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Summary

Mitochondria are essential for eukaryotic life, because they provide most of the energy for a
variety of cellular processes. Especially high energy demanding cells and tissues like the
muscles and the neuronal cells of the brain depend on a reliable supply of energy. It is of no
surprise that impairments of this organelle manifest in pathophysiological effects. To perform
their task as the "power plant of the cell", mitochondria rely on the import of proteins encoded
in the nucleus. Together with thirteen proteins encoded in their own genome (mitochondrial
DNA, mtDNA), they assemble the oxidative phosphorylation system for energy production.
Although many studies investigated neuronal mtDNA, little is known about the relationship
between the presence of mtDNA in axonal mitochondria, mitochondrial function and
presynaptic activity. The aim of this work was to investigate the nucleoid (Protein-mtDNA
complex) distribution in neurons and to study the interplay between neuronal activity and the
mtDNA content of neuronal mitochondria.

This work shows that the nucleoid distribution is not homogeneous across the neuronal cell.
Rather, the majority of mitochondria in the axon do not harbor a nucleoid, whereas 90 % of
dendritic mitochondria do. Additionally, it was found that the mitochondria carrying mtDNA
in the axon are mainly accumulated in the presynapse. This raised the question if there is a
relationship between synaptic activity and the presence of mitochondria with nucleoids. . A
single microscopy method such as immunofluorescence microscopy or live cell imaging alone
would not be sufficient to answer this question, but a combination of both imaging modalities
would is required to gain new insights into the relationship between neuronal activity and
mitochondrial dynamics.

This is why a new correlative light microscopy workflow was developed that allows functional
live cell microscopy to be combined with subsequent immunofluorescence imaging on other
microscopes. For this, three major obstacles had to be addressed: the technical requirements
of stable on-stage fixation, the adaptation of fixation conditions and the relocation of a
predefined region of interest when the sample is moved from one microscope to another. The
main obstacle of stable on-stage fixation was overcome by designing a novel live cell imaging
chamber. Together with an optimized fixation protocol, this set-up allows for a rapid and
homogenous fixation of the cells during live cell image acquisition. Subsequent
immunofluorescence staining and transfer of the sample to another microscope presented
the challenge of locating the same cells and regions of interest identified during live cell
imaging. To address this problem, a combination of a unique label on the coverslip and an
image registration script was developed to store regions of interest and relocate them relative
to the label.

The correlative live cell imaging system was used to study the relationship between
presynaptic activity and the presence of mitochondrial DNA in neuronal mitochondria. The
results revealed that about 70 % of the mitochondria located in active presynapses harbor
nucleoids, whereas 36 % of non-synaptic axonal mitochondria carry nucleoids. This finding led

to the question if there is an active selection of mtDNA-loaded mitochondria driven by the
v



specific demand at their cellular location. The idea of an active selection was supported by
silencing neuronal activity with the reversible neurotoxin Tetrodotoxin (TTX), which resulted
in a significant reduction to ~44 % mitochondria with mtDNA in presynapses compared to the
untreated presynapses (~59 %). Furthermore, after a period of 24 h of toxin washout, the level
of nucleoid positive mitochondria recovered fully. Taken together, these results suggest a
selective accumulation of mtDNA-positive mitochondria driven by the activity of the
presynapse and the associated increased demands on the mitochondria.
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Introduction

1 Introduction

1.1 Neurons

All human cognitive functions, such as memories, emotions and conscious movements, are
formed and processed in the brain, a complex structure consisting of billions of specialized
cells, which are organized into several subareas with distinct functions and responsibilities.
The hippocampus, for example, is the central hub for processing sensory information to form
long-term memory (Eichenbaum et al., 1992). To accomplish this task, a certain flexibility is
required to form new neuronal connections, maintain existing ones, and break down synapses
that are no longer needed. This process is called synaptic plasticity (Citri & Malenka, 2008).

The smooth functioning of the brain requires the interaction of different cell types. The cells
that enable the transmission of information are called neurons (Figure 1). The transmission
signal itself is conducted through the cell in the form of electrical impulses, so called action
potentials (Hodgkin & Huxley, 1952). Input of information is received over multiple cell
extensions called dendrites or directly in the main cell body, the soma, and transmitted via a
long segment, the axon. In humans, axons can span a distance of a few centimeters in the
brain up to about one meter along the spine (Muzio & Cascella, 2020).

Figure 1: Components of a neuron. From the cell body, called soma, emanate several small cell
extensions called dendrites where the postsynapses are located. The axon is a long cell segment that
protrudes from the soma and has presynapses on its surface and at its end.

For signal transmission between cells, neurons form highly specialized connections with
neighboring neurons called synapses (Schikorski & Stevens, 1997). These consist of a
presynapse located at the axon and a postsynapse, which can be located at the main cell body
(soma) or at the dendrites. Signal transmission between two neurons occurs mainly chemically
via signaling molecules such as epinephrine, norepinephrine, acetylcholine and glutamate,
which are called neurotransmitters (Goldstein, 2010; Zhou & Danbolt, 2014). These
neurotransmitters are stored in synaptic vesicles (SV) in the presynapse as illustrated in Figure
2. Upon the arrival of an action potential, a short local inversion of the membrane potential
of the neuronal plasma membrane which is propagating along the cell through voltage gated

opening of ion channels, the presynapse releases the neurotransmitters into the synaptic cleft
-1-
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(Bean, 2007). The SVs fuse with the plasma membrane in the so-called active zone and release
their load by exocytosis into the space between the presynapse and postsynapse (Rizzoli,
2014). After the neurotransmitter docks with receptors at the postsynapse, the chemical
signal is converted back into an electrical signal. SVs are then recycled and acidified via an
ATPase (Moriyama et al., 1992). The resulting pH gradient is required to reload the SVs with
fresh neurotransmitter via an antiporter. The loaded SVs are then stored in a vesicle pool until
the next action potential arrives.

Synaptic cleft

Postsynapse

Figure 2: The energy demanding synaptic vesicle cycle in the presynapse. For signal transduction
between cells, synaptic vesicles (SV) are exocytosed upon Ca** uptake in the presynapse. This releases
neurotransmitters (NT) into the synaptic cleft that typically induce an action potential in the
postsynapse. To replenish the cellular SV pool, parts of the plasma membrane are endocytosed. These
empty vesicles are acidified by an active proton-pumping ATPase using ATP. The resulting ion gradient
between the vesicle lumen and the cytosol drives the uptake of NTs into the SV via an antiporter. In
addition to acidification, energy consuming processes like vesicle docking and endocytosis, as well as
ion transport at the plasma membrane to restore membrane potential, depend on the availability of
ATP. In addition to the glycolysis, the mitochondria present at the presynaptic site constantly replenish
the local ATP stores via and oxidative phosphorylation.

Several studies have shown that synaptic transmission places a large energy burden on
neuronal cells (Harris et al., 2012; Pathak et al., 2015; Rangaraju et al., 2014). It is estimated
that the energy demand of the brain, normalized to weight, is approximately 8 to 10 times
greater than that of other tissues (Mink et al., 1981; Pulido & Ryan, 2021). As shown in Figure
2 there are many processes consuming ATP such as the acidification of the SVs, the docking
and recycling of the SVs and the restoring of the plasma membrane potential. A recent study
by Pulido et al. showed that 44 % of the presynaptic ATP content alone is used for constant

-2-
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re-acidification of the SV within the reserve pool (Pulido & Ryan, 2021). This is because SVs
are constantly leaking protons (Pulido & Ryan, 2021). However, how the high and rapidly
changing energy demand is met, is still controversial. The most obvious answer to this
guestion is the mitochondrion, but the actual interplay between mitochondria and synaptic
activity is still unclear.

1.2 Mitochondria in neurons

Mitochondria are often referred to as the “powerhouse of the cell”, but in addition to ATP
production, mitochondria are also involved in the production of lipids, ion buffering, and Ca®*
signaling. With such a wide variety of tasks, mitochondria are much more than just the
“powerhouse of the cell” (Figure 3). In the compartmentalized structure of neurons (Figure 1),
mitochondria show strong heterogeneity in their morphology (Figure 4) (Jakobs et al., 2011;
Pekkurnaz & Wang, 2022; Popov et al., 2005). Somatic mitochondria form a complex dynamic
network of various sizes (Figure 4 B), whereas dendritic mitochondria are elongated (Figure
4 A). With a length of about 1 um, axonal mitochondria are comparatively small (Figure 4 C)
(Lewis et al., 2018). In addition to their different appearance, neuronal mitochondria also
show high variation in protein distribution between organelles. Furthermore, other studies
show significant differences between the protein levels in synaptic vs non-synaptic
mitochondria (VOlgyi et al., 2015).

Large cells such as neurons rely on efficient energy transport from the soma to their axon
terminals, which can be several centimeters away from the main cell body. However, recent
results show that mitochondria may not be required for this as rapid changes in ATP levels are
likely regulated by glycolysis (Ashrafi & Ryan, 2017). Moreover, only a fraction of presynapses
are occupied by mitochondria (Shepherd & Harris, 1998). Nevertheless, the presence of
mitochondria in presynapses seems to influence the synaptic plasticity and contribute to a
higher stability of this compartment (Lees et al., 2019).
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Matrix

OMM

IMM

Crista junction

Figure 3: Schematic of a Mitochondrion. The organelle has two membranes, the outer mitochondrial
membrane (OMM) and the inner mitochondrial membrane (IMM) are separated by the intermembrane
space (IMS). The invaginations of the IMM are called cristae membranes that are connected to the IMM
by crista junctions. The space enclosed by the IMM and crista membranes is called the matrix. The
nucleoid a complex of different proteins and the mitochondrial DNA (mtDNA) is located in the matrix.

The presynaptic mitochondria are modulating synaptic strength through Ca?* buffering. Ca?*
influx into the presynapse is used as a trigger for neurotransmitter release. Thus decreasing
the effective Ca?* concentration in the presynapse, by taking the ions up into the
mitochondrial matrix, leads to a decreased release of neurotransmitter (Lewis et al., 2018). To
enable this, axonal mitochondria are more sensitive to cytosolic Ca* concentrations than
mitochondria in other tissues (Fieni et al., 2012; Patron et al., 2019). Ca?* influx into the
mitochondrial matrix is regulated by the mitochondrial calcium uniporter (MCU) complex,
whose protein composition varies between tissues. In neurons, MCU3 has been found to
upregulate Ca?* influx (Patron et al., 2019). The force for ion transport through the IMM is
provided by the pH gradient rather than the electrical gradient (Poburko et al., 2011).
Nevertheless, both gradients are interdependent, and both are generated by oxidative
phosphorylation (OXPHOS), which is a central part of the energy metabolism (Santo-Domingo
& Demaurex, 2012).

The mitochondrial uptake of Ca?* ions has been shown to transiently upregulate mitochondrial
respiration. This suggests a flexible mechanism of the organelle to meet changes in the local
energy demand (Ashrafi et al., 2020; Hajnoczky et al., 1995). Moreover, a sudden local rise of
Ca?* levels can lead to the arrest of mobile axonal mitochondria; this is an alternative support
mechanism to cover the synaptic energy demand (Li et al., 2009; Mironov, 2006; Vaccaro et
al., 2017). This also means that the higher the activity of a synapse marked by local Ca®* influx,
the higher is the likelihood that passing mitochondria will stop and stay.
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Figure 4: Diversity of mitochondrial morphology in different neuronal compartments. The
mitochondria in the different compartments have different morphologies as shown in the fluorescence
images. Mitochondria are labeled with an anti- Cytochrome C antibody. A) Mitochondria in the
dendrites are large organelles up to several micrometers long. B) Mitochondria in the soma form an
interconnected network of tubes. C) Presynaptic mitochondria are small and often isolated from each
other. (Unpublished data, scale bar: 5 um).

Moreover, local stable mitochondria contribute to a high plasticity by forming local nodes to
promote local protein translation and establish axonal branches and new synapses (Rangaraju
et al., 2019; Spillane et al., 2013). Therefore, it is essential that not only mitochondria but also
the necessary nuclear encoded mRNAs are transported into the axon. RNA sequencing of
isolated axons found abundant mRNAs in this compartment. These experiments revealed a
large amount of mMRNA from nuclear-encoded mitochondrial genes, including mRNA encoding
the mitochondrial transcription and translation machinery (Costa & Willis, 2018). This is
particularly important because the lifespan of some proteins is estimated to be shorter than
the time required for their transport along the axon (Miller & Samuels, 1997).

1.3 Mitochondrial DNA (mtDNA)

Mitochondria harbor their own genome, mitochondrial DNA (mtDNA), which is a remnant of
their endosymbiotic origin. The endosymbiotic origin theory states that mitochondria evolved
from alphaproteobacteria that invaded early eukaryotic and anaerobic cells. This theory is
strongly supported by the prokaryotic features of the mitochondrial genome (Gray et al.,
1999). During the evolution, mitochondrial genes were continuously transferred to the
eukaryotic genome (Adams & Palmer, 2003).
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Although most mitochondrial proteins are now encoded in the nucleus, the mtDNA of
eukaryotes still contains 13 essential genes encoding proteins of the OXPHOS complexes, as
well as 22 tRNAs and 2 rRNAs (Wallace, 1994). The mtDNA is gene dense and exists as a 16.6 kb
circular double-stranded DNA, as shown in Figure 5 (Nass, 1966; Van Bruggen et al., 1966).
The genes are distributed on both strands of the mtDNA, called the heavy strand and the light
strand according to their behavior during density centrifugation. Both strands harbor a single
promoter, referred to as the heavy strand promoter (HSP) or light strand promoter (LSP),
respectively (Chang & Clayton, 1984). This means that all genes of one strand are transcribed
on one polycistronic RNA strand. Thus, the processing of RNA to the individual mRNA, tRNA,
or rRNA is regulated at the posttranscriptional level. The 13 genes are transcribed into 11
mRNAs, and some of the genes overlap in their sequences. Therefore, ND4L/ND4 and
ATP8/ATP6 are located on the same bicystronic mRNA (Rak et al., 2016; Van Haute et al.,
2015). Each of the bicystronic mRNAs contains two open reading frames, one for each gene.
The mtDNA also encodes the small peptide humanin, which was discovered in 2001
(Hashimoto et al., 2001). This peptide is thought to have a neuroprotective function in
Alzheimer's disease via its activity in the regulatory chain of apoptosis (Guo et al., 2003; Ikonen
et al., 2003; Lee et al., 2013).

The mtDNA molecule is tightly decorated with different proteins for packaging, transcription,
and replication that together form a Protein-DNA-complex that is called a nucleoid
(Bogenhagen, 2012). Each cell has multiple copies and the nucleoids are polymorphic. The
number of mtDNA copies varies around 500-6000 depending on the cell type and their specific
energy requirements (D'Erchia et al., 2015; Reznik et al., 2016). Although, light microscopy
provides better local information, studies analyzing nucleoid quantities are mainly performed
using quantitative PCR or sequencing data. The main reason for this is the tendency of
nucleoids to appear clustered at a distance smaller than the diffraction limit (Kukat et al.,
2011). Therefore, conventional microscopy underestimated the number of nucleoids. Super-
resolution microscopy can resolve individual nucleoids and depending on the cell type, it is
possible to detect 60% more individual nucleoids than conventional confocal microscopy
(Kukat et al., 2011).

An abundant protein on nucleoids is the mitochondrial transcription factor A (TFAM) (Kang et
al., 2007). In the steady state, TFAM acts as a histone-like packaging molecule and initiates
transcription by unwinding mtDNA upstream of promoters (Fisher et al., 1992). This enables
the mitochondrial RNA polymerase (POLRMT) to bind to the now accessible DNA, which
initiates the transcription process. Recently, Briser et al. showed that the transcription and
replication of mitochondrial DNA are regulated by the degree of TFAM packaging. By using
multicolor STED microscopy, they demonstrated that TFAM levels on nucleoids vary
depending on how active the nucleoid is (Briser et al., 2021). Low TFAM levels on mtDNA
corresponded with a high activity of the nucleoids: They were either involved in transcription
or replication or both at the same time. This can be explained by the DNA-shaping properties
of TFAM, with lower TFAM levels corresponding to lower compactness of DNA, resulting in
more space for the transcription or replication machinery (Briser et al., 2021; Farge et al.,
-6 -
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2014). On the other hand, a higher TFAM level leads to a decrease in binding site accessibility.
In fact, the great majority of all nucleoids in a cell are tightly decorated with TFAM and are
considered inactive (Briiser et al., 2021). This large pool of dormant mtDNA is believed to
compensate for possible mutations in a single mtDNA molecule (Filograna et al., 2019; Stewart
& Chinnery, 2015).

The simultaneous presence of unmodified and mutant mtDNA sequences in a cell is called
heteroplasmy (Parakatselaki & Ladoukakis, 2021). Before a mutation causes a physiological
effect, its occurrence must be above a certain threshold that depends on the type of mutation.
Single large-scale deletions reach this threshold at about 60 %. For other mtDNA mutations, a
prevalence of approximately 80-90 % is required to have an impact on mitochondrial health
(Rossignol et al., 2003; Russell & Turnbull, 2014). One cause of mtDNA mutations is generally
seen in the presence of reactive oxygen species (ROS) (Harman, 1981). In the ROS vicious circle
theory, the caused mutations may lead to impaired OXPHOS, which would result in a further
increased ROS production as well as a further increased mutation rate (Balaban et al., 2005;
Harman, 2002). This positive feedback loop would lead to an exponentially growing mutation
rate. However, Trifunovic et al. found that the accumulation of abberant mtDNA in
mitochondria of a mouse line susceptible to mtDNA mutations was linear over time. In
addition, ROS levels as well as antioxidant defense protein expression levels indicated normal
levels of oxidative stress in these cells. These results are in contrast to the ROS vicious circle
theory (Trifunovic et al., 2005).

Another reason for mutations to accumulate in mtDNA is that mtDNA replication is error-
prone due to the lack of DNA repair mechanisms (Fontana & Gahlon, 2020). Interestingly,
some mutations may lead to an increased replication rate, resulting in a higher accumulation
over time. The reason for this is not yet entirely clear. In the case of single point mutations,
one explanation could be that reduced energy production due to impaired OXPHQOS proteins
leads to an increase in mtDNA replication to compensate for the impairment (Yoneda et al.,
1992). However, computer modeling has shown that this could also occur due to a statistical
probability known as genetic drift (Chinnery et al., 2002; Elson JL et al., 2001).

The pathological accumulation of mtDNA alterations does not occur to the same extent in
every cell. Therefore, cells with a reduced metabolic function can be controlled by
programmed cell death, known as apoptosis. While this is part of the normal housekeeping in
most regenerative tissues, the brain is particularly prone to accumulate mtDNA mutations
because neurons do not undergo cell division and the cells last a lifetime of the organism.
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Figure 5: Gene map of the Rattus norvegicus mtDNA. A 16,315 base pairs (bp) circular DNA harboring
the regulatory sequence D-loop, the genes for 13 mRNAs and 2 rRNAs. The genes are distributed on
both strands (heavy and light) with 12 mRNAs encoding genes on the heavy strand and only one, ND6,
on the light strand.

1.4 mtDNA in neurodegeneration

Mitochondrial dysfunction is one of the most common causes of metabolic diseases and
occurs mainly in tissues with high energy demands, such as the heart or the brain. Therefore,
it is not surprising that mitochondria play a central role in many neurological diseases such as
Alzheimer's disease (AD) or Parkinson's disease (PD) (Monzio Compagnoni et al., 2020; Pyle et
al., 2016). The causes of mitochondrial dysfunction are diverse and range from mutations in
mitochondrial or nuclear DNA, to variations in nucleoid copy number to impaired mitophagy.

The accumulation of mtDNA mutations appears to play an important role in aging and
neurological diseases (Dolle et al., 2016). The importance of mtDNA sequence integrity is
supported by the predisposition of mitochondrial haplotypes to certain neurological diseases
such as Leber's hereditary optic neuropathy (Torroni et al., 1997). There is also evidence of
inherited risk due to mtDNA polymorphisms for other diseases such as Alzheimer’s disease
and Parkinson's disease. For example, AD patients show a more frequent occurrence of some
haplotypes such as mutations in the mtDNA at positions 5633, 7476, and 15812 (Chagnon et
al., 1999). This is also supported by a dominant female inheritance (Edland et al., 1996), but it
is still unclear whether mitochondria play a primary or secondary role in the development of
AD, and the role of haplotypes in AD is still controversial. However, mitochondrial
polymorphisms do not only show negative effects. In Parkinson's disease, some haplogroups
have been suggested to be risk factors, while others have the opposite effect and are thought
to be protective against PD (Chinnery & Gomez-Duran, 2018; Khusnutdinova et al., 2008).

-8-



Introduction

The integrity of mtDNA is affected not only by deletions or point mutations in the mtDNA
itself, but also by mutations in nuclear DNA. For example, alterations in axonal mRNA
transport mechanisms can lead to impaired mitochondrial function and impaired mtDNA
maintenance (Aschrafi et al.,, 2010). In addition, mutations in the genes encoding the
mitochondrial DNA polymerase gamma PLOG and the DNA helicase Twinkle, both of which
are involved in mtDNA replication, can result in an increase in mtDNA point mutations and
deletions or altered copy numbers (Pinto & Moraes, 2014).

Alterations in the mtDNA copy number can lead to pathological effects, as seen for example
in the mtDNA depletion syndrome caused by impaired mtDNA maintenance (Pinto & Moraes,
2014). Age-related changes in the mtDNA copy number have also been reported (Clay Montier
et al., 2009). However, there are large differences between tissues and/or brain areas. While
mtDNA copy numbers in tissues such as muscles decreases with age, the mtDNA copy
numbers in the heart are stable (Barazzoni et al.,, 2000; Wachsmuth et al., 2016). In
Alzheimer's and Parkinson's disease patients mtDNA depletion is observed as a phenotype.
But here, too, the phenotype only shows up in certain tissues (Dolle et al., 2016; Pyle et al.,
2016).

Another cause of changes in mtDNA integrity may be an impaired mitochondrial recycling
process (Hara et al., 2006). Defect mitochondria, potentially harbouring altered mtDNA, are
suspected to be labelled for degradation by the ubiquitin-protein ligase Parkin in a process
called mitophagy. Impairment of this process can lead to a decreased degradation of altered
proteins and mitochondria, which results in an accumulation of mtDNA mutations as
commonly seen in Parkinson's disease patients (Kitada et al., 1998; Monzio Compagnoni et al.,
2020).

In summary, mitochondria play a central role in maintaining a healthy brain. The integrity of
mtDNA is influenced by several factors such as the mutation rate, replication and transcription
mediated by nuclear DNA-derived proteins and mitochondrial recycling through mitophagy.
Most studies addressing mtDNA functionality in neurodegenerative diseases are based on
biochemical studies of pooled mitochondria and neglect local information on subcellular and
sub-organelle distribution (Morten et al., 2007; Pyle et al., 2016). Especially in highly polarized
neuronal cells with different conditions and requirements in each compartment, additional
local information may contribute to the understanding of mitochondrial heterogeneity and its
functional implications.

To gain insight into the cellular and intracellular variability of mitochondria in neurons,
noninvasive analytical methods with high spatial and temporal resolution are needed. Light
microscopy is a promising way to follow dynamic processes under natural conditions (Jakobs
et al., 2020).
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1.5 Microscopy

1.6 Microscopy, a key tool for the life sciences

The first version of a microscope was a brightfield microscope, where the sample is illuminated
transmissively by light and the contrast between different structures relies on their
attenuation of the transmitted light (Henry, 1740; Wollman et al., 2015). This type of
microscopy allowed the first structural observations of cells and their substructures such as
mitochondria (Altmann, 1894). It is the easiest microscopy method to implement but the
contrast is very low in weakly absorbing samples like mammalian cells (Korzynska et al., 2007).
High contrast is an important factor in microscopy to differentiate between features and
background.

This limitation in light microscopy was eventually overcome by the development of
fluorescence microscopy (Masters, 2010). This method is based on the specific labeling of
structures with a fluorophore. A fluorophore can be a chemical compound or a protein that
can be excited with light of a specific wavelength and emits fluorescence light with a longer
wavelength (Lichtman & Conchello, 2005). Using dichroic mirrors and spectral filters, the
excitation and emission light can be separated (Figure 7). This separation of excitation light
and emitted light facilitates a high contrast. Fluorescence microscopy is one of the most
important techniques for life sciences and has revolutionized our understanding of (dynamic)
cellular processes as it can be used to study the spatial distribution of specific proteins or
structure in living and fixed cells. In order to visualize a cellular structure by fluorescence
microscopy, the choice of the appropriate microscope as well as the appropriate labeling
strategy is crucial (Achimovich et al., 2019; Dean & Palmer, 2014). In the following, first a brief
overview of the different fluorescence microscopy and nanoscopy techniques as well as the
different labelling strategies is given, subsequently the potential of a correlative approach of
combining live cell with fixed cell microscopy for the analysis of dynamic cellular events is
highlighted.

1.6.1 Microscopy and nanoscopy techniques

The most basic technique is a widefield microscope. Here, the sample is exposed to light in its
entirety and the resulting image is directly viewed by the researcher or a camera (Figure 6)
(Sanderson et al., 2014). On the other hand, a confocal microscope uses point illumination and
a pinhole in front of the detector helps to eliminate out-of-focus signals (Minsky, 1988). The
confocal image is built up from the sequentially acquired individual pixels as the illumination
is scanned across the sample. By blocking out the off focus light in the back focal plane with
the pinhole, the confocal approach reaches a better resolution due to a decreased background
(Conchello & Lichtman, 2005). However, the scanning approach is generally slower than the
widefield approach. The acquisition speed is important for imaging of live and moving samples
to reduce motion artifacts and in high-throughput applications to reduce experiment time.
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Figure 6: Simplified illustration of a confocal microscope and a widefield microscope. The left side
shows the principle of a confocal microscope. The light is focused on the sample via two lenses in a
focal point. A pinhole between the lenses blocks out any off focus light. A widefield microscope is shown
on the right. In contrast to the confocal microscope, the entire sample is illuminated here, which is
represented by the green area.

The resolution of conventional light microscopy is fundamentally limited by the diffraction of
light (Cremer, 2011). This limit or diffraction barrier was defined by Abbe as follows (Equation
1):

Equation 1

A A

d~ 2n sina  2NA

The distance d is defined by the wavelength A, the refractive index n and the half angle a of
the collected light. The refractive index and the half angle can be combined to give the
numerical aperture of the objective, which can reach up to about 1.5 for modern oil objectives.
Thereby, the resolution of conventional light microscopy is limited to about 200 nm (Abbe,
1873; Cremer, 2011). Light microscopy uses visible light, but since resolution is highly
dependent on wavelength, resolution can be increased using smaller wavelengths. Electron
microscopy (EM) takes advantage of this but requires extensive sample preparation not
compatible with living cells due to its technical properties such as high vacuum during
acquisition.
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However, in recent years, the diffraction limit has been overcome by various diffraction-
unlimited super-resolution microscopy techniques such as Photoactivated Localization
Microscopy (PALM), Stochastic Optical Reconstruction Microscopy (STORM) and Stimulated
Emission Depletion (STED) (Betzig et al., 2006; Hell & Wichmann, 1994; Rust et al., 2006). To
reach a diffraction-unlimited resolution all methods rely on the separation of neighboring
fluorophores. Therefore, fluorophores are used, that are able to alternate between an
emitting (on state) and an not emitting state (off state). A distinction can be made between a
coordinate stochastic and targeted readout approaches. In stochastic approaches as PALM
and STORM (Bates et al., 2013; Betzig et al., 2006) which are based on the widefield approach,
the fluorophores randomly change between on and off states (blinking). In the targeted
approaches as STED and RESOLFT which are commonly based on a confocal microscope the
off state is forced at specific coordinates using a donut shaped laser (Hofmann et al., 2005).
The highest resolution to date is reached by recently developed methods combining the
approaches such as MINimal photon FLUXes (MINFLUX) and MINSTED (Balzarotti et al., 2017;
Weber et al., 2021). Furthermore, several other methods reach an increased resolution but
are not diffraction-unlimited such as Structured Illumination Microscopy (SIM), Airy Scan,
Rescanning or Image Scanning Microscopy.

All these microscopic methods differ in terms of temporal and spatial resolution as well as in
the requirements for optics, fluorophores and preparation. This makes them more or less
suitable for each specific research question. Furthermore, the scope of the experiment and
the expected results are often limited by these limitations of the microscopes. In recent years,
there have been more and more approaches to combine different microscopy methods to
compensate for their individual weaknesses. One of these approaches is called correlative
microscopy (More in 1.6.4).
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Figure 7: Schematic design of a fluorescence microscope. Simplified illustration of the basic function
of fluorescence microscopy. A fluorescent dye, or here a fluorescent protein (FP) coupled to a protein
of interest (POI), is excited with light of a wavelength corresponding to its specific excitation spectrum
of the fluorophore (here 405 nm). The emitted fluorescence light is shifted towards a longer wavelength

(here 488 nm) and is separated from the excitation light using a dichroic mirror and spectral filter and
finally detected by a camera.
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1.6.2 Different labelling strategies for specific use cases

In addition to the technical requirements of the microscope, the labeling of the desired
structure or protein with an adequate fluorophore is crucial and equally determines the
potential for visualization and subsequent analysis. The challenge here is to label the structure
or protein specifically without interfering with its natural localization and function, thereby
avoiding the creation of artifacts.

Each fluorophore has characteristic properties such as specific excitation and emission
spectra, brightness, fluorescence lifetime, cell permeability, phototoxicity or photostability
that determine the imaging parameters and applicable microscope techniques (Shaner et al.,
2005). The high-resolution microscopy techniques in particular often have special
requirements for suitable fluorophores such as blinking behavior, photostability and
brightness (Bottanelli et al., 2016). In general, fluorescent proteins (FPs) are often more
compatible with living cells, while synthetic dyes tend to be brighter and more photostable
(Dean & Palmer, 2014).
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The strategy of labeling the target protein or structure with a fluorophore also has specific
requirements and implications on the resolution, contrast and sample health. Parameters to
be considered include achievable contrast, specificity, labeling efficiency, and production of
artifacts. The strategies employed in this thesis can be grouped into three categories:
genetically encoded markers, small molecule dyes, and antibodies (Dean & Palmer, 2014; Han
et al.,, 2021; Li et al., 2017).

The first category, genetically encoded markers are fusion proteins of the protein of interest
with an FP or a self-labeling tag. In most cases, these fusion proteins are then overexpressed
in the model organism, but modern gene editing methods like CRISPR/Cas9 also allow
endogenous tagging of specific proteins (Cong et al., 2013; Mali et al., 2013; Ratz et al., 2015).
A wide color range of fluorescent proteins such as GFP, mScarlet, rsEGFP2 optimized for
various applications and microscopy techniques is now available (Bindels et al., 2017; Dunsing
et al., 2018; Grotjohann et al., 2012; Pédelacq et al., 2006). The range of applications for FPs
is becoming even broader thanks to FP-based sensors. They can be used to investigate changes
in the intracellular levels of ions, small molecules or pH. Therefore, FP enable a temporally and
spatially resolved functional readout. When choosing an FP, the FP’s tendency to form dimers
and maturation times must be considered additionally to those parameters mentioned for
fluorophores (Shaner et al., 2005). The self-labeling tags such as SNAP-tag or HALO-tag are
proteins that can react with and covalently bind to chemical dyes (Keppler et al., 2003; Prasher
et al., 1992). This technology makes the advantages of synthetic dyes compatible with living
cells. However, the dye used for self-labeling must be cell-permeable, which severely limits
the amount of dyes that can be used (Wang et al., 2020).

Small molecule dyes are dyes coupled to drugs that bind specifically to certain structures such
as DNA, microtubules or actin filaments (Lukinavicius et al., 2014). These dyes are easy to use
and do not require prior modification of the organism or cell. To do this in living cells, these
dyes have to be cell-permeable and non-cytotoxic. However, to date, the number of structures
that can be directly labeled with these small molecules is limited (Terai & Nagano, 2013).

The third strategy, antibody labeling also called immunofluorescence, is a method mostly
limited to fixed and permeabilized samples. Here, antibodies with specificity for the protein
of interest are covalently labeled with a dye. This is a simple method for labeling endogenous
protein amounts and at the same time very versatile, since antibodies can theoretically be
produced for a high variety of proteins. Often antibody labeling is performed with a primary
antibody specific against the protein of interest and a secondary antibody specific against the
primary antibody. In this case, the secondary antibody is labelled with a dye and allows for an
indirect detection of the protein of interest. This has the advantage of a greater flexibility and
a signal amplifying effect since many secondary antibodies can bind to a single primary
antibody. Antibodies are about 15 to 20 nm in size, so staining with a primary and secondary
antibody results in an increase of the target structure of at least 30—40 nm (Harris et al., 1998).
In nanoscopy, however, the size of the label becomes a problem since the resolution may be
smaller than the distance of the dye from the target structure (Pleiner et al., 2015).
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1.6.3 Specific techniques for specific question

The tasks for microscopy are constantly extending, but unfortunately there is no microscope
that fits all research endeavors. Rather, certain parameters are in conflict with each other,
e.g., an increase in spatial resolution is usually accompanied by a decrease in temporal
resolution and increasing stress on sample health (Laissue et al., 2017). One of the images
used to illustrate this is the “frustration pyramid” as shown in Figure 8. None of these
attributes can be changed without simultaneously affecting the others.

Sample Health

Temporal Resolution Spatial Resolution

Signal-to-Noise Ratio

Figure 8: The “Pyramid of frustration” of (live cell) fluorescence microscopy. This pyramid illustrates
the parameters that must be balanced in fluorescence microscopy: The temporal and spatial resolution,
the signal-to-noise ratio and the sample health, which is especially important for imaging living cells.
No parameter can be improved without affecting another, for instance improving the spatial resolution
often results in long imaging times and therefore reduced temporal resolution. For this reason, most
microscopy techniques sacrifice one or more parameters to perform exceptionally well in another. One
way of compensation for the drawbacks of the specific techniques is to combine microscopy methods
to achieve a high temporal and high local resolution in a sequential approach. First, cellular dynamics
are imaged with low spatial resolution live cell time-lapse imaging, followed by fixation at a time point
of interest and subsequent super-resolution microscopy to analyze the structure with higher precision.

Therefore, a variety of different microscopy techniques has been developed to address
specific research objectives. For example, in live cell microscopy spatial resolution is often
balanced against the speed of data acquisition and sample health. The observation of fast
dynamic processes in living cells is easily compromised by high light doses, because increasing
the load of light potentially damages the sample over time (Laissue et al., 2017). Therefore,
wide field microscopy, which has the advantage of high imaging speed and low phototoxicity
is often used. It allows imaging of fast processes such as Ca?* fluxes, which can be visualized
with special FPs (Chen et al., 2013).

Imaging speed and moreover signal-to-noise ratio are paramount in the observation of protein
dynamics for instance using single-molecule FRET (Fluorescence Resonance Energy Transfer)
(Hellenkamp et al., 2018). Here, scientists use Forster resonance, in which a fluorescence free
energy transfer occurs between two fluorophores of different excitation wavelengths
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(Forster, 1948). Since this transfer is dependent on the distance of the two fluorophores this
method can be used as a fluorescence ruler in the nm range. In practice, this means that if one
fluorophore is excited, it transfers its energy when it is close enough to the other and the
second fluorophore emits light/energy. Due to the different wavelengths, both fluorophores
can be spectrally distinguished from each other. This allows to observe conformational
changes of individual proteins or the binding dynamics of different molecules. These dynamics
can take place in the millisecond range, so imaging speed is an important factor. Hence,
camera-based systems are often preferred for these types of tasks (Wolf et al., 2021).

Increasing spatial resolution, e.g., through high-resolution microscopy, is often at the expense
of longer imaging times and harsh illumination conditions .. For this reason, most super-
resolution imaging is done with fixed cells. However, STED microscopy also offers the
possibility to observe living cells (Stephan et al., 2019). In this scanning approach, the lower
speed can be compensated by using a smaller field of view to reduce motion artifacts, but the
necessary higher laser powers limits imaging in terms of sample health.

No microscopy methods is optimal for all possible biological applications, but all have their
advantages and disadvantages for specific tasks. One way to compensate for this is correlative
microscopy.
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1.6.4 Correlative microscopy

In dynamic objects such as living cells, it is rarely possible to capture all facets of a process
with a single microscopy technique. Dynamic processes, especially at the subcellular level, are
too fast and complex. Hence, to obtain more information from a single sample, the
combination of several microscopy methods is required. In neurons, the combination of live
and fixed cell microscopy can be used to establish a link between the time-resolved activity of
individual synapses and endogenous protein distribution. This would be an important
extension of the static biochemical findings.

Common fluorescence correlative microscopy approaches combine conventional
fluorescence microscopy with atomic force or electron microscopy. In those applications,
fluorescence microscopy is mainly used to detect the location of specific marker proteins or
to identify cells with a specific phenotype, these protein locations and cells are then
subsequently examined by electron or atomic force microscopy (de Boer et al., 2015; Zhou et
al., 2017). Thereby, combining the functional information of a cell with the cellular
nanostructure with the highest resolution possible.

But also the correlation of live cell microscopy with fixed cell nanoscopy has been
demonstrated (Balint et al., 2013; Tam et al., 2014). Most correlative light microscopy
methods use one microscope to perform both widefield live cell microscopy and STORM
nanoscopy. However, the experiment often requires a change in the instrumental setup or
additional sample preparation steps such as immunostaining between image acquisitions. The
main challenge then is to retrieve the previously identified regions of interest (ROI). Acommon
method for this is to use commercially available gridded coverslips, such as those used in the
work of Consentio et al. to show mtDNA dynamics in apoptosis (Cosentino et al., 2022).
However, these coverslips have their drawbacks in terms of price, altered image quality at the
grids, or landmark visibility. Furthermore, fast dynamic processes require a fixation process
while imaging to avoid gaps in the temporal history between the last image and the time point
of fixation. This was done for example by using a microfluidic platform to fix mitochondria live
on-stage (Tam et al., 2014).

This work describes a low-cost cross-platform correlative approach using a newly developed
live cell imaging and fixation chamber and computer-assisted retrieval of previously
determined ROIls. This approach allowed to investigate the interplay between neuronal and
mitochondrial function in relation to mtDNA localization. By using functional imaging of live
cells and combining this with antibody labeling of endogenous proteins, it is possible to obtain
a large amount of information about a single subject without drastically affecting sensitive
cellular processes.
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2 Aim of the thesis

Mitochondria carry their own genetic information in the form of multi-protein DNA complexes
called nucleoids. Mitochondrial DNA encodes several proteins and subunits of the oxidative
phosphorylation system, which is responsible for synthesizing most of the ATP in a cell.
Impairments of this system have a direct impact on energy production and thus on the overall
activity of the cell. The nervous system in particular, with its energy-intensive neuronal cells,
is susceptible to changes in the functional status of the mitochondria.

The highly specialized neuronal cells with their distinct morphology need to maintain their
cellular functions even in the most distant parts of their cell body. So far, not much is known
about the functional relationship between local neuronal activity and mitochondrial
heterogeneity in respect of their nucleoid content.

The aim of this work is to analyse the distribution of mitochondrial nucleoids in neuronal cells
and to determine whether there is a functional relationship between local neuronal activity
and the presence of mitochondrial DNA.

Initially, nucleoid distribution in neurons will be characterized by immunofluorescence
microscopy to gain information on mitochondrial heterogeneity in the different neuronal
compartments. To investigate whether there is a relationship between mtDNA distribution
and neuronal activity, a new workflow for correlating live cell fluorescence microscopy with
immunofluorescence microscopy needs to be established. Finally, this workflow will be used
to investigate whether differences in neuronal activity are reflected in altered mtDNA
distribution.
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3 Material and Methods

3.1 Molecular biology

3.1.1 Cloning

The cloning of the viral plasmids listed below was planned and documented using SnapGen®
6.0.2 (GSL Biotech, Chicago, IL, USA).

3.1.1.1 pAAV-hSyn-4xmts-mScarlet-/
For Gibson Assembly® the following primers were used to amplify the 4xmts-mScarlet-I

sequence:
GCGCAGTCGAGAAGGTACCGATGTCCGTCCTGACGCCG
ATCGATAAGCTTGATATCGCTTGTACAGCTCGTCCATGC

The AAV Vector featuring a neuron specific promotor hSyn was linearized using BamHI and
EcoRl in NEBuffer™ 2.

3.1.1.2 pAAV-hSyn-mNeonGreen-OMP25
OMP25 was amplified using the following primer:

TGTACAAGTCCGGACTCAGATCT
AAGCTTTTATCTAGATCCGGTGGATCCCG

The PCR product and the AAV Vector featuring a neuron specific promotor hSyn and
mNeonGreen was digested using BsrGl and Hindlll in NEBuffer™ 2.

3.1.1.3  pAAV-hSyn-4xmts-SypHer3s
For Gibson Assembly® the following primers were used to amplify the SypHer3s sequence:

TCCACCGGTCGCCACCATGGATCCATCCGGACCGCTGCACA

GTTGATTATCGATAAGCTTGATATCTTAAACCGCCTGTTTTAAAACTTTATCGAAATGG

The pAAV-hSyn-4xmts-mScarlet-| plasmid was linearized using Ncol and EcoRV in NEBuffer™
3.

3.1.1.4 pAAV-hSyn-TFEM-HA
TFEM-HA was amplified using the following primer:

GGTACCATGAGCGGGTCTGTCCTCT

TGTACATAGGCGTAGTCGGGCAC
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The PCR product and the AAV Vector featuring a neuron specific promotor hSyn were cleaved
using BsrGl and Kpnl in NEBuffer™ 2.

3.1.2 Plasmid isolation

E. coli DH5a bacteria containing the plasmids were grown over night in LB medium containing
50 pg/ul Ampicillin for at least 12 h at 37 °C with constant shaking. The Quiagen® Plasmid Mini
Kit (Hilden, Germany) was used for isolation according to the manufacturer's protocol and the
plasmids were eluted in 50 pl H,0. The DNA concentration was measured using NanoDrop®
1000 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA).

3.1.3 PCR

DNA fragments were amplified using Q5® DNA polymerase (1 ul) (New England Biolabs®
Ipswich, MA, USA), 1 ul of dNTPs (10 mM) (Thermo Fisher Scientific, Waltham, MA, USA),
2.5 ul of each primer (10 uM stock), 5 pl of 5x Q5® Reaction buffer (New England Biolabs®
Ipswich, MA, USA), 50 ng of template DNA and filled up to 25 pl with ddH,O. PCR was
performed using a Biometra TOne thermal cycler (Analytik Jena, Jena, Thiiringen, Germany).
The PCR thermocycle protocol was performed as shown in Table 1.

Table 1: PCR thermocycle protocol

98 °C 120 sec

98 °C 20 sec
60 °C 30 sec 20 cycles
72 °C 30 sec
72 °C 120 sec
4°C oo sec

3.1.4 Agarose gel electrophoresis

For size-selective purification of DNA fragments, a 1 % agarose gel (Bio-Budget Technologies,
Krefeld, North Rhine-Westphalia, Germany) was prepared by mixing the agarose in TAE buffer
and boiling the solution. The warm gel was cooled in a mold. The finished gel was immersed
in TAE and the pockets were loaded with DNA mixed with loading buffer (Invitrogen™,
Carlsbad, CA, USA). The gel was run at 75 V for 45 min. The bands were excised from the gel
under UV irradiation after ethidium bromide treatment. DNA was extracted from the gel piece
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using the QIAquick® gel extraction kit (Qiagen®, Hilden, Germany) according to the
manufacturer's protocol and eluted in 30 pl of H;0.

3.1.5 Restriction digestion

Restriction sites were selected using SnapGen® and DNA was digested at 37 °C for 1 h. The
optimal NEBuffer™ was selected for each restriction enzyme combination based on the
manufacturer's efficiency data. The reaction was assembled as described in Table 2.

Table 2: Restriction digestion

DNA 1lpug
10x Buffer 5ul
Enzyme 1 1l
Enzyme 2 1l
H20 to 50 ul
Sum 50 pl

3.1.6 Ligation

For ligation of sticky-end DNA fragments, T4 ligase (Invitrogen™, Carlsbad, CA, USA) was used
for 10 min at RT or overnight at 16 °C. After incubation, enzymes were heat inactivated at
65 °C for 10 min. The reaction was assembled as described in Table 3.

Table 3: DNA Ligation

T4 Buffer 2 ul
DNA Vector 50 ng
DNA Insert 37.5ng
H,O to 20 ul
Sum 20 pl

3.1.7 Gibson Assembly®

Gibson Assembly® requires overlapping sequences of DNA fragments. Therefore, primers
were designed to give an overlap of at least 20 base pairs between the insert and the vector.
In this work, the inserts were amplified using the extension primers and the vectors were
linearized using a restriction digest. A vector to insert ratio of 1:2 was used for the reaction
with approximately 0.03-0.2 pmol insert. DNA was mixed with 10 pl of Gibson Assembly®
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Master Mix (New England Biolabs® Ipswich, MA, USA) and filled up to 20 pul with ddH20. The
mixture was incubated at 50 °C for 15 min and then stored on ice.

3.1.8 Sequencing

For sequencing, 1 ug of purified plasmid was mixed with 3 pl of a 10 uM primer and filled up
to 15 pl with ddH.0. The DNAs were sent to Microsynth Seqlab (Gottingen, Lower Saxony,
Germany).

3.2 Cell biology

3.2.1 Culture of E. coli

E. coli Max Efficiency™ Dh5alpha cells were used for plasmid production and cloning. The E.
coli were grown in LB medium supplemented with 50 pug/ml Ampicillin or on LB agar plates
supplemented with 50 pg/ml Ampicillin.

3.2.2 Transformation of E. coli

50 ul of aliquoted DH5a cells were thawed on ice and diluted with 70 pl autoclaved and
distilled water. 50 ul of the diluted cells were pipetted into an electroporation cuvette (Cell
Projects, Harrietsham, Maidstone, UK) along with 1pul Plasmid (100-300 ng DNA).
Transformation was performed at 200 ohms using a BioRad gene pulser. After
electroporation, 950 pl of LB medium was added to the cells and incubated for 1 h at 37 °C.
Subsequently, 100 ul of the cells were plated on an antibiotic treated agar plate and incubated
overnight at 37 °C.

3.2.3  Mammalian cell culture

Hela cells stably expressing Cox8A-SNAP were used for the optimization of the fixation
protocol for preserving the mitochondrial structure. This cell line was previously designed and
published in this group (Stephan et al., 2019). Cells were grown in high glucose Dulbecco's
Modified Eagle Medium (DMEM) mixed with 1 mM Gibco™ GlutaMax™, 1 mM sodium
pyruvate and 10 % FBS. Incubation was performed at 37 °Cand 5 % CO..

3.2.4 SNAP-Staining and cristae fixation of mammalian cells

Cox8a SNAP-stable-expressing Hela cells were seeded at low density 2 days before imaging.
1 nM SNAP-cell SiR (New England Biolabs® Ipswich, MA, USA) was added to the medium for
30 min, followed by a brief fixation of 15 min with 1 ml of 4 % formaldehyde (FA) and 0.2 %
glutaraldehyde (GA) in PHEM buffer added to the medium without washing the living samples
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before. Samples were then washed twice in PHEM buffer and blocked in saponin solution for
30 min. Samples were then either mounted for direct STED imaging of the cristae or
subsequently immunofluorescently stained as described in the following part.

3.2.5 Immunofluorescence of mammalian cells

The primary antibody diluted in saponin solution was added to the coverslip and incubated
overnight at 4 °C. Samples were then washed 3x 60 min in saponin solution at 4 °C. Labeled
Fab fragments were used to detect the primary antibody and treated in the same manner as
the primary antibody.

3.2.6 Coverglass preparation

The 18 mm 1.5H coverslips (CS) were cleaned by sonication in pure ethanol for 20 min and
then dried on a clean work surface. The CS were then placed in 12-well plates and covered
with 1 ml of 200 pug/ml poly-L-ornithine (Sigma Aldrich, St. Louis, Missouri, USA) in borate
buffer. For same-day plating, CS were incubated for at least 1 h at RT. For use at a later time
point, plates could be stored at 4 °C until use. On the day of plating, the CS were washed 3x
with H,O, incubated in H0 for 1 h, and washed 3x with H,0 again. To ensure sterility, plates
were placed under UV light for 1 hr.

3.2.7 Isolation of neuronal cells

The pups of Wistar rats were decapitated with scissors on the day of their birth. First, the skin
and then the skull were opened along the sagittal axis of the head to the level of the eyes. The
brain was removed with a spatula and placed in a 30-mm dish of ice-cold HBSS for washing
and then in a new dish of ice-cold HBSS. Using a stereomicroscope Leica S6 D (Wetzlar, Hessen,
Germany), the brain halves were separated with a spatula. Before excising the hippocampus,
the meninges were removed with two forceps. The isolated hippocampi were removed with
a disposable pipette, washed once in fresh HBSS, and placed on ice in a 15-ml falcon tube
soaked in HBSS. Both hippocampi of a brain were collected together. After dissection, the
falcon tubes were filled up to 4.5 ml with prewarmed HBSS and 0.5 ml of 2.5 % trypsin
(Thermo Fisher Scientific, Waltham, MA, USA) was added. After 18 min of incubation at 37 °C,
trypsin was blocked with 10 ml of DMEM and the falcon tubes were centrifuged at 300 rpm
for 5 min. The supernatant was discarded, and the hippocampi were washed 3x with warm
HBSS. The hippocampi were then homogenized in 6 ml of warm spreading medium by
pipetting up and down with a 10 ml pipette. The cell suspension was strained with a 50-um
cell strainer (Corning Life Science, NY, USA) and made up to a total volume of 12 ml with 6 ml
of fresh plating medium. For each well, 1 ml of the cell suspension was added to the CS coated
with poly-L-ornithine. After 1 hour in the 37 °C, 5% CO2, 5% O incubator Binder CB060
(Tuttlingen, BW, Germany), the medium was replaced with 37° C warm culture medium.
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3.2.8 Culture of neurons

Primary rat hippocampal neurons were kept at 37 °C, 5 % CO2, 5 % O in the incubator (Binder
CB060, Tuttlingen, BW, Germany) for 7-15 days in vitro (DIV). The interspace between the
wells was filled with ddH,0 to reduce evaporation of medium. For standard culture up to
DIV15, medium was not changed.

3.2.9 Transduction of neurons

Adeno-associated viruses (AAV1/2) were used for neuronal expression of fusion proteins and
fluorescent reporters. AVVs were applied to DIV7 neurons by diluting 1 ul of the AAV solution
with 3 ml of fresh medium. 250 pl of the dilution was then added per well of a 12-well plate.
Cells were used after at least 7 days depending on the brightness of the structure.

3.2.10 Fixation and permeabilization of neurons

Primary neuronal cells were fixed by adding 4 % FA to PHEM buffer at a 1:1 fixation solution
to medium ratio. After 15 min, the mixture was replaced with pure fixation solution for an
additional 5 min. Neurons were then permeabilized with 0.2 % Triton in PHEM buffer for 4 min
and washed three times in PHEM.

3.2.11 Immunofluorescence of neurons

The fixed, permeabilized neurons were incubated with a primary antibody diluted in PHEM
buffer for 1 h at RT or 24 h at 4 °C. After a 20 min wash step with PHEM buffer, the secondary
antibody was applied for 1 h and washed again for 1 h.
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Table 4: primary and secondary antibodies used in this thesis.

Antigen Host Clone/Cat. Vendor Fluorophore  Dilution
species no

dsDNA Mouse HYB331-01 SantaCruz _ 1:200
TFAM Rabbit ab131607 Abcam _ 1:400
Bassoon Chicken 141016 SySy _ 1:400
Shank2 Guinea Pig 162 204 SySy . 1:500
Neurofilament | Guinea Pig 171104 SySy _ 1:500
H

Cyt-C Rabbit 6H2.B4 BD Bioscience StarRed 1:200
Mouse IgG Goat 515-005-062 Dianova StarRed 1:200
Mouse IgG donkey 715-475-150 Jackson/Dianova  Dylight405 1:200
Rabbit IgG Goat A11037 Thermo Fisher AF594 1:200

Scientific

Chicken IgG Goat ab150169 Abcam AF488 1:200
Chicken IgG Goat 703-005-155 Dianova StarRed 1:200
Guinea Pig IgG Goat ab175678 Abcam AF405 1:200

3.2.13 Mounting of neurons

To remove excess salt, the samples were briefly rinsed with ddH;0. Excess water was absorbed

with a paper towel. A drop of Moviol was placed on a coverslip and the sample was placed cell

side down. Moviol was allowed to cure overnight prior to imaging.

3.2.14 Virus preparation

AAV1+2 virus particles were produced in a 50-70 % confluent 10-cm dish containing HEK-T

cells. For this purpose, HEK cells were transfected with TransIT® (Mirus Bio®, Madison,

Wisconsin, USA) according to the manufacturer’s protocol and a 1:1:1:1 mixture of helper

plasmid, AAV1 plasmid, AAV2 plasmid and a plasmid containing the protein sequence of
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interest with a marker. After two days of expression, HEK cells were detached and lysed. For
this, the medium was removed and 5ml of AAV lysis buffer was added. Cells were
resuspended by pipetting up and down. The cell solution was transferred to a 15-ml falcon
and placed in the -80 °C freezer for 20 min 3 times, followed by 37 °C for 30 min. The cell lysate
was centrifuged at 3000 rpm for 10 min and then at 5000 rpm for 3 min. The supernatant was
transferred to a sterile centrifuge tube and spun at 20000 rpm at 4 °C for 2 h. The supernatant
was then discarded, and the virus pellet resuspended in 150 ul PBS and stored at -80 °C until
use.

3.2.15 Plasmids

To assess neuronal activity Ca®* imaging is used. The axonal targeted Ca%* sensor GCaMP6s
was purchased from addgene (Plasmid #111262) as plasmid and virus. The AAV were used
1:6000 and kept on the cells for 8 days.

CAP binding site AAV2 ITR

hSyn promoter

pAAV-hSynapsinl-
axon-GCaMP6s

AmpR 5991 bp

AmpR promoter

SVv40 poly(A) signal

Figure 9: pAAV-hSynapsinl-axon-GCaMP6s. AAV vector with the neuron specific promotor human
Synapsin (hSyn) that drives the expression of the Ca?*-sensor GCaMp6s. The Ca**-sensor is targeted to
the axon by GAP43.Neuron-specific labeling of mitochondria for use in live and fixed cells was

performed with a mitochondrial matrix-targeted mScarlet-l or a mitochondrial OMM-targeted
mNeonGreen regulated by a hSyn promoter. This plasmid for the mitochondrial matrix-
targeted mScarlet-I was purchased from Addgene (plasmid #98818) and cloned into an AAV
vector.
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Figure 10: pAAV-hSyn-4xmts-mScarlet-l. AAV vector with the neuron specific promotor human
Synapsin (hSyn). The red fluorescent FP mScarlet-| is targeted to the mitochondrial matrix using four
repetitions of the Cox8a presequence.

Plasmid harboring the OM25 sequence was a gift from the Bewersdorf Lab and cloned into
the vector as described before.

AAV2 ITR

(AmpR)
pAAV-hSyn-
mNeonGreen-OMP25

r (OMP-25 C-term fragment + 3'UTR)

AmpR promoter

AAV2 TTR hGH poly(A) signal

Figure 11: pAAV-hSyn-mNeonGreen-OMP25. AAV vector with the neuron specific promotor human
Synapsin (hSyn). The green fluorescent FP mNeonGreen is targeted to the mitochondrial outer
membrane using the C-terminal fragment of the OMP25 sequence.

A pH sensor targeting the mitochondrial matrix was used to assess mitochondrial function as
a function of nucleoid content. For this purpose, the pH sensor SypHer3s, purchased from
Addgene (plasmid #108119), was cloned into an AVV vector containing a neuron-specific

promoter hSyn.
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(AmpR promoter)

AmER

™~

hGH poly(A) signal

PAAV-hSyn-4xmts-
SypHer3s

COX8 presequence)
COX8 presequence

Figure 12: pAAV-hSyn-4xmts-SypHer3s. AAV vector with the neuron specific promotor human Synapsin
(hSyn). The pH sensitive ratiometric, green fluorescent FP SypHer3s is targeted to the mitochondrial
matrix using four repetitions of the Cox8a presequence.
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3.3 Microscopy

3.3.1 Widefield imaging

Live cell imaging was performed on an Olympus IX73 (Shinjuku, Tokio, Japan) with an Olympus
64x 1.4 NA oil objective and captured with an sCMOS camera (Hamamatsu Orca Flash4.0 V3).
[llumination was provided by a CoolLED pE-4000 and filtered through a Chroma 59908 filter
set. To provide optimal conditions for living cells, imaging was performed at 37 °Cand 5 % CO;
using PeCon's cellVivo system (Erbach an der Donau, Baden-Wirttemberg, Germany). A
Marzhauser Scan IM (Wetzlar, Hessen, Germany) was used as a stage to store the sample
positions. A custom-made device was used for electrical stimulation of the neurons, as shown
in supplemental Figure 21. The trigger was given by either a pulse generator or an Nl card. The
settings were fixed at 10 Hz pulses with a signal width of 1 ms, alternating polarizations and
10 V per centimeter between the two parallel platinum electrodes on the sample.

3.3.2 Confocal imaging

Confocal images were acquired with a commercially available Leica SP8 (Wetzlar, Hessen,
Germany) equipped with excitation laser lines 405, 488, 458, 476, 496, 514, 561, 633 nm, 3
hybrid and 2 PMT detectors. The objective used was a Leica 64x oil objective 1.4 NA. The
2048x2048 pixel images were acquired at 4 x line average and 200 Hz.

3.3.3 STED imaging

STED images were acquired on an Abberior expertline (Gottingen, Lower Saxony, Germany)
using an Olympus 100x oil objective with an NA of 1.4. Fluorophores were excited with a
640 nm and 561 nm LASER and depleted with a 775 nm STED laser. Image settings were set to
15 nm pixel size and a dwell time of 10 ps with 4 line accumulations.

3.3.4 Image analysis

3.3.5 Detection of nucleoids

Confocal images of TFAM or dsDNA were analyzed to detect nucleoid spots. Spots were
detected based on the local center of mass (CoM). To avoid detection of pixel fluctuations in
a spot, a Gaussian filter with sigma=1 was applied. Then, the background was subtracted using
a simple intensity threshold. A scipy algorithm was used to detect the CoM. The resulting
coordinates were stored in a Numpy array for further analysis.

3.3.6 Quantification of TFAM levels

To determine the average TFAM signal per nucleoid, TFAM spots were segmented by applying
a Gaussian filter with sigma=1, followed by an intensity threshold to subtract background.
-29.-



Material and Methods

Segmentation was then calculated using the Scipy label function. For verification, the CoMs
coordinated as described above were checked for overlap with the TFAM signal. The average
TFAM signal was calculated in the RAW image at the positions of the verified segments.

3.3.7 Detection of mitochondria

A Gaussian filter with sigma=0.7 was used to detect the mitochondrial signal. An intensity
threshold was applied to subtract the background. Then, the Scipy label function was used to
isolate individual mitochondria and assign unique numbers to them. In this way, each
individual mitochondrion detected could be called separately and analyzed for TFAM content
and Bassoon overlap.

3.3.8 Separation of neuronal cells using spectral unmixing

For the spectral separation a Gaussian filter with sigma=1 was applied to reduce pixel
variation. Afterwards, the percentage of the FPs detected in every pixel was calculated.
Plotting a histogram of the percentages resulting in different peaks representing different cells
with different FP ratios. Local maxima of the peaks were calculated. The threshold to isolate
the cells was automatically set to the midpoint between the maxima. All pixels belonging to
one peak were saved into one channel.

Two different fluorescent proteins targeting the mitochondrial matrix were used to separate
the different neuronal cells. Both were transduced with AAVs. The results are neurons
expressing only one of both FP and some expressing a mixture of both. The ratio between the
two imaged FPs was used to separate different cells. By ensuring that the labeled cells are far
enough apart so that the dendrites do not overlap, any mitochondrion with a different FP ratio
in an ROl that has a soma as its center can be assumed to be an axonal mitochondrion. Using
a custom Python code, the percentage between the two FP was calculated. The different ratios
of the cells were then detected by finding the local maxima of the 1D histogram of the ratio.
The threshold to isolate the cells was automatically set to the midpoint between the maxima.
In this work, it was not of interest to separate all individual cells, but rather to separate the
cell located in the center of the ROI from the incoming axons. Therefore, the channel showing
soma and dendrites was selected manually, and the other channels were merged for further
analysis.
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3.3.9 Image registration

The two transmitted light images taken by two different microscopes were analyzed using a
Python code (8.2). In the script, unique features of the two images were detected using the
SIFT algorithm (Burger & Burge, 2016). The features of the two images were then compared
to find similarities between them. This was done using the FLANN algorithm (Suju & Jose,
2017). The brute force algorithm showed a higher number of matches but was much slower,
while the FLANN algorithm provided enough matches to proceed. The affine matrix was
estimated from the two matched coordinate sets using the estimateAffinePartial2D algorithm
from the OpenCV (CV2) package. The resulting affine matrix can be decomposed to obtain the
rotation angle x and y translation, as well as the scaling between the images. These metrics
were used to calculate the new position of the region of interest of a correlative experiment,
as described in the results.

3.3.10 Software

Image analysis was performed either with imagelJ or with custom made Python scripts. Used
packages were:

Numpy (Harris et al., 2020)

Scipy (Virtanen et al., 2020)
Matplotlib (Hunter, 2007)

Panda (McKinney, 2010)
Seaborn (Waskom, 2021)
Statmodels (Skipper & Perktold, 2010)
cVv2 (Bradski, 2000)
Scikit-lmage (Walt. et al., 2014)
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3.4 Buffers, media and solutions

Table 5: Collection of buffers used in this thesis

HBSS (Thermo Fisher Scientific)
Cellculture Medium 50 mi
DMEM 43 ml (Thermo Fisher Scientific)
FBS 5 ml (Merck Millipore)
Penicillin 0.5 ml (Merck Millipore)
Streptavidin
100 U/ml
Sodium Pyruvate 1 mM (Sigma Aldrich)
Plating Medium 50 ml
Neurobasal A 48.5 ml (Gibco)
B27 Plus 1 ml (Gibco)
GlutarMax 0.5ml (Thermo Fisher Scientific)
Culture Medium 50 ml
Neurobasal A 48 ml (Gibco)
B27 Plus 1 ml (Gibco)
GlutarMax 0.5 ml (Thermo Fisher Scientific)
Penicillin 0.5 ml (Merck Millipore)
Streptavidin
100 U/ml

PHEM Buffer

Pipes 60 mM (AppliChem)

Hepes 25 mM (AppliChem)

EGTA 10 mM (Sigma Aldrich)

MgCl 2 mM (Sigma Aldrich)
2x FA

Paraformaldehyde 8¢g (Merck)

H,0 100 ml

-32-



Material and Methods

Saponin solution 100 ml
Saponin 2g (Sigma Aldrich)
BSA 2g (Serva)
PHEM buffer 100 ml

0.2 % Triton 100 ml
Triton X100 0.2 ml (Merck)
ddH20 99.8 ml

AAV-Lysis buffer 100 ml
5M NacCl 3ml (Sigma Aldrich)
1M Tris-HCI 5 ml (Sigma Aldrich)
ddH20 92 ml
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4 Results

This work investigates the distribution of nucleoids in neurons and the relationship between
neuronal function and the distribution of mtDNA. In addition to more classical experimental
approaches, a new correlative microscopy workflow and analysis strategy is introduced to
explore the relationship between presynaptic activity and the local presence of nucleoids.

4.1 mtDNA distribution in neuronal mitochondria

In the first part of the thesis, the nucleoid distribution in primary rat hippocampal neurons
was studied, to gain deeper understanding if and how it is influenced by the location of the
mitochondria in the different neuronal subcompartments. To do so, a suitable and reliable
marker for nucleoids had to be found as well as a way to efficiently analyze the intracellular
localization of the mitochondria.

4.1.1 Nucleoid visualization

A specific and efficient staining was needed for the visualization of the nucleoids in neuronal
cells. These labelling methods needed to be compatible with additional stainings for
multicolor imaging and adaptable to different microcopy and nanoscopy techniques.

First, an antibody for double-stranded DNA was used to detect the mitochondrial DNA in the
nucleoids. However, this direct antibody-based detection of DNA proofed to be unsuitable as
the antibodies showed a strong unspecific binding to the background. This is most probably
due to a strong cross reactivity with the poly-L-Lysine coating which is necessary to ensure the
attachment of the neuronal cells to the glass coverslip (Supplementary Figure 1). In order to
reduce the cross reactivity with the coverslip coating, a short washing step with a high pH
buffer (Tris Buffer pH 8.0) after immunofluorescence staining was introduced to neutralize the
charge of the coating. However, this harsh treatment was not compatible with all antibodies
initially used for co-staining. Furthermore, the background signal was reduced using this
procedure but was not completely eliminated. The staining of nucleoids with DNA specific
dyes was not feasible, as these dyes can exhibit high background and cannot be fixed easily.

Next, an antibody against TFAM was used for nucleoid detection. TFAM is a mitochondrial
transcription factor, which was initially expected to be found at all nucleoids. The antibody
shows a specific staining of the nucleoids with low background and excellent contrast (Figure
13 A). The nucleoids are stained throughout the cell in the axon and dendrites (Figure 14).
However, during the experimental phase of this work, a publication showed that the TFAM
concentration coating the mtDNA is highly variable to enable nucleoid activity (Bruser et al.,
2021). The activity is defined as transcription or replication and the study reported that both
processes are strongly dependent on the transcription factor TFAM.
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To evaluate the robustness of TFAM as a sufficient marker for nucleoids, the number of
nucleoids containing detectable levels of TFAM was quantified by immunofluorescence co-
staining against DNA as well as markers for transcription (TEFM) and replication (BrdU).
Neurons after 14 days in vitro (DIV14) were imaged using a confocal microscope. The images
were analyzed using a Python code to calculate the percentage of overlapping signals. To
efficiently detect the DNA in the nucleoids, in the dsDNA channel, (Figure 13 A) a background
subtraction was applied. Furthermore, an extra channel was recorded for detection of
mitochondria using an antibody against Cytochrome C (Cyt-C). From this channel, a binary
mask was created and used to subtract the background from the mitochondrial signal.

The analysis showed that 90 % of detected dsDNA also showed a TFAM signal (Figure 13 A).
This means that 10 % of the DNA antibody positive nucleoids showed no TFAM signal. When
the analysis was performed in the reverse direction, it was found that 99.91% of TFAM spots
also have a DNA signal.

Following the findings from Briiser et al. (2021) that the absence of TFAM is inducing nucleoid
activity, the colocalization of TFAM with a transcription or a replication marker was tested.
This was done to verify that the nucleoids showing no TFAM signal were indeed the active
ones. First, actively transcribing nucleoids were analyzed for the presence of TFAM (Figure
13 B). To test this, the Mitochondrial Transcription Elongation Factor TEFM fused to an HA-tag
was expressed in neuronal cells as a marker for transcription and visualized using an anti-HA
antibody (Figure 13 B). Co-staining with TFAM revealed that only 11% of TEFM-positive sites
had TFAM signals. This indicates that the majority of actively transcribing nucleoids have no
detectable TFAM signal.

Next, the mtDNA replication was analyzed using BrdU labeling. BrdU is a synthetic nucleoside,
which is integrated in the DNA instead of thymidine during replication and can be visualized
using an antibody. For this purpose, BrdU was added to the neurons for two hours before
fixation and staining. The analysis showed that less than 2.8 % of BrdU signals colocalized with
the TFAM staining. This is in line with the finding that active nucleoids are less decorated by
TFAM molecules as shown by Briiser et al., 2021 (Figure 13 C).

In conclusion, the finding that TFAM plays a regulatory role for mitochondrial transcription
and mtDNA replication by Briser et al. (2021) is also true for neuronal cells. Most of the
transcription or replication active nucleoids in these cells are not represented by a TFAM
staining. Direct labeling of the mtDNA would have been the preferred method, but due to the
rigorous treatment protocol required, this staining remains problematic. It prevents
costaining with other antibodies and requires digital background subtraction due to the
remaining unspecificity. For this reason, TFAM staining, although slightly underrepresenting
the total number of nucleoids, is the best available compromise for detecting mtDNA in
neurons.
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Figure 13: Evaluation of TFAM as a marker for mitochondrial DNA in neurons. The first column shows
the individual overlays of the two rows of fluorescence images on the right. The middle column shows
the fluorescence signals of the mitochondrial protein TFAM that was detected via immunofluorescence.
The last column shows the fluorescence signals of DNA or nucleoid activity markers. A) TFAM and
double-stranded DNA were co-stained with specific antibodies. Due to a high background of the DNA-
staining the mtDNA signals were isolated from the background by using a mitochondrial mask. With
nearly 90 % colocalization the signals of TFAM and dsDNA (mtDNA) show the highest overlap. B) The
TEFM-HA fusion protein was overexpressed in neuronal cells and the HA-tag was detected with primary
and secondary antibodies along with TFAM. The calculated average percentage of TEFM spots
overlapping with TFAM was about 11 %. C) The synthetic nucleoside BrdU was added to the neuronal
cell culture for 2 hours. TFAM as well as BrdU were subsequently detected with antibodies in a co-
staining. The overlap of fluorescent BrdU spots with the TFAM signal was calculated and is shown in
the graph on the right. It shows that only 2.8 % of TFAM and BrdU signals colocalize. Scale bar: 5 um.
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4.1.2 Small mitochondria often miss mtDNA

To analyze the distribution of mitochondria and nucleoids in neuronal cells, nucleoids were
stained using the TFAM antibody in combination with a Cytochrome C (Cyt-C) antibody to
visualize mitochondria. Rat hippocampal neurons 11 days in vitro (DIV 11) were fixed, stained
for Cyt-C and TFAM, and imaged with a confocal microscope.

The Cytochrome Csignal showed mitochondria varying in length and shape depending on their
location in the neuron (Figure 4): mitochondria located in the axon are generally smaller and
lack branching compared to those found in the dendrites. Strikingly, TFAM staining showed
that not all mitochondria exhibited a TFAM signal and that the mitochondria that did not were
comparatively small. (Figure 14). This led to the hypothesis that the majority of mitochondria
seen without nucleoids might be located in the axon. However, because dendrites and axons
of neighbouring cells are so intertwined, it is difficult to assign mitochondria without nucleoids
to individual cells. For this reason, a new method that enables this distinction was developed

and is described below.

Figure 14: Subpopulation of neuronal mitochondria not harboring TFAM. Overview of fixed DIV11
neurons stained for Cyt-C as mitochondrial marker and TFAM to represent nucleoids (scale bar 10 um).
The position of the magnification on the right side is highlighted by a dashed box. The magnification is
shown as an overlay and the individual channels (scale bar 5 um). Yellow lines highlight the position of
small mitochondria without TFAM signal. Many of the small mitochondria do not show a TFAM signal.
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4.1.3 Analysis of axonal mitochondria

To test the hypothesis that the subset of mitochondria that do not carry a nucleoid are indeed
mainly found in the axon and not in the dendrites, a way to automatically separate and analyze
axonal and dendrite mitochondria was needed. The high connectivity between neurons makes
it difficult to assess axonal and presynaptic mitochondria, especially when they are in close
proximity to dendritic mitochondria. Even when using co-staining with an axon marker, it is
often impossible to separate axonal and dendritic mitochondria and to assign them to a
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Figure 15: Identification and separation of mitochondria in individual cells. A) Fluorescence images
of a neuronal cell culture expressing different ratios of a red and a green fluorescent protein in their
mitochondria simultaneously. Whereas it is impossible to separate the mitochondria in the one channel
image, by using two channels for detection, the identification and separation of mitochondria from
different cells is possible (indicated by yellow arrows; black and white images show the fluorescence
signals of the spectral separated cells). Scale bar: 5 um. B) A 2D histogram of the fluorescence
intensities of the red and the green channel of an image containing the mitochondria of four different
cells with four different ratios of the fluorescent proteins as they are indicated by the yellow arrows.
Those ratios are used to separate the cells.

To solve this problem, a principle used in connectomics was applied to distinguish between
different neurons in a whole brain: The so-called "brainbow." Here, neurons off transgenic
mice express a random ratio of three different FPs. This simultaneous expression of a red, a
green, and a blue protein with different ratios results in a variety of uniquely stained neuronal
cells allowing the separation of different cells by this ratios (Livet et al., 2007; Weissman et al.,
2011). To limit the occupied spectral channels, in this study only mScarlet (red FP) and
mNeonGreen (green FP) targeted to the mitochondria were used to transduce neuronal cells.
Every transduced cell and thereby every mitochondrion of this cell is characterized by a
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specific ratio of fluorescence intensities (Figure 15 B). The ratio is used to assign every pixel
and thereby every mitochondrion to a specific cell.

By adapting the transduction efficiency, the labeled neurons with mitochondria-targeting
mScarlet (red FP) and mNeonGreen (green FP) were growing far enough apart that the rather
short growing dendrites did not overlap. The fluorescence images were acquired by placing
the soma of a neuron in the center of the ROI. In this way, any mitochondrion that has a
different red-to-green ratio than the mitochondria in the central soma is in an incoming axon
of a distant neuron. In this way, the axonal mitochondria can be separated from the dendritic
mitochondria of another cell.

This spectral separation of mitochondria from different cells enabled the automated analysis
of axonal and dendritic mitochondria using a custom Python script, which was used in the
following analysis of the nucleoid distribution in fixed neurons.

4.1.4 Nucleoid distribution in neurites

To assign the mitochondria without nucleoids found in Figure 14 to their subcellular location,
neurons after 7 days in vitro (DIV7) were transduced with mitochondrial targeted mScarlet-I
and mNeonGreen. At DIV14 cells were fixed and stained with antibody against the nucleoid
marker TFAM (Figure 16 A/B). A three-color image was taken using a confocal microscope and
the mitochondria were classified as described before (4.1.3) and analyzed for their nucleoid
content. The analysis of the fluorescence images confirmed that the majority of mitochondria
without a nucleoid were located in the axon. In fact, only 41 % of axonal mitochondria were
TFAM-positive, whereas about 90 % of all dendritic mitochondria contained nucleoid with
TFAM (Figure 16 C). However, dendritic mitochondria were, on average, larger than the axonal
ones. If the number of TFAM spots was normalized with the mitochondrial size, the difference
in TFAM distribution between dendrites and axons was not significant (Figure 16 D). For this
experiment about ~20,000 mitochondria (biological replication, n=3) were analyzed.

The data demonstrates that there are two subpopulations of mitochondria in neurons: one
population with nucleoids and one without. Most mitochondria lacking a nucleoid are small
and are located in the axon rather than the dendrites. This raises the questions if the
subpopulations are functionally different and how their distribution is regulated. Moreover, it
is unclear whether the observed distribution is an age-dependent phenomenon and how it
evolves during development. That is why the next experiment focuses on the nucleoid
distribution in neurons of different ages.
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Figure 16: Heterogeneity of TFAM distribution in axonal and dendritic mitochondria. A) Fluorescence
images of AAV-transduced DIV-14 neurons expressing mitochondrial mScarlet (magenta) and
mitochondrial mNeonGreen (green). The mixed expression allows differentiation between individual
cells. Scale bar: 5 um. B) is showing two different overlay fluorescence images of axonal (1) or dendritic
(2) mitochondria together with TFAM signaling (blue) also shown in gray below. Scale bar: 2 um. C)
Calculated percentage of TFAM positive mitochondria in dendrites and axons. The difference of 90 %
dendritic TFAM positive mitochondria and 41 % axonal TFAM positive mitochondria is significant (**,
p<0.005). D) TFAM spots in dendrites and axons normalized to mitochondrial area. On average
dendrites have 1.0 and axons 1.2 TFAM spots per um? of mitochondrial area. The difference between
the two is not significant (ns, p>0.05). For the analysis ~20,000 mitochondria were included (biological
replicates, n = 3).

4.1.5 Nucleoid distribution is age dependent

To investigate the dependency of the nucleoid distribution in axons on the age of the neurons,
three different time points were chosen. An important developmental step in cultured
primary neurons is the formation of functional synapses. To this end, the TFAM distribution in
axonal mitochondria was compared at DIV7, DIV11, and DIV15. The time points were chosen
to represent crucial stages of synaptogenesis. Before DIV7 little to no functional synapses are
expected and at DIV15 most synapses should have formed. Unfortunately, the expression of
the AAV-transduced FPs in DIV7 neurons lead to an impaired growth of the cells in culture and
rendered the Brainbow method described above useless. Instead, the cells in this experiment
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were stained with antibodies only. Mitochondria are visualized with an anti-Cyt-C antibody
and an antibody against Neurofilament-H (NF) was used as a marker for the axon. Nucleoids
were stained with TFAM and presynapses with the active zone protein Bassoon. The
disadvantage of assigning mitochondria to the axon by staining with antibodies alone is that
axonal mitochondria that overlap with dendritic mitochondria cannot be separated. In
addition, the antibody against Neurofilament-H appears to stain only a portion of the axons
present.

Bassoon

Figure 17: TFAM occurrence in axonal mitochondria increased between DIV7 and DIV15. Neurons
were isolated from rats, cultured and after 7, 11 and 15 days in vitro (DIV) fixed and immunolabelled
against Cytochrome-c as mitochondrial marker, TFAM as nucleoid marker, Neurofilament-H (NF) as an
axon marker and Bassoon as presynapse marker as shown by the example image (scale bar: 25 um).
The percentage of axonal mitochondria containing TFAM was plotted for 7, 11 and 15 days in vitro.
Over time there is a significant (*, p<0.05) increase from DIV7 with on average 25 % TFAM positive
mitochondria to DIV11 36 % mitochondria harboring mtDNA on average. Between DIV11 and DIV15
there is a small, not significant increase in the mean to 41 % (ns, p>0.05). Significance was calculated
using a t-test using 176 images (biological replicate, n=3).

The analysis of the immunofluorescence images showed that with increasing neuron age the
percentage of TFAM-positive mitochondria in axons increases, from 25 % at DIV7 to 36 % at
DIV11, to 41 % at DIV15. However, the slight increase between DIV11 and DIV15 from 36 % to
41 % was not significant. Although the total number of axonal TFAM-positive mitochondria
increases by DIV15, more than half of axonal mitochondria still do not contain a nucleoid.
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The time points chosen were based on references from the literature to best represent the
development of synaptogenesis. However, the formation of functional synapses and neuronal
connectivity are highly dependent on cultivation conditions, neuronal density, and the
presence of glial cells, which may vary from experiment to experiment. Therefore, presynaptic
density was analyzed using Bassoon staining of the same data set as in Figure 17. The number
of presynapses detected by Bassoon staining increased significantly from DIV7 to DIV11
(Figure 18 A). However, it did not increase between DIV11 and DIV15. Instead, the average
synapse area increases significantly from DIV11 to DIV15 (Figure 18 B), which is rather
constant between DIV7 and DIV11.

The results suggest a correlation between the increase in axonal mitochondria containing
TFAM and the number of presynapses over time.
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Figure 18: Change in the total number and size of synapses with increasing age of neurons. The same
data set as in Figure 17 was analyzed for the overall number of presynapses and their average size at
the corresponding time points. A) The number of synapses per image was counted for the indicated
time points. There is a significant increase in number of presynapses between DIV7 and DIV11 as well
as DIV7 and DIV15, respectively (***, p<0.001). Between DIV11 and DIV15 there is no significant change
(ns, p>0.05). B) The average synapse area in um? at the indicated different age. The increase in synapse
size between DIV11 and DIV15 is significant (***, p<0.001). Significance was calculated using a t-test
using 176 images (n=3).

The experiment showed that the number of axonal mitochondria with nucleoids increases
with age and correlates with the number of presynapses and the size of the active zone. It also
showed that between DIV11 and DIV15 the synaptogenesis seemed to be complete and
changes in the number of TFAM-positive mitochondria were no longer significant. For this
reason, the following closer look into the distribution of nucleoids in the axon and the
presynaptic sites was done on cells grown for DIV14.
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4.1.6 mtDNA presence is location dependent

The previous experiments revealed that the majority of mitochondria located in the axon do
not carry a nucleoid. Yet, there is still a subpopulation of TFAM-positive mitochondria in this
neuronal subcompartment. To get a more detailed view on their distribution, DIV14 neurons
transduced with mitochondrial targeted mScarlet-l and mNeonGreen were fixed and
immunolabeled with antibodies against TFAM and Bassoon and subsequently imaged on a
confocal microscope. Presynaptic mitochondria were defined by the colocalization of the
Bassoon signal with the mScarlet/mNeonGreen signal (Overlap > 0.05 um?).

Image analysis on the data showed that presynaptic mitochondria contained significantly
(***, p<0.001) more often nucleoids (59 %) than non-synaptic axonal mitochondria (39 %,
Figure 19). The experiment was performed three times (n=3). The analysis showed a significant
difference in the ratio of TFAM positive mitochondria in presynapses and non-synaptic
mitochondria in axons but also a high variation between the different experiments. Because
of the higher energy demand in the presynapse, the demands on the mitochondria are
expected to be higher than on the non-synaptic axonal mitochondria raising the question if
there is a functional link to the selection of mitochondria with or without nucleoids.
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Figure 19: Presynaptic mitochondria more often carry mtDNA than non-synaptic mitochondria.
Neuronal cell cultures expressing mitochondrial mScarlet- and mitochondrial mNeonGreen were
analyzed and axonal and dendritic mitochondria classified as previously described.
Immunofluorescence labeling of Bassoon (blue) as synaptic marker was used to decide whether the
mitochondria were synaptic or non-synaptic and TFAM staining (yellow) was used to distinguish
between mitochondria with and without nucleoids (Overlay scale bar: 25 um and Crop scale bar: 2 um).
Yellow arrow in the Crop image is pointing to a presynaptic mitochondrion harboring nucleoids. Orange
arrow point to a non-synaptic axonal mitochondrion. The analysis shows that 59 % of synaptic
mitochondria (SM) and 36 % of non-synaptic mitochondria (NSM) carry nucleoids. The difference
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between SM and NSM is significant (***, p<0.001). Significance was calculated using a two-way ANOVA
including ~13,000 mitochondria (n=3).

The data set in combination with an automated analysis enabled a further analysis. Hence, the
size of mitochondria was compared with their TFAM content and intracellular localization
(Figure 20 A). On average, non-synaptic axonal mitochondria containing TFAM had an area of
0.56 um? (NSM +), non-synaptic axonal mitochondria without TFAM of 0.36 um? (NSM -).
Overall, mitochondria without TFAM signal are smaller than mitochondria with TFAM in the
same location. Furthermore, on average, synaptic mitochondria containing TFAM had an area
of 1.18 um? (SM +), synaptic axonal mitochondria without TFAM of 0.51 um? (SM +) and
additionally, non-synaptic mitochondria appeared to be smaller than presynaptic
mitochondria.

In addition, the number of TFAM spots per mitochondrial area was quantified (Figure 20 B).
Here the analysis showed that the size of the mitochondrial area corresponds with the number
of present mtDNA molecules. In general, the smaller the mitochondrion, the fewer nucleoids
it contains, or the larger a mitochondrion, the more nucleoids it contains. This trend is roughly
linear up to nine nucleoids per mitochondrion, after which the data are too sparse to draw a
conclusion. Furthermore, with the size of the mitochondria the probability increases that not
single mitochondria, but several clustered mitochondria are measured.
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Figure 20: Correlation between mitochondrial size, nucleoid content and location. The same data set
as in Figure 17 was used for this analysis. The mitochondrial size was calculated as the amount of pixels
occupied by the fluorescence signal. A) Size distribution plot of mitochondrial with (+) or without (-)
TFAM signal and located in a presynapse (SM) or axonal mitochondria without synapse-association
(NSM). On average, TFAM-positive mitochondria (1.18 um? SM+, 0.56 um? NSM+) are significantly
(p<0.001) larger than TFAM-negative ones (0.51 um? SM-, 0.36 um? NSM-) in the same location. Also,
synaptic mitochondria (SM) are larger than non-synaptic mitochondria (NSM). The size of mitochondria
harboring mtDNA exhibit a distribution over a wider size range compared to mitochondria without
mtDNA. B) Mitochondrial size (area in pixels) is plotted against the number of TFAM spots they harbor.
The analysis shows a dependency between mitochondrial size and increasing number of TFAM spots.
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The finding that the majority of mitochondria in the axon lack nucleoids and that TFAM-
positive mitochondria are enriched in the presynapse led to the assumption that mitochondria
containing a nucleoid are preferentially selected to high energy-demanding areas such as the
synaptic site. To determine whether the increased localization of mitochondria with nucleoids
in the presynapse is due to functional selection driven by increased demands in the
presynapse, a readout of actual neuronal activity and nucleoid content of mitochondria is
required. To this end, an approach combining imaging in living cells and quantification of
nucleoids in fixed cells is needed. In the following chapter, the development of a correlative
microscopy approach is presented.

4.2 Correlative live and fixed cell microscopy

Cells constantly undergo dynamic processes to maintain their status-quo or adapt to changes
in their environment. Various microscopy methods have been developed to study these
processes, each method having its specific application focus and sample requirements.
Widefield microscopy has a high frame rate, which makes it very suitable for the acquisition
of fast and dynamic processes but with the downside of a low spatial resolution. Super-
resolution microscopy (nanoscopy) techniques, such as STED or MINFLUX, on the other side,
provide a spatial resolution well below the diffraction limit but are rather slow (Balzarotti et
al., 2017; Hell & Wichmann, 1994). A possible approach to compensate for the individual
disadvantages of the specific microscopy methods is the sequential acquisition of the same
sample with the different methods: Correlative live and fixed cell microscopy.

In the following the development of a workflow combining live cell imaging on a widefield
microscope, followed by on-stage fixation during image acquisition, immunofluorescence
staining, and finally, using a confocal microscope, imaging of the same region previously
identified during live cell acquisition is described. This setup and workflow is then used to
correlate the activity of living neurons and the nucleoid content of their mitochondria.

4.2.1 Experimental setup

The setup used in this work is based on a widefield microscope that was modified to meet the
specific requirements of live cell imaging and fixation on the stage needed for the experiments
(Figure 21). To this end, the illumination light, fluorescence filters, camera and microscope
stage were changed. In addition, an automated focus control was implemented, the on-stage
fixation process was developed, and a compatible field stimulation device was built
Supplementary Figure 5.
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Figure 21: Schematic of the correlative fluorescence live cell microscopy with on stage fixation.
lllustration of the setup and its components used in this work. The grey box shows the fixation control
with the pneumatic pump and the fixation chamber developed in this work. The orange box frames the
custom-built autofocus control for stable imaging during and after fixation. The red box contains the
field stimulation, which was custom made and used to trigger long term potentiation of the neuronal
cells.

4.2.1.1 Microscope

The microscope used for live cell imaging was a widefield fluorescence microscope (Olympus
IX73) with a 100x/1.4 NA Olympus oil objective. To improve the signal-to-noise ratio in low-
light conditions, the standard Olympus camera was replaced with an OrcaFlash 4.0 V3 sCMOS
camera (Hamamatsu, Shizuoka, Japan). The use of this camera-based system has the
advantage of a high-speed image acquisition combined with low intensity illumination and a
high sensitivity, resulting in low phototoxicity during live cell acquisition. The low axial
resolution of a widefield microscope is of less concern when applied to neuronal cell cultures,
because the focus in this work is on the neurites, which grow as thin structures close to the
coverslip (Figure 22). Neurites (A) can be imaged with low background and therefore high
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contrast, while the three-dimensional structure of the soma (B) results in increased
background.

To increase the speed of multicolor imaging, the halogen light source was replaced by a pE-
4000 CoolLED (Andover, UK) with 16 LEDs of different wavelengths from 365 nm to 770 nm
coupled with a multiband filter set. The CoolLED in combination with a multiband filter cube
allows rapid switching between excitation wavelengths without the need to mechanically
change the filter system during multi-color imaging. This allows fast consecutive acquisition of
several fluorescence channels, reducing motion artifacts between the channels.

A

Neurite

Figure 22: Widefield images of neurite and soma. Widefield live cell fluorescence images of neuronal
subcompartments. The DNA was stained with the live cell dye PC3. (A)Low background signal in the flat
and thin neurites. (B) In contrast, a high background is visible in the Soma, masking the fluorescence
signals of the nucleoids in the mitochondria. Scale bar: 5 um

4.2.1.2 On-stage fixation chamber

In order to be able to fix the cells on the stage at a given time point depending on the
monitored cellular dynamics, a special specimen holder was designed (Figure 23). The holder
was designed to be cost effective, easy to build and to use. It was cut from a piece of
polyetheretherketone (PEEK) with the length and width dimensions of a standard microscope
slide (26 mm x 76 mm), to fit any standard inverted microscope setup. The holder contains a
horizontal central channel for the application of the fixation solution and a center hole with
two diameters forming a chamber with a step (Figure 23, Figure 24 A). A small ledge is drilled
at the bottom of the chamber for convenient insertion of a coverslip, which, once inserted,
sits flush with the bottom of the chamber. The fixation channel delivers the fixative to the
upper part of the chamber, while the culture medium is located in the lower part of the
chamber.
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Figure 23: CAD drawing of the on stage fixation chamber. The left side shows a side view of the main
chamber with two different diameters and a small cavity at the bottom to accommodate the cover
glass. The right side shows an overview of the chamber with its dimensions.

A benefit of this design compared to a closed channel or diffusion devise that are commonly
used is that installing and changing the fixation solution is easy without caring about remaining
air bubbles or formaldehyde in the piping system, which could harm the cells. This is due to
the separation of cells and culture medium at the bottom and fixative inlet at the top above
the step. When the fixation protocol is started, the surface tension of the inflowing fixative
causes a drop with a volume of about 500 ul at the edge of the step until it collapses into the
medium all at once (Figure 24 B-C). This rapid addition of a large volume of fixative ensures a
fast mixing with the cell culture medium and thus a fast fixation of the imaged cells.

The fixation chamber was designed to house coverslips with a diameter of 18 mm, which was
tailored to the standard culturing conditions under which neurons are grown in 12 well plates.
For the chamber assembly, the coverslip is taken from the 12 well plate and then mounted on
the bottom of the chamber using a two compound glue (picodent twinsil). The design only
allows for adding fluids to the chamber without the possibility to drain the present medium,
which showed to be beneficial in terms of fixation as well as stability of the setup as presented
in the following.
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Figure 24: lllustration of the fixation process on the stage. A) Cross-section of the fixation chamber
with the fixation channel coming from the left and the main cavity in the center with two different
diameters forming a stage separating medium and fixative. The cavity is closed at the bottom with the
cover glass on which the neurons were seeded. B) Side view of the cavity showing the inflow of the
fixative. Initially it forms a drop on the step before it eventually collapses into the medium. C) Top view
into the fixation chamber showing the enlarged front of the inflowing fixative on the step.

4.2.1.3  Focus control
During long imaging times as well as during the fixation process on the stage, a drift in the

focus level can occur. To correct potential drifts, a laser-based focus control system was
developed for the setup. For this purpose, a 980 nm laser (the wavelength is outside of the
imaging window) was aligned to produce a total internal reflection at the coverslip; the
reflected beam is going back through the objective and is then detected by another camera.

This focus control relies on the fact that, changes in the distance between the lens and the
cover glass result in a change in the distance between the incoming and reflected laser light.
The laser localization and its changes are recorded by the camera, and the center position of
the beam is measured using a Center of Mass (CoM) algorithm in LabView. Position
determination by CoM is less precise than using a Gaussian fit, but ultimately faster, which is
advantageous in this application. Due to the comparatively poor Z-resolution of a widefield
microscope, fluctuations in the single-digit nanometer range are not disturbing. This
measured localization change corresponding to the distance can be used to feedback to a z-
piezo stage positioned below the objective to return to the initial focus distance. A LabView
program was written for the feedback loop that corrects the focus every 150 ms.

With this program the piezo position and the measured sample position can be recorded as
shown in Figure 25. During measurement the on-stage fixation is initialized as marked by the
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yellow arrow. Using this autofocus, the measured sample position around the focal plane at
0 um varies with a standard deviation of only 0.0028 um. Even after a drift caused by the
application of the fixation solution, the sample position is immediately corrected and deviates
only 17 nm from the focal plane for one time point (150 ms), while the piezo is correcting a
drift of 680 nm.
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Figure 25: The autofocus effectively stabilizes the stage during imaging also during fixation. The
graph shows the relative positions of the piezo (blue) and the measured sample position (grey) from
the focus level at zero over the time of 5 min. The yellow arrow indicates the time at which the fixative
collapses into the medium. A thermally induced focus shift follows, which is corrected by the piezo while
the sample position continues to fluctuate about the focal plane. The SD of the sample position is
0.0028 um and 0.2434 um of the piezo with a maximum distance to focus of 0.017 um (sample) and
0.68 um (piezo). The peak marked with the yellow arrow in the sample position is only spanning one
measure point of 150 ms after which the stage is back at the initial focal position.

Furthermore, the LabView program continuously analyses the image of the reflected laser.
Changes in the refractive index of the cell medium results in a distorted reflection and
therefore a distorted image of the reflected laser beam. This can be used for early detection
of leaks in the chamber or edges on gridded coverslips.
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4.2.2 Evaluation of fixation parameters

Fixation can cause artifacts by unspecific cross-binding of cellular structures. Especially for
correlative imaging, the stability of the analysed structures during fixation is of special
interest. The focus of this work was the analysis of neuronal mitochondria, so the application
of a fixation method that conserves the neuronal and mitochondrial structure was of highest
importance. On the other hand, a fast and direct fixation was needed to fix dynamic processes
at a given time point without the production of artifacts.

Live cell microscopy of the cells during fixation provides an opportunity to directly evaluate
artifacts caused by chemical fixation at the cellular level. Here, two ways of fixing cells were
compared with regard to the preservation of the mitochondrial structure: replacement of the
medium with fixative using a channel system and a rapid addition of fixative to the medium
as used in the new system (Figure 26 A). In this experiment, Cox8a SNAP cells stained with SiR
were fixed either in an ibidi channel slide (ibidi, Munich, Bavaria, Germany) or in the new
fixation chamber developed in this work. Cells were imaged on a widefield system with 3 sec
intervalls. The addition of fixative resulted in less shrinkage of mitochondria compared with
the exchange of fixative in neurons (Figure 26 B).

The temperature of the fixative also affected the structural changes during fixation. Usually,
the fixative is prepared in advance to avoid disturbances during image acquisition. This also
results in the fixative being brought to 37 °C and maintained at this temperature during
imaging. However, the prolonged incubation at 37 °C leads to decomposition of the FA and
thus to insufficient fixation of the sample and the introduction of structural artifacts.

Fixation generally resulted in a large decrease in fluorescence of the expressed fluorescent
proteins during imaging (Supplementary Figure 2). Some FPs, such as the SypHer3s and
GCaMP6s sensors used in this work, lose their fluorescence completely and irreversibly. This
proved beneficial for subsequent antibody stainings, as the fluorescence channel previously
occupied by these proteins was now free for an additional signal.
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Figure 26: Evaluation of fixative application for on-stage fixation. Fixation can lead to morphological
changes of the cells and its organelles depending on the method the fixative is delivered to the cells. A)
Schematic drawings of two possible methods to deliver the fixative to the cells on stage. The left image
shows a standard channel system where the fixative slowly replaces the cell culture medium. The right
image shows a method (developed in this thesis) where a larger volume of the fixative is build up prior
to a sudden release into the cell culture medium. B) Live-cell fluorescence imaging of mitochondria in
Hela cells expressing Cox8a-SNAP labeled with silicon rhodamine during fixation with 4 % FA in PHEM-
Buffer. The upper row of images shows the succession of fixation when the fixative replaces the
medium. The highlighted mitochondrion shrinks and changes its morphology over time. The lower row
of images shows the succession when the fixative is rapidly added to the medium. Here, the changes in
structure are minimal, if any at all. Images where corrected for bleaching. Scale bar: 2 um.
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To evaluate the changes of inner mitochondrial architecture due to fixation, a stable Hela cell
line expressing Cox8a-SNAP was used. With this cell line, it was possible to image cristae in
living cells using STED microscopy (Stephan et al., 2019). However, to combine the staining
with immunofluorescence is challenging as the crista structure is very sensitive and gets lost
during fixation and permeabilization. This is why, different buffer systems and
permeabilization reagents were tested, imaged on a STED microscope and evaluated, with a
rating from no preservation of crista structure ("-") to good preservation of crista structure
("+++") (Table 6). The Cox8a SNAP staining was performed prior to fixation as described by
Stephan et al. (2019) with only the buffer systems or permeabilization reagents exchanged.

Table 6: Evaluation of crista preservation under different conditions

PBS Hepes PHEM
Saponin + ++ 4+
Triton - + +
No permeablication + ++ ++

The best structural preservation of the inner mitochondrial cristae structure was achieved
with PHEM buffer and saponin (Table 6, Figure 27 A). In this combination, individual crista are
still visible in STED microscopy, in contrast to standard fixation with PBS and Triton, in which
the inner mitochondrial architecture is severely altered (Figure 27 B). The preservation of the
cristae can be easily compared by evaluating line profiles along the mitochondrial axis for both
conditions, where individual cristae are clearly visible only under PHEM conditions (Figure
27 C).

Furthermore, by using FA and GA fixation, saponin permeabilisation and PHEM buffer,
Furthermore, by using combined FA and GA fixation, saponin permeabilisation and PHEM
buffer, immunofluorescence gets possible while still preserving cristae structure. The full
protocol is described in the methods section 3.2.4. DNA in mitochondria was stained with an
anti-dsDNA antibody (IG) and a secondary |G coupled to AF594 in HeLa Cox-SNAP cell line. The
nucleoids occupied gaps between the otherwise tightly stacked cristae (Figure 27 D). The
combination with antibody staining makes this protocol an interesting option for the analysis
of crista structure with protein distribution at the endogenous level, taking advantage of the
high versatility of antibodies.
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Figure 27: Comparison of fixation quality between PHEM- and PBS-buffered formaldehyde. A) STED
image of mitochondrial cristae that were fixed with 4 % formaldehyde (FA) and 0.2 % glutaraldehyde
(GA) in PHEM buffer. The fixation with PHEM-FA-GA shows good structure preservation as individual
cristae are still identifiable. B) STED image of mitochondrial cristae that were fixed with 4 % FA and
0.2 % GA in PBS buffer. The structure preservation is worse than with the PHEM-FA-GA fixation. The
signal from the Cox8a-SNAP staining is very diffuse and individual cristae are hardly recognizable. C)
Intensity profiles over 0.5 um of the trajectories shown in A) (PHEM buffer fixation, orange) and B) (PBS
buffer fixation, blue). D) Two color STED image of a Cox8a-SNAP (magenta) HelLa cell with additional
immunostaining against dsDNA (green). Scale bars: 5 um.

With the developments shown so far, improved live cell imaging and on-stage fixation with
minimal artifacts in mitochondria have been provided. This forms the basis for subsequent
correlation of live cell microscopy and immunofluorescence microscopy and ensures that the
procedure affects the sample as little as possible to reduce artifacts due to stress responses
during imaging or fixation artifacts. To complete the correlation workflow, the region already
imaged must now be recovered on the next microscope.
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4.2.3 Retrieving the Region Of Interest for correlative microscopy

To increase the information content of a sample, cells observed in live cell microscopy can
now be stained with antibodies and observed with a microscope at higher spatial resolution.
One of the main issues when transferring a sample from one microscope to another is the
difficulty to find the previously identified regions of interest on the new system.

Microscope No. 1 Microscope No. 2
A A r
I

sample rotation

v

Dt >
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Figure 28: Image registration and retrieval of regions of interest for correlative microscopy. The
transfer of a coverslip from one microscope to another can induce translation and rotation of the
previously defined regions of interest (ROI). Registration of individual features on the sample can help
in retrieving the predefined regions. A) lllustration of a coverslip with a defined ROI at the coordinates
Xil/Yil. The position of the ROI from the center point Xi0/YiO can be described as a vector with the
angle a and the length d. The grey area illustrates an aluminum mirror on the coverslip. When the
sample is moved to microscope 2, an additional angle 3 is introduced by which the sample is turned in
relation to the position on microscope 1. The relative position of the ROl towards the center point stays
the same. B) Transmission light image of a scratch introduced into the aluminum mirror surface. This
scratch is imaged on microscope 1 and then again on microscope 2. Colored lines between the images
mark matching features found in both images. Image registration software can calculate the
translation and rotation of these features between the two images and depending on that calculate
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the position of the predefined ROI. C) lllustration of the workflow for the correlation of the same sample
and the same ROI between two microscopes with an immunofluorescence staining (IF) step in
between.

In order to solve this issue of retrieving the regions of interest (ROI), a registration of the ROI
in relation to the position of a reference point was made (Figure 28). The problem using only
one reference point is rotation of the sample due to handling between the two microscopes.
To compensate for that, image registration is used. In the following the complete workflow is
described.

For the reference point a small area of the coverslips was sputter-coated with aluminum,
creating a small pointed mirror (grey area in the coordinate system of Figure 28 A). Before
seeding the cells, a scratch on the mirror is introduced by running the tips of a metal tweezer
over the surface to create unique features in the thin aluminum layer (Figure 28 B).

At the microscope used for live cell imaging, the mirror on the coverslip is located, then the
initial coordinates are saved as the position of the stage (Xi0,Yi0) and a transmission light (TL)
image is taken of the scratch. After this initial registration of the scratch, the cells are imaged
and their positions (ROIs) are saved as new coordinate pairs [(Xi1, Yil); (Xi2, Yi2); ... ;(Xin, Yin)].
After the acquisition of live cell image sequences, the sample is fixed on stage in the fixation
chamber and dismounted from the sample holder. After immunostaining is performed off
stage, the coverslip is mounted on a coverslide for immunofluorescence microscopy (or
nanoscopy).

On the new microscopy setup the scratch in the mirror is located, its coordinates (Xc0,Yc0) are
saved and a TL image is taken. To compensate for any induced translation and rotation of the
sample during handling, a feature detection in Python is done on the TL images of the scratch
using the “Scale-Invariant Feature Transform” (SIFT) algorithm (see section 3.3.9). It is able to
detect unique features like spikes, grooves or holes of the scratch. The location of the
individual features on the first image is then registered onto the second image using the “Fast
Library for Approximate Nearest Neighbors” (FLANN) algorithm (see section 3.3.9). The
matches between the two images of the same area can be illustrated with colored lines as
shown in Figure 28 B. Those matches are used to estimate the affine matrix, which can be
decomposed to receive the angle of rotation beta as well as (X,Y) translation and scaling. With
this, the new position of the ROl on the new microscopy setup can be calculated. To do so, the
angle alpha and the distance d is calculated out of the (Xi0,Yi0) and (Xi1,Yi0) coordinates using
Equation 2 and Equation 3:

Equation 2
d = /(Xi0 — Xi1)2 + (Yi0 — Yi1)2
Equation 3
b — a1 YO Y
aPRa =1 0 — xit
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Now the new position of the ROI (Xc1,Ycl) can be calculated using (Xc0,Yc0) as offset point
and the corrected angle alpha+beta using Equation 4 and Equation 5:

Equation 4

Xcl = Xc0+d *sin(alpha + beta)

Equation 5

Ycl =Yc0 + d * cos(alpha + beta)

This provides a fast and easy way to localize the same recorded ROIs on two different setups.
However, depending on the properties of microscopes used in the second imaging step some
adjustments on the calculations have to be done to adapt to different microscopy stages. For
example, the stage coordinates of the two different microscopes may be mirrored and rotated
towards each other. Also, depending on the alighnment of the system the pixel coordinate
system may be rotated to the stage coordinate system. Therefore, a system specific rotation
correction factor has to be measured. The Python code for the retrieval of the ROl is appended
in the supplementary section (8.2.1). For adaptation of the code, the above-mentioned factors
of rotation and orientation of the stage must be changed to the system specifications. This
new way of retrieving ROIls allows quick and easy correlation of a variety of different
microscopes with minimal setup requirements.

This imaging workflow provides solutions for the three major obstacles when performing
correlative live cell imaging: The dedicated on-stage fixation chamber ensures a reliable and
structure preserving as well as rapid fixation. Together with the optimized fixation
parameters, it provides the foundation for the subsequent immuno-labeling of the sensitive
mitochondrial structures in neurons. Finally, retrieving the regions of interest on a second
imaging system with respect to a reference point allows combining live cell imaging and
immunofluorescence. With this approach, the possible connection between synaptic activity,
neuronal mitochondria and the presence of nucleoids was investigated.
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4.3 Interplay between neuronal and mitochondrial function to the mtDNA distribution

The developed setup not only allows targeted fixation of live imaged cells at a defined time
point for correlative microscopy, but also enables precise tracking of neurons after and during
electrical stimulation of neurons due to its high stability and temporal resolution.

The presence of two distinct subpopulations of mitochondria defined by nucleoid content and
the accumulation of mitochondria containing nucleoids in the presynapse raises several
guestions. One of these is whether mitochondria lacking nucleoids exhibit impaired function.
To test whether mitochondria with nucleoids are more active than those without, their matrix
pH was compared during the stimulation of neuronal activity.

4.3.1 Influence of mtDNA content on mitochondrial function

Mitochondria with nucleoids are enriched in the presynapse, a region with high energy
demand as well as the need of Ca?* regulation. This could indicate that mitochondria
containing nucleoids are particularly active in energy production and Ca?* buffering compared
to nucleoid free mitochondria. A pH gradient between the cytosol and the mitochondrial
matrix is fundamental for mitochondrial functions like ATP synthesis but also Ca?* buffering.
The gradient is generated via the OXPHOS complexes, whose central components are encoded
by mitochondrial DNA. To test this, the matrix pH of mitochondria with and without nucleoids
was compared during the stimulation of neurons.

To test if the presence of a nucleoid has an influence on mitochondrial matrix pH, the
ratiometric FP SypHer3s was expressed in neurons and targeted to the mitochondrial matrix
(Ermakova et al., 2018). SypHer3s is excitable at wavelengths of 405 nm and 488 nm and emits
in both cases at 525 nm. The shift in the excitation wavelength is dependent on the
protonation state of the chromophore. So, the ratio of the emission intensity, after sequential
recording of the intensities excited by 405 nm and 488 nm, is a measure for the pH. A higher
ratio of F488 to F405 for example, corresponds to a higher pH of the environment. The forced
depolarization of the plasma membrane by electrical stimulation of neurons should result in
a higher activity of the neurons and thus a higher demand for energy and ion buffering
capabilities. This could translate into changes in the mitochondrial pH. Possible differences in
mitochondria with and without nucleoids could indicate different functional capabilities. The
focus in this work was on the pH differences between single mitochondria rather than on the
exact pH values. Hence, no calibration curve was generated to correlate the ratio to a specific
pH-value.

First, neurons expressing mitochondrial targeted SypHer3s were imaged sequentially using
488 and 405 nm excitation every second, subsequently nucleoids were detected using the live
cell dye N-arylpyridocyanine (PC3) by pipetting the dye into the imaging chamber on top of
the microscope. This was done after the SypHer3s measurements to avoid interference of the
anionic dye with the pH of the mitochondrial matrix during the ratiometric measurements.
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Figure 29: Influence of nucleoid presence on the pH of the mitochondrial matrix. For the evaluation
of matrix pH, the mitochondrial pH sensor SypHer3s was expressed in neurons and imaged with 405
and 488 nm excitation. The ratio of the emission at 488nm to the emission at 405nm is plotted.
Nucleoids were identified by subsequent staining using PC3. A) Fass/Fa0s fluorescence ratio in silenced
neurons under 1 um TTX treatment averaged over 200 time points (0-200 sec). The mean value of
nucleoid positive mitochondria at 0.42 is not significantly higher than that of nucleoid negative
mitochondria at 0.41 B) Plot of a representative time course of the Fags/ Fao0s ratio with 1 sec intervals.
After 60 sec, a field stimulation is applied with pulses of 20 Hz for 30 s and 10 V per centimeter (orange
lines) to stimulate neuronal activity. The Fags/ Fao0s ratio of mtDNA positive and negative mitochondria
drops during stimulation, followed by a rise to the maximum at about 200 sec and a fall to a new
baseline at about 300 sec. The Fags/ Faos ratio of mtDNA positive mitochondria (grey) is slightly higher
than that of mtDNA negative mitochondria (blue). Both curves follow the same course, indicating
similar mitochondrial activity independent of mtDNA content.

To compare the matrix pH measurement of mitochondria with and without nucleoids, neurons
were imaged in the presence of 1 uM of the voltage gated sodium channel inhibitor
Tetrodotoxin (TTX). This should inhibit spontaneous neuronal activity and the resulting
fluctuations in mitochondrial pH over time. Fluctuations in matrix pH triggered by neuronal
activity complicate analysis and comparison between different mitochondrial populations.
Single static mitochondria were analyzed independent of their subcellular localization in the
neuron and averaged over 200 time points (0-200 sec). On average, mitochondria harboring
nucleoids (Figure 29 A) have a Fags/ Faos ratio of 0.42 and mitochondria without nucleoids
(Figure 29 A) Fass/ Faos ratio of 0.41, suggesting a similar pH in the mitochondrial matrix in the
resting state.

Even though the analysis of mitochondrial matrix pH does not show a significant difference of
the average, the violin plot shows a different distribution with a part of mitochondria with
higher Fass/ Faos ratio in the case of mtDNA positive mitochondria suggesting a subpopulation
of mtDNA positive mitochondria with a higher matrix pH . However, in this analysis, no
differentiation between presynaptic and non-synaptic mitochondria was made. Labeling of
neurons in living cells, e.g. with AAV, is not 100 % efficient. Therefore, using a genetic encoded

presynaptic marker, presynaptic mitochondria could be classified as non-synaptic due to the
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lack of labeling and the intertwined growth of the neurons. For this reason, no presynaptic
marker was used in this live cell experiment.

To compare the changes in matrix pH of mitochondria under active stress conditions, long-
term potentiation (LTP) was induced with a field stimulation device at 10 Hz for 30 seconds.
Electrical stimulation forces neurons to release neurotransmitters. The high frequency and
long duration of the stimulus depletes the SV pool and releases increased neurotransmitters.
This leads to an increased demand on the presynaptic mitochondria. High-frequency
stimulation eventually leads to synaptic adaptation and an increase in synaptic strength,
known as LTP. This can occur in various ways, e.g., through the recruitment of additional
neurotransmitter receptors at the postsynapse.

Neurons were imaged every second for a time period of 600 sec. After 60 sec, the LTP was
initialized. Start and stop of the LTP is illustrated by the orange lines (Figure 29 B). In the blue
curve, the Fags/ Faos ratio of nucleoid positive mitochondria is plotted and in the grey curve the
Fass/ Faos ratio of mitochondria without nucleoids. Both curves are dropping during the LTP
followed by an increase to the local maximum and a decrease to a new baseline, both show
the same course. The changes in the mitochondrial matrix pH suggest a fluctuation of the
chemical and electrical gradient of the mitochondria in response to the stimulation. Also
during this time course, mitochondria containing nucleoids have a slightly higher
mitochondrial pH, but the differences are not significant.

In conclusion, the established setup allows for analysis of mitochondrial matrix pH of
individual mitochondria with a temporal resolution of 1 second for longer periods of time
during and after the stimulation of neurons. However, this experiment did not show a
significant difference in mitochondrial matrix pH activity between mitochondria with and
those without nucleoids and therefore a significant difference in activity could not be shown.
The data suggest a subpopulation of mitochondria with nucleoids with a higher matrix pH.
However, no location assignment of mitochondria to the dendrites, axons or presynapses
could be made in this experiment. Future experiments with mitochondrial location assignment
and using additional sensors for mitochondrial activity must show whether this subpopulation
consists of presynaptic mitochondria that are more active under the increased demands in the
presynapse.

In addition to the functionality of the two mitochondrial subpopulations, the accumulation of
observed selection at the presynapse also raises the question of what controls mitochondrial
selection in the presynapse. To address this question, the correlative approach is used to
investigate whether the distribution of nucleoids depends on synaptic activity.
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4.3.2 Correlation of neuronal activity and nucleoid distribution

To investigate the interplay between neuronal activity and the nucleoid distribution a
mitochondrial targeted mScarlet-I and the Ca?* sensor Axon-GCaMP6s, which accumulates in
the axon, were expressed in neuronal cells. The mitochondrial mScarlet-I allows the detection
of the synaptic mitochondria, while the GCaMP6s intensity is used to identify active axons
with an elevated intracellular Ca?* level. Live cell time series were imaged on a widefield
microscope with 1-secintervals for 5 min to observe spontaneous neuronal activity before the
fixation.

After fixation on the stage, TFAM as a maker for nucleoids and Bassoon as a marker for the
active zone were labelled by immunofluorescence and the sample was subsequently imaged
on a confocal microscope. In the following, mitochondria were analysed for their TFAM
presence in correlation to the Bassoon signal as well as the signal from live cell Ca?* imaging.
The correlation of these fluorescence signals should give information about nucleoid
distribution in mitochondria in a functional context.

The analysis showed that 70 % of all mitochondria present in an active presynapse were TFAM-
positive. This local accumulation of mitochondria with nucleoids in active presynapses is
higher compared to the 59 % of mitochondria with nucleoids in the average presynapse
(disregarding their activity level) and the 36 % of non-synaptic axonal mitochondria (see Figure
19). It is worth mentioning, however, that TFAM staining underestimates the total mtDNA
content in the neuronal culture by about 10 %, as shown previously (see Figure 19). This means
that the number of mitochondria with a nucleoid in the presynapse could be higher than the
70% reported here.

-61-



Results

Widefield Microscope Confocal Microscope

: 3 sec

!

» .A

AxAR-GCaVIPES w—

TFAM positive mitochondria [%]

Active
Presynapse

Figure 30: Correlative live and fixed cell microscopy of active presynapses. Left side) Fluorescence
images of neuronal cells expressing mScarlet (blue) targeted to the mitochondrial matrix and the
Ca**sensor GCaMP6s (orange). Shown are two time points taken 3 sec apart on a widefield microscope.
The yellow arrow indicates a mitochondrion in a presynaptic bouton. Low intensity GCaMPé6s is seen at
0sec and high intensity at 3 sec, which signals a Ca?* influx into the presynapse. Right side)
Fluorescence image after fixation and immunofluorescence staining (IF) against TFAM (red). The
correlated image to the right shows the TFAM distribution in the same ROI. The graph shows the
percentage of mitochondria with TFAM signal in an active presynapse. For the analysis ~150
presynapses per experiment (n=3) were analyzed. Scale bar: 2 um.

This finding led to the idea that mitochondria with a nucleoid are selectively accumulated at
active presynaptic sites, due to the locally increased demand for this organelle. To further test
this, a biochemical modulation of synaptic activity was performed. In the following section,
the impact of this modulation on the accumulation of mitochondria with nucleoids at the
presynapse was analyzed.

4.3.3 Functional dependency of mtDNA presence

To investigate if there is a functional selection of mtDNA harboring mitochondria depending
on the demands of presynapses, the neuronal activity was blocked with the voltage gated
sodium channel inhibitor Tetrodotoxin (TTX). To this end, neurons at DIV7 were incubated
with 1 uM TTX in the cell culture medium for 7 days. This long suppression of neuronal activity
could have unwanted side effects on the interplay between cells and reduce the number of
complete synapses consisting of pre- and postsynapses. To test if TTX treatment impairs
synaptogenesis the neuronal connectivity in control and TTX treated cells was analyzed. For
this reason, the presynaptic marker Bassoon and the postsynaptic marker Shank2 were
detected via immunofluorescence. In a fully connected synapse, the two signals should
overlap when examined with a confocal microscope. So the colocalization was determined by
calculating the Pearson correlation coefficient between both markers. The results presented
in Figure 31 show no significant difference in the correlation coefficient between the
untreated control and TTX-treated samples.
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Figure 31: Evaluation of neuronal connectivity upon TTX treatment. The neuronal connectivity of DIV
14 neurons under control conditions (Ctr) and under TTX treatment were evaluated. As a marker for
the proximity of the presynapse and the postsynapse the presynaptic marker Bassoon and the
postsynaptic marker Shank were immunolabelled and imaged. Subsequently, the pearson correlation
coefficient between both fluorescence signals was calculated. The average Pearson correlation
coefficient of the conditions is 0.387 for Ctr and 0.425 TTX, but t-test showed that the difference is not
significant (ns, p>0.05).

The fact that there is no difference in neuronal connectivity between control and TTX
treatment should rule out further effects of TTX on neurons beyond its mechanism of action
to reversibly block sodium ion channels. This enabled the use of Tetrodotoxin for the following
experiment.

To test whether synaptic activity affects TFAM distribution, neuronal cells were silenced by
TTX treatment. Differences in the presence of mtDNA in mitochondria located in either the
presynapse or axon were then examined. TTX treatment of cells was performed as previously
described. To assess the reversibility of the potential changes, some of the inhibitor-treated
cells were transferred to medium without TTX and incubated for a 24-hour washout period
(WO). All samples were double transduced with mitochondrial targeted mScarlet-l1 and
mNeonGreen and immunostained for the nucleoid marker TFAM and the presynapse marker
Bassoon. The analysis focused on TFAM presence in presynaptic and non-synaptic
mitochondria of the axon and was performed as described before (4.1.3) by using the spectral
separation of mitochondria from different cells.
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Figure 32: Synaptic activity influences TFAM distribution. Neurons were treated with 1 um
Tetrodotoxin (TTX) for 7 days to suppress their activity, and both presynaptic as well as non-synaptic
mitochondria were examined for the presence of TFAM signals. A) In the control (Ctr) of presynaptic
mitochondria, 59 % were TFAM positive, under TTX influence an average of 44 % and after a 24h
washout (WO) an average of 61 % of mitochondria were TFAM positive. The percentage of TFAM
positive mitochondria in control (Ctr) and after the TTX washout (WO) is significantly higher than during
TTX treatment (***, p<0.001). The difference between Ctr and WO is not significant (ns, p>0.05). B)
TFAM occurrence in non-synaptic mitochondria under the same conditions as in A). The presence of
TFAM in mitochondria showed a mean of 36 % TFAM positive mitochondria under control conditions,
28 % under TTX treatment and 38 % after wash out. Ctr and WO are significantly higher than TTX (***,
p<0.001). However, the difference between Ctr and WO is not significant (ns, p>0.05). In comparison,
TFAM proportion is significantly higher in presynaptic mitochondria (**, p<0.01) than in non-synaptic
axonal mitochondria, regardless of conditions.

The analysis of mitochondria in the presynapse under the different conditions showed a drop
in the amount of TFAM-positive mitochondria in TTX treated neurons down to 44 % compared
to the untreated control with an average of 59 % mitochondria containing mtDNA (Figure
32 A). After the 24 h wash out step, 61 % of the presynaptic mitochondria are TFAM positive
again. The difference between the untreated control and the wash out is not significant
(ns, p>0.05).

To test whether this effect is limited to the presynaptic area, the TFAM content of non-
synaptic axonal mitochondria was also analysed (Figure 32 B). As already shown in previous
experiments (4.1.6), the percentage of TFAM positive mitochondria was significantly lower in
non-synaptic axons (36 %) than in presynaptic mitochondria (54 %) (p<0.01). Like
mitochondria in the presynapse, the non-synaptic mitochondria also showed a similar
significant drop of TFAM content upon TTX treatment (***, p<0.001). In the control, 36 % of
axonal mitochondria contained mtDNA, whereas only 28 % of mitochondria showed a positive
TFAM signal after TTX inhibition of presynaptic activity. After TTX wash out, the amount of
non-synaptic axonal mitochondria containing mtDNA increased to 38 %, approximately
reaching the level without neurotoxin administration.
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If the idea of active selection of mitochondria based on local energy demand is true, a general
decrease in mtDNA content in mitochondria can be expected after 7 days of TTX treatment,
regardless of their subcellular location. Since under these conditions the energy demand of
the whole cell is lower due to the inhibited neuronal activity. Nevertheless, it is worth noting
that even under TTX treatment, the amount of mitochondria with nucleoids in the presynapse
is still higher (44 %) than the amount of non-synaptic axonal mitochondria in the untreated
control (36 %). In addition, the changes in the presence of TFAM-positive mitochondria
between control and TTX conditions are greater in the presynapse (15 % difference, from 59 %
to 44 %) than in non-synaptic mitochondria (8 % difference, from 36 % to 28 %). This suggests
that the energy demand and selection of mitochondria with mtDNA is higher in the
presynapses than in the rest of the axon and consequently the changes in this substructure
are more pronounced. Taken together, the results show that the distribution of nucleoids
indeed depends on the demand: Lower neuronal activity leads to fewer mitochondria
containing nucleoids, whereas higher neuronal activity (after TTX washing) leads to an
accumulation of mtDNA-containing mitochondria. Moreover, this process appears to vary
depending on the subcellular location.

The results presented in this thesis show that mitochondria in the axon of neurons can be
divided into two subpopulations: Mitochondria with and those without nucleoids. Further
investigation showed that during synaptogenesis the proportion of mitochondria with
nucleoids in axons is increasing and most presynaptic mitochondria carried a mtDNA
molecule. This raised the question of whether there is a functional relationship between
mitochondria with nucleoids and presynaptic activity. To address this question, it was first
necessary to establish a correlative workflow for live cell imaging. To this end, a novel live cell
chamber was developed that allows for gentle live observation and rapid fixation of cells. In
combination with a fixation protocol specifically designed for mitochondria, the cells could be
chemically fixed without artifacts. An aluminum mirror was used as a reference point, which,
together with an image registration algorithm, enables the retrieval of previously determined
ROIs on a new microscopy system. With this new correlative live to fixed cell microscopy
workflow it was possible to confirm a relationship between neuronal activity and the selection
of mitochondria containing nucleoids in the presynapse. This is also confirmed by imaging data
from fixed cells whose neuronal activity was biochemically modulated with the neurotoxin
TTX. In these treated cells the neuronal activity is blocked and the presynaptic mitochondria
were less likely to contain mtDNA than in untreated cells. The restoration of nucleoid density
and distribution after TTX wash out hints to an active selection mechanisms that ensures the
distribution of mitochondria with nucleoids to the presynaptic sites.
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5 Discussion

Many studies focus on the subcellular distribution of mitochondria in neurons as their
distribution is important for the maintenance of cell compartments far from the nucleus
(Mandal & Drerup, 2019; Sheng, 2017; Sheng & Cai, 2012). To date, little is known about the
cellular distribution of mtDNA in neurons. This is of particular interest because mtDNA
encodes 13 important proteins involved in oxidative phosphorylation (Wallace, 1994). An
open question is how the mtDNA is distributed throughout the cell and whether this
distribution plays a role in neuronal function. The focus of this work was therefore to study
the distribution of mitochondrial nucleoids in neurons and investigate whether there is a
relationship between the presence of mitochondria and synaptic activity. Over the course of
the studies, it became apparent that a large proportion of axonal mitochondria do not harbor
nucleoids and those that do have a nucleoid are preferentially located in the presynapse. To
investigate whether the selective accumulation in the presynapse is driven by synaptic activity,
a correlative light microscopy workflow was established to connect the functional information
obtained by live cell imaging with the endogenous protein distribution visualized by
immunofluorescence imaging. The results obtained with this new method suggest that
functional selection of mitochondria harboring a nucleoid is dependent on the specific
requirements of the presynapse. For better understanding and readability, the technical
developments for the correlative approach are discussed first, followed by the findings on the
distribution of mitochondrial nucleoids and their relationship to presynaptic activity.

5.1 Technical developments for correlative microscopy

Correlative microscopy allows to compensate for the drawbacks of different microscopy
methods by combining them in a sequential approach (Balint et al., 2013; Tam et al., 2014;
Xiang et al., 2018). Even though this work focuses on the combination of live and fixed cell
microscopy, the established computational retrieval of the ROI can also be used to correlate
different microscopy techniques on fixed cells or for sequential staining and retrieving of the
ROI for multiplexing on the same microscope.

Live cell microscopy enables the researcher to observe cellular dynamics using FPs or to
perform temporal and local resolved functional readouts using different FP sensors (Ermakova
et al., 2018). Due to the spectral properties and the availability of dyes and optical systems in
conventional microscopy, there are typically four spectral channels (blue, green, red, far-red)
which can be separated in a standard approach resulting in the same number of possible
structures to label simultaneously. However, the speed of multichannel imaging can be limited
by a sequential acquisition of each channel and it is challenging to tag and express multiple
targets without artifacts at the correct expression level for every target in the same cells (Ratz
et al.,, 2015; Snapp, 2009; Zimmermann et al., 2003). Therefore, often only one or two
channels can be recorded at a time, which limits the number of structures that can actually be
observed simultaneously.
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When imaging fixed cells on the other hand, the sample is stable, imaging speed is not an issue
and the focus is often set on a better resolution. Furthermore, fixed cells enable the use of
antibodies to label specific endogenous proteins. In a conventional approach up to four
different targets can be labelled and visualized, but this can be increased using multiplexing
approaches (Agasti et al., 2017; Gdmez-Garcia et al., 2018)

The correlation of both imaging concepts results in an information dense dataset providing a
link between cellular dynamics or functions and the structural information or protein
distribution. However, if the observed process in the living cell is too fast and a high frame
rate is needed, only a limited amount of positions or cells can be recorded in the same
experiment. Nevertheless, this approach gives the unique ability to record the heterogeneous
history of single organelles or whole cells and place it in context with the protein distribution.

In this work, the three major challenges to realize correlative microscopy of live cells and
immunofluorescence microscopy of fixed cells were addressed. First, the adaptation of a
microscopic setup for imaging and fixation on stage, second, the fixation process itself, and
third, the recovery of ROIs on a second microscope.

5.1.1 Design of the experimental setup and workflow

5.1.1.1 Microscope

In this work, the conventional widefield microscope Olympus IX73 was used to image living
cells. Using a widefield microscope has multiple benefits for the visualization of dynamic
processes in living cells. The light dose is relatively low, which decreases bleaching and
phototoxicity (Magidson & Khodjakov, 2013). In addition, capturing whole cells with a digital
camera is many times faster than a line scanning approach, reducing motion artifacts and
allowing faster events to be recorded. The disadvantage of a widefield system can be the
blurred image with less contrast in thicker samples, which is due to out-of-focus light (Elliott,
2020).

However, in this work, the focus was on visualizing axonal mitochondria of primary rat
hippocampal neurons. As those structures are thin and grow flat on the coverslip, out of focus
light is negligible and the relevant structures and their dynamics could be visualized in living
cells using a standard widefield microscope.

To further optimize the microscope, it was equipped with a new, more sensitive camera which
allowed for a lower excitation light power, reducing the phototoxic effects of high light doses.
This reduces the stress on the cell and minimizes the introduction of artifacts from observation
prior to fixation. To increase the ability of capturing fast multicolor images, the fluorescence
light source was replaced with 16 LEDs of different wavelengths from 365 nm to 770 nm that
allowed faster switching between excitation light wavelengths. In addition, for the detection
multi-bandpass filter sets were used. This combination allowed the channels to be changed
without having to mechanically change the filters. The fast sequential imaging of the channels
reduces temporal gaps and thus motion artifacts. However, depending on the experiments
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the researcher wishes to perform, these modifications may not be necessary, but they do
provide a great deal of flexibility in adjusting the imaging parameters and to the requirements
for different fluorophores.

5.1.1.2 On-stage fixation chamber
To enable easy and fast fixation on stage directly after the acquisition of live cell data, a novel

fixation chamber was developed in this work. The considerations for the design were to build
a cheap, easy to manufacture, reusable, and easy to use device. This design takes a new
approach and is therefore compared to the two commonly used approaches, perfusion and
channel systems. Perfusion systems are open chambers with an inflow and outflow placed
directly in the medium. Channels are closed systems with inflow and outflow.

PEEK (polyetheretherketone) material was chosen for the own fixation chamber. The material
price per chamber is less than 15 €. It has strong chemical resistance to solvents, acids and
bases. It is very resistant to radiation and can be easily sterilized with UV light. It also has a
high mechanical strength, which makes it a perfect material for objects of everyday use. The
simple design of the chamber allows it to be built with standard tools that should be present
in a well equipped workshop. For compatibility, the width and length of the chamber is set to
match a standard glass slide and thus should fit into most microscope stages. In addition, the
chamber can be easily washed, sterilized and reused. In contrast, most commercially available
channel systems for live cell microscopy are designed as disposable products which makes
them less sustainable and more expensive as they have to be bought repeatedly over the
course of an experiment.

Another advantage of the new live cell chamber over systems using perfusion or microfluidics
lies in the strict separation between the cell culture medium in the chamber and the toxic
fixative. In the commercial perfusion and channel slides the direct connection between the
inflow and the cavity holding the cells allows for a slow and prematurely contamination of the
culture medium with the fixative. This can severely impact the cellular behavior during live cell
imaging. In addition, in the perfusion systems the cells further away from the inflow will be
fixed later and result in an inhomogeneous fixation process over time. This might have an
impact on time critical measurements and the interpretation of data obtained from this
experiment if part of the whole cell ensemble is fixed faster or earlier than the rest. When
using the channel slides it is also important to prevent the formation of air bubbles in the fluid
path as they can lead to increased shear forces and disrupt the delicate neuronal cells.

The newly designed live cell chamber bypasses this issue by physically separating the inflow
from the cavity holding the cells and the cell culture medium. Furthermore, the open
construction make bubble handling obsolete.

After initialization the fixative is pumped onto a ledge above the cells, building up a droplet
over a wide front until it collapses into the cavity containing the medium and the cells (Figure
24 B). This results in the rapid addition of a large volume of fixative to the cavity ensuring a
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fast, air bubble free and uniform mixing of the two fluids across all cells. The decoupling of the
piping also allows the piping to be easily and quickly changed to the next chamber after the
experiment. However, a disadvantage of this new device is the low variation of the exact
fixation timing. A slow flowrate of the fixative is required to build up the droplet, and the time
point of the drop falling into the medium can vary with each experiment. Typically, a full run
of the fixation from initiation to release of the drop took about 15 +/- 5 sec. Thus, if to the
second accurate fixation timing accurate to the second is required for an experiment, a closed
channel would be a better option. However, in the experiments done during this work the
timing was sufficient.

The inflow of the fixative is driven by a pneumatic pump which allows a fine control over the
flow rate. The integration of the pump control into the control software of the microscope
enables remote control of fixation or an automated fixation triggered by predefined events
like an increase of fluorescence in the cells that is detected by automated image analysis. This
would be especially helpful for infrequent and random events. Although there is a certain
variability in the time needed for the full fixation, the use of an automated pump ensures the
reproducibility of the overall fixation process. Fixation can also be performed manually using
a syringe. However, manual fixation may result in sample movement if the tubing is not
optimally connected introducing large imaging artifacts.

In summary, this low-cost chamber allows easy robust and artifact free fixation on stage when
the fixation timing does not need to be set to seconds. The ease and carefree handling of the
instrument increases throughput and also allows compatibility with standard culturing and
staining protocols.

5.1.1.3  Focus control

To compensate for the mechanical and temperature z-drift caused by the fixation process, the
microscope used in this work was equipped with a homemade laser-based focus control. One
advantage of a laser-based focus control is that it does not require additional excitation of a
marker-fluorophore, as is the case with an intensity-based autofocus. This reduces sample
bleaching and phototoxicity and is many times faster. A commercial version of a laser-based
focus control was not available for the microscope used in this work. The laser beam that was
reflected from the cover glass to give feedback about the position of the microscope stage
also had the advantage that the uniformity of the detected spot could be used as an indicator
of changes in refractive index. These changes can be cause by medium accumulating under
the life cell chamber due to a leaky attachment of the cover glass or air bubbles in the system.
This was handy for fast problem detection during imaging in the early developmental phases
of the fixation chambers.

This autofocus thus allowed undisturbed observation of the marked structures before, during
and after fixation.
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5.1.2 Evaluation of fixation parameters,

The chemical fixation for immunofluorescence staining is a crucial point of optimal sample
preparation. It has to accomplish a reliable and stable fixation of sensitive cellular structures
and avoid the introduction of fixation artifacts or destruction or cloaking of epitopes for
antibodies. Possible fixation artifacts are especially visible in super-resolution microscopy and
can impair the image analysis (Maunsbach, 1965; Pereira et al., 2019; Wurm et al., 2010).
Here, due to the established on-stage fixation system, the cells can be imaged during the
fixation process and possible (structural) changes can be observed directly. For instance, the
mitochondrial movement stopped in less than a second after addition of 4 % FA to the medium
and the fluorescence of mNeonGreen was reduced to 50 % in about 20 sec (SD 2.6). However,
studies have shown, that fixation can take more than an hour for cytosolic and membrane
proteins on the molecular level (Huebinger et al., 2018; Tanaka et al., 2010)

To evaluate the fixation procedure on a suborganelle level, Hela cells stably expressing Cox8a-
SNAP were chosen. Using this cell line, crista structures in living cells could be visualized using
STED microscopy (Stephan et al.,, 2019), but up to this time point, the preservation and
visualization of this structure after fixation was challenging. These delicate structures are
notoriously hard to image as standard chemical fixation and permeabilisation does not
preserve the membrane structures. As shown in the results (Figure 27 A-B), the PHEM buffer
showed the best preservation of the mitochondrial inner membrane and crista structure. For
efficient fixation of cristae, the addition of 0.2 % Glutaraldehyde to the 4 % Formaldehyde was
beneficial, however this is not compatible with all antibody stainings.

A standard procedure in typical FA fixation is to preheat the fixative to 37 °C to avoid providing
a temperature shock to the cells (Wurm et al., 2010). In our hands this increased the likelihood
of mitochondria shrinking during fixation especially during long time experiments with fixation
after a random occurring event. In this kind of experiment, the FA solution was kept at 37 °C
for several hours, thereby reducing the stability of the fixative. Hence, to avoid the fixative to
degenerate, in all following experiments of this work it was not preheated but used at 4 °C to
RT. A 2019 study shows that cold FA with a similar buffer to the PHEM buffer does not lead to
increased formation of actin filament artifacts during fixation. In contrast, when a PBS buffer
was used, the fixation temperature made a difference for structure preservation. The colder
the fixative, the less preserved were the actin filaments (Pereira et al., 2019). However,
fixation quality strongly depends on the structure and cell type to be fixed as well as the
antibodies used. Therefore, the conditions have to optimized for the analysed structure and
the experiment. Usually, for an antibody staining of inner cellular structures, permeabilization
of the cell membrane is required. Typically, detergents are used to remove cellular lipids to
allow antibodies to enter the cell and different detergents might have different effects on
intracellular membranes (Bhairi & Mohan, 1997; Seeman et al., 1973). Whereas Triton X-100
was shown to disrupt the crista structure, saponin was mild enough to enable antibodies to
enter the mitochondrial matrix and IMM space, as shown in chapter 4.2.2, while still
preserving the crista structure. Saponin appeared to permeabilize most mitochondria but
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some parts of the mitochondrial network seemed not to be penetrated by the antibody upon
this treatment (Supplementary Figure 3). The formation of pores due to saponin is cholesterol
dependent (de Groot & Miller-Goymann, 2016). Therefore, different membrane
compositions of single mitochondria could prevent the antibody staining.

So far, the visualization of specific proteins and the crista architecture was only possible by
correlative light and electron microscopy (CLEM), but CLEM experiments often need long and
complicated preparations. The sample preparation developed here is much easier. During this
work, M'Saad et al. presented another way of visualizing cristae in light microscopy by using
a NHS ester to label all primary amines of the proteins and subsequently expanding the
structure using a polymer framework (expansion microscopy). Because of the high protein
density in the cristae and IMM space, a detailed mitochondrial ultrastructure is visible (M’Saad
& Bewersdorf, 2020). This approach does not only highlight the mitochondrial structure, but
also shows the whole proteome of the cell giving an overview of many subcellular structures.
This can be suboptimal for automated analysis, as selective recognition of individual structures
is difficult and can only be achieved by pattern recognition or similar methods, if at all. In
addition, the protocol presented in this work requires fewer steps. This fixation protocol
provides a rapid way to obtain and label intact cristae. This can help to study protein
distributions as a function of crista structure. In this work, the protocol was used to ensure
the best possible fixation of mitochondria, i.e., artifact-free and structure-preserving. The
effort of developing this protocol was taken because live cell imaging itself but also fixation
carries the risk of artifacts. This would be particularly problematic for further use in
immunofluorescence in correlative microscopy.

5.1.3 Retrieving the Region Of Interest for correlative microscopy

Up to now, most studies using correlative light microscopy have used a combination of live
cell widefield microscopy and the super resolution microscopy technique STORM. This allowed
the use of one microscopy setup without the need to transfer the samples to another setup
to create correlative data (Balint et al., 2013; Tam et al., 2014). However, if in correlative
experiments the microscope setup has to be changed or the sample needs to be relocated for
additional preparation steps, for example a subsequent immunofluorescence staining as done
during this work, the retrieving of a previously defined region of interest (ROI) is of highest
importance. The most common approach to retrieve the ROl is adapted from correlative light
and electron microscopy (CLEM). For electron microscopy, cells can be grown on an electron
dense gold grid where single cells can be located based on a coordinate system embedded
into the grid. This was adapted for light microscopy where a grid with a coordinate system is
laser cut into a glass coverslip (Xiang et al., 2018). Unfortunately, those grid coverslips are
expensive, are fragile during handling and show altered refraction of light at the grid edges,
which leads to distortions in the acquired images and can affect the autofocus. Furthermore,
the squares and numbers on the coverslip are only visible while using transmitted light and
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are obscured by cells growing on edges or by mounting media with a refractive index close to
that of glass.

To ensure a simple orientation and high contrast a method to retrieve the ROl using only one
reference point was developed during this work, which can be located with the naked eye. For
this purpose, a small pointed area of aluminum is sputter coated on the coverslip. The pointed
end of the mirror is used as the reference point. Individual markers are introduced by
scratching the surface of the aluminum mirror with a tweezer. The distance between the
reference point and the predefined ROIs is fixed, only the rotation in relation to the
microscope stage is changed due to the sample movement and handling between the two
recordings. The missing angle of rotation can be calculated by using automated image
registration and feature detection of two images of the reference point that were recorded
on both microscope systems. With this, the predefined ROIs can be easily be located on a
different microscopy setup. After setting setup specific parameters for the individual
microscopes once, the computational approach is easy and fast to use. If the experimental
design allows for multiple positioning, the advantages of this approach are fully realized. Also,
the calculation has to be done only once, compared to the use of gridded coverslips, where
each ROI has to be found using the edges that are difficult to detect. Furthermore, this
approach is compatible with a laser based autofocus and super-resolution microscopy and can
be applied on basically any microscope, which is able to record the mirror and to pass through
the XY coordinates of the stage. For the computing, the only requirement is the freely available
programing language Python. To be independent of the microscope computer equipment, the
script was running on the online programming platform Jupyter (www.jupyter.org). Therefore,
there is no need to install Python and the required packages on every computer.

In conclusion, the on-stage fixation was optimized towards easy handling and highest
compatibility with most workflows for cell culture and immunofluorescence staining. The
fixation protocol was optimized to preserve mitochondrial ultrastructure as much as possible.
The retrieving of the ROl was streamlined towards a fast and reliable method, which is super-
resolution and autofocus friendly. These new and simple methods facilitated the handling and
adaptation of the workflow thereby increasing the throughput. The development of the
correlative live and fixed cell microscopy approach was a prerequisite for the study of the
distribution of mitochondrial nucleoids and their possible influence on neuronal activity,
which is discussed below.
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5.2 mtDNA distribution in neuronal mitochondria

Examination of mitochondrial DNA distribution in neurons showed that most axonal
mitochondria are deficient in mtDNA (Figure 16) and that axonal mitochondria harboring
nucleoids preferentially accumulate in presynapses (Figure 19). In the following, the results of
nucleoid labeling, discrimination of different cells and analysis are discussed.

5.2.1 Nucleoid visualization in neurons

The results presented in section 4.1.4 show that 90% of dendritic but only 41% of axonal
mitochondria contain a nucleoid. It is possible that earlier studies overlooked this fact because
of difficulties in detecting the mtDNA with DNA antibodies in primary neurons as explained in
chapter 4.1.1 (Kroubouzos et al., 1992). Also studies about mitochondrial replication in axons
using BrdU do not show an mtDNA counterstaining (Amiri & Hollenbeck, 2008), which might
lead to an underestimation of mtDNA numbers present in neurons. Unfortunately, most
chemical DNA dyes like picogreen show high background and cannot be fixed without
additional RNAse treatment (Ashley et al., 2005). The live cell dye PC3 used in this work is a
non-commercial dye gifted by Kakishi Uno (Uno et al., 2021) but it cannot be fixed as well. The
overexpression of fusion-constructs of marker proteins with nucleoid proteins such as TFAM
may alter the number of nucleoids (lkeda et al., 2015). This makes this method unsuitable as
a nucleoid marker for this study. In addition, the intertwined structures of neurons make it
difficult to distinguish between cells overexpressing a particular protein and cells that do not.
For this reason multiple antibodies with a specificity for proteins associated with the
mitochondrial DNA were tested for this work. Under all tested antibodies only the antibody
against the mitochondrial transcription factor A (TFAM) from abcam (ab131607) showed
sufficient specificity and signal to noise ratio. However, a recent study showed that the
amount of TFAM decorating the nucleoids varies with the degree of transcriptional and
replicative activity of the mtDNA (Bruser et al., 2021). These different TFAM concentrations
could lead to a weaker immunostaining signal of some nucleoids and thus an underestimation
of the mtDNA present in the mitochondria. Therefore, is was necessary to compare the TFAM
staining to a second dsDNA staining to estimate the error of undetected nucleoids due to their
high activity and thus lower TFAM decoration.

The analysis of the TFAM-dsDNA co-staining showed that about 10 % of the nucleoids do not
have a TFAM signal and therefore can be expected to be active. To test this, active replication
was visualized with a two-hour treatment of BrdU and active transcription was visualized with
overexpression of TEFM-HA (Figure 13). After the analysis of the fluorescence images the data
show that there is only a very low colocalization between the BrdU signal (2 %, indicating
replication) and the signal of the TEFM-HA with TFAM (11 %, indicating transcription)
respectively. This experiment shows that the majority of nucleoids are also inactive in primary
rat hippocampal neurons, as previously shown in epithelial HDFA cells by Briser et al. (2021).
As described in the introduction (1.3) the mtDNA is especially susceptible to mutations during

the replication process and an increased nucleoid activity could lead to accumulation of
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mutations in the mitochondrial DNA of non-dividing neuronal cells. These findings suggests
that a subpopulation of inactive nucleoids that are protected from mutational stress also
exists in neuronal mitochondria.

Even though the changes in the staining protocol made it possible to analyze the colocalisation
level of dsDNA and TFAM, the quality of the dsDNA antibody staining was of low quality and
still showed unspecific background signal. The necessary high pH values for this new staining
protocol proved to be incompatible with other antibodies, making co-stainings difficult. For
this reason, the continued use of TFAM as a marker during this work was a compromise
between a high signal-to-noise ratio for nucleoid detection and the ability to perform co-
staining with the other required protein markers on the one hand. While accepting a slight
underrepresentation of the total nucleoid number on the other as this does not change the
main conclusions of this work.

5.2.2 Analysis of axonal mitochondria

Both, in the whole brain and in culture, neurons grow very densely and form many
connections between dendrites and axons, which is why there is much spatial overlap of
cellular features. This makes it difficult to manually assign mitochondria to a single cell and
even impossible for automated analysis. Typically, axon-specific markers, such as
Neurofilament visualization as used and shown in Figure 17, are used to identify individual
axons and distinguish between different neurons. Additionally, the scaffolding protein of the
active zone, Bassoon, is detected as a standard marker for presynaptic sites, which are also
located in the axon. When stained together with a mitochondria-specific signal, these two
markers should appear in close proximity to each other and help assign individual
mitochondria to individual cells. Unfortunately, this is not without problems. In particular,
Neurofilament detection is unreliable because it often marks only fractions of axons in the
recorded image. Rather than relying on markers for the axon as an indication of whether or
not a mitochondrion is located in the investigated cell, the adaptation of the “Brainbow”
concept as described in the results (4.1.3, Figure 15, Figure 16) was the solution (Livet et al.,
2007; Weissman et al.,, 2011). In this method, the mitochondria themselves provide
information about their association to a particular cell. The neurons are co-transfected with
two constructs resulting in the simultaneous expression of two mitochondrial targeted
fluorescent proteins, whose individual ratio to each other varies in each cell. This means that
all mitochondria with the same ratio belong to the same cell, so that overlapping dendritic
and axonal mitochondria can be efficiently assigned to individual cells according to their color
of fluorescence. Adapting the "Brainbow" concept for this work also allowed the development
of a simpler automated image analysis, as the complex steps of structure recognition and
colocalization analysis to assign mitochondria to different origins are no longer required.
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In the context of this work, this strategy proved to be advantageous over the usual approach,
as it allows better separation of mitochondria from different cells in close proximity to each
other.

5.2.3 Subpopulation of mitochondria

The finding that the majority of mitochondria in an axon does not carry mtDNA indicates the
existence of two subpopulations of mitochondria in neurons defined by their nucleoid
content. This is surprising giving the importance of mitochondrial encoded proteins for
mitochondrial function and the expected high demands in the axon and especially in the
presynapse (Pulido & Ryan, 2021; Sheng, 2017). Thus, these two subpopulations of
mitochondria must maintain their functionality in distant parts of the neuron. Below, a
possible explanation for the emergence of the two mitochondrial populations and how slow
protein turnover might maintain these populations is discussed.

5.2.3.1 mtDNA distribution is independent of fission in axons

Mitochondria are organized as a dynamic network that undergoes continuous fission and
fusion events and spreads throughout the cell body (Lackner, 2014). The balance between
fission and fusion regulates the length of individual mitochondria. In general, more fission
leads to a higher number of smaller mitochondria, more fusion results in longer mitochondria
(Lewis et al., 2018). As illustrated in Figure 4 axonal mitochondria were found to be smaller on
average than dendritic ones.

This implies a mechanism that either selects small mitochondria or controls the fission of
larger mitochondrial tubules into shorter sections prior to their transport into the axon. With
a high number of small mitochondria in the axon a higher fission than fusion rate is expected,
but it is unclear how the mtDNA distribution is regulated during this process. Lewis et al.
postulate that in U20S epithelial cells, ER contact sites mediate mitochondrial fission,
contributing to mtDNA replication and an even separation of daughter mtDNA at the cleavage
site. This ensures that nucleoids are evenly distributed throughout the network (Lewis et al.,
2016). If this mechanism was the same in neuronal cells, one would expect the mtDNA to be
evenly distributed during fission, i.e. each mitochondrion emerging from a cleavage site would
receive one nucleoid. This would result in an increased number of nucleoids per mitochondrial
area in the axon.

In contrast, random fission without additional mtDNA replication would result in a higher
number of individual mitochondria, while the overall number of nucleoids per cell stays the
same. This is confirmed by the data presented in this work, which show no significant
difference in the number of nucleoids per overall mitochondrial area between the long
dendritic and small axonal mitochondria (Figure 16). Specifically, this could means that longer
mitochondria undergo fission at axon entry independent of mtDNA content, and their mtDNA
load is consequently randomly distributed among the newly formed smaller mitochondria.
Analysing the nucleoid distribution depending on mitochondrial size as shown in Figure 20 B
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is further evidence that the distribution of mtDNA in neurons is not regulated by fission and
fusion events. This is because when a long mitochondrion with one or more nucleoids is
randomly divided into multiple mitochondria of different lengths, the longer of the resulting
mitochondria are statistically more likely to have one or more nucleoid, while smaller
mitochondria are less likely. This is also reflected in the data (e.g. an axonal mitochondrion
with one nucleoid is on average >1 um? and a mitochondrion harbouring 9 nucleoids is on
average between 4-6 pum?, Figure 20 B).

Random mitochondrial fission without a regulated distribution of mtDNA at axonal entry
would have several advantages: it saves resources by not upregulating mtDNA replication,
which would be necessary to load each mitochondrion with a nucleoid. This would also
prevent the introduction of aberrations due to increased mutation rates during replication in
the mtDNA.

5.2.3.2  Protein turnover and distribution

The proteins encoded in the mitochondrial genome are essential for mitochondrial function
due to their role in OXPHOS complexes (Larsson et al., 1998; Lee et al., 2008). If these proteins
were not evenly distributed among the mitochondria, this would lead to impairment of
individual mitochondria over time. This is why the finding that the majority of axonal
mitochondria are deficient in mtDNA is surprising. It raises the question how mitochondria
with and without nucleoids distribute the proteins encoded by the mtDNA to ensure sufficient
functionality in a potentially energy-intensive environment. A simple answer would be that
protein distribution is managed by the constant exchange of newly synthesized proteins via
fission and fusion of the mitochondria inside the axon. Cagalinec et al. show that fission and
fusion of neuronal mitochondria is strongly modulated by the mitochondrial mobility and
length (Cagalinec et al., 2013). They report that longer mitochondria are more prone to fission
and mobile mitochondria are more likely to fuse with others. In this sense a sufficient
distribution of mtDNA encoded proteins to nucleoid free mitochondria would require a high
mitochondrial mobility, but especially in older specimen, the mitochondrial mobility is
decreasing (Milde et al., 2015).

The rate of fission and fusion required to supply all mitochondria with the necessary proteins
also depends on the turnover of these proteins. According to SILAC experiments in neuronal
cultures, the half-life of mitochondrial proteins is significantly longer than that of other
proteins, which is surprising given the expected high ROS exposure in these organelles. The
mtDNA-encoded proteins ND1 and ND5 for example showed a half-life of 10.23 and 9.73 days,
while these proteins in a glia enriched culture showed a half-life of 3.75 and 4.81 days
(Dorrbaum et al., 2018).

The mixing of mitochondria with and without nucleoids and ultimately their proteins by fission
and fusion, as well as the longer lifespan of mitochondrial proteins in neurons, may contribute
to the stability of the two mitochondrial subpopulations presented here.
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5.2.4 Influence of mtDNA content on mitochondrial function

To test if mitochondria with or without mtDNA are functionally different, the relative matrix
pH-value as a marker for mitochondrial activity was studied under different conditions using
the genetically encoded ratiometric fluorescent probe SypHer3s. The two main functions of
mitochondria in synapses are ATP synthesis and Ca?* buffering (Lewis et al., 2018; Rangaraju
et al., 2014). Both processes are depending on an electro-chemical gradient between matrix
and IMM space. ATP synthesis is dependent on the electrical membrane potential and the pH
gradient, whereas ion transport is mainly driven by the pH gradient (Poburko et al., 2011).
Therefore, matrix pH differences were chosen as a marker for mitochondrial activity. A
functional impairment of mitochondria without nucleoids could support the idea of selection
at the presynapse by mitophagy. This idea is based on studies showing that damaged
mitochondria are removed by autophagy. However, these studies assume rather extreme
cases in which mitochondria are depolarized with drugs or high ROS stress is induced by
specific FPs (Ashrafi et al., 2014; Ashrafi & Schwarz, 2015; Van Laar et al., 2011). On the other
hand, how basal mitophagy is regulated for maintenance under physiological conditions in
neurons has not been fully elucidated. (Grenier et al., 2013; Martinez-Vicente, 2017).

The baseline under neuronal inactive conditions showed a tendency of a higher pH in
mitochondria with nucleoids compared to those without mtDNA. After the induction of action
potentials by triggering the neuron with a series of electrical pulses, the mean ratio of the
fluorescent probe increases for roughly 1.5 min which might indicate a higher energy demand
due to neuronal processes reconstituting the cell potential and the uptake and loading of the
synaptic vesicle pool as wells as recovery of the Ca?* homeostasis. Apart from that,
mitochondria with and without nucleoids show the same behavior.

In both cases the differences showed to be not significant, but the violin plot in Figure 29 A
indicates a different distribution of pH-values between mitochondria with and without
nucleoids. Because of the fast experimental procedure a pure live cell based experiment was
conducted. For analysis, small immobile mitochondria were chosen without considering the
exact positioning of the mitochondria in the cell. Therefore, the different distribution could
account for a subpopulation located in the presynapse. It was reported that synaptic
mitochondria show a higher matrix pH (Ermakova et al., 2018). This is in line with the increased
accumulation of mitochondria with nucleoids in the presynapse found here. As well as with
the different distribution found in the violin plot for the nucleoid positive mitochondria.
However, the small number of mitochondria located in the presynapse compared to the
axonal ones would not influence the average significantly in an analysis were no
differentiation between the locations is done. For that reason, the mitochondrial matrix pH
should be evaluated taking the subcellular localization of the mitochondria into account using
the correlative light microscopy workflow developed in this thesis. Furthermore, using also
different fluorescent sensors to detect ATP and Ca?* in the mitochondrial matrix could deliver
a more direct link on the functionality of the mitochondria.
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5.3 Impact of neuronal activity on mtDNA distribution

The data presented in this work showed a clear preference for mitochondria with nucleoids in
presynapses emphasizing the importance of a direct supply of mitochondrial encoded proteins
in the presynaptic mitochondria. One hypothesis would be that this selection is driven by the
increased demands on the mitochondrion by the presynaptic environment. However, the
location alone does not clearly show this. To investigate the dependency of distribution due
to synaptic activity in a heterogeneous system under physiological conditions a combination
of live-cell and immunofluorescence microscopy is needed. To that reason, the new
correlative microscopy workflow was designed (4.2). Only the development of a new on-stage
fixation chamber and the adaptation of fixation parameters and the microscope setup allows
the combination of information on neuronal activity obtained by live cell microscopy with
structural information on mitochondria obtained by immunofluorescence microscopy on the
same sample. The method was used to investigate the possible relationship between synaptic
activity and mitochondrial nucleoid distribution.

5.3.1 Neuronal activity influences mitochondrial selection

A question arising from the experiments presented so far is whether neuronal activity affects
the distribution of nucleoids. A common approach to visualize synaptic activity for fixed cell
microscopy is by using antibodies against proteins in the luminal domain of a synaptic vesicle,
like synaptotagmin for example (Afuwape et al., 2017; Sara et al., 2005). For this purpose, the
antibodies are added to the culturing medium and upon exocytosis of the synaptic vesicles
(SV) the luminal side is being exposed at the plasma membrane were the antibody can bind
its specific epitope. Because after exocytosis the proteins diffuse on the plasma membrane,
the resulting fluorescence signal after immunostaining shows a high plasma membrane
background. Furthermore, the binding of the antibody could be sterically affecting the vesicle
recycling. This might limit the sensitivity of the assay. Another method of visualizing synaptic
activity is the use of styryle dyes (Lazarenko et al., 2018). Those dyes are also applied to the
cell culture medium where they bind unspecific to the entire plasma membrane. Upon vesicle
recycling, the dye is taken up with the SV. After a washout of the excess dye only the labeled
intracellular SVs remain fluorescent and can be imaged. However, those dyes can exhibit a
high background. In addition, extensive washing can lead to disruption of the mitochondrial
network in neurons, as they are very sensitive to changes in the medium.

As a consequence, the axonal targeted Ca?* sensor GCaMP6s as a synaptic activity marker
together with the mitochondrial matrix-targeted mScarlet-l as marker for mitochondria was
used in this study. The advantage of the Ca?* sensor is that synaptic activity can be immediately
monitored live during image acquisition and no extensive wash steps are required that stress
the cells additionally. It also provides a high temporal resolution offering additional
information about frequency and intensity of single synaptic events. Furthermore, the fact
that the Ca?* sensor cannot be fixed frees up a detection channel and allows multiplexing.
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The data obtained during the live cell measurement to identify active synaptic sites was
combined with subsequent immunofluorescence staining against the protein TFAM
associated with the mtDNA. Analysis showed that around 70 % of mitochondria present at the
active presynaptic site were TFAM positive (Figure 30). The percentage of 59 % mitochondria
with nucleoids at the presynaptic site (Figure 19) might be contradictory to the
aforementioned 70 % mtDNA-harbouring mitochondria in active synapses. This discrepancy
can be explained by the fact that here, only synapses that were active at the time of live
imaging were investigated. Whereas in the previous experiment, all synaptic mitochondria
were analyzed, including mitochondria in inactive or less active synapses. The proportion of
70 % mitochondria with nucleoids in the active synapse might be biased by nucleoids involved
in replication or transcription, which cannot be visualized by TFAM staining (Figure 13). With
the experimental design used here, it cannot be ruled out that there are local differences in
nucleoid activity. For example, synapses that have an above average activity and therefore a
higher demand for energy could eventually lead to an increased nucleoid activity. This would
result in a higher number of obscured nucleoids in the presynapses that are undetectable by
TFAM staining. However, up to now, there is no evidence that synaptic activity has an
influence on nucleoid activity. This can be examined in future experiments using the
correlative workflow of live cell imaging developed in this work by correlating presynaptic
activity with nucleoid activity as a function of their subcellular location.

The extended protocol for live cell imaging and the fact that only one ROI (about 20-40
synapses) can be analyzed per coverslip due to time constraints of the experiment limits
sample throughput. But the extra time to measure high numbers of samples is well spend:
Imaging of fixed cells can only provide snapshots of dynamic events that must be interpreted
in a temporal context. In contrast, the correlative approach used here provides immediate
and objective information about the history of individual cells and their organelles in a single
experiment. This eliminates the even more time-consuming serial experiments for imaging
individual events and the subjective reconstruction of the processes that occur between the
individual measurements.

The results of this experiment suggest that mitochondria carrying a nucleoid preferentially
accumulate at active presynapses. The presence of a nucleoid-positive mitochondrion might
have an advantage in providing energy for the locally increased ATP requirements. In addition,
the presynapse might benefit from the ability of mitochondria to buffer Ca?* and thus
contribute to Ca?* homeostasis. Thus, mitochondria with mtDNA may be functionally more
stable compared to those without mtDNA and their presence at the presynapse could
contribute to synaptoplasticity by stabilizing active synaptic sites (Lees et al., 2019).
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5.3.2 Synaptic silencing reduces selection pressure

The previous experiment showed that active presynapses are predominantly occupied by
mitochondria with a nucleoid. To test whether there is a connection between the presence of
mtDNA-loaded mitochondria located at the presynaptic site and the activity level of the
synapse, all neuronal activity was blocked using Tetrodotoxin (TTX). This neurotoxin
selectively and reversibly blocks voltage-activated sodium channels, resulting in inhibition of
action potentials, and effectively "silencing" neuronal activity (Moczydlowski, 2013). If
synaptic activity has an influence on the distribution of nucleoids in the axon, the reduction of
action potentials should be visible in a change of number or distribution of TFAM signals.

After growing the cells in medium spiked with TTX for seven days, the cells were chemically
fixed. Presynaptic and postsynaptic sites in the axon were then detected by
immunofluorescently labeling the presynaptic active zone protein Bassoon (Frank et al., 2010),
which is involved in the SV tethering and Shank2, which is a scaffold protein involved in
building the postsynaptic density (Monteiro & Feng, 2017). A colocalization of the
fluorescence signals of both proteins during fluorescence microscopy implies the formation of
a complete and functional synapse. For this reason, the calculated Pearson correlation
coefficient between the two signals can be used as an indicator of overall neuronal
connectivity and thus as a marker of the general state of the neuronal cell culture. The analysis
of the Pearson correlation coefficient between neurons of a control culture and those of a
culture treated with TTX showed no significant difference in their neuronal connectivity
(Figure 31). This suggests that the application of Tetrodotoxin to a DIV7 neuronal cell culture
for seven days does not interfere with normal cell growth and synaptogenesis. The result also
allowed the use of TTX to modulate neuronal activity for the following experiment.

Neurons (DIV7) were transduced with the “brainbow” constructs (Figure 15) and then
cultivated for seven days either in normal cell culture medium or in medium spiked with TTX.
At DIV14 the cells were chemically fixed and immunostained against TFAM to identify
mitochondria carrying a nucleoid. Analysis of control cells grown without the influence of TTX
showed that 59 % of presynaptic mitochondria and only 36 % of non-synaptic axonal
mitochondria harbored a nucleoid. This is further evidence for the heterogeneous distribution
of nucleoids toward a preferred localization in the presynaptic site. In TTX-treated neurons,
the proportion of mtDNA-bearing mitochondria decreased significantly to 44 % in presynaptic
and to 28% in non-synaptic mitochondria. The decreased presence of mitochondria with
nucleoids in the TTX treated cells can be explained with the overall diminished neuronal
activity regardless of the subcellular structure (presynapse or axon stem) of the neurons
during this time period. The changes of TFAM-content caused by the modulation of neuronal
activity affected the mitochondria in the axon as well as in the presynapse. Still, the higher
percentage of TFAM positive (nucleoid harboring) mitochondria in the silenced presynapses
compared to those in the axon might be explained by the local higher energetic demand for
the maintenance of the SV resting pool as well as the maintenance of the membrane potential
even under TTX treatment (Pulido & Ryan, 2021). Yet, the changes in the presynapse are more
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pronounced (15 % change in the presynapse to 8 % change in the axon) indicating that
modulation of neuronal activity has a higher impact on the presynapses than on the rest of
the axon. Most strikingly, after wash out of the TTX with fresh cell culture medium, the
proportion of mitochondria with a nucleoid in the presynapse as well as in the axon increased
approximately to the level of control cells within only 24 h of cultivation (WO, Figure 32). This
can be explained with the sudden increase of neuronal activity and the associated higher
demand for energy as well as Ca?* buffering capabilities. Again, the change in nucleoid
distribution is higher for the presynapse (+ 17 % change) compared to the rest of the axon (+
10 % change). Normally, site-specific selection events of TFAM-positive mitochondria occur
over several days during neuronal development, as shown by the accumulation of TFAM-
positive mitochondria in the axon over time (Figure 17, 4.1.5). By intentionally turning
neuronal activity off and on, as is done by the TTX treatment and wash out, these selection
events might be condensed into a 24-hour window. The rapid increase in the total number of
nucleoid-bearing mitochondria within this time frame points to their active selection towards
local demanding sites. Preliminary data also suggest that mitochondria in the axonal growth
cone, which is also a highly energy-intensive region, are also enriched in TFAM (nucleoids)
(Supplementary Figure 4). This supports the idea that the selective force is determined
exclusively by local demands on the mitochondria and not by the site itself. This is also the
reason why partial selection also occurs in the non-synaptic axonal mitochondria when TTX is
washed out. This leads to the hypothesis that selection pressure is positively correlated with
mitochondrial requirements. That is, low demands mean low selection pressure, whereas high
demands lead to increased selection pressure.

Due to the shortcomings of the TFAM staining the actual numbers of mitochondria with
nucleoids might be even higher, as nucleoids involved in replication or transcription can only
be insufficiently detected. Given the proven connection between nucleoid content and
neuronal activity it would be interesting to focus on active nucleoids under the conditions
described here. There might be a higher replication and translation rate of local nucleoids
short after TTX wash out, as the supply of fresh mitochondria and mtDNA from the soma could
be too slow to ease the demands of the sudden increase of neuronal activity.

Taken together the results from this experiment show that overall nucleoid number and
distribution can be influenced by neuronal activity. Also, there are hints that there is a
selection process of mitochondria with nucleoids at the presynaptic site, and furthermore,
that this selection process is active because it can rapidly answer to changing demands in the
neuron.
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5.3.3 Potential mitochondrial selection mechanisms

The data shown in this work suggest that the process of active mitochondrial selection is
somehow regulated by local demand, which is given, for example, by presynaptic activity.
However, the open question is what is the mechanism behind this active selection of mtDNA-
bearing mitochondria. The increasing overall density of mitochondria with nucleoids in the
axon during synaptogenesis (Figure 17) is arguing against a pure redistribution of
mitochondria but rather directing to a relative increase in nucleoids. This could happen in two
ways: by increased mtDNA replication or by increased degradation of mitochondria without
nucleoids due to the accumulation of functional deficiencies under high workloads. Visualizing
the mtDNA replication or lysosomes after TTX wash out could clarify if the accumulation of
mtDNA positive mitochondria is due to nucleoid replication and/or mitochondrial
degradation.

If mtDNA replication is increased with triggered neuronal activity, it should manifest in a
higher signal of newly synthesized mtDNA detectable by BrdU incorporation. This would
support the idea of additional DNA synthesis as reason for the accumulation. But, an increased
replication rate would also result in a relative increase of mitochondria with more than one
nucleoid and maybe an increase of overall mitochondrial area to accommodate the additional
nucleoids. Together with an also increased fission rate, this would result in an increase in the
number of single mitochondria throughout the axon. These questions should be relatively easy
to answer, as all tools and workflows needed were already established. However, an increase
in mtDNA replication would not fully explain the higher accumulation of mitochondria
containing nucleoids especially in the presynapse.

Selection via degradation on the contrary could be a sufficient explanation, assuming that
mitochondria arrive at the presynapse with the same rate independent of nucleoid content
and that mitochondria without nucleoids have a higher degradation rate under increased
demands as given by the presynapse. An increase in lysosomal markers colocalizing with
TFAM-negative mitochondria during and after the 24-hour wash out compared with control
conditions may indicate selection by degradation. The higher mitophagy would result in a shift
in the mitochondrial population towards mitochondria with nucleoids. This would also
increase the probability of a presynaptic site to colocalize with a TFAM-positive
mitochondrion. So far the results presented in this work describe the selection process of
mitochondria with nucleoids in neurons from DIVO to DIV14, which is considered to be the
neuronal developmental stage or synaptogenesis with a high synaptic plasticity. A 2022 study
reports that autophagosomes in the adult brain are actually enriched with mitochondria
containing nucleoids (Goldsmith et al., 2022). At first glance, this finding contradicts the idea
of mitophagy-mediated selection of mitochondria with nucleoids by degradation of nucleoid-
less mitochondria. In the adult brain synaptic plasticity is reduced and stable connections
between pre-and postsynapses are established (Waites et al., 2005). These active synapses
are depending on a stable supply of energy and robust homeostasis of ions to fulfil their
function. In this case mitophagy of damaged mitochondria could serve housekeeping
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purposes, as the possible accumulation of mutated nucleoids poses a major threat for the
functionality of the synapses and thus to non-dividing neurons as found in the adult brain.
Additionally, there seems to be a greater age-dependent mtDNA deletion in synaptic
mitochondria compared with non-synaptic mitochondria (Stauch et al., 2014). A possible
active selection of mitochondria with nucleoids at the presynaptic site could locally replenish
the mitochondria that are discarded and degraded by mitophagy. In the adult brain, this
process is likely to be more subtle and part of the background noise of organelle and protein
turnover and as such hard to identify.

Two possible mechanisms of action are proposed that could be mediating the selection
process, namely increased mtDNA replication and mitophagy. While increased mtDNA
replication with all its consequences (more nucleoids, more single mitochondria) cannot be
excluded and might be part of the complete process, selection by mitophagy might be the
main reason for the accumulation of mitochondria with nucleoids at the presynaptic site.
Preferential degradation of mtDNA-less mitochondria could lead to local accumulation of
mitochondria bearing a nucleoid, increasing the likelihood of colocalization with a presynapse.
These possible mechanisms need to be further investigated in future experiments to elucidate
the role of mitophagy and mtDNA replication in the relationship between synaptic activity and
mitochondrial mtDNA content.

In summary, the data show that mitochondria in the axon can be subdivided into two
populations: those with and those without nucleoids. These subpopulations initially appear to
be randomly distributed and then locally selected according to need. In this process,
mitochondria with nucleoids are preferred in locations with high demands. In the case of the
presynapse, the requirement is not limited to the provision of energy, but is also characterized
by calcium buffering. These requirements appear to exert selection pressure on mitochondria
resulting in the seen accumulation of mitochondria containing nucleoids in the presynapse.
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6 Conclusion and Outlook

In conclusion, the data presented in this thesis show that the mitochondria present in the
neuronal axon can be divided into two subpopulations: One with nucleoids and one without.
The mitochondria with nucleoids are predominantly found in the vicinity of the presynapse
while those without show a more random distribution throughout the axon. The correlative
imaging of live cell dynamics and fixed cell protein distributions was able to reveal a link
between presynaptic activity and the presence of nucleoids in the local mitochondria. The
discovery that there is a local activity driven selection pressure preferring mitochondria
containing nucleoids was further supported by biochemical modulation of neuronal activity.
The inhibition of neuronal activity by TTX significantly decreased the amount of mitochondria
with nucleoids in the presynapse. Ultimately, this resulted in the hypothesis that mitochondria
lacking nucleoids might be degraded more rapidly under increased stress by presynaptic
activity. This would lead to the observed accumulation of mitochondria with nucleoids in the
presynapse. To test whether this assumption is correct, future experiments should focus on
mitochondrial degradation (mitophagy) as a possible selection mechanism. One way this could
be done includes the analysis of the localization and distribution of lysosomal markers in
combination with synaptic and mitochondrial markers. The elevated synaptic activity after TTX
washout increases the selection pressure on the mitochondria. If the postulated hypothesis is
correct, this should lead to a higher number of mitophagy events that preferentially degrade
nucleoid-free mitochondria.

In the present study, the analysis of the matrix pH was not able to discern significant
differences in mitochondrial function between mitochondria with or without nucleoids. For
this reason, future experiments should focus on mapping mitochondria at the presynapse with
labels for pH as well as ATP and calcium concentration and membrane potential. This should
give a better overview of possible dysfunction of mitochondria without nucleoids and could
help to understand why mitochondria containing nucleoids are preferred at the active
presynapse.

The development and design of the novel live cell chamber presented here was a crucial part
of this work. Only with this correlative approach it was possible to combine the functional
history of synaptic activity with mitochondrial protein distributions and locations in fixed cells.
Hence, the method has been optimized to provide an easily adaptable platform that enables
an increase in the throughput of correlative light microscopy experiments. The technical
developments presented in this work are not limited to the observation of mitochondria in
neurons, but can be used for a variety of questions and combinations of different microscopes.
They allow a better study of heterogeneous populations under physiological conditions than
would be possible using fixed or live cells alone. In addition, a graphical user interface could
be added to the code to make image registration and ROI retrieval accessible to a wider user
group. In the future, developments could also include full automation of the microscopy
process, with fixation automatically triggered by predefined events detected by deep learning
algorithms.
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Supplements

8 Supplements

8.1 Figures

8.1.1 DNA staining in primary neurons

Supplementary Figure 1: DIV14 neurons seeded on a poly-L-Lysine coated coverslip and stained with
antibodies against double stranded DNA. The staining shows cross-reaction to poly-L-Lysine resulting
in bright background with dark spots on areas were cells grow. Scale bar 20 um
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8.1.2 SiR bleaching due to fixation
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Supplementary Figure 2: bleaching curve upon chemical fixation. Cox8a-Snap Hela cells were stained
with Snap-SiR and imaged live at 3-second intervals. Fixation was initiated after 80 seconds. The graph
shows fluorescence intensity over time. After fixation by adding 4% PFA to the medium, the intensity
decreases to less than 20% of the initial fluorescence.
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8.1.3 Permeabilization using Saponin

Supplementary Figure 3: Permeabilization with saponin is dependent on the lipid
composition.Confocal images of Hela cells stably expressing Cox8a-Snap. Live cells were stained with
Snap-SiR, fixed as previously described, permeabilized with saponin, and stained against MIC60. The
yellow arrow indicates an area showing Cox8a-Snap fluorescence but no MIC60 signal presumably due
to insufficient permeabilization of all mitochondrial membranes. Scale bar: 1 um.
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8.1.4 Nucleoid in growth cone

Supplementary Figure 4: TFAM distribution in growth cone. Mitochondria are labeled with an anti
Cyt-C antibody (green) and nucleoids with an antibody against TFAM (magenta). Scale bar: 5 um.
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8.1.5 Field stimulation
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Supplementary Figure 5: Circuit diagram of a custom build device for electrical field stimulation of
neuronal cell culture. Current can be applied to the device and pulses are triggered by an external
trigger source. Output is biphasic to avoid corrosion on the electrodes.
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8.2 Python code

8.2.1 Retrieval of the ROI

HUHE B R R
HfHHHH T image registration###HH T TR
HHHHHHHHHH R R R
import numpy as np

import matplotlib.pyplot as plt

import tkinter as tk

from tkinter import filedialog

import scipy.ndimage as ndi

import cv2

from math import sqrt, atan2, cos, sin ,asin

from ipyfilechooser import FileChooser

HEHHH T read ref image##HHHHIHBH T

# Create and display a FileChooser widget
fcl = FileChooser('/home/jovyan/Mirror Correlation')
display(fcl)

HEHHHHH T R read mov imaget BRI HHHEH

# Create and display a FileChooser widget
fc2 = FileChooser('/home/jovyan/Mirror Correlation')

display(fc2)

R get file path#HHHH I
# Print the selected path, filename, or both

print(fcl.selected_path)

print(fcl.selected_filename)

print(fcl.selected)
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file_pathl=fcl.selected

ref_im = (cv2.imread((file_path1),0))

folder_path=(fcl.selected_path)

HEHHHHHEHH A get file path#HHHHEHHEHHHHHHBHIAHHHHHHHHBHIRH

# Print the selected path, filename, or both

print(fc2.selected path)

print(fc2.selected_filename)

print(fc2.selected)

file_path2 =fc2.selected

mov_im = np.flipud((cv2.imread(file_path2,0)))

mov_im = np.rot90(mov_im,1,(0,1))

HEHHHHHH T center moving image#HHAHHHHHFHHHHHHFHHHFHIHHHHAH

A_center=np.float32([[0.940306, 0, -510],

[0, 0.940306, -344]])

mov_im_center=cv2.warpAffine(mov_im, A_center, ref_im.shape, flags=cv2.WARP_INVERSE_MAP)

HHHHHHHH TR CV2 SIFTHHHHHHHHHHHHHHHHH A

# Initiate SIFT detector

sift = cv2.SIFT_create()

# find the keypoints and descriptors with SIFT

kpS1, desS1 = sift.detectAndCompute(ref_im,None)

-106 -



Supplements

kpS2, desS2 = sift.detectAndCompute(mov_im_center,None)

# draw only keypoints location,not size and orientation
img3 = cv2.drawKeypoints(ref_im,kpS1,outimage = None, color=(255,0,0))

img4 = cv2.drawKeypoints(mov_im_center,kpS2,outimage = None, color=(255,0,0))

HEHHHHHEHH M atching FLANNSHH A
MIN_MATCH_COUNT =10

FLANN_INDEX_KDTREE =0

index_params = dict(algorithm = FLANN_INDEX_KDTREE, trees = 5)

search_params = dict(checks = 50)

flann = cv2.FlannBasedMatcher(index_params, search_params)

matchesF = flann.knnMatch(desS1,desS2,k=2)

#-- Filter matches using the Lowe's ratio test
ratio_thresh =0.75
good_matches =]
for m,n in matchesF:
if m.distance < ratio_thresh * n.distance:

good_matches.append(m)

# Draw first 10 matches.

img6 = cv2.drawMatches(ref_im,kpS1,mov_im_center,kpS2,good_matches,None)

cv2.imwrite(folder_path+'/draw matches.png',img6)

plt.imshow(img6),plt.show()

-107 -



Supplements

#-- Localize the object
obj = np.empty((len(good_matches),2), dtype=np.float32)
scene = np.empty((len(good_matches),2), dtype=np.float32)
foriin range(len(good_matches)):

#-- Get the keypoints from the good matches

obj[i,0] = kpS1[good_matches[i].queryldx].pt[0]

obj[i,1] = kpS1[good_matches[i].queryldx].pt[1]

scene[i,0] = kpS2[good_matchesli].trainldx].pt[0]

scene[i,1] = kpS2[good_matches]i].trainldx].pt[1]

A _T_S, inliers= cv2.estimateAffinePartial2D(obj,scene)

Hit R  decompose MatrixitH#HIEHHHHHEH

thetaO=np.degrees(np.arctan(-A_T_S[0,1]/A_T_S[0,0]))
thetal=np.degrees(np.arctan(A_T_S[1,0]/A_T_S[1,1]))
print(np.degrees(asin(-A_T_S[1,0])))

tx=(A_T_S[0,2])

ty=(A_T_S[1,2])

Sx = np.sgrt(np.power(A_T_S[0, 0], 2)+np.power(A_T S[0,1], 2))

Sy = np.sqgrt(np.power(A_T_S[1, 0], 2)+np.power(A_T_S[1,1], 2))

print("\n','Winkel Theta0:',theta0,'\n' ,'Winkel Thetal:',thetal, "\n',
'Scaling X:',Sx,'%','\n' ,'Scaling Y:',Sy,'%',"\n','Translation X:',tx,

'px',"\n','Translation Y:',ty,"'px')

im7=cv2.warpAffine(mov_im_center, A_T S, ref_im.shape, flags=cv2.WARP_INVERSE_MAP)

HEHHHHA R R R
HHRHHHH A HTIND position##HAHHHHHHHAHHHHHHHHHHHHH

HHHEHHHHHHHH R R R R
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HEHHHHHH T H W PositionsHHHHHHHHHHHTHHHHFHTHHHHHHFHHTHHH T

[X, Y] of the reference image and of the fluorescent image'"

ref_pos=np.array([ 3006.10009765625,197.39999389648438])

im_1_pos=np.array([2030.300048828125,1560.0999755859375])

HEHHHHHH T HHHHHESTED PositionsH#H###HHHHTHHHFHHHHHHHHHHHH T T

[X, Y] of the moving image""

mov_pos=np.array([-2390.6,-2324.9])

im_1 pos_Sted=np.array([2017.1,-5833.6])

HEHHHHAHH R Distan ce B HEHH A

disX=((ref_pos[0])-(im_1_pos[0]))

disY=((ref_pos[1])-(im_1_pos[1]))

dis= sqrt((disX**2)+(disY**2))

alpha=atan2(disY,disX)

print('Diastance Ref Im1',dis,'\n','angle between Ref Im1',np.degrees(alpha),’\n','\n')
cor_factor= np.radians(theta0+5+180)
FindX=mov_pos[0] +(dis*-cos((alpha+cor_factor)*-1))

FindY=mov_pos[1] +(dis*-sin((alpha+cor_factor)*-1))
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