons and HeLa cells could be visualized
with high contrast of all membranes. Further, in mitochondria of neuronal cells no electron-
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dense staining of the mitochondrial matrix was visible. However, multiple layers of heavy metal

stain decrease the resolution that can be obtained at higher magnifications.

The application of the fBROPA protocol can reduce some of the problems of caused by poor
membrane staining of organelles when analysing neuronal cells. However, it is also evident,
that the deposition of multiple layers of osmium onto organelle membranes led to a significant
decrease of resolution in transmission electron microscopy, especially when imaging at higher
original magnifications. Taken together from the previous protocol establishments, the
membrane contrast can be increased by using a series of reduced osmium and regular osmium
staining without compromising resolution too much. Furthermore, the replacement of uranyl
acetate for Walton's lead aspartate for en-bloc staining results in a less stained mitochondrial
matrix thus, leading to a better visibility of the crista membranes. For a detailed analysis of
presynaptic mitochondria, an adaptation of this protocol is needed. Avoiding multiple
depositions of osmium on membranes as an adaptation of the fBROPA protocol might lead to

an improved resolution of cellular structures.

Adapted high contrast protocol for neuronal cells

In the adaptation of the fBROPA protocol, the deposition of multiple osmium layers on
membranous structures was avoided. Rat hippocampal neurons were cultivated for 21 DiV on
glass coverslips. Alongside, HeLa-cells were seeded on Aclar coverslips at approximately 70
% confluency. After immobilization by CAF and subsequent sample preparation for
transmission electron microscopy, images of 60 nm thick sections, mounted on Formvar-
coated slot-grids, were recorded at 120 kV with an original magnification of 6500x. Electron

micrographs were subjected to a 2-pixel median filter in imageJ.

Membranes of organelles in rat hippocampal neurons and Hela cells were clearly stained
(Figure 12). All organelles could be distinguished easily. In addition, the inner mitochondrial
architecture of somatic mitochondria was clearly visualized. This posed a significant
improvement to the standard preparation protocol. However, cytoskeleton and smaller proteins

were mostly obscured and could not be analysed properly with this preparation protocol.

45



3. Results

Figure 12: Adapted high contrast protocol preparations of rat hippocampal neurons and HelLa
cells. Transmission electron micrographs show exemplary images of mitochondria found in
both samples. A and B: Soma of rat hippocampal neurons. C: Cytoplasm of a HeLa cell. Scale
bars = 500 nm.

The adaptation of the fBROPA protocol resulted in a good visualization of mitochondrial
ultrastructure from neurons and HelLa cells. Organelle membranes were sufficiently stained to
image cellular structures at low magnification to obtain large overviews with contextual
information of both cell types. Further, the ultrastructure of mitochondria was clearly visible at
lower magnifications thus; multiple mitochondria could be captured in a single micrograph. The
membranes of organelles appeared defined and neighbouring structures did not overlap with
each other. For a detailed analysis at high magnifications, this was a significant improvement
to the fBROPA protocol.

In summary, preparations of cells according to the standard procedure allowed staining
organelle membranes and protein-rich structures in the cytoplasm. A good assessment of the
cellular features was possible in HeLa cells. However, the precise architecture of mitochondria
could not be visualized in neuronal cells. The high contrast protocol resulted in increased
staining of organelle membranes but details such as cytoskeleton structures are not stained
and thus, are not visualized. Further, the mitochondrial inner architecture of neuronal cells
cannot be analysed in detail because the inner mitochondrial membranes are less enriched in
stain compared to the outer mitochondrial membrane. Preparations using the fBROPA protocol
resulted in strong staining of all organelles. Membranes could be visualized with high contrast.
However, structures in close proximity overlap with each other and appeared less defined. The
adaptation of the fBROPA protocol resulted in strong staining of organelle membranes but the
overlap of structures was avoided. However, some contextual information was lost due to the

insufficient staining of protein-rich structures.
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Table 1: Advantages and downsides of sample preparation protocols for transmission electron
microscopy of neuronal mitochondria in the soma. Table 1 compares cellular features and their
staining with respect to the protocols established in this thesis. Standard protocol preparations
could be applied to visualize the general cell structures of neurons with limited visualization of
the mitochondrial architecture. For imaging of neuronal mitochondria, the adapted high
contrast protocol provided the best results.

Standard High contrast fBROPA Adapted high
protocol protocol contrast protocol
Membrane
L + ++ +++ +++
staining
Protein staining +++ - - -
contrast + ++ +++ +++
Resolution +++ + - +
Visibility of
mitochondrial -- - ++ 44+
architecture

Several staining protocols for electron microscopy were tested on HelLa cells and neurons. For
neuronal cells, different protocols have to be applied depending on the structure of interest
that will be analysed. For a general overview of the cells, the standard preparation protocol
produces good results. However, for the analysis of mitochondrial architecture, the adaptation
of the fBROPA protocol yields better results compared to the standard protocol (Table 1).

Preliminary experiments towards mitochondrial adaptation during metabolic switch

Mitochondria form a flexible network that can adjust to meet cellular energy demands. The first
section described multiple sample preparation protocols to visualize the mitochondrial
ultrastructure in electron microscopy. These protocols were then applied to study the
mitochondrial structure in several cancer cell lines. For the analysis of the performance of
these organelles in the cellular context, chemical inhibitors of the respiratory chain complexes
can be used to modify the mitochondrial activity and to reduce the amount of ATP that can be
provided. Such inhibitors can also have strong undesirable effects on the cellular activity. The
functions of mitochondrial proteins are generally interdependent and the inhibition of a protein
complex might have numerous side effects. In order to avoid possible stress reactions of the
cells to a chemical inhibitor, the plasticity of mitochondria was analysed using a metabolic

switch of the cells.

For this purpose, the long-term adaptation of Hela, U-2 OS and Cos7 to the availability of

different carbon sources. The availability of different carbon sources might switch the cell
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metabolism to either glycolysis or mitochondrial respiration as a main source for ATP. This

might further affect the mitochondrial architecture.

Structural adaptations of mitochondria in presence of different carbon substrates in
cultivated cancer cell lines

Cultured cancer cell lines were used in a preliminary experiment to study the impact of a certain
energy substrate to the mitochondrial ultrastructure. Culture medium containing 30 mM
glucose was used as the control condition. Further, a lower concentration of glucose was
tested. Sodium-pyruvate and beta-hydroxybutyrate can only be utilized by mitochondrial
respiration to generate ATP in the cells while ATP generation via glycolysis is avoided in these
test conditions. Therefore, cells grown in presence of either sodium-pyruvate or beta-
hydroxybutyrate may switch their metabolism towards higher activity of oxidative
phosphorylation.

To analyse the mitochondrial adaptation on a structural level, HeLa CCL, U-2 OS and Cos7
cells were seeded on ACLAR slides in a 6 cm cell culture dish at a confluency of approximately
30 %. 24 hours later the dishes were briefly washed with warm PBS to minimize the amount
of residual DMEM complete medium and transferred into pre-warmed culture medium only

containing the selected carbon substrates.

Table 2: Vitality of cells grown in DMEM for three days. Culture medium supplemented with
either 30 mM glucose, 5 mM glucose, 10 mM sodium-pyruvate or 25 mM beta-hydroxybutyrate
respectively without supplementation of serum. The vitality of the cultures was qualitatively
evaluated using phase-contrast light microscopy. Red boxes indicate cultures where almost
all cells were dead and detached (indicated with --). Yellow boxes indicate cultures with higher
amounts of detached cells (indicated with -). Light green boxes indicate cell cultures that are
vital but showed few detached cells (indicated with a +). Green boxes indicate cell cultures
with high vitality (indicated with ++).

HelLa CCL U-2 OS
+

30 mM glucose

5 mM glucose

10 mM pyruvate
25 mM bHB

The cells were then cultivated in DMEM no-glucose supplemented with either 30 mM glucose,
5 mM glucose, 10 mM sodium-pyruvate or 25 mM beta-hydroxybutyrate respectively for three
days without supplementation of fetal calf serum. On every day, the condition of the cultures
was checked using phase-contrast light microscopy (Table 2). Green boxes indicate a healthy

culture. Light green boxes indicate cultures in good condition with only minimal cell
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detachment. Yellow boxes indicate a culture showing increased rates of cell detachment and
dead cells in the supernatant. Red boxes indicate cultures with a few up to no attached cells
present on the coverslip.

After three days of cultivation, the cells were immobilized with a fresh prepared solution
containing 2.5 % glutaraldehyde in 0.1 M Sorensen phosphate buffer (pH 7.4) pre-warmed to
37 °C. After one-hour incubation at room temperature, the cells were transferred to 4 °C and
the fixation completed overnight. Secondary fixation, staining and final resin embedding was
carried out according to the high-contrast protocol. Ultra-thin sections of 60 nm thickness were
examined at 120 kV with 8600x original magnification. The sections were screened for cells
that appeared healthy and without any visible signs of cellular stress.

30 mM glucose 5 mM glucose 10 mM pyruvate 25 mM bHB

'

Figure 13: Transmission electron microscopy images of mitochondria from HelLa, U-2 OS and
Cos7 cells. Cells were grown for three days in DMEM in presence of either 30 mM glucose, 5
mM glucose, 10 mM sodium-pyruvate or 25 mM beta-hydroxybutyrate without supplementation
of serum. Cultures of HeLa and U-2 OS cells cultivated in presence of 25 mM beta-
hydroxybutyrate could not be analysed in electron microscopy due to excessive cell death
(indicated with N/A). Scale bars = 200 nm.

The membranous ultrastructure of the mitochondria was only slightly affected when the energy
substrate is changed over a long period. Mitochondria in all cell lines exhibited the lamellar
crista-arrangement perpendicular to the mitochondria tube with a high rate of membrane
stacking within every condition tested (Figure 13). The viability after three days of cultivation

differs between the selected cell lines. While all cell lines seemed to tolerate the cultivation in
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glucose during serum starving, other conditions like cultivation in beta-hydroxybutyrate lead to
an increase in cell detachment and cell death.

In conclusion, serum starving over three days might have already interfered substantially with
the cell metabolism. Cell proliferation might be increased in culture conditions with sodium-
pyruvate or beta-hydroxybutyrate supplemented as a carbon source. Thus, an increase in cell
detachment due to the lack of nutrients is possible. In this experimental setup, a mitochondrial
adaptation could not be analysed as the rates of cellular detachment and cell death were
increased. An adaptation of the culture conditions was needed to avoid stress reactions of the
cells to the depletion of growth factors. For subsequent experiments, a specialized formulation
of DMEM was to be used.

Structural adaptations of mitochondria in presence of different carbon substrates in
cultivated cancer cell lines in specialized medium

Cancer cells can switch to other substrates than glucose in order to fuel mitochondrial
respiration. Especially glutamine might be used extensively for energy production in cancer
cells compared to regular cells and tissues (156). Because of that, DMEM medium containing
glutamine may not result in a specific adaptation of the mitochondrial structure to a change in
carbon source. Therefore, in the following experiments the DMEM medium was exchanged to
SILAC FLEX medium that is devoid of glutamine and any carbon source. The SILAC FLEX
medium was then further supplemented with dialyzed fetal bovine serum to avoid serum
starving of the cells. In line with previous experiment, cells were first plated in DMEM complete

medium on Aclar sheets.

Table 3: Vitality of cells grown in SILAC FLEX medium without glutamine. Culture medium
supplemented with either 30 mM glucose, 10 mM sodium-pyruvate or 25 mM beta-
hydroxybutyrate respectively. Conditions of the cultures were qualitatively evaluated using
phase-contrast light microscopy. Light green boxes indicate cell cultures that are vital but
showed few detached cells (indicated with a +). Green boxes indicate cell cultures with high
vitality (indicated with ++).

HelLa CCL U-2 OS Cos7

30 mM glucose + + +

10 mM pyruvate ‘

25 mM bHB

To test the metabolic adaptation, the cells were then briefly washed with pre-warmed PBS (pH

7.4) and subsequently transferred to pre-warmed SILAC FLEX medium supplemented with
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dialyzed serum and further supplemented with either 30 mM glucose, 10 mM sodium-pyruvate
or 25 mM beta-hydroxybutyrate respectively and cultivated for three days.

On each day, the vitality of the cell cultures was examined each day using phase-contrast light
microscopy. Green boxes indicate cultures in good condition. Light green boxes indicate
cultures with small amounts of detached cells (Table 3).

The cells were then immobilized with a freshly prepared solution containing 2.5 %
glutaraldehyde in 0.1 M Sorensen phosphate buffer (pH 7.4) pre-warmed to 37 °C. The cells
were then transferred to 4 °C and the fixation completed over night. Secondary fixation,
staining and final resin embedding was carried out according to the high-contrast protocol.
Ultra-thin sections of 60 nm thickness were examined at 120 kV with 8600x original
magnification (Figure 14).

Figure 14: Transmission electron micrographs of HelLa, U-2 OS and Cos7 cells grown in
SILAC FLEX with dialyzed serum and without glutamine. Cells were grown in medium with 30
mM glucose, 10 mM sodium-pyruvate or 25 mM beta-hydroxybutyrate respectively as energy
substrates available for 3 days of cultivation. Scale bars = 200 nm.
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Images of 15 to 20 cells each showing multiple cross-sections of mitochondria were then
analysed. First, the diameter of the mitochondria was determined in imageJ (Figure 15).

Precisely, for HelLa cells grown in 30 mM glucose, the average mitochondrial diameter was
201.1 + 54.5 nm (mean = SD, 243 mitochondria). After cultivation in presence of 10 mM
sodium-pyruvate, the diameter increased to 285.6 + 82.7 nm (mean + SD, 254 mitochondria;
p <0.001). With cultivation in presence of 25 mM beta-hydroxybutyrate, the diameter increased
to 298.3 £ 66.9 nm (mean + SD, 162 mitochondria; p < 0.001, p = 0.1 to cultivation in sodium-
pyruvate). Cos7 cells cultivated in 30 mM glucose had an average diameter of 220.2 + 59.8
nm (mean *= SD, 186 mitochondria). After cultivation in presence of 10 mM sodium-pyruvate,
the diameter increased to 339.3 £ 99 nm (mean + SD, 171 mitochondria, p < 0.001).
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Figure 15: Morphological adaptations of mitochondria to a specific energy substrate in HelLa,
Cos7 and U-2 OS cells. Statistical analysis of mitochondrial diameter for each condition picked
from three individual experiments for each cell line and the substrate used. Box and whiskers
plots show the mitochondria diameter obtained by manual measurements. The boxes indicate
25" to 75" percentile. The horizontal lines indicate median. Whiskers indicate SD. ***p < 0.001.
After cultivation in presence of 25 mM beta-hydroxybutyrate, the diameter increased to 361.1
+ 96.8 71.8 nm (mean * SD, 142 mitochondria, p < 0.001; p = 0.051 to cultivation in sodium-

pyruvate). U-2 OS cells showed an average diameter of 204.6 £ 51.7 nm (mean = SD, 156

52



3. Results

mitochondria) when grown in presence of 30 mM glucose. After cultivation in presence of 10
mM sodium-pyruvate, the diameter increased to 248.7 £ 71.8 nm (mean * SD, 224
mitochondria; p < 0.001). The diameter further increased after cultivation in presence of 25
mM beta-hydroxybutyrate to 277.7 £ 62.3 nm (mean + SD, 161 mitochondria; p < 0.001; p <
0.05 to cultivation in sodium-pyruvate). For determination of the p-values, see supplementary
Figure 43.

Next, parameters of the inner mitochondrial membrane were manually determined in the same
images used for diameter measurements using imageJ. Since complexes for the respiratory
chain are located on the crista membranes (157), the abundance of these membranes was
determined in relation to the mitochondrial area. This should give a rough estimation of the
potential respiratory performance of these organelles. First, the area of each mitochondrion
was measured. Then, the length of each crista within that mitochondrion was determined. Each
data point represents the sum of all crista membrane lengths within one mitochondrion divided
by the area of that mitochondrion (Figure 16).
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Figure 16: Average crista length per area of mitochondrial cross-section. The box plots show
the abundance of crista membranes per area in um/um? for HeLa, Cos7 and U-2 OS cells
respectively. Box and whiskers plots show the mitochondria diameter obtained by manual
measurements. The boxes indicate 25™ to 75" percentile. The horizontal lines indicate median.
Whiskers indicate SD. ***p < 0.001.
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Precisely, for HeLa cells grown in 30 mM glucose, the average crista length per area was 4.03
+ 1.58 um/um? (mean + SD, 236 mitochondria). After cultivation in presence of 10 mM sodium-
pyruvate, the length increased to 5.81 + 1.63 pm/um? (mean * SD, 245 mitochondria; p < 0.05).
With cultivation in presence of 25 mM beta-hydroxybutyrate, the length increased to 6.62 +
1.94 pm/um? (mean + SD, 162 mitochondria; p < 0.05; p < 0.05 to cultivation in sodium-
pyruvate). U-2 OS cells showed an average crista length per area of 5.07 + 2 um/um? (mean
+ SD, 217 mitochondria) when grown in presence of 30 mM glucose. After cultivation in
presence of 10 mM sodium-pyruvate, the length increased to 6.80 + 2.02 um/um? (mean + SD,
103 mitochondria; p < 0.05). The length after cultivation in presence of 25 mM beta-
hydroxybutyrate was 6.08 + 1.75 um/um? (mean + SD, 137 mitochondria; p < 0.05; p < 0.05 to

cultivation in sodium-pyruvate).

Cos7 cells cultivated in 30 mM glucose had an average crista length per area of 5.80 + 2.02
um/um? (mean = SD, 129 mitochondria). After cultivation in presence of 10 mM sodium-
pyruvate, the length increased to 7.73 + 2.24 pm/um? (mean + SD, 150 mitochondria; p < 0.05).
After cultivation in presence of 25 mM beta-hydroxybutyrate, the length increased to 7.81 +
2.07 um/um? (187 mitochondria; p < 0.05; p = 0.733 to cultivation in sodium-pyruvate). For

determination of the p-values, see supplementary Figure 44.

In all cell lines analysed, an increase of the abundance of crista-membranes was observed
when energy substrates were present that could only be utilized by mitochondria (sodium-
pyruvate or beta-hydroxybutyrate). This effect was the strongest for HeLa CCL cells but the
same trend was observed for Cos7 cells and U-2 OS cells as well (Figure 17). Compared to
the glucose cultivation condition, a 2-fold increase (2.05 + 0.17, mean = SD) in crista
membranes was observed when Hela cells were cultivated in presence of 10 mM sodium-
pyruvate. The abundance increased to about 2.4-fold (2.43 + 0.16, mean + SD) when HelLa

cells were cultivated in presence of 25 mM beta-hydroxybutyrate.

For U-2 OS cells, this increase was about 1.6-fold (1.63 + 0.14 for sodium-pyruvate and 1.63
+ 0.10 for beta-hydroxybutyrate, mean + SD) for both cultivation conditions with respect to the
glucose cultivation condition. In Cos7 cells, an increase of about 2-fold (2.05 £ 0.17, mean +
SD) was found for cultivation in presence of sodium-pyruvate and about 2.2-fold (2.21 + 0.16,
mean * SD) increase for beta-hydroxybutyrate respectively. For determination of the p-values,

see supplementary Figure 45.
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Figure 17: The Metabolic switch changes the length of crista membranes [um] per pum of
mitochondrial length. Crista length in the mitochondria in cells cultivated in either 30 mM
glucose, 10 mM sodium-pyruvate or 25 mM beta-hydroxybutyrate normalized to cultivation
condition in 30 mM glucose. Analysed for HeLa, Cos7 and U-2 OS cells respectively. Box and
whiskers plots show the mitochondria diameter obtained by manual measurements. The boxes
indicate 25™ to 75" percentile. The horizontal lines indicate median. Whiskers indicate SD. ***p
< 0.001.

In summary, the mitochondrial adaptation in HeLa, U-2 OS and Co7 cells was first tested in
standard DMEM medium without serum supplementation. Either glucose, sodium-pyruvate or
beta-hydroxybutyrate respectively was added to the medium. In this experimental setup, no
adaptation of the mitochondrial ultrastructure could be observed. Instead, increased cell
detachment and cell death was noticed in all cell lines.

The culture condition was then adapted using SILAC FLEX medium without glutamine that
was further supplemented with dialyzed serum. There, significant changes in the mitochondrial
architecture depending on the carbon source were shown. It was concluded, that indeed
sodium-pyruvate and beta-hydroxybutyrate increased the respiratory activity of mitochondria
while cells cultivated in presence of glucose relied primarily on glycolysis for the generation of
ATP. The orientation of the crista membranes in parallel to the outer mitochondrial membrane
indicated a lower performance of respiratory activity of mitochondria.
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The structural similarity of these mitochondria to presynaptic mitochondria in neuronal cells
further indicates that presynaptic mitochondria might be as well, lower in respiratory
performance. Taken together, a long-term structural adaptation of mitochondria could be
induced with a metabolic switch in several cancer cell lines that resulted in a complex
membrane remodelling. These preliminary experiments provided the basis to analyse the

structural adaptations of mitochondrial in the neuronal presynapse.

Mitochondrial occupation of rat hippocampal presynapses

Mitochondria might locate to presynapses to supply ATP and support presynaptic function
especially during long-lasting neuronal activity (101, 104, 111). The high-energy demand
during synaptic transmission would suggest that the majority of presynapses contain
mitochondria. Further, the mitochondrial occupation of presynapses might increase during long

stimulation of the neuronal cells.

In order to get a precise understanding of the distribution of mitochondria at the presynapses,
rat hippocampal neurons were cultivated for 22 DiV on glass coverslips. A subset of the
cultures was additionally depolarized using a final concentration of 25 mM KCI for one hour.
The cells were then immobilized according to the CAF procedure using 2.5 % glutaraldehyde
in 0.1 M cacodylic buffer (pH 7.4). Staining and final resin embedding for electron microscopy

followed the standard protocol.

Ultra-thin sections of 60 nm thickness were examined at 6500x original magnification and
areas of the sections containing cells automatically recorded with a 10x10 tile recording setting
including a 20 % overlap of neighbouring micrographs. This approach allows for an un-biased

recording of cell areas and prevents the multiple imaging of the same synapses.

Electron microscopy of rat hippocampal neurons revealed that not all presynapses of non-
stimulated neurons have mitochondria located at presynaptic sites (Figure 18 A, presynapses
containing mitochondria are indicated with white arrows, presynapses without mitochondria

are indicated with white stars).

Next, the mitochondrial occupation of presynapses was analysed in neuronal cultures that
were chemically depolarized with 25 mM KCI for one hour prior to fixation (Figure 18 B).
Precisely, 1830 images were analysed for depolarized cultures containing 4301 synapses of
which 1514 contained mitochondria (34.4 + 0.68 %). In the control, 1760 images were acquired

containing 2745 presynapses of which 928 contained mitochondria (35.8 + 0.44 %).
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Figure 18: Mitochondrial occupation of presynapses in cultured rat hippocampal neurons. A:
Electron micrograph showing multiple presynapses in a 2D culture of rat hippocampal neurons
cultivated for 22 DiV. Presynapses containing mitochondria are marked with a white arrow.
Presynapses without mitochondria are labelled with a white star. B: Evaluation of the
mitochondrial occupation of neuronal presynapses after cultivation for 22 DiV. Mitochondrial
occupation compared between control cultures and cultures with additional depolarization for
one hour (25 mM KCI). Scale barin A=1 pm.

In cultures of rat hippocampal neurons without stimulation of synaptic activity, the majority of
presynapses lack mitochondria. The mitochondrial occupation of presynapses was further not
influenced by long-term chemical depolarization of the cells. This suggest, that the
mitochondrial network of rat hippocampal neurons does not adapt to an increased energy
demand at the presynapse by transporting more mitochondria to presynaptic boutons. A
detailed analysis of presynaptic mitochondria is needed to assess their structure in resting
neurons and the structural adaptation of the inner membrane architecture after long-term

presynaptic activity.
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Cultivation of rat hippocampal neurons in presence of different carbon substrates

Under normal conditions, neuronal mitochondria display a variety of inner mitochondrial
membrane morphologies (See Figure 9 and Figure 19 respectively) depending on their
localization within the cell body. Neuronal mitochondria located in the soma or the dendritic

cell extensions display a crista-membrane arrangement in a lamellar fashion.

&

_ Neurites

Figure 19: Transmission electron microscopy of the mitochondrial inner membrane
architecture at different neuronal sites. Left: Mitochondria in the soma of rat hippocampal
neurons. Mitochondria appear as elongated tubes with crista membranes perpendicular to the
outer mitochondrial membrane. Middle: Mitochondria in neurites. Mitochondria are elongated
and the crista membranes are perpendicular to the outer mitochondrial membrane. Right:
mitochondria in neuronal presynapses. Mitochondria are short and display a smaller diameter
as compared to other cellular sites of the neurons. Crista membranes are in parallel to the
outer mitochondrial membrane. Scale bars in left and middle panel = 1 pm. Scale bar in right
panel = 500 nm.

This arrangement of inner mitochondrial membranes is found as well in mitochondria of
cultivated cancer cells such as HelLa or Cos7 cells. The diameter, as obtained from
mitochondria in these areas, is 400 nm. However, in axons and synapses, a different
arrangement of the crista membranes is present. In most synapses and in virtually every
axonal mitochondrion, the crista membranes are oriented in parallel to the inner boundary
membrane as well as the outer membrane. In addition, the size of the mitochondria in
presynapses is reduced compared to mitochondria in the soma, showing a diameter of

approximately 180 nm.

The populations of mitochondria show two classes, on the one hand, somatodendritic
mitochondria that are similar in appearance and shape as mitochondria seen in standard
cultivation conditions of cancer cells as well as during cultivation in the presence of beta-
hydroxybutyrate (Figure 20 A and B). On the other hand axonal and pre-synaptic mitochondria
similar to mitochondria in cancer cells cultivated in glucose without the addition of glutamine
(Figure 20 C and D).
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Figure 20: Comparison of mitochondria across model systems. Transmission electron
micrographs of Cos7 cells and rat hippocampal neurons reveals structural similarities of
mitochondria. A: Mitochondria in Cos7 cells cultivated in presence of 25 mM beta-
hydroxybutyrate. B: Mitochondria in the neuronal soma. C: Cos7 cells cultivated in the
presence of 30 mM glucose. D: Mitochondria in the neuronal presynapse. Scale bars =1 um.
To study the impact of different carbon sources on mitochondrial inner membrane architecture
in neuronal cells, rat hippocampal neurons were isolated from PO rats, seeded on 18 mm PLL-
coated glass coverslips and initially cultivated according to the standard procedures. After 4
DiV, the proliferation of fibroblasts and glia-cells in the culture was reduced by the addition of
5 uM ara-C into the medium. This time point was chosen as adding the supplement at an
earlier time of the culture resulted in the death of most of the neuronal cells and adding the
supplement later than 7 DiV was insufficient in reducing the cell number of proliferating cells
in the culture (data not shown).

After 6 DiV, 40 % of the culture medium was aspirated and replaced with Neurobasal-A
medium, without glucose and without sodium-pyruvate but supplemented with PenStrep and
25 mM beta-hydroxybutyrate. This medium exchange was carried out every other day up to
12 DiV in order to replace any available glucose in the culture with ketone bodies. This also
helped to reduce the concentration of ara-C to minimize any adverse long-term effects on the
neuronal cells. Cultivation of the neurons was continued for another 10 days in presence of
beta-hydroxybutyrate up to 22 days in vitro. Control cultures of rat hippocampal neurons were
treated in the same way by using standard cultivation medium with the supplementation of
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glucose. All cells were then immobilized using 2.5 % glutaraldehyde in 0.1 M SPB at pH of 7.4.
Staining and final resin embedding for electron microscopy followed the fBROPA protocol.
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Figure 21: Exemplary transmission electron micrographs of mitochondria in hippocampal
neurons grown in presence of 25 mM beta-hydroxybutyrate. Left: Mitochondria found in the
soma of neuronal cells. Scale bar =1 pm. Middle: Mitochondria localized in the neurites. Scale
bar = 500 nm. Right: Mitochondria localized in the neuronal presynapse. Scale bar = 500 nm.
Ultimately, ultra-thin sections of 60 nm thickness were prepared and placed on Formvar-coated
slot grids. The grids were examined at 120 kV with 6500x original magnification. Mitochondria
from different sites of the neurons were imaged. The change in energy substrate availability
did not result in signs of cellular stress and cell death of the neuronal cultures. Electron
micrographs of somatic and dendritic mitochondria showed a stack-like arrangement of crista-
membranes (Figure 21). Notably, the axonal and presynaptic mitochondria showed a parallel

arrangement of the crista-membranes to the outer mitochondrial membrane.

The ultrastructure of presynaptic mitochondria is similar to mitochondria found in the control
cultures. Hence, the cultivation of hippocampal neurons in presence of beta-hydroxybutyrate
and the accompanying metabolic switch did not result in a change of the mitochondrial inner
architecture at presynaptic sites. The dependency of the membrane architecture on
mitochondrial activity might indicate, that the basal synaptic activity of the neurons is low and
therefore, mitochondria do not need to adapt. Stimulated synaptic activity could further
increase the energy demand at the presynapses in neurons grown in presence of beta-
hydroxybutyrate and thus, might cause a structural adaptation of the mitochondria. To this end,
rat hippocampal neurons needed to be stimulated by chemical depolarization.
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Mitochondrial inner membrane architecture after chemical depolarization

Rat hippocampal neurons did not show a structural rearrangement to the change in energy
substrate present in the cultivation medium. The inner membrane architecture of neuronal
mitochondria was further investigated during chemical depolarization with high concentrations
of potassium chloride (KCI).

To this end, rat hippocampal neurons were isolated from PO rats, seeded on 18 mm PLL-
coated glass coverslips and initially cultivated according to standard procedures. After 4 DiV,
the proliferation of fibroblasts and glia-cells in the culture was prohibited by the addition of ara-
C into the medium with a final concentration of 5 pM. After 6 DiV, 40 % of the culture medium
was aspirated and replaced with Neurobasal-A medium, no glucose, no sodium-pyruvate,
which was further supplemented with PenStrep and 25 mM beta-hydroxybutyrate. This
medium exchange was carried out every other day up to 12 DiV in order to replace the available
glucose in the culture with ketone bodies. After 12 DiV, the cultivation of the neurons continued
for another 10 days in presence of beta-hydroxybutyrate. Control cultures of rat hippocampal
neurons were treated accordingly by using standard cultivation medium with containing 30 mM
glucose. After 22 DiV, both culturing conditions were then depolarized with a final
concentration of 25 mM KCI for 1 hour and for 4 hours respectively. All cells were then

immobilized by chemical fixation using 2.5 % glutaraldehyde in 0.1 M SPB at pH of 7.4.

Figure 22: Exemplary transmission electron micrographs of presynaptic mitochondria of
neurons after cultivation for 21 DiV. A: Presynaptic mitochondria of neurons cultivated in
presence of 30 mM glucose. B: Presynaptic mitochondria of neurons cultivated in presence of
25 mM beta-hydroxybutyrate. C: Presynaptic mitochondria of neurons cultivated in presence
of 25 mM beta-hydroxybutyrate with 4 hours of depolarization (25 mM KCI) prior to chemical
immobilization. Scale bars = 200 nm.

Staining and final resin embedding for electron microscopy followed the adapted high-contrast
protocol. Ultimately, ultra-thin sections of 60 nm thickness were prepared and placed on
Formvar-coated slot grids. The grids were then examined at 120 kV with 8600x original
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magnification. Specifically, presynaptic sites containing mitochondria were imaged (Figure
22).
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Figure 23: Morphological measurements in presynaptic mitochondria of rat hippocampal
neurons after 21 DiV. Cells were cultivated in 30 mM glucose (Glucose) or 25 mM beta-
hydroxybutyrate (bHB) and grown in 25 mM beta-hydroxybutyrate with additional chemical
depolarization for four hours (bHB depolarized with 25 mM KCI). The mitochondrial diameter
and area as well as crista membrane length were measured manually in 2D transmission
electron micrographs. Left: Box plots of the diameter of presynaptic mitochondria in
nanometres. Right: Average crista length per area of mitochondrial cross section in um per
um?, Lower left: Box plots of the average crista abundance per mitochondrial length in pm.
The boxes indicate 25" to 75™ percentile. The horizontal lines indicate median. The small
centre box indicates the mean. Whiskers indicate SD. *p < 0.05. **p < 0.01.

These images were then used to determine first the mitochondrial diameter. Subsequently, the
abundance of crista membranes in relation to the area of the mitochondrial cross section was
determined. All measurements were performed using imageJ (Figure 23). The mitochondrial
diameter for neurons cultivated in presence of 30 mM glucose was 207.01 = 60.89 nm (mean
+ SD, 92 mitochondria). For neurons cultivated in presence of 25 mM beta-hydroxybutyrate a
diameter of 203.70 + 57.28 nm (mean + SD, 155 mitochondria; p = 0.67) was obtained. For
neurons cultivated in presence of 25 mM beta-hydroxybutyrate with additional depolarization
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for four hours, a diameter of 206.14 + 52.64 nm (mean + SD, 177 mitochondria; p = 0.90; to
control condition in bHB p = 0.69) was obtained (Figure 23).

Measurements of the average crista length per area of mitochondrial cross section resulted in
9.22 + 2.32 um/um? (mean + SD, 68 mitochondria) for neurons cultivated under standard
conditions. This value showed a slight increase for both of the neurons cultivated in presence
of beta-hydroxybutyrate to 10.19 + 2.66 um/um? (mean + SD, 67 mitochondria; p < 0.05). For
neurons cultivated in presence of beta-hydroxybutyrate with additional depolarization for four
hours this resulted in 11.06 + 2.61 pum/um? (mean + SD, 70 mitochondria; p < 0.05; to control
condition in bHB p = 0.059) (Figure 23).

Last, the average crista length per length of the mitochondria was evaluated. For neurons
cultivated in presence of 30 mM glucose, the average crista membrane length was 1.89 + 0.78
pm per pm mitochondrial length (mean + SD). When cultivating neurons in presence of 25 mM
beta-hydroxybutyrate, the average crista membrane length increased to 2.03 + 0.94 um per
pm of mitochondria (mean + SD, p = 0.35). Cultivation of neuronal cells in presence of 25 mM
beta-hydroxybutyrate with additional depolarization (25 mM KCI) for four hours resulted in an
average crista membrane length of 2.19 + 0.74 um per um of mitochondria (mean = SD, p =
0.025; p = 0.28 to cultivation in presence of 25 mM beta-hydroxybutyrate with no chemical

depolarization) (Figure 23). For determinations of the p-values, see supplementary Figure 46.

These results demonstrated that, unlike in the preliminary experiments with cancer cells, the
morphology of presynaptic mitochondria in neurons is not significantly influenced by the carbon
source available for the cell metabolism. However, the abundance of crista membranes in
neurons grown in presence of beta-hydroxybutyrate with additional chemical depolarization
significantly increased. Interestingly, this increase was not associated with a structural

remodelling of the membranes.

Cultures of rat hippocampal neurons are a well-established in-vitro system to study
mechanistic aspects of presynaptic function. The membrane architecture of presynaptic
mitochondria in these cells could allow for the supply of ATP required for synaptic transmission.
However, the activity of presynapses in in-vitro cultures might be lower compared to brain
tissue since the neurons lack cellular interplay with other cells supporting synaptic function
such as glia-cells and astrocytes. Presynapses of neurons in the auditory complex are a model
system for high-fidelity synapses (111). These neurons cannot be cultured and therefore need
to be imaged in brain preparations. Structural details of mitochondria in these presynapses
could be analysed in-vivo and compared to mitochondria in presynapses of rat hippocampal

neurons in-vitro.
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In-vivo analysis of presynaptic mitochondria

The auditory complex poses a high-throughput network of neuronal cells. Because of the high
activity of synaptic transmission in this brain area, presynapses like the calyx of Held were
used as a model system for high-fidelity synapses. The calyx of Held is a highly specialized
synapse and a comparison to smaller synapses might be less straightforward. Smaller
synapses in the same brain area however, could be used to study the mitochondrial
architecture in minor boutons and compared to in-vitro cultures of hippocampal neurons.
Neurons derived from the auditory complex cannot be cultivated in-vitro. This eliminates the
possibility to let the cells mature in culture and to additionally apply protocols for neuronal
stimulation. The auditory complex of rodents develops from day 12 after birth (P12) with an
increasing specialisation of this brain area after onset of the ability to hear. The onset of hearing
marks a point where neurons transition from mostly infrequent and random synaptic activity to

a highly streamlined activity of the synapses in order to process sound information.

This model system was used to study the overall distribution of mitochondria in the neuronal
presynapse before and after the animals gaining the ability to hear. Precisely, the cochlear
nucleus of animals at the age of nine days (P9) as well as in the age of 20 days (P20) was
imaged using 3D FIB-SEM. The dissection, staining and embedding of the tissue slices for
electron microscopy was prepared and provided by Anika Hinze in the laboratory of Prof. Dr.
Carolin Wichmann. Dr. Anna Steyer in the laboratory of Dr. Wiebke Md&bius carried out the

acquisition of the FIB-SEM micrographs.

In three different sets of electron micrographs (volumes) of both conditions, presynapses were
identified based on characteristic features such as abundance of a synaptic vesicle pool (SVs),
abundance of an active zone as well as the abundance of a postsynaptic density (PSD). For

each animal (P9 or P20), at least two independent data stacks were analysed.

First, all datasets were analysed considering presynapses present within the field of view. All
synapses were separated in two classes namely presynapses without mitochondria and
presynapses with mitochondria. In the P9 animal, 222 presynapses were identified in the
electron micrographs with ~ 55 % of them showing an occupation with mitochondria (55.28 +
1.62 %). For the P20 animal, 162 presynapses were identified in the micrographs with ~ 80 %
of them showing an occupation with mitochondria (79.95 £+ 1.49 %, mean + SD, P < 0.05,
(Figure 24 A).

Next, a random subset of the presynapses as previously identified in each data stack was
chosen for a more detailed structural analysis. Precisely, the presynaptic bouton, the synaptic
vesicle pool, the PSD as well as the mitochondria were manually segmented in 15 presynapses

for each sub-pool (P9 with and without mitochondria, P20 with and without mitochondria) using
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IMOD (Figure 24 B)(158). In the following, the resulting models were analysed in Amira 6.04
(ThermoFisher Scientific, Waltham, MA, USA) resulting in volume measurements of the bouton
volume, the PSD volume and the mitochondrial volume respectively. All object meshes were
imported from the IMOD model without any subjection to surface smoothing (Figure 24 C).
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Figure 24: Structural analysis of neuronal presynapses in-vivo. 3D FIB-SEM acquisition
revealed multiple minor synapses in the cochlear nucleus of P9 and P20 animals. All synapses
were analysed for the occupation with mitochondria. Subsequently, structural details were
analysed in presynapses with and without mitochondria for both ages. A: Quantification of the
mitochondrial occupation of presynapses in the cochlear nucleus of a P9 and a P20 animal
respectively. 222 synapses identified for the P9 animal (3 FIB-SEM volumes). 162 synapses
identified in the P20 animal (3 FIB-SEM volumes). B: Exemplary scanning electron micrograph
of the P9 animal used for segmentation, light green: presynaptic bouton, orange:
mitochondrion, green: postsynaptic density, blue: synaptic vesicles, red: crista membranes.
C: Exemplary 3D model showing various presynapses with and without mitochondria in the P9
animal. Scale bar = 300 nm. **p < 0.01.

Synaptic vesicles were manually picked in IMOD and marked as a single contour sphere with
the size of six pixels on the micrograph at the centre of the vesicle. Synaptic vesicle numbers
were obtained by direct readout of the number of contours in IMOD. Values for the volume of
each feature were calculated in voxels with the size of a voxel of 125 nm3® (5 nm x5 nm x 5 nm

isotropic pixel size).

The bouton volume, the size of the synaptic vesicle pool as well as the size of the PSD were
increased in presynapses with a mitochondrion being present in the bouton (Figure 25).
Furthermore, an overall increase of these values was observed in the older animal after onset

of hearing.

The average bouton size with mitochondrial occupation in P9 animals was about 4.7-fold
increased (p = 0.0023). The average bouton size with mitochondrial occupation in P20 animals
was about 2.4-fold increased (p = 0.022). The increase of the average bouton size from P9 to
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P20 without the occupation with mitochondria was about 4-fold (p = 0.018) and from P9 to P20
with occupation of mitochondria about 2.-fold (p = 0.041).
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Figure 25: Quantification of the structural details of presynapses identified in a P9 animal as
well as in a P20 animal. The box plots on the left show the distribution of the voxels obtained
by volume measurements in Amira of the presynaptic boutons as well as the PSD volumes of
all four conditions for 15 presynaptic boutons each. Box plots on the right display the
abundance of synaptic vesicles obtained by counting the contours in IMOD of all four
conditions in 15 presynaptic boutons each as well as the volume of presynaptic mitochondria
of the P9 and the P20 animals obtained from measurements in Amira. The boxes indicate 25"
to 75" percentile. The small centre box indicates the mean. The horizontal lines indicate
median. Whiskers indicate SD. *p < 0.05.

The average synaptic vesicle number in boutons with mitochondrial occupation in P9 animals
was about 3.4-fold increased (p = 0.026). The average synaptic vesicle number in boutons
with mitochondrial occupation in P20 animals was about 1.8-fold increased (p = 0.005). The
increase of the average synaptic vesicle number from P9 to P20 without the occupation with
mitochondria was about 2.2-fold (p = 0.086) and from P9 to P20 with occupation of
mitochondria about 1.2-fold (p = 0.57).
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The average post-synaptic density size with mitochondrial occupation in P9 animals was about
2.9-fold increased (p = 0.115). The average post-synaptic density size with mitochondrial
occupation in P20 animals was about 2.4-fold increased (p = 0.0053). The increase of the
average post-synaptic density size from P9 to P20 without the occupation with mitochondria
was about 1.7-fold (p = 0.75) and from P9 to P20 with occupation of mitochondria about 1.4-
fold (p = 0.24).

The mitochondrial volume in the P20 animal increased about 5-fold (p = 0.011) compared to
the P9 animal. The ratios of the synaptic vesicle abundance to the bouton size (SVs/Bouton
Volume) as well to the PSD size (SVs/PSD Volume) were equal across the presynaptic sub-
populations. In addition, ratios for the mitochondrial volume to the bouton size (Mitochondrial
Volume/Bouton Volume) were increased in the P20 animal compared to the P9 animal
(supplementary Figure 47).

In summary, the quantification of structures obtained by volume FIB-SEM imaging of the
cochlear nucleus resulted in the quantification of structural details of presynapses and
mitochondrial adaptation during the development of this brain area in mice. First, the higher
abundance of mitochondria at presynaptic sites at P20 compared to P9 was an adaptation of
the mitochondrial network in neuronal cells that was not observed in 2D cultures of rat
hippocampal neurons. The increase of the abundance of synaptic vesicles, accompanied with
an increase of PSD size suggests, that presynapses were more active in animals at P20
compared to P9. Strikingly, the mitochondrial volume in presynapses increased significantly
during the development. This further indicated that indeed synapses in the auditory complex
were more active compared to cultivated rat hippocampal neurons that resulted in a higher
abundance of larger mitochondria at presynapses with high-energy demand in the cochlear
nucleus. In the future, FIB-SEM imaging could be used on other brain areas than the auditory
complex and the findings compared. This could include imaging of the hippocampus of brain
preparations to compare both types of presynapses in-vivo at different developmental stages

of the animals.

A mitochondrial adaptation at the neuronal presynapse was demonstrated in both, cultivated
rat hippocampal neurons and neurons in the auditory complex. Especially 2D cell cultures of
neurons offer the possibility to apply protocols of light microscopy and electron microscopy at
high performance parameters. The protocols for cultivation and chemical depolarization
presented in this study could be used for correlative imaging of cells. Correlative imaging would
allow further investigating functional and structural relationships of presynaptic mitochondria
in in resting and stimulated cultures of hippocampal neurons. To this end, protocols for the

correlation of multiple imaging modalities needs to be established.
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Section 2 — Protocol establishments for correlative imaging of cells

In section 1, the optimisation of staining procedures for mitochondria and electron microscopy
based investigations of the mitochondrial adaptation in cultured cancer cells and cultivated rat
hippocampal neurons was presented. The data obtained in in-vitro systems was then
compared to presynaptic mitochondria in-vivo in the cochlear nucleus of mice. Electron
microscopy offers superior resolution to investigate cellular structures but due to the necessary
sample fixation and preparation steps, it does not allow for live cell observations. Further,
specific protein labelling strategies are challenging and require extensive optimization. An
approach to address these shortcomings is the correlation of light and electron microscopy. In
the second part of the results section, the development of methods for correlative imaging is
described.

Design of cell substrates for correlative imaging

Successful correlative light and electron microscopy (CLEM) relies on the re-identification of
the cells and features analysed in the light microscope using the electron microscope. A
navigation tool and characteristic landmarks are needed to identify the area of interest in
fluorescence microscopy as well as in electron microscopy. Therefore, the landmarks must be
visible in both imaging modalities to allow registration and correlation of the datasets.

As an alternative to expensive commercially available CLEM substrates, | implemented a very
robust and cheap strategy by using TEM finder grids to create a replica via carbon evaporation
on the desired substrate. There, commercial TEM finder grids (e.g. London Finder Grids;
Science Services) were placed on sheets of Aclar foil. A subsequent deposition of 10 nm
carbon resulted in a pattern of sputtered carbon (sputter coater Bal-Tec Med 020) that can be
easily visualized with any light microscope in brightfield or phase-contrast. Cells grown on
these substrates and additionally stained with Mitotracker Deep Red FM were then imaged

and recorded with their specific location on the substrate (Figure 26 A — C).

Figure 26: Development of substrates suitable for correlative imaging. A: Live-cell image of
cells grown on a CLEM substrate, additionally labelled with Mitotracker Deep Red FM (green).
B: Brightfield image of the CLEM substrate revealing the finder-pattern. C: Overlay of A and
B. D: The carbon-replica of the finder-grids transferred to the final resin blocks. Scale bars in
A, B and C = 200 pm. Scale bar in D =500 pm.
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Most importantly, the carbon replica was completely transferred to the final resin blocks once

the cells were immobilized and embedded in resin (Figure 26 D).

This index grid allowed an easy re-assignment of the cells in both light microscopy and
embedded samples for electron microscopy. Alternatively, metal planchettes can be sputtered
for cell immobilization by means of high pressure freezing with subsequent freeze substitution.
With both substrates (Aclar or metal planchettes), cells could be first seeded and then treated

in the desired fashion.

Taken together, carbon replicas of TEM grids created landmarks that were suitable to identify
cells of interest first for light microscopy and subsequently for electron microscopy. The regions
of interest first imaged with light microscopy could then be re-identified and the block face
prepared for ultra-thin sectioning and transmission electron microscopy. This protocol allowed
producing high numbers of substrates at a low cost to facilitate correlative imaging of live and

fixed cells in light and electron microscopy.

Live cell CLEM of Bax-EGFP expressing cells

To establish protocols for correlative light and electron microscopy, | used a model system of
intrinsic apoptosis of cells. Intrinsic apoptosis is mediated by mitochondria (159). Following an
apoptotic stimulus, the pro-apoptotic protein Bax located in the cytosol is activated which leads
to oligomerization and re-localization of Bax in the mitochondrial outer membrane (160, 161).
Assemblies of activated Bax on mitochondria result in ring-like arrangements. This results in
areas of the mitochondrial membrane that are devoid of highly abundant MOM proteins like
Tomm20 (162). Ultimately, Bax localization on mitochondria is followed by efflux of
downstream apoptotic factors such as cytochrome-C and progression of apoptosis. Activation
of Bax can be achieved with transient overexpression of Bax for more than four hours. A fusion-
protein with EGFP can be overexpressed, thus allowing live cell observations of Bax clustering

on the mitochondria.

Early investigation of the mitochondrial architecture in apoptotic cells revealed mitochondrial
outer membrane ruptures on a subset of mitochondria in these cells (163). However,
correlative imaging is needed to analyse whether Bax oligomers co-localize with the
mitochondrial membrane ruptures to correlate the function of Bax clusters to the membrane

morphology at those sites.

To this end, HelLa cells were seeded on ACLAR polymer film that was previously carbon
sputtered with a TEM grid replica for CLEM. At a confluency of approximately 70 % the cells

were transfected using 4 pg of Bax-EGFP plasmid mixed with 6.67 pL of Turbofect transfection
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reagent. Two hours after transfection the culture medium was replaced with fresh DMEM
complete medium supplemented with 20 puM Q-Vad-FMK. 30 minutes before fluorescence
imaging, a final concentration of 200 nM Mitotracker Deep Red FM was added to each well of
the cells. This helped to visualize the shape and position of each cell within the population for

subsequent re-identification in electron microscopy.

6 hours after transfection, the cell substrates were placed on a microscope slide and covered
with a few drops of pre-warmed PBS (pH at 7.4), in order to minimize the amount of phenol
red in the supernatant during light microscopy imaging. The samples were then covered with
a large glass coverslip to reduce the amount of liquid evaporation during fluorescence
microscopy imaging. An area of the grid containing transfected cells was chosen and imaged
on an epifluorescence light microscope equipped with a 20x air objective. Bright field images,
GFP-channel and SFR channel images were acquired in order to re-identify the transfected

cells positive for Bax-EGFP.

After fluorescence light microscopy, the sample sandwiches were disassembled and immersed
in pre-warmed fixative consisting of fresh thawed 2.5 % glutaraldehyde in 0.1 M cacodylic
buffer at pH 7.4.

Samples were then processed for resin embedding and electron microscopy investigations.
After curing of the resin, the area of interest was processed with a razor blade and finally ultra-
thin serial sections of 70 nm thickness of the area of interest were collected on Formvar coated

slot grids.

Prior to detailed TEM investigations, the sections were exposed to the electron beam at low
magnification (about 460x original magnification) and a widespread condenser setting and spot
sizes between 3 or 4 for up to 15 minutes. This helps to increase the image contrast at lower
magnifications. Overview images were obtained with an original magnification of 460x (Figure
27, white stars indicate a few selected positions of Bax-EGFP expressing cells as regions of
interest in the fluorescence light microscopy image and the transmission electron micrograph

respectively).

For subsequent detailed electron microscopy imaging, the light microscopy image was
registered onto the electron micrographs obtained at low magnifications by using the cell
bodies as well as the nuclei as intrinsic landmarks. This process was continued until an
identification of each cell was possible. The characteristic shape of HelLa cells aids this process
and a coarse overlay already indicated the position of each cell. Finally, the position of the light
microscopy information in the overlaid images indicated areas for subsequent high-resolution

TEM analysis.
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Electron micrographs at 1000x original magnification were recorded for a better alignment to
identify subcellular regions of interest for detailed imaging (Figure 27 B). Intrinsic landmarks
that are visible in both imaging modalities are very helpful to align the two 3D volumes. In this
example, an area containing multiple mitochondria labelled with Mitotracker Deep Red FM
together with two lysosomes was chosen in close proximity to multiple Bax-EGFP signals
(Figure 27 C).

" TEM

Figure 27: Live cell CLEM of EGFP-Bax expressing HelLa-cells. A: Low magnification images
allow re-identification of the cells of interest. Channels in fluorescence microscopy: Blue:
Mitotracker Deep Red FM. Green: Bax-EGFP. B: Medium magnification of an area of interest
within a cell. C: Precise correlation defines function-structure relationship. Scale bars in A =
20 pum. Scale bars in B = 2 ym. Scale bars in C =1 pm.

The registration of both 3D volumes lead to a localization of the Bax-EGFP signal within each
electron micrograph obtained by serial sectioning (SSTEM, Figure 28, see supplementary
Figure 42 for the full stack). The signal of Bax-EGFP is in close proximity to five mitochondria

that are swollen, rounded and show mitochondrial outer membrane ruptures (membrane
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ruptures are indicated with white arrows). An additional density that is possibly due to a high
local protein concentration co-localizes exactly with the Bax-EGFP signal as recorded by

fluorescence light microscopy (Figure 28 densities are indicated with white dotted outlines).
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Figure 28: 3D-CLEM of mitochondria during apoptosis. Left column: selected optical sections
of the fluorescence light microscopy stack showing the EGFP-signal. Middle column: CLEM
overlay of corresponding registered images (green = EGFP signal). Right column: selected
sections from serial sectioning TEM of the region of interest. White arrows indicate outer
mitochondrial membrane ruptures. White dotted lines indicate high protein densities. Scale
bars =500 nm.

Next, features identified in the electron micrographs such as mitochondrial membranes as well
as the density in the centre of the images were subjected to manual segmentation using IMOD
and were displayed as capped objects. The 3D mesh for the EGFP-signal was obtained by

using the pixel threshold segmentation in microscopy image browser (164) (Figure 29).

Model meshes resulted in 3D representations of the mitochondrial outer membrane (dark blue)
and the mitochondrial inner membrane (light blue, Figure 29 A). Within these mitochondria, a
large area of the mitochondrial outer membrane is missing. Thus, these sites were showing a

herniation of the mitochondrial inner membrane into the cytoplasm. The EGFP-density
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localized in the centre with the mitochondrial inner membrane herniations facing it (Figure 29
B and F). The model was then extended with the segmentation of the mesh-like density as
identified in the electron micrographs (Figure 29 C and E). This density as well was centred
with respect to the mitochondrial inner membrane herniations. Intriguingly, both models did
exactly overlap with each other indicating that the mesh-like density contained large amounts
of Bax-EGFP (Figure 29 D).

Figure 29: 3D reconstruction of apoptotic mitochondria as identified by CLEM. A: Materials of
the outer mitochondrial membrane (dark blue) and inner mitochondrial membrane (light blue)
showing ruptures of the outer membrane. B: Additional localization of the EGFP-signal (green)
in the area of interest. C: Reconstruction of the mesh-like density (red). D: Overlay of the
EGFP-signal and the reconstruction of the mesh-like density. E: Side-view of the model
showing the mitochondria with the protein-rich density. F: Side-view of the model showing the
mitochondria with the Bax-EGFP signal. Scale bars = 500 nm.

In conclusion, the overexpression of Bax-EGFP induced intrinsic apoptosis in HelLa cells. In
cells containing large clusters, the mitochondrial network was fragmented and showed
localizations of Bax-EGFP clusters close to the mitochondria. Subsequent high-resolution TEM
investigations revealed, that in close proximity to Bax-clusters, the outer mitochondrial
membrane showed large ruptures accompanied with a herniation of the mitochondrial inner
membrane. The application of live cell CLEM demonstrated that proteins fused to a fluorescent
reporter could be investigated in context with their surrounding ultrastructure. The cells
analysed with CLEM showed large clusters of Bax-EGFP that might indicate a late stage of
apoptosis. It needs to be tested, whether the live-cell CLEM protocol presented here can be

applied to identify and study earlier time points of apoptosis as well.
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The temporal succession of BAX mediated apoptosis

Progression of intrinsic apoptosis in cells is coupled to oligomerization of Bax on the
mitochondrial outer membrane (165). Here, | used multiple stages of Bax-mediated apoptosis
that have been identified by different cluster sizes of Bax-EGFP in light microscopy to test if
my established live-cell CLEM protocols could be applied to study the temporal succession of
biological events.

To this end, HeLa cells were transfected with BAX-EGFP according to the previously described
protocol. Finder-substrates containing expressing cells were picked after 4, 5, 6 and 7 hours
post-transfection and areas containing BAX-EGFP expressing cells showing different sizes of
Bax-EGFP clusters were selected in light microscopy and prepared for transmission electron
microscopy. Ultra-thin sections of 70 nm thickness were collected on Pioloform-coated slot
grids and examined at 8600x original magnification. Cells were identified based on the light
microscopy data.

Cells without expression of Bax-EGFP feature wildtype-ultrastructure of the mitochondria
(Figure 30 A) with the crista-membranes being in a lamellar arrangement. With the localization
of Bax to the mitochondrial outer membrane, the mitochondrial network fragments. The
mitochondrial matrix-spaces started to separate and the crista membranes are already less
oriented (Figure 30 B, open spaces are indicated with a white star).
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5

SR TN T

Figure 30: Temporal succession of Bax-mediated apoptosis in HelLa cells analysed with
transmission electron microscopy. A: Cells without Bax expression have wildtype
mitochondria. B: Mitochondria in the early stage of apoptosis. Mitochondria are elongated but
the matrix space started to separate as indicated with white stars. C: Mitochondria in the late
stage of apoptosis. Mitochondria are rounded and a subset showed ruptures of the outer
mitochondrial membrane. Opening of the outer membrane is indicated with white arrows. A
protein-rich density is indicated with a white dotted line. Scale bars = 300 nm.

At later stages, the mitochondrial network starts to fragment into small individual mitochondria
that locate close to the nucleus. This process was already described as the perinuclear
collapse of mitochondria during apoptosis (166). At late apoptotic stages, a sub-fraction of
mitochondria features a clear rupture of the outer membrane (Figure 30 C, mitochondrial outer

74



3. Results

membrane rupture is indicated with white arrows). Moreover, at higher expression levels of
Bax-EGFP, a mesh-like density around membrane rupture sites could be detected in the

electron micrographs (Figure 30 C, the density is indicated with a white dotted line).

In summary, the intrinsic apoptosis of HelLa cells mediated by overexpression of Bax-EGFP
ultimately results in the rupture of the mitochondrial outer membrane. In light microscopy
investigations, a ring-like organization of Bax clusters on the mitochondrial membrane was
shown (162, 167). However, the underlying membrane architecture of these mitochondria
could only be investigated by using correlative light and electron microscopy. These results
demonstrated that correlation of light and electron microscopy could be used to dissect
biological processes in a time dependent manner. Here, the complex membrane remodelling

of mitochondria during intrinsic apoptosis could be linked to the activity of Bax.

However, the registration of light microscopy images to electron micrographs can be
challenging in the live-cell CLEM approach presented here since sample preparations for
electron microscopy that occurs after light microscopy investigations can introduce
perturbations in the sample. These perturbations caused by dehydration and resin embedding
of the sample can limit the precision of the data registration. In addition, sufficient landmarks
are needed to correlate both data sets with high precision especially in 3D. This problem could
be addressed with a sample preparation strategy that allows recording fluorescence images
and electron micrographs from the same resin embedded specimen. This approach is called
post embedding CLEM or high-accuracy CLEM and a protocol establishment is given in the

following.

Workflow for high-accuracy CLEM

The workflow of live cell CLEM (pre-embedding CLEM) can induce significant and structural
perturbations that lead to limitations in the final data registration (117, 118). In order to address
this challenge, the whole sample preparation can be completed before any imaging takes place
and the samples are stained and embedded in a resin suitable for both, fluorescence and

electron microscopy.

Prior to this work, a variety of approaches and protocols for high accuracy CLEM were already
established and published (168, 169). A central aspect of these protocols is the immobilization
of the cells by means of high-pressure freezing with subsequent freeze substitution and
embedding in Lowicryl HM20 resin. In these preparations, the fluorescence of standard
fluorescent proteins is preserved (141, 142, 148). Thin sections of the resin-embedded cells
can be viewed first in the light microscope and subsequently examined in electron microscopy.

This approach is termed post-embedding CLEM or high-accuracy CLEM.
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Based on the published protocols of the group of Rainer Kaufmann (168) | implemented a
workflow for high-accuracy CLEM. Major differences of my protocol compared to the published
protocol include the abolishment of tannic acid in the freeze substitution cocktail and changes

to the timing and temperature during resin infiltration.

To implement a protocol for high-accuracy CLEM, HelLa cells were grown on 10 cm cell culture
dishes. The cells were incubated with a final concentration of 200 nM Mitotracker Deep Red

FM 30 min prior to detachment from the cell culture dishes.

The cells were detached from the cell culture dishes using 0.25 % pre-warmed trypsin in PBS.
The cells were then collected in a falcon tube and trypsin de-activated using double volume of
pre-warmed DMEM complete medium. Subsequently, cell pellets were obtained by
centrifugation at 300 g for 3 minutes. The pellets were re-suspended in pre-warmed DMEM
without phenol red, supplemented with an additional 25 mM HEPES. These samples were kept
in a 1.5 ml Eppendorf tube on a heating block set to 35 °C until freezing. For the freezing of

the cells, a paste-like consistency of the sample was achieved with a table top-centrifuge.

Finally, 2 pl of this dense cell suspension was loaded in gold-coated copper-planchettes and
the cells immobilized by high-pressure-freezing. This not only provided an excellent
preservation of the membranous ultrastructure but also retained the fluorescence properties
of any dyes added or fluorescent fusion proteins expressed prior to the immobilization (169-
171).

After freeze substitution and staining of the cell material with uranyl acetate and subsequent
washing and resin infiltration, the resin was cured under UV light exposure resulting in final
resin blocks that could be further processed at room temperature. Refer to the method section

“Freeze substitution and resin embedding for CLEM” for details of the exact procedure.

For an initial screen for sample quality, the whole blocks were viewed with a 10x or 20x air
objective and examined for fluorescence retention. Blocks showing preservation were then
subjected to ultra-thin sectioning using a 35 ° DIATOME diamond knife. Section of 120 nm
thickness were collected on Formvar-coated TEM finder grids and stored in the dark until
examination. Grids should be imaged as soon as possible since the fluorescence fades in the

thin sections over 24 hours (data not shown).

Prior to light microscopy, the grids were dipped a couple of times in PBS in order to release
any air-bubbles trapped on the backside of the grid. Then, the grids were placed within a drop
of PBS that has been placed on a glass microscope slide with the side facing upwards where
the sections have been immobilized. The grids are then covered with a glass cover slip and

observed with a fluorescent light microscope. In order to retrieve the areas of interest, the
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corresponding grid boxes containing the cells were imaged in the brightfield mode. The
additional imaging of the DAPI channel resulted in an image representing the overall cell
structure as uranyl acetate served here as a dual-purpose contrasting agent for both, light and
electron microscopy (172). Finally, the channel corresponding to the protein of interest was
imaged. This approach was continued over multiple areas of the grid to maximize the amount
of data that could be obtained from a single gird.

After fluorescence microscopy imaging, the grids were recovered from the microscope slide.
This was achieved by pipetting PBS to the edge of the glass coverslip in order to let the
coverslip gently float-off from the microscope slide. The grid sticking to either side could be
floated off as well by gently pipetting PBS next to the grid. Prior to electron microscopy imaging,

the grids were washed multiple times on drops of double distilled water.

Figure 31: High-accuracy CLEM. A: Final CLEM-map to target cells of interest. B:
Fluorescence light microscopy image of a cell of interest, blue represents uranyl acetate
phosphorescence imaged in the DAPI channel, green represents Mitotracker Deep Red FM
imaged in the far-red channel. C: Registered Images of fluorescence light microscopy to the
electron micrograph highlighting regions of interest. D: Transmission electron micrograph from
the same cell shown in B. E: Error-map for the 2D-linear transformation of B onto D. Scale bar
in A =15 pum. Scale barsin B, Cand D =5 pm.

The grids were then transferred for examinations with transmission electron microscopy. The
regions of interest were identified by using the index of the grid and overview images acquired
at 120 kV with 460x original magnification. Multiple images were acquired in order to cover the
entire grid boxes. The overview images were stitched in Photoshop CS 6 with the
“Photomerge” automated procedure. In the following, overview images obtained by
fluorescence light microscopy were registered to the stitched electron micrographs in ICY with

the plug-in eC-CLEM (152) (Figure 31). The phosphorescence of uranyl acetate depicts the
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overall cell shape. Furthermore, it highlights especially phosphorous-rich compartments. This
can be seen as a highlight of the heterochromatin giving the shape of the nucleus in the
fluorescence microscopy images. This channel can now be used to identify the cells within the
grid box, as the shape of the nucleus is unique for every cell. Furthermore, this information can
be used as intrinsic landmarks for image registration (172).

All image channels obtained by fluorescence light microscopy were adjusted manually and
individually in order to give clear visibility of the features. The resulting CLEM-map can then
be used to identify cell-areas of interest that can be subsequently imaged in electron
microscopy at higher magnifications. In this example, the sections were imaged at 120 kV with
3500x original magnification. This results in areas within the cell where proteins of interest can
be localized with a registration error between 40 to 100 nm within the corresponding electron
micrograph (Figure 31 E).

Figure 32: High-accuracy CLEM in detailed view. A: Registered overlay of a fluorescence light
microscopy image to the corresponding electron micrograph. B: CLEM - Zoom-in on nucleus,
mitochondria and a multi-vesicular-body as identified in A. C: CLEM - Zoom-in on mitochondria
as identified in A. D: TEM corresponding to B. E: TEM corresponding to C. Scale barin A =2
pm. Scale bars in B, C, D and E =1 um.

High-accuracy CLEM can be employed to analyse subcellular areas (Figure 32). A bright spot
imaged within the DAPI channel localizing on a structure that might be similar to an endosome
that is enriched in uranyl acetate stain possibly due to a high phosphorus content (Figure 32
B and D). Detailed images show a precise localization of the signal obtained from imaging
Mitotracker Deep Red FM that indeed corresponds to mitochondria as seen in the electron
micrographs (Figure 32 C and E).
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In summary, correlative imaging of light microscopy and electron microscopy was applied to
reveal the functional and structural relation of cellular details. This was demonstrated first in
the correlation of Bax-EGFP imaged in live cells with subsequent detailed electron microscopy
investigations. A complex mitochondrial membrane remodelling in close proximity to Bax
clusters was shown in 3D. Next, a workflow for high accuracy localization of light microscopy
images to electron micrographs was enabled with the establishment of in-resin CLEM. A
localization precision of < 100 nm was demonstrated by imaging mitochondria stained with
Mitotracker Deep Red FM first in fluorescence light microscopy with a subsequent visualization
of the same mitochondria in transmission electron microscopy. Additionally, for in-resin CLEM
fluorescent proteins expressed in HelLa cells were tested (supplementary Figure 41). CLEM
is used to study proteins of interest in their corresponding ultrastructural context. However,
neither light nor electron microscopy can address the chemical composition and turnover of
cellular structures. Mass spectrometry is widely used to analyse turnover in cells. However,
after processing and homogenization of the cells, the spatial information is lost. Nanoscale
secondary ion mass spectrometry offers quantitative analysis of secondary ions with spatial
precision similar to conventional light microscopy. A correlation of NanoSIMS with high-
accuracy CLEM would result in a comprehensive understanding of cellular features. First, a

workflow for NanoSIMS-correlation to TEM is needed to test for the feasibility of such a protocol

Expanding the information obtained by correlative imaging

Nanoscale secondary ion mass spectrometry (NanoSIMS) allows investigating the chemical
composition of cells while retaining the spatial information. A primary ion beam such as Cs* or
O is scanned across the sample. The collision with biological material leads to the erosions of
a few nanometres on the surface. This result in secondary ions derived from cellular structures
that are then guided by ion optics to a mass spectrometer where they can be analysed. The
beam is scanned across the sample and secondary ions collected for each position. This
results in a mapping of the abundance of each secondary ion. The chemical composition of
the sample can then be analysed. Further, feeding cells with heavy isotopes will reveal the
turnover of biomolecules at specific positions. However, in NanoSIMS, only the secondary ions
are imaged. To identify organelles a correlation to either light microscopy or electron

microscopy is needed.

To establish a TEM-NanoSIMS correlative imaging protocol, HeLa cells were used. In this
preliminary experiment, no heavy isotope labelling was employed and only the natural

abundance of certain isotopes in the cell were analysed.
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To this end, HelLa cells were seeded in a 10 cm cell culture dish at approximately 80 %
confluency. On the following day, the cells were detached from the culture dish by using 0.25
% trypsin in PBS (pH 7.4) and collected in a falcon tube. The enzyme was deactivated by
adding the double amount of pre-warmed DMEM complete medium to the cell suspension.
The cells were then centrifuged at 300 g for 5 minutes and re-suspended in 1 ml DMEM
complete medium further supplemented with 25 mM HEPES and kept on a heat block set at
35 °C until immobilization by high-pressure freezing. Samples were then prepared via freeze
substitution and subsequent resin embedding in Lowicryl HM20. For transmission electron
microscopy examinations, 90 nm thin sections were prepared and collected on Formvar- and
carbon-coated finder grids and imaged at 120 kV with an original magnification of 6500x. Grid
boxes were imaged in a 10x10-tile format in order to cover many cells for subsequent metabolic
imaging. The images of cells of interest were stitched automatically with Photoshop CS 6 and
the “Photomerge” automated procedure. Subsequently, the samples were transferred to the
NanoSIMS imaging and the abundance of the following ions was measured: *C**N-, 12C**N-,
31p- and *S.

Figure 33: Transmission electron microscopy correlated to NanoSIMS. A: Transmission
electron micrograph of a HeLa cell. B: Abundance of the **C**N- ion, C: Abundance of the
12C1N- ion. D: Abundance of the 3P ion. E: Abundance of the S ion. Scale bars = 10 um.

Transmission electron microscopy images and NanoSIMS images were registered using 2D
linear transformations in the ICY imaging analysis programme (Figure 33). Uranyl acetate was
used as a contrasting agent for electron microscopy. This reagent stains primarily proteins in
the cell. Thus, cellular structures enriched in proteins such as the heterochromatin appear with
high contrast in the electron micrographs. **C**N- ions derive from proteins in the sample. High
intensities of this ion correspond to a high local protein concentration. In that sense, the
electron micrograph and the **C**N- ion contain similar information. Therefore, the 2C*N- ion

channel is very useful for data correlation and image registration (Figure 33 B).

The abundance of the *2C**N- ion is expected to be low since no heavy isotope labelling was
employed, thus only the natural abundance of the isotope is to be expected (around 1.07 %,
Figure 33 C). Recording the abundance of the 3P ion showed an enrichment in dense areas
of the nucleus that might be heterochromatin (Figure 33 D). The recorded abundance of the

325" ion showed a strong enrichment in the dense centre part of the nucleus as well as in a few
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areas that show dense granules that might be multi vesicular bodies (Figure 33 E). Another
observation is the low abundance of ?CN, 3P~ and *2S-in structures that are similar to early

lysosomes as seen in the electron micrograph (Figure 33).

The correlation of transmission electron microscopy to NanoSIMS of the same resin sections
of cells allowed a precise understanding of the data obtained by metabolic imaging. This is
especially true since cellular structures are not readily identified in NanoSIMS measurements.
Another benefit is the much better lateral resolution of transmission electron microscopy,
which, in resin-embedded biological samples, is usually at around 10 nm as opposed to around
80-160 nm in NanoSIMS.

Structures in NanoSIMS could also be identified by using light microscopy prior to SIMS
measurements. However, a correlation of all three techniques on one single sample would
allow the recording of functional and structural information in combination with the chemical
composition for sub-cellular areas. Therefore, a combination of protocols for high-accuracy
CLEM with NanoSIMS is needed.

Correlative light, electron and ion microscopy

To establish a workflow to correlate light microscopy, electron microscopy and metabolic
imaging on the same resin section, HelLa cells were seeded in a 10 cm cell culture dish at
approximately 80 % confluency. On the following day, the cells were incubated with a final
concentration of 200 nm Mitotracker Deep Red FM for 30 minutes to stain mitochondria for
light microscopy. Subsequently, the cells were immobilized by high-pressure freezing, resin
embedded and processed for high-accuracy CLEM. Thin-sections of the final resin blocks were
prepared with a thickness of 160 nm, collected on commercial Formvar/carbon coated TEM
finder grids (TEM Grids, Formvar-Karbonfilm beschichtet, 200 Mesh, Gilder Finder F1, Science
Services, Munich, Germany), and immediately examined in an epifluorescence microscope

with the procedure described in the “high-accuracy CLEM” section.

Overlapping images of all channels of interest were manually recorded and finally stitched
together with the automated Photoshop CS6 procedure “Photomerge”. Overview images in
transmission electron microscopy were recorded at 120 kV with 460x original magnification.
These overview images served to create a CLEM-map for detailed imaging. Detailed images
of the cells were recorded in TEM at 120 kV with 3500x original magnification and multiple
images of a cell stitched together with the automated Photoshop CS6 procedure

“Photomerge”.
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The samples were then transferred for NanoSIMS measurements and cells of interest were
analysed for the abundance of several naturally occurring ions and elements (Figure 34).

Figure 34: CLEM-SIMS of HelLa cells. A: Information obtained by the three imaging modalities
on the same cell. LM: light microscopy of the DAPI channel (blue) and Mitotracker Deep Red
FM (magenta). 2C,, ?CBC:, 2C¥N-, 2C®N;, 3P~ and %S ion abundance recorded with
NanoSIMS. TEM: transmission electron micrograph of the cell of interest. B: Detailed images
of CLEM, TEM and *2C**N- ion signal from the boxed regions 1 and 2 in A. Scale bars in A=5
pm. Scale bars in B = 500 nm (145).

Light microscopy images and electron micrographs presented in Figure 34 A were registered
by linear transformation to the *C**N- ion channel. CLEM images presented in Figure 34 B
were obtained by linear transformation of the light microscopy images to the electron

micrograph. The *2C¥N- ion channel presented in Figure 34 B was registered by liner
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transformation to the electron micrograph as well. Measurements with NanoSIMS with the
associated analysis was provided by Paola Agui Gonzalez in the laboratory of Prof. Dr. Silvio
Rizzoli. Details about the data acquisition and the image analysis can be found in the published

manuscript (145).

The analysis revealed, that mitochondria labelled with Mitotracker Deep Red FM, are enriched
in protein compared to the cytosol. Multivesicular bodies are especially rich in protein content,
sulphur and phosphorus. Lysosomal vesicles are low in protein content as compared to the
cytosol. The heterochromatin is enriched in protein, sulphur and phosphorus pissibly due to
the dense packaging of the chromatin. Intensities of the ?C'*N- and*2C**C-ions is low due to

their low natural abundance.

The correlation of fluorescence microscopy to transmission electron microscopy and ion
microscopy presented in this chapter resulted in a workflow to visualize specific labelled
cellular components, their structural context and analysis of their chemical composition. This
protocol provides information about sub-cellular areas that are inaccessible with conventional

correlative approaches.

Taken together, in this thesis | developed techniques for correlative imaging using
fluorescence and electron microscopy. These protocols could be used to correlate a live-cell
observation by fluorescence microscopy to the corresponding ultrastructure or to identify the
position of a protein of interest within the structural context at high precision. Further, a
correlation of either transmission electron microscopy or high-accuracy CLEM to metabolic
imaging was demonstrated. The protocols presented in this thesis provide a solid basis to

study the mitochondrial adaptation in cultured neurons in future experiments.
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4. Discussion and outlook

Section 1 - Mitochondrial adaptation in the neuronal presynapse

Mitochondria contribute significantly to the generation of ATP in most eukaryotic cells.
However, the adaptation of mitochondria at the neuronal presynapse during synaptic activity
is enigmatic. In this work, | investigated the distribution and ultrastructure of presynaptic
mitochondria and their structural adaptations to increasing energy demands using electron

microscopy.

Influence of the carbon source on mitochondrial membrane ultrastructure in cancer
cells

The mitochondrial ultrastructure might reflect the activity of mitochondria and thus, the amount
of ATP that is produced. In cellular context, it is challenging to understand the precise ratio in
ATP derived from either glycolysis or mitochondrial respiration. To minimize the amount of
ATP derived from glycolysis, chemical inhibitors have been frequently used in the past (173).
Irreversible Inhibitors include iodoacetic acid (IA) and iodoacetamide (IAA) that affect the
enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (174, 175). A standard agent
for reversible inhibition of glycolysis is 2-deoxy-glucose (176). Both classes of compounds can
be used to eliminate the short-time contribution of glycolysis to the cellular pool of ATP.
However, irreversible chemical inhibition of glycolytic enzymes may ultimately lead to cellular
stress and cell death (177). Furthermore, the inhibition of glycolysis would automatically reduce

the levels of cellular pyruvate, thus, also affect mitochondrial respiration of the cells.

The rate of mitochondrial respiration can also be manipulated by chemical inhibitors (178).
Rotenone is a widely used chemical compound that inhibits complex | in the mitochondrial
chain reaction (179). Consequently, no ATP will be provided by mitochondrial respiration.
However, similar to glycolysis inhibitors, mitochondrial inhibitors have also been shown to
promote cell stress and cell death (180, 181). Hence, these tools can be used to study the
short-term consequence of inhibition of either routes to generate ATP in the cell. However,
they are insufficient to study cellular adaptation to increased rates of glycolysis or mitochondrial

respiration respectively over longer time periods.

In order to analyse the long-term structural changes in mitochondria during changes in
metabolic activity of the cells, | cultivated cells in presence of different carbon substrates.
Control cells were cultivated in presence of high concentrations of glucose (30 mM). These

cells relied on glycolysis and mitochondrial respiration for the generation of ATP. Sodium-
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pyruvate and beta-hydroxybutyrate are substrates, which are exclusively used for ATP
production via mitochondrial respiration. These two compounds were used in previous studies

to investigate the mitochondrial adaptation to increased activity of respiration (182-186).

Cancer cells grown in DMEM medium lacking serum showed no adaptation of the
mitochondrial membrane architecture in dependency of the available carbon source. Instead,
high degrees of cell detachment and cell death were observed. This may have been caused
by serum starvation of the cells over long time, which was reported to induce cell death (187-
189).

In the first experiments, cells cultivated in presence of beta-hydroxybutyrate showed a
particularly high degree of cell death. Beta-hydroxybutyrate must be oxidised in the
mitochondria to yield acetoactetyl-CoA (AcAc-CoA). AcAc-CoA can then be used for
mitochondrial respiration and the synthesis of new biomolecules like lipids and DNA bases
(190, 191). Cancer cells however, primarily utilize glutamine to fuel the citric acid cycle (156).
Recent studies suggest that the cellular use of beta-hydroxybutyrate is low when other
substrates for mitochondrial respiration are readily available (192 142). In the first experiment,
the cells might have relied primarily on glutamine to fuel the tricarboxylic acid cycle. Glutamine
cannot be converted into Ac-CoA thus, in this conditions no lipids or DNA bases can be
synthesised. This might explain the lower vitality of cells cultivated in this condition, as they
were not able to maintain the replenishment of biomolecules. Further, it explains the structural
similarity of mitochondrial membranes in the other conditions (glucose and sodium-pyruvate)
because glutamine was available in all conditions tested. To study the impact of the carbon
source directly, glutamine was abolished from the cultivation medium in the following

experiments.

Numerous studies on the biological effect of ketone bodies were published (193-197).
Important findings include neuroprotective properties and the prevention of age-associated
pathologies during the metabolism of ketone bodies (186, 193-195). However, the response
of cellular and mitochondrial structure to ketone bodies has not been studied so far. Using
electron microscopy, my work provides a detailed analysis of long-term mitochondrial plasticity
in response to metabolic changes. Here, it was shown for the first time that mitochondria
undergo significant changes in size and a complex crista membrane remodelling depending

on the available carbon source of the cells (Figure 35).

In conclusion, cancer cells cultivated in medium containing glucose but lacking glutamine
indeed primarily rely on glycolysis to generate ATP. The mitochondrial membrane architecture
in these cells might represent a metabolically inactive form of mitochondria (1 in Figure 35).

Interestingly, a similar mitochondrial membrane architecture has been previously shown for
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gametes in connection with high rates of glycolysis and low rates of oxidative phosphorylation

in early developmental stages (198), thus supporting this notion.

Cancer cell metabolism

- glutamine - glutamine
+ glucose + pyruvate/bHB

® ® ®

Glycolysis Oxidative phosphorylation
Figure 35: Mitochondrial architecture of cancer cells depending on the available carbon
substrate. 1: Cells primarily relying on glycolysis exhibit small mitochondria. The majority of
the crista membranes is in parallel to the mitochondrial length axis. 2: Cells cultivated in
standard Medium generate ATP via glycolysis and mitochondrial respiration and exhibit
mitochondria with orthogonal crista membrane orientation. 3: Cells that can only rely on
mitochondrial respiration to generate ATP exhibit large mitochondria with highly abundant
crista membranes and orthogonal crista membrane orientation.

In contrast, cells cultivated in medium containing sodium-pyruvate or beta-hydroxybutyrate rely
largely on mitochondrial respiration. The higher abundance of crista membranes might indicate
an adaptation of the mitochondria to an increased activity of oxidative phosphorylation (3 in
Figure 35). In order to gain insight into the mechanism underlying the structural changes,
western-blot analysis could be used to analyse the regulation of MICOS and the respiratory
chain complexes in both metabolic conditions. In combination with oxygen consumption
measurements, this could lead to a more complex understanding of the mitochondrial
adaptation to the availability of different energy sources. Furthermore, a proteome analysis of
all conditions could reveal the precise enzyme regulations during this metabolic change.
Beyond that, fluorescence light microscopy will allow to study the overall appearance of the
mitochondrial network on a whole cell as well include quantifications of the mitochondrial mass
and abundance. Lastly, the metabolic switch could be used as a model system to study crista

biogenesis in the future.
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Establishment of a staining protocol for neuronal mitochondria in electron microscopy
The mitochondrial ultrastructure is challenging to analyse in standard electron microscopy
preparations. This is due to an electron-dense staining of the mitochondrial matrix that is
obscuring the crista membranes (Figure 36 and Figure 18 A).

In a recent study, Lydia Maus and colleagues immobilized hippocampal brain slices by high-
pressure freezing (127). After subsequent freeze substitution and resin embedding using 0.1
% tannic acid and 2 % osmium tetroxide, the mitochondria showed an electron-dense staining
of the mitochondrial matrix. Thus, the crista membranes could not be visualized properly
(Figure 36 A). Brain slice samples of the hippocampus prepared by David W Freeman and
colleagues fixed with aldehydes and stained with 1 % osmium tetroxide and 1 % uranyl acetate
as well showed an electron-dense staining of the mitochondrial matrix (199) (Figure 36 B).

Figure 36: Representative electron micrographs of neuronal mitochondria in hippocampal
brain slices. A: Brain slices immobilized by high-pressure freezing and freeze substituted in
0.1 % tannic acid and 2 % osmium tetroxide. Due to the cryo-fixation, the cellular structures
are optimally preserved. However, neuronal mitochondria show an electron-dense staining of
the matrix and crista membranes are difficult to analyse. Adapted from Figure 1 in (127),
mitochondria are labelled with m. Scale bar = 2 um. B: Brain slices chemically fixed and
stained with 1 % osmium tetroxide and 1 % uranyl acetate. Neuronal mitochondria as well
show an electron-dense staining of the mitochondrial matrix. Adapted from Figure 1 in (199)
mitochondria are labelled with m. Scale bar = 1 pm.

In TEM preparations of rat hippocampal neurons presented in my study, the same limitations
were encountered. The cause for this precipitate and its precise nature could not be identified
in my studies. However, | presented protocols to circumvent the staining of the mitochondrial
matrix, which allowed for the visualization of cellular details of rat hippocampal neurons in
electron microscopy. All protocols aimed to increase the membrane contrast by using
additional contrasting agents such as reduced osmium and lead aspartate. The protocols for
neuronal staining for TEM presented in this study were a considerable improvement compared

to conventional staining protocols.
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Another limitation of 2D cell cultures of rat hippocampal neurons is that they usually exhibit a

mitochondrial inner membrane ultrastructure that is less ordered compared to cancer cells and

thus, more difficult to interpret (Figure 37 and Figure 19).

Figure 37: Ultrastructure of axonal mitochondria. Rat hippocampal neurons were plated and
grown on Quantifoil grids and after 10 DiV immobilized by plunge freezing in liquid ethane.
Cryo-TEM revealed the ultrastructure of axonal mitochondria. The crista membranes are less
ordered compared to the mitochondrial ultrastructure of cultured cancer cells and membranes
are not always clearly visible. Scale bar = 200 nm. Adapted from Supplementary figure 2 in
(131).

Even with the adapted staining protocol presented in this work, the quality of the ultrastructure
as well as the staining of the membranes differed largely in different batches of neuronal cells.
For a general examination of the samples, a control staining following the standard procedure
should always be included and compared in the analysis to examine the overall cell structure

appearance.

Future investigations of neuronal mitochondria could benefit from sample immobilization by
high-pressure freezing to ensure better preservation of the membrane structures. However,
the adapted protocols presented in these studies are in general incompatible with high-
pressure freezing and freeze substitution. It could be tested, whether chemical prefixation with
aldehydes in phosphate buffer would lead to a wash out of mitochondrial matrix components.
A subsequent high-pressure freezing fixation of the membranes and staining/embedding at
low temperatures may lead to improved contrast of the crista membranes. The method
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CryoCHEM that was recently published might serve as a starting point for the establishment

of such a workflow (200).

Mitochondrial occupation of neuronal presynapses

Mitochondria exhibit a variety of membrane architectures in different cells and organs that is
linked to their function (201). In neuronal cells, the structure of mitochondria is significantly
different depending on their positioning within the cell body. Several studies showed a
significant difference for the size and shape of axonal and presynaptic mitochondria compared
to mitochondria localized in the soma or dendrites (202, 203). The structural heterogeneity of
presynaptic mitochondria points to a functional difference of these organelles. However, the
precise role of mitochondria at the neuronal presynapse especially for the supply of ATP is still
highly debated.

An electron microscopy study presenting data obtained from cultivated hippocampal brain
slices revealed that about 34 % of hippocampal synapses have mitochondria located at the
presynapse (108). Stimulation using electrical pulses in a theta burst pattern for 120 minutes
did not significantly alter the mitochondrial occupation, suggesting that mitochondria that were

already located at the presynapses allowed for sufficient ATP supply (108).

My data is in good agreement with the results demonstrated in that study (~35 % mitochondrial
occupation obtained in resting cultures and stimulated cultures as well). These results open
the question for the temporal succession of mitochondrial occupation of presynaptic sites. A
decrease in mobility of axonal mitochondria during aging of the neurons might contribute to
these observations (106, 204). Thus, after initial population of distinctive presynapses, the
distribution might not change in the in-vitro models used (2D cell cultures of rat hippocampal

neurons and hippocampal brain slices).

In addition, rat hippocampal neurons exhibit large pools of synaptic vesicles after cultivation
for 22 DiV. Similar structural details have been described as “phasic” synapses. Phasic
synapses are characterised by large pools of synaptic vesicles combined with a lower number

of mitochondrial occupation

In contrast to phasic synapses, “tonic” synapses have a higher frequency of mitochondrial
occupation in combination with a smaller synaptic vesicle pool (205). In preparations of rat
hippocampal neurons, phasic synapses might be more abundant explaining the low numbers

of mitochondrial occupied presynapses.

Dynamic processes of mitochondria supporting synaptic activity however cannot be

deciphered by using electron microscopy alone. Mitochondrial stalling next to sites of higher
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energy demand might also play a key role for ATP supply at the presynapse (206). These
events can be studied using live-cell imaging techniques. Here, fluorescent labels for neuronal
mitochondria might be used to determine the overall mobility in neuronal cultures. With the
advancement of automated imaging platforms, this could be performed on whole cultures over
multiple days. This would solidify our understanding of the mitochondrial adaptation as a whole
network (207).

Effects of carbon substrate availability on mitochondrial structure in neuronal cells

Cultured cancer cells cultivated in presence of different carbon sources were used to classify
the structure of mitochondria after a change in the cellular metabolism. Based on that
classification, the structure of mitochondria at the presynapse of rat hippocampal neurons
resembled a lower mitochondrial activity state under glucose cultivation conditions. Hence, our
findings suggest that de novo synthesised ATP required for continuous synaptic activity in

neurons might indeed be primarily derived from glycolysis (56, 208).

These findings are in contrast to a previous study showing that mitochondria play a critical role
in the presynaptic energy supply (102). The study involved FRET-sensors for ATP and
suggested that about 30 % of the ATP required for the complete synaptic vesicle turnover
(102). A potential reason for the apparent discrepancy might be that these effects were
observed for ~ 20 minutes in standard medium in contrast to four hours in my conditions during
ketosis. Beyond that, the analysis was performed using a different approach and did not

include a structural characterisation of the mitochondrial membranes.

Based on the preliminary findings in cancer cell lines, a response and adaptation was expected
for rat hippocampal cells when grown on glass coverslips for several days in presence of
energy substrates other than glucose (sodium-pyruvate and beta-hydroxybutyrate). Glycolysis
should not be a source for ATP production in these cultures and an adaptation of the
mitochondrial ultrastructure was expected to adapt in order to compensate for energy

demands.

Based on their ultrastructure neuronal mitochondria can be distinguished in three categories
(Figure 38). Presynaptic mitochondria of neuronal cells are rather small and the orientation of
crista membranes is in parallel to the mitochondrial length axis (1 in Figure 38). The structure
of mitochondrial membranes in both the test (ketone bodies) and the control conditions
(glucose) were similar. The evaluation of crista membranes resulted in an increased
abundance in mitochondria of neuronal cultures cultivated in presence of ketone bodies

compared to standard cultivation conditions (2 in Figure 38). Somatic and dendritic
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mitochondria in both conditions showed large, elongated mitochondria with crista membranes

oriented perpendicular to the mitochondrial length axis (3 in Figure 38).

Neuronal mitochondria

Axons/presynapses Somal/dendrites

a 7 >
B - |

Glycolysis . Oxidative phosphorylation

Figure 38: Structural heterogeneity of neuronal mitochondria depending on their positioning
in the cells. 1: Axonal and presynaptic mitochondria are short with a small diameter. The crista
membranes are oriented in parallel to the mitochondrial length axis. These mitochondria may
have a lower OxPhos activity compared to somatic mitochondria. 2: Presynaptic mitochondria
of rat hippocampal neurons cultivated in presence of only beta-hydroxybutyrate have an
increase of crista membrane abundance but crista membranes are oriented in parallel to the
mitochondrial length axis. 3: Mitochondria in the soma and dendrites are elongated and exhibit
a larger diameter. The crista membranes are oriented orthogonal to the mitochondrial length
axis. These mitochondria may have a higher activity of OxPhos compared to axonal and
presynaptic mitochondria.

Several studies reported neuroprotective properties of ketone bodies like beta-hydroxybutyrate
when they are utilized by neuronal cells (183, 185, 193, 197). However, to date there are no
available studies analysing the influence of ketone bodies on mitochondrial ultrastructure
particularly in neuronal cells. In my thesis, | showed the first characterisation of crista
membrane architecture of neurons during ketosis. The increased abundance of crista
membranes under ketogenic conditions indicated an increased respiratory activity of the
mitochondria. The mitochondrial classification obtained in cancer cells (Figure 35) however,
might not necessarily reflect neuronal cell classification of mitochondrial activity. For a more
pronounced remodelling and reorientation of the crista membranes similar to cultured cancer
cells, additional factors might be involved that remained unchanged in presynaptic
mitochondria during ketosis. Possible candidates are proteins of the MICOS complex that are
encoded in the nucleus, thus the replenishment of these proteins might occur on a longer time

scale.

Furthermore, mitochondrial adaptation in neuronal cells might primarily occur on a functional
level including changes in the abundance of respiratory chain complex proteins. Therefore,

tools are needed to evaluate the precise performance of individual mitochondria and the
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production rate of ATP. A future approach to assess differences in protein levels of complexes
in the respiratory chain could include biochemical analysis of synaptosomes such as Western

blot analysis and mass spectrometry.

Chemical depolarization of neuronal cells

Chemical depolarization of neuronal cells with high concentrations of KCl is a well-established
method to evoke synaptic activity. Chemical depolarization does not represent a fully
physiological condition (209), however it has been shown to cause similar cellular responses
in cultured neuronal cells comparable to electrical stimulation (210-213). This includes a
functional exo- and endocytic cycle of synaptic vesicles responses as well as cellular

adaptations on a gene level and protein phosphorylation.

An advantage of chemical depolarization is that it affects nearly all neuronal cells in the culture.
Electrical stimulation might only affect a subset of cells making an electron microscopy base
study more challenging because synapses cannot be distinguished based on their activity in

the electron micrographs (209, 214).

Hence, in this thesis, the depolarization with high concentrations of KCl was used. The use of
the same culture medium turned out to be necessary because cultures suffered from intense
stress leading to cell death of the entire culture when fresh medium was used. The toxic effect
of fresh Neurobasal-medium addition affected cultures after synaptogenesis (around 14 DiV).
This might be caused by the relatively high concentrations of cysteine in the Neurobasal-A
formulation (~260 puM) which might cause excitotoxicity in a NMDA dependent manner (215).
Toxic effects were not observed when using the supernatant of the original culture medium of
the neuronal cultures and adding KCI. This was an important finding to enable the study of

long-term effects of stimulated synaptic activity in cultured neurons.

Using these depolarization conditions, my data show a significant increase of crista membrane
abundance (~20 %) compared to non-depolarized cells. This increase might represent a
mitochondrial adaptation, which facilitates sufficient ATP supply during prolonged synaptic
activity in neuronal cultures. Prolonged stimulation did not lead to an alteration of the overall
membrane architecture and the crista membrane orientation, which would be expected in a
state of high presynaptic energy demand based on the classification model of cancer cells.
However, as mentioned earlier, the mechanism of mitochondrial adaptation in cancer cells
might include factors beyond the switch to oxidative phosphorylation and thus, not be entirely
representative for mitochondrial adaptation in synapses. Structural adaptations of
mitochondria to electrical long-term stimulation have been previously shown in hippocampal

brain slices (108). In this study, Smith et al. demonstrated a change in mitochondrial membrane
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architecture, however, the classification system differs to the system in the present work is
thus challenging to put into context. Furthermore, changes in the abundance of crista
membranes were not analysed in this study and thus, cannot be directly compared to the
findings in the present work. To exclude artefacts caused by chemical fixation and ethanol

dehydration, these effects should be compared to brain slices prepared by cryo-fixation.

The relatively mild structural changes in neurons compared to cancer cells might also be
attributed to an overall higher abundance of mitochondria at the presynapse under prolonged
activity (104, 206, 216), which serve the energy needs for synaptic transmission. To test this
hypothesis, the mitochondrial abundance close to presynaptic sites before and after
stimulation should be quantified in neuronal cells in ketosis. This can be achieved by serial
section transmission electron microscopy of individual presynapses. However, due to the
increased technical efforts this methodology entails, a light microscopy approach with labelled
mitochondria might be more straightforward. There, the change on mitochondrial occupation
could be evaluated with fluorescently labelled mitochondria together with presynaptic markers
(for example vGLUT1 (217, 218)).

Lastly, to be able to correlate the stimulation-evoked structural changes in mitochondria to a
response on a functional level approaches such as quantitative western blotting need to be
pursued. To this end, both, whole cells and synaptosomes could be tested for the proteins
necessary for ATP generation including the respiratory chain complexes (219, 220).
Furthermore, levels of key proteins of glycolysis could be tested in a similar way. However, |
found that there is a high variability of cells of different batches, which will make a detailed and
reproducible analysis via western blot challenging. The overall mitochondrial mass and
abundance could be further analysed by using for example, fluorescence light microscopy
(221, 222). This data could be completed with additional oxygen consumption assays (223,
224).

Mitochondrial adaptation in presynapses of the cochlear nucleus in mice

3D imaging using electron microscopy is applied to understand the structural inter- and
intracellular organization of the brain (134, 225, 226). Recently, SBF-SEM was employed to
study mitochondria in the calyx of Held in mice in different stages of development (111). There,
the authors found an increase of the bouton volume of calyces during development of the brain
area where they compared P7 animals (immature calyces) to P21 animals (matured calyces).
Further, they reported an increase of the mitochondrial volume in the calyx of Held as well as
minor terminals of calyxes during ageing of the animals. This increase of volume indicates an

adaptation of mitochondria during the development of a high-fidelity synapse.
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In my thesis, | analysed, whether a similar mitochondrial adaptation occurs on smaller and
presumably less specialized presynapses that are localized in the cochlear nucleus (Figure
39). This region of the brain was chosen because of the onset of hearing in rodents at 12 days
(P12, 1 in Figure 39) (227, 228), thus with the onset of hearing, an increase of synaptic activity
is to be expected. In my thesis, | presented adaptations of the presynaptic structure in an

animal at P20 that were in good agreement to the observed changes in matured calyxes (111).
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Figure 39: Structural adaptations of presynapses in the cochlear nucleus after maturation and
development. 1: With development and maturation of the auditory complex, the onset of
hearing occurs at P12 in mice. 2: The structure of presynapses in the cochlear nucleus adapts
to high-fidelity signal transmission after the onset of hearing. These adaptations include an
increase in bouton size and PSD size and as well as an increased abundance of synaptic
vesicles. 3: The abundance of mitochondria and the mitochondrial size is significantly
increased in presynapses of the cochlear nucleus after the onset of hearing. 4: The observation
of structural changes during development of the cochlear nucleus indicate an increased energy
demand for presynapses that is met by the structural adaptation of the presynapses and in
particular of presynaptic mitochondria. The figure was created with BioRender.com.

The cochlear nucleus is a central part in the signal transmission of the auditory complex. This
brain area might have a higher activity of the synapses as compared to the hippocampus that
was reflected by a higher abundance of mitochondria at the presynapses at P9. More

importantly, the abundance increased during ageing in the P20 animal, where | found about
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80 % of all presynapses to have an occupation with mitochondria. This demonstrated a major
adaptation of the entire mitochondrial network that was not seen in in-vitro models (106, 108,

204, 229) and in my own analyses of rat hippocampal neurons presented in this thesis.

A detailed analysis of randomly selected presynaptic boutons revealed further differences.
First, it was shown that the occupation with mitochondria is accompanied with a higher
abundance of synaptic vesicles in the same boutons. The size of the PSD correlates with
presynaptic activity (230, 231). The sizes of the corresponding post-synaptic density (PSD) of
synapses with presynaptic mitochondria at P9 were increased as well compared to synapses
without presynaptic mitochondria. The size of the synaptic vesicle pools was further increased
in the P20 animal, which suggest the establishment of stable and highly active connections
with the onset of hearing (111, 232). Further, the PSD-size of synapses in the P20 animal as
well showed an increase (2 in Figure 39).In addition to these general comparisons of the
presynaptic boutons, | found that the volume of presynaptic mitochondria strongly increased
in the P20 animal compared to the P9 animal (3 in Figure 39). All observations of structural
changes from P9 to P20 suggested an increase in energy demand of presynapses in the
cochlear nucleus that caused an adaptation of the presynaptic structure and in particular of the

presynaptic mitochondria (4 in Figure 39).

In conclusion, the age-dependent development of highly active presynapses caused a
mitochondrial adaptation in presynapses of the cochlear nucleus in mice. For future studies, a
combination with transmission electron tomography or scanning transmission electron
microscopy could be conducted in the same brain area. With the higher lateral resolution of
electron tomography, extended analysis of the active zone could be included to the existing
data set (127). This could include the precise distribution of synaptic vesicles as well as the
fraction of docked vesicles to the active zone. It would be furthermore interesting to expand
these analyses on different brain areas as well. The cochlear nucleus is central for the
transmission of signals within the auditory complex. Therefore, individual synapses might be
continuously more active than, for example, in the hippocampus. This is suggested with the
already higher mitochondrial occupation of the presynapses at the age of 9 days. In additional
experiments, areas of the hippocampus could be tested and compared. Further, the visual
cortex in rodents as well is developed at around 12 days and should be analysed in comparison
(233).

In summary, section 1 of this thesis presented an extensive electron microscopy based
analysis of mitochondria. In cancer cells, an extensive mitochondrial adaptation during
metabolic changes was demonstrated. To date, this was the first analysis showing a complex

crista membrane remodelling indicating a defined mitochondrial architecture for either inactive

95



4. Discussion and outlook

or highly active mitochondria. In future experiments, the regulation of protein complexes in
MICOS and the respiratory chain could be analysed in more detail using western blot analysis
and mass spectrometry assisted proteomics. Then, the transition of mitochondria with low

activity to a state of high activity could be induced using the protocols established in this study.

Cultivated rat hippocampal neurons are widely used to study mechanistic aspects of synaptic
function. However, to analyse the mitochondrial adaptation in presynapses, this model system
faces limitations. A better preservation of the membranous ultrastructure could enable a more
precise analysis of crista membranes in presynaptic mitochondria. This could be enabled with
adapted staining protocols of high-pressure frozen neurons and may be extended to cryo-
electron tomography of plunge frozen cells. Furthermore, the analysis could be extended with
the correlative protocols presented in section 2. There, a precise correlation of synaptic activity

to mitochondrial structure and protein turnover of highly active presynapses could be achieved.

Finally, the in-vivo analysis of presynapses could be expanded with imaging of other brain
areas. Extensive data of minor presynapses and presynaptic mitochondria is needed to
understand the precise mitochondrial adaptation during development and synaptic activity.
Therefore, animals could also be fed with a ketogenic diet and the protocols presented here

for in-vitro neurons applied to analyse this metabolic adaptation of mitochondria in-vivo.
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Section 2 — An approach to correlative imaging

Section 2 presented the establishment of protocols for correlative imaging of biological
samples. In a first step the design and implementation of a CLEM-suitable substrate was
demonstrated. This allowed a robust and straightforward application of live cell light
microscopy with the subsequent structural analysis via electron microscopy. In this work, the
successful protocol establishment was demonstrated using Bax-EGFP transfected cells as a
model system. There, the feasibility of the protocol was shown including a detailed
ultrastructural analysis of mitochondria during intrinsic apoptosis. Next, these protocols were
expanded to allow the high-accuracy localization of functional information within the
corresponding ultrastructure. | presented a workflow using HelLa cells utilizing a fluorescent
label for mitochondrial membrane potential as a suitable sample for the protocol establishment.
This approach was then expanded to a correlation of high-accuracy CLEM with nanoscale
secondary ion mass spectrometry (NanoSIMS). It was demonstrated that this extended
correlative approach could extract information from an embedded biological sample that was
hitherto inaccessible with conventional protocols for correlative imaging. In the following, a

detailed discussion of all subsections is presented.

Design of CLEM-compatible cell substrates

Correlative light and electron microscopy (CLEM) can deliver comprehensive data on
functional aspects in the structural context of cells and tissues. One key aspect to the
successful application of CLEM is the retrieval of regions of interest first imaged by light

microscopy in the electron micrographs.

At the beginning of this study, various commercial solutions already existed to allow successful
correlation. These solutions include plastic substrates where a finder grid is imprinted which is
visible during light microscopy investigations with a subsequent transfer of the finder grid to
the electron microscopy resin. These plastic substrates are usually compatible with standard
fluorescence light microscopy approaches such as epifluorescence imaging but already fall
short when used on a confocal microscope. This is because these plastic substrates exhibit a
poor point spread function of the signals obtained from the sample and a high extent of auto-

fluorescence (234).

A more advanced approach is the etching of a reference map into glass cover slides allowing
better use during fluorescence light microscopy investigations (for example Mattek). This
reference map is transferred as a 3D-print on the final resin block in order to retrieve the area
of interest. The advantage is that cells can be imaged through the coverslip resulting in a short

distance from objective to the signal itself and finally to a precise recording of the signals. The
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coverslips are then detached from the resin block by freeze thawing with the use of liquid
nitrogen and boiling water in order to separate the two materials. In practice, this can lead to
the breaking of the resin block and/or the reference map on the resin block. Additionally, the
interface of the resin and the embedded cells often suffers from cracks introduced by the

procedure. This leads to a low-quality sample for sectioning and electron microscopy.

Another strategy is to dissolve the glass coverslip in low concentrations of fluoric acid (~ 5 %)
over a longer period. Because fluoric acid also penetrates into the resin, this also results in re-
softening of the resin within a couple of nanometres of the sample and additional washout of
staining reagents (such as en-bloc staining of lead aspartate). This might be because
precipitates of lead and uranyl organophosphates are susceptible to low pH conditions and

might be re-solubilized.

The size of the reference grid in these commercial substrates ranges usually from 50 pum x 50
pm up to 600 pm x 600 um. While the first can obtain a single cell within one labelled box, the
sample is usually very prone to damage during the detachment of the glass coverslip. On the
other hand, the larger sizes of 500 pm x 500 pm and 600 pm x 600 um make it more time

consuming to retrieve the area of interest on the ultra-thin sections.

Therefore, a robust in-house protocol to produce reference substrates was implemented. By
using commercial TEM finder grids as a template and the subsequent carbon-evaporation, a
reference map is created on any desired cell substrate. Substrates can be produced in large
numbers at a low cost and can be individualized for the specific needs (adaptation of different
finder girds or alternatively using a customized mask). By using TEM finder grids, indexed
regions of the gird are about 100 pm x 100 um in size, which was optimal for adherent cells. It
was shown that the reference map is visible in fluorescence light microscopy when at least
~10 nm of carbon are deposited on the substrate and the reference map is transferred

completely without damage to the final resin blocks.

A similar substrate was created by carbon sputter coating of a replica on sapphire discs that is
now commercially available (235). However, by using sapphire discs as a cell substrate these
CLEM substrates are substantially more expensive than the approach | presented in this
thesis. Further, the sample processing following chemical immobilization of the cells does not

require sapphire cell substrates.

Implementation of live cell CLEM
In order to establish the workflow for correlative light and electron microscopy, HelLa-cells

expressing Bax-EGFP were analysed in various stages of apoptosis as a model system.
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A hallmark of intrinsic apoptosis is the rupture of the mitochondrial outer membrane that leads
to large lipidic pores up to the size of several hundred nanometres (236). The formation of
these lipidic pores after the activation of the pro-apoptotic protein Bax was reported in a recent
study of Kate McArthur and colleagues (237). However, in their study they focused on the
release of mitochondrial DNA during intrinsic apoptosis and not the mitochondrial membrane

structure and remodelling.

Recently, Nicholas R Ader and colleagues reported Bax-localizations to the mitochondrial
membrane using cryo-correlative light and electron microscopy (238). They demonstrated
mitochondrial outer membrane ruptures in electron tomography that co-localized with the
signal localization of Bax-EGFP in light microscopy. Additionally, they were able to prove that
the large ruptures of the mitochondrial outer membrane were not an artefact caused by the
slower immobilization of the cells during classical aldehyde fixation since their samples were
cryo-immobilized. However, in the cryo-immobilized samples of cell pellets, the mitochondria
could not be analysed completely because the polarity of the mitochondrial network is lost after

detachment and pelleting of the cells prior to freezing.

In my thesis, | established 3D-CLEM by using the self-made CLEM substrates by carbon
sputtering on Aclar foil. With this system, | showed a spatial localization of Bax-EGFP in light
microscopy that co-localizes with mitochondria showing membrane ruptures as well as a
proteinaceous density in the electron micrographs. These observations are in good agreement

with the studies of Ader and colleagues.

In my work, it was demonstrated that live-cell light microscopy correlated to electron
microscopy could serve as a tool to analyse multiple cells in a single sample. This helped to
understand temporal succession by being able to observe and distinguish different time-points.
This was demonstrated in HelLa cells at different stages of apoptosis (Figure 40). Especially
changes of the mitochondrial membranes in early apoptosis would be difficult to study in cells
that are processed as a pellet. The data presented in my thesis clearly demonstrated the
advantages of correlative imaging in HelLa cells using live cell fluorescence microscopy and
TEM to investigate the cellular structure at different concentrations and time scales of a

transfected protein of interest.
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Mitochondrial membrane morphology

Wildtype Early apoptosis Late apoptosis

Bax-EGFP levels
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(A Bax-EGFP

Figure 40: Mitochondrial membrane morphology in HelLa cells during intrinsic apoptosis. 1:
Mitochondria of cells without Bax-EGFP expression exhibit a tubular mitochondrial network
with ordered stacks of crista membranes. 2: Mitochondria of cells with low expressions of Bax-
EGFP show mitochondrial matrix spaces that separate in the outer membrane tube. 3:
Mitochondria of cells with high expression levels of Bax-EGFP show aberrant and fragmented
mitochondria. A subset of mitochondria show outer membrane ruptures in close proximity to
Bax.

For the future application of the live-cell CLEM approach on neuronal cultures, fluorescent
markers for synaptic activity in combination with markers for mitochondria could be used to

pinpoint specifically mitochondria in active presynapses for a structural characterisation.

Implementation of high-accuracy CLEM

To overcome challenges of successful data registration in correlative imaging, high-accuracy
CLEM can be employed. Here, the data of both imaging modalities is obtained post-
embedment and thus, signals for fluorescence light microscopy are recorded on the final thin-
sections as usually prepared for transmission electron microscopy (169, 239). In addition,
labelling of proteins with antibodies on thin-sections could be used (240). Specific labelling
with antibodies was demonstrated on either Tokuyasu-cryo sections or Lowicryl sections (171,
241). The use of primary antibodies is preferred to detect endogenous levels of protein.
However, sparse labelling as well as extensive optimization for every antibody used makes

these approaches less efficient and easy to use (242).

I demonstrated the compatibility of different labelling approaches including fusion proteins of
fluorescent proteins as well as chemical dyes and affinity probes for correlative imaging of

HelLa cells. Using chemical dyes or fluorescent proteins, the functional information obtained in
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light microscopy could be located in the electron micrographs with a localization error smaller
than 50 nm. This of course is an artificial value as the recording of the fluorescence signal was
diffraction limited in epifluorescence microscopy. The localization precision could be improved
using advanced light microscopy techniques such as STED nanoscopy, STORM or GSDIM
(240, 243). However, | found that longer incubation times of the thin-sections result in
significant deterioration of the cellular structures, which has to be considered for the use of any

advanced light microscopy imaging for CLEM.

Compared to the live-cell CLEM approach | presented in this thesis, my established high-
accuracy CLEM protocol ensured the superior structural preservation due to the immobilization
by means of high-pressure freezing, thus minimizing structural perturbations in the sample
(170). High-accuracy CLEM combines excellent structural preservation with a high number of
cells that can be analysed since large sections of a cell pellet can be investigated in a short
time on a single sample grid. In addition, resin-based approaches would allow for electron

tomography of 300 nm thick sections as well as serial sectioning preparations in 2D and 3D.

Expanding the information obtained by correlative imaging

To date, a correlation of NanoSIMS to other imaging modalities is needed in order to
distinguish features of interest. Within this study, | presented an approach to combine the
benefits of all three imaging modalities on one resin embedded sample to allow the extraction
of information that is not accessible with conventional correlative approaches. Precisely, high-
accuracy CLEM was used to extract functional and structural information and the registered
images served as a map to guide subsequent metabolic imaging. This protocol is
straightforward because the sample preparation is compatible with all three techniques as

demonstrated in this thesis.

The feasibility of the protocol was shown by using HelLa cells labelled with Mitotracker Deep
Red FM to stain mitochondria. After successful sample preparation and an additional DAPI
staining of the thin section, the structure of the nucleus as well as the position of individual
mitochondria was recorded in an epifluorescence microscope. Subsequent transmission
electron microscopy revealed the underlying cellular structure. A final recording of the 2C,’,
12CBC, 2CUN, 2CN, 3P and *2S- ions in NanoSIMS revealed the chemical composition of
the cells showing fundamental differences in the elemental distribution across different cell

sites and organelles (145).

In the past, this correlation was achieved with either using light microscopy (244, 245) (or even

super resolution light microscopy (246)) or electron microscopy (247-249).
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An extensive analysis can further lead to a better understanding of how organelles appear in
NanoSIMS measurements. An additional benefit of the presented approach is the superior
structural preservation of the cells by means of high-pressure freezing. This not only allows for
a general localization of elemental signals but also enables the detailed analysis of
membranous structures. Expanding the protocols on neuronal cells will allow the multi-
dimensional extraction of information on presynaptic structures. This correlative approach will
help to understand the complex nature of synaptic activity. Here, the activity of neuronal sites

can be brought into context with the overall turnover of different sites and organelles.

In summary, section 2 of this work presented multiple strategies for correlative imaging of cells.
Cells of interest can be identified in live-cell light microscopy and analysed with high detail in
transmission electron microscopy. 3D CLEM can be applied to understand the function of a
target protein in the structural context. High-accuracy CLEM can then be used to understand
function-structure relationships in more detail because the data is correlated precisely in all
three dimensions. An additional correlation of high-accuracy CLEM to metabolic imaging can
obtain comprehensive information about protein localizations, structure and chemical
composition of sub-cellular areas. The protocols presented in this work could be applied on
cultured rat hippocampal neurons in-vitro and to neuronal cells in rats or mice in-vivo. Live cell
recordings with recently developed fluorescent reporters for synaptic activity such as sensitive
calcium-sensing fusion proteins would highlight presynapses with high activity. A subsequent
correlation to room temperature transmission electron microscopy with NanoSIMS could
highlight functional differences of neuronal presynapses that are not accessible when using
electron microscopy alone. This work presented a promising workflow that can be expanded
with the use of stable isotope labelling of proteins and DNA to measure the turnover of
presynaptic components in a pulse chasing approach. In combination with live cell CLEM, a
detailed comparison of protein and DNA turnover of presynaptic mitochondria can be
correlated to the activity of these sites. Furthermore, the in-vivo analysis presented in this work
could also be expanded by feeding the animals stable isotope enriched food. The same data
could then be obtained in a physiological relevant environment of the neurons. In addition, it
would be interesting to see a correlation of cryo-CLEM with subsequent freeze-drying and

correlation to NanoSIMS.
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6. Supplementary images

Figure 41: Samples for correlative light and electron microscopy. Pellets of HelLa cells prepared
for high-accuracy CLEM. A: Overview of a resin block showing fluorescence preservation of
mito-mCitrine expressed for 24 hours prior to high-pressure freezing and freeze substitution.
Imaged with an epifluorescence microscope equipped with a 10x air objective. B: Overview of
a resin block showing fluorescence preservation of mito-mScarlet expressed for 24 hours prior
to high-pressure freezing and freeze substitution. Imaged with an epifluorescence microscope
equipped with a 10x air objective. C: 400 nm thick resin section mounted on a glass coverslip
and additionally stained with DAPI in PBS prior to imaging in an epifluorescence microscope
equipped with a 20x air objective. Green: mito-mCitrine, blue: DAPI. Scale barsin Aand B =
500 pm. Scale bar in C = 50 pm.
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Figure 42: 3D CLEM of Bax-EGFP. Registration of light microscopy images to the electron
micrographs resulted in a 3D localization of the EGFP signal in the ultrastructure. LM: the row
shows the registered light microscopy signal of EGFP. The images were oversampled to match
the resolution of the micrographs during correlation in ICY. CLEM: the row shows the
correlative images obtained by image registration. EM: the row shows the micrographs
obtained from 14 consecutive resin sections that cover the volume of interest.

. y A
sold >

2
o
gy, FNESANEN TR R Y R TS > . i ¢ - :
i fb i e TR ‘}- o R A% 3 9 % . | A e i R W ¢
e 2 I ¥ sy ek 34 VL TN Aol . NN e L o o &, o
P ) &%’ AL S 8 ¥ p g S Lo vl Yo iRy IR . rae BAl
P S e e ! 3 3 R b b ol g i ‘ 3
" »h . gt 5 » & P ) < o) | 4 gty §F vin
T, T % N X ,, 4 ¢ X \ Ny A e 2n ] \"'
C 2, . RO 5 e Dt | ) ) v 3
4‘..\ " .'i . h N ,.""a‘ e X t"{ o 9% b K 3 ! A < i ) &) s
3 S = - 2 B £ 2 > D
LA \ \ y

P
5

N

¥

120



6. Supplementary figures

Mitochondrial diameter

HelLa

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 201.09 285.55 201.09 298.30 285.55 298.30
Variance 2984.05  6860.04 2984.05  4499.03 6860.04  4499.03
Observations 243 254 243 162 254 162
Hypothesized Mean Difference 0 0 0
df 495 403 414
t Stat -13.35835 -15.99804 -1.645205
P(T<=t) one-tail 2.814E-35 2.975E-45 0.0503432
t Critical one-tail 1.6479378 1.6486435 1.6485425
P(T<=t) two-tail 5.628E-35 5.951E-45 0.1006865
t Critical two-tail 1.964768 1.9658679 1.9657106
Cos7

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 220.20 339.31 220.20 361.14 339.31 361.14
Variance 3587.48  9866.54 3587.48  9440.16 9866.54  9440.16
Observations 186 171 186 142 171 142
Hypothesized Mean Difference 0 0 0
df 355 326 311
t Stat -13.84478 -16.16847 -1.955041
P(T<=t) one-tail 1.858E-35 6.824E-44 0.0257368
t Critical one-tail 1.6491572 1.6495412 1.6497679
P(T<=t) two-tail 3.716E-35 1.365E-43 0.0514737
t Critical two-tail 1.9666689 1.9672675 1.9676211
U-2 OS

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 204.59 248.68 204.59 277.68 248.68 277.68
Variance 2688.37  5177.58 2688.37 = 3904.37 5177.58  3904.37
Observations 156 224 156 161 224 161
Hypothesized Mean Difference 0 0 0
df 378 315 383
t Stat -6.556701 -11.315 -4.118975
P(T<=t) one-tail 9.043E-11 1.943E-25 2.333E-05
t Critical one-tail 1.6488947 1.6497053 1.6488418
P(T<=t) two-tail 1.809E-10 3.886E-25 4.666E-05
t Critical two-tail 1.9662596 1.9675235 1.9661772

Figure 43: Statistical tests for changes of the mitochondrial diameter in HeLa, Cos7 and U-2
OS cells cultivated in SILAC FLEX medium with the indicated carbon sources. All conditions
were tested with the “t-test two sample assuming unequal variances” data analysis tool in Excel

2016.
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Crista length per mitochondrial area

HelLa

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 4.03 5.80 4.03 6.61 5.96 6.61
Variance 2.50 2.65 2.50 3.78 7.01 3.78
Observations 236 245 236 162 245 162
Hypothesized Mean Difference 0 0 0
df 479 396 405
t Stat -12.03707 -14.5383 -2.688519
P(T<=t) one-tail 1.22E-29 5.623E-39 0.0037366
t Critical one-tail 1.648041 1.6487106 1.6486247
P(T<=t) two-tail 2.44E-29 1.125E-38 0.0074732
t Critical two-tail 1.9649289 1.9659726 1.9658387
Cos7

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 5.80 7.73 5.80 7.81 7.73 7.81
Variance 4.10 5.07 4.10 4.31 5.07 4.31
Observations 129 150 129 187 150 187
Hypothesized Mean Difference 0 0 0
df 277 314 335
t Stat -7.451066 -8.518011 -0.340252
P(T<=t) one-tail 5.922E-13 3.429E-16 0.36694
t Critical one-tail 1.6503732 1.6497208 1.6494149
P(T<=t) two-tail 1.184E-12 6.857E-16 0.7338801
t Critical two-tail 1.968565 1.9675477 1.9670706
U-20S

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 5.07 6.80 5.07 6.08 6.80 6.08
Variance 4.01 4.10 4.01 3.04 4.10 3.04
Observations 217 103 217 137 103 137
Hypothesized Mean Difference 0 0 0
df 318 352 238
t Stat -7.203488 -4.861799 2.9590526
P(T<=t) one-tail 2.139E-12 8.78E-07 0.0016986
t Critical one-tail 1.6496594 1.649194 1.6512812
P(T<=t) two-tail 4.278E-12 1.756E-06 0.0033973
t Critical two-tail 1.9674519 1.9667262 1.9699815

Figure 44: Statistical test for changes in the average crista membrane abundance per
mitochondrial area of HeLa, Cos7 and U-2 OS cells grown in SILAC FLEX medium with the
indicated carbon sources. All conditions were tested with the “t-test two sample assuming
unequal variances” data analysis tool in Excel 2016.
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Crista length per mitochondrial length

HelLa

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 0.81 1.66 0.81 1.98 1.66 1.98
Variance 0.18 0.41 0.18 0.60 0.41 0.60
Observations 236 243 236 162 243 162
Hypothesized Mean Difference 0 0 0
df 477 396 403
t Stat -16.95382 -19.25909 -4.468757
P(T<=t) one-tail 4.194E-51 4.191E-59 5.118E-06
t Critical one-tail 1.6480544 1.6487106 1.6486435
P(T<=t) two-tail 8.388E-51 8.383E-59 1.024E-05
t Critical two-tail 1.9649497 1.9659726 1.9658679
Cos7

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 1.32 2.63 1.32 2.57 2.63 2.57
Variance 0.38 1.23 0.38 0.74 1.23 0.74
Observations 129 150 129 142 150 142
Hypothesized Mean Difference 0 0 0
df 277 269 290
t Stat -11.92301 -13.57888 0.5291432
P(T<=t) one-tail 4.957E-27 1.217E-32 0.2985555
t Critical one-tail 1.6503732 1.6505379 1.6501249
P(T<=t) two-tail 9.914E-27 2.435E-32 0.5971109
t Critical two-tail 1.968565 1.968822 1.9681779
U-2 OS

Glucose @ Pyruvate Glucose Keto Pyruvate Keto
Mean 0.96 1.83 0.96 1.70 1.83 1.70
Variance 0.22 0.74 0.22 0.34 0.74 0.34
Observations 156 103 156 137 103 137
Hypothesized Mean Difference 0 0 0
df 257 291 238
t Stat -10.57593 -12.10005 1.4341207
P(T<=t) one-tail 3.069E-22 7.084E-28 0.0764252
t Critical one-tail 1.6508043 1.6501068 1.6512812
P(T<=t) two-tail 6.138E-22 1.417E-27 0.1528504
t Critical two-tail 1.9692375 1.9681496 1.9699815

Figure 45: Statistical test for changes in the average crista membrane abundance per
mitochondrial length of HeLa, Cos7 and U-2 OS cells grown in SILAC FLEX medium with the
indicated carbon sources. All conditions were tested with the “t-test two sample assuming
unequal variances” data analysis tool in Excel 2016.
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Cultured rat hippocampal neurons

Mitochondrial diameter

Glucose bHB control Glucose bHB depol. bHB control = bHB depol.
Mean 207.01 203.70 207.01 206.14 203.70 206.14
Variance 3723.62 3302.71 3723.62 2787.02 3302.71 2787.02
Observations 92 155 92 177 155 177
Hypothesized Mean Difference 0 0 0
df 245 267 330
t Stat 0.42815228 0.12218917 -0.40291057
P(T<=t) one-tail 0.3344582 0.45142056 0.34363746
t Critical one-tail 1.65109682 1.6505806 1.64948418
P(T<=t) two-tail 0.6689164 0.90284112 0.68727491
t Critical two-tail 1.96969392 1.96888862 1.96717867
Average crista length per mitochondrial area

Glucose bHB control Glucose bHB depol. bHB control = bHB depol.
Mean 9.22 10.19 9.22 11.06 10.19 11.06
Variance 5.46 7.20 5.46 6.92 7.20 6.92
Observations 68 67 68 70 67 70
Hypothesized Mean Difference 0 0 0
df 133 136 135
t Stat -2.24381089 -4.33068597 -1.9047093
P(T<=t) one-tail 0.01324884 1.4322E-05 0.02947253
t Critical one-tail 1.65639124 1.65613499 1.65621913
P(T<=t) two-tail 0.02649767 2.8645E-05 0.05894506
t Critical two-tail 1.97796126 1.97756078 1.97769228
Average crista length per mitochondrial length

Glucose bHB control Glucose bHB depol. bHB control = bHB depol.
Mean 1.89 2.03 1.89 2.19 2.19 2.03
Variance 0.62 0.91 0.62 0.55 0.55 0.91
Observations 68 67 68 70 70 67
Hypothesized Mean Difference 0 0 0
df 133 136 135
t Stat -0.93243059 -2.27321412 1.07371036
P(T<=t) one-tail 0.17640182 0.0122903 0.14243398
t Critical one-tail 1.65639124 1.65613499 1.65621913
P(T<=t) two-tail 0.35280363 0.02458059 0.28486796
t Critical two-tail 1.97796126 1.97756078 1.97769228

Figure 46: Statistical tests for mitochondrial adaptation in cultivated rat hippocampal neurons.
Neuronal cells were cultivated in the conditions indicated. Chemical depolarization of the
neurons with 25 mM KCI for 4 hours. All conditions were tested with the “t-test two sample
assuming unequal variances” data analysis tool in Excel 2016.
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Figure 47: Box and whisker plots of features identified in FIB-SEM micrographs of the cochlear
nucleus of a P9 and a P20 animal. Box plots show the ratio of the number of synaptic vesicles,
the size of the PSD or the mitochondrial size to the volume of the presynaptic bouton. The
boxes indicate 25" to 75" percentile. The small squares indicate mean. The horizontal lines

indicate median. Whiskers indicate SD.
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Bouton Volume

P9 P9 w/ mito P9 P20 P9 P20 w/ mito
Mean 2384075.4 7439110.93 2384075.4 6315285.87 2384075 15170386.07
Variance 1.589E+12 2.7019E+13 1.5887E+12 3.1091E+13 1.6E+12 1.58589E+14
Observations 15 15 15 15 15 15
Hypothesized Mean Difference 0 0 0
df 28 28 28
t Stat -2.9971548 -2.1780313 -3.1775
P(T <=t) two-tail 0.0064332 0.03991065 0.0042
t Critical two-tail 2.0686576 2.06865761 2.06866
P9 w/ mito P20 P9 w/ mito P20 w/ mito P20 P20 w/ mito
Mean 7439110.9 6315285.87 7439110.93 15170386.1 6315286 15170386.07
Variance 2.702E+13 3.1091E+13 2.7019E+13 1.5859E+14 3.1E+13 1.58589E+14
Observations 15 15 15 15 15 15
Hypothesized Mean Difference 0 0 0
df 28 28 28
t Stat 0.5709767 -2.1978522 -2.4902
P(T <=t) two-tail 0.5725701 0.0363941 0.01897
t Critical two-tail 2.0484071 2.04840714 2.04841
PSD Volume
P9 P9 w/ mito P9 P20 P9 P20 w/ mito
Mean 76559.7  144771.653 76559.7 85090.8 76559.7 205277.2667
Variance 3.91E+09 2.0027E+10| (3909743480 4663070012 3.9E+09 17762529438
Observations 15 15 15 15 15 15
Hypothesized Mean Difference 0 0 0
df 28 28 28
t Stat -1.4264455 -0.3161731 -2.8381
P(T <=t) two-tail 0.1671738 0.75472262 0.00932
t Critical two-tail 2.0686576 2.06865761 2.06866
P9 w/ mito P20 P9 w/ mito P20 w/ mito P20 P20 w/ mito
Mean 144771.65 85090.8 144771.653 205277.267 85090.8 205277.2667
Variance 2.003E+10 4663070012 |2.0027E+10 1.7763E+10 4.7E+09 17762529438
Observations 15 15 15 15 15 15
Hypothesized Mean Difference 0 0 0
df 28 28 28
t Stat 1.4710232 -1.2054677 -3.1083
P(T <=t) two-tail 0.1524349 0.23811174 0.00429
t Critical two-tail 2.0484071 2.04840714 2.04841
Number of SVs
P9 P9 w/ mito P9 P20 P9 P20 w/ mito
Mean 325.6 738.533333 325.6 483.066667 325.6  846.2666667
Variance 16965.378 401131.124 16965.3778 89214.2095 16965.4 122463.3524
Observations 15 15 15 15 15 15
Hypothesized Mean Difference 0 0 0
df 28 28 28
t Stat -2.0197012 -1.5624373 -4.4762
P(T <=t) two-tail 0.0552136 0.13184072 0.00017
t Critical two-tail 2.0686576 2.06865761 2.06866
P9 w/ mito P20 P9 w/ mito P20 w/ mito P20 P20 w/ mito
Mean 738.53333 483.066667 738.533333 846.266667 483.067 846.2666667
Variance 401131.12 89214.2095 401131.124 122463.352 89214.2 122463.3524
Observations 15 15 15 15 15 15
Hypothesized Mean Difference 0 0 0
df 28 28 28
t Stat 1.4129567 -0.5766313 -3.0574
P(T <=t) two-tail 0.1686889 0.5687957 0.00487
t Critical two-tail 2.0484071 2.04840714 2.04841

Mitochondrial Volume

P9 w/ mito P20 w/ mito

Mean

Variance

Observations

Hypothesized Mean Difference
df

t Stat

P(T<=t) two-tail

t Critical two-tail

386920.33 1939918.68
1.922E+10 4.8861E+12
15 15
0
28
-2.7157096
0.0112024
2.0484071
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Figure 48: Statistical tests for structural features identified in FIB-SEM micrographs of a P9
and a P20 animal. All features of both conditions in both animals were compared and tested
with the “t-test two sample assuming unequal variances” data analysis tool in Excel 2016.
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