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A B S T R A C T

The transmission of neuronal signals comes with a high energy cost. Restor-
ing the membrane potential and recycling of synaptic vesicles results in
substantial consumption of ATP. To manage these temporal peaks in energy
demand, neurons likely adapt their metabolism. Depending on neuron type
and firing frequencies, the energy consumption varies; therefore, different
adaptations are possible.

In my doctoral research, I tracked the levels of NADH and FAD by imaging
their autofluorescence, as well as the levels of extracellular oxygen with an
electrochemical electrode. NADH and FAD are two important cofactors
involved in core metabolic pathways such as cellular respiration. Tracking
the levels of these cofactors together with the oxygen consumption helps
to gain valuable insights which metabolic pathways are used for ATP
generation. I used such measurements to explore the impact of different
firing frequencies, different firing patterns and glucose concentrations on the
used metabolic pathways and possible adaptations. The principal neurons
of the medial nucleus of the trapezoid body (MNTB) were stimulated
electrically at the fibre tract with a broad frequency range. The MNTB in
the auditory brainstem is a suitable nucleus for this study since it contains
neurons that are able to fire in a broad frequency range, up to 1000 Hz. I
also attempted to establish an ATP FRET sensor in the Mongolian gerbil
using a systemic virus application for the first time. This allows to obtain
more direct information about the brain’s energy pathways and extends
the autofluorescence study with these informations. Finally, I developed a
model that allows a better interpretation of the experimental data and to
find worthy research directions.

The electrical stimulation with different frequencies resulted in a strong
increase in NADH and FAD peak amplitude, when elevating the frequency
from 10 to 100 Hz. At higher frequencies and a fixed number of stimuli,
the amplitude of autofluorescence as well as of O2 decreased again. This
suggests that MNTB neurons undergo a metabolic switch from oxidative
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phosphorylation during low firing frequencies to glycolysis at high firing
frequencies. An increase of extracellular glucose concentration from 2 mM
to 10 mM showed a decrease in FAD amplitudes and NADH overshoot
pointing to a switch from oxidative phosphorylation towards more glycoly-
sis. Even though I could not fully establish an ATP FRET sensor for further
analysis, I achieved an expression of the sensor with a systemic application
of AAV-PHP.eB in the Mongolian gerbil. With this, it is possible to use
a different model organism than mice or rats. The mathematical model
provides a promising framework for further investigation into the energy
demands of MNTB neurons.
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1
I N T R O D U C T I O N

1.1 metabolism of neurons

Neurons have an extremely high energy consumption. Disturbances in
metabolism, and consequently in energy supply, may lead to the occur-
rence of neurodegenerative diseases. Neurons require energy in the form
of adenosine triphosphate (ATP) not only for ’housekeeping’ processes but
also to maintain their membrane potential. Additionally, neurons expend
considerable energy for the transmission of signals, which is the main pur-
pose of neurons. Every action potential (AP) disturbs the resting potential
of the cell by the influx of Na+ and the outflux of K+ ions. The necessary
ionic gradient needs to be rescued in a short period of time by the Na+-K+

pump under ATP consumption. Also in the synapse, ATP is crucial to pack
vesicles with neurotransmitters for the transmission to the next neuron.
This is one reason why it is estimated that neurons consume 70-80% of the
total brain energy (Camandola and Mattson, 2017, Forderhase et al., 2020).
Around 55% of the neuronal energy is consumed by the axonal terminals
where not only the membrane pumps (Na+-K+-ATPase, Ca2+-ATPase) need
to be sustained but also the synaptic vesicle recycling (Li and Sheng, 2022).
It is estimated that the recycling of one glutamate vesicle needs more than
20 000 ATP molecules (Li and Sheng, 2022).

A disturbance in brain metabolism can lead to neurodegenerative diseases
such as Alzheimer, Parkinson or Huntington’s disease (Kuhl et al., 1984,
Hoyer, 1991, Camandola and Mattson, 2017, Mayorga-Weber et al., 2022).
For example, patients with Alzheimer’s disease have fewer glucose trans-
porters that are important for glucose uptake and also a loss of activity for
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several important enzymes of the glycolysis was shown (Camandola and
Mattson, 2017). For this reason, it is important to understand the metabolism
of neurons and investigate their energetic adaptations. Additionally, a better
understanding of the metabolism of neurons will help to improve interpreta-
tions of brain imaging data such as functional magnetic resonance imaging
(fMRI), that try to map changes in blood flow to neuronal activity.

1.1.1 The Fuel of Neurons

Neurons can metabolise different substrates. It is highly debated which
substrate is the most important for neurons (glucose or lactate) (Castro et al.,
2009, Dienel, 2019, Jha and Morrison, 2018). In the following section, the
three most important fuels for neuron energy metabolism are introduced.

Glucose

Glucose is the main fuel for the brain (Mergenthaler et al., 2013, Dienel, 2019).
With glucose transporter 1 (GLUT1) it crosses the blood-brain barrier to the
extracellular fluid from where neurons can take up glucose with GLUT3,
which is a more efficient GLUT (Mergenthaler et al., 2013, Jha and Morrison,
2018). In the cytosol, glycolysis can produce pyruvate from glucose under
NAD+ reduction to generate ATP (Fig. 1.1). The mitochondria take up the
produced pyruvate, which is the needed fuel for the tricarboxylic acid (TCA)
cycle. In the TCA cycle, NADH and FADH2 are produced, the two important
dinucleotides for oxidative phosphorylation (OxPhos). In the mitochondrial
matrix, OxPhos generates an H+ gradient by consuming NADH and FADH2

along with oxygen. This gradient drives ATP production by feeding into
the ATP synthase. The OxPhos is a multifold more efficient pathway for the
synthesis of ATP compared to glycolysis but an oxygen supply is necessary
(Berg et al., 2018).

Lactate

Besides glucose as fuel, neurons are able to metabolise lactate for ATP
generation (Jha and Morrison, 2018). Monocarboxylic acid transporters
(MCTs) can take up lactate from the extracellular space. Afterwards, it
can be transformed into pyruvate under NAD+ reduction by the lactate
dehydrogenase (LDH), fueling the TCA cycle. The sources of lactate are
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often astrocytes and oligodendrocytes that take up and metabolise a lot of
glucose (Jha and Morrison, 2018). Astrocytes and oligodendrocytes use the
glucose in two ways 1) producing glycogen for storage and 2) producing
lactate from pyruvate (Dienel, 2019, Magistretti and Allaman, 2015, Jha and
Morrison, 2020). The astrocytes release the lactate through MCTs into the
extracellular space, where it can be taken up by the neurons. According
to the lactate shuttle hypothesis, this additional lactate is important for
neurons to sustain their great energy consumption (Pellerin and Magistretti,
1994, Castro et al., 2009, Magistretti and Allaman, 2015, Jha and Morrison,
2018, 2020, Zuend et al., 2020) (more details in section 1.3.1). In the dorsal
striatum, it was shown that under stimulation both lactate and glucose
levels were increasing in the extracellular space followed by a strong dip
in glucose levels and later a smaller dip in lactate levels (Forderhase et al.,
2020). Experiments of Baeza-Lehnert et al. (2019) showed that the glucose
consumption of resting neurons increased to the double if no lactate is
present. This leads to the assumption that 50% of the fuel of a resting neuron
comes from lactate. Although lactate seems to be a good substrate, Hollnagel
et al. (2020) demonstrated that lactate on its own is not sufficient to fuel
gamma oscillations of pyramidal cells and GABAergic interneurons. It leads
to reduced neurotransmitter release and attenuates synaptic transmission.

Ketone Bodies

As additional substrate during very limited glucose availability, ketone
bodies such as 3-β-hydroxybutyrate (3HB) and acetoacetate (AcAc) were
shown to be metabolised (Camandola and Mattson, 2017). This happens
during brain development, starvation or fasting periods. In the brain, only
astrocytes are able to generate ketone bodies from fatty acids, but they have
only low transport rates. For this reason, neurons rely on ketone bodies that
are produced by the liver and distributed through the blood. Ketone bodies
can be taken up via MCTs by all brain cells. In the mitochondria, it can be
converted into acetyl-CoA that feeds the TCA cycle (Mayorga-Weber et al.,
2022, Camandola and Mattson, 2017). Ketogenic diets can have a beneficial
effect on patients with memory impairment such as found in Alzheimer’s
disease (Descalzi et al., 2019). Also for epilepsy patients, a 50% reduction of
seizures was shown (Vining, 1999, Pan et al., 2019).
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1.2 regulation of glycolysis and oxida-
tive phosphorylation

How does the cell know that ATP is needed? In most eukaryotic cells the
need for ATP is regulated by the cytosolic ratio of ATP and ADP. A decrease
in its ratio leads to an increase in the flux of the respiratory chain and the
TCA cycle in the mitochondria and with it the oxygen consumption rises
(Hayakawa et al., 2005). In neurons, oxygen consumption was shown to start
without a detectable delay (Hayakawa et al., 2005). Moreover, Baeza-Lehnert
et al. (2019) could not measure a change in cytosolic ATP/ADP ratio when
stimulating the cells. This indicates the existence of a faster mechanism than
the regulation by ATP/ADP ratio.

1.2.1 Regulation by Ca2+

A faster regulation than the ATP/ADP ratio works through the Ca2+ con-
centration in the cell. In many cell types, an increase of free cytosolic Ca2+

results in a decrease of the mitochondrial membrane potential caused by
permeation through Ca2+ uniporter. This depolarisation of the mitochon-
drial membrane facilitates the oxidation of NADH to produce ATP and
activates different dehydrogenases in the TCA cycle (Hayakawa et al., 2005,
Berndt et al., 2015, Díaz-García et al., 2021). Stimulation of neurons by
increasing the extracellular K+ concentration or by electrical stimulation
leads to an increase in intracellular Ca2+ concentration and the depolarisa-
tion of the mitochondrial membrane and within 0.2 seconds (s) the oxygen
consumption increases (Duchen, 1992, Hayakawa et al., 2005). An increase
in cytosolic Ca2+ levels can also be associated with an increase in glycolysis.
Bak et al. (2009) showed an increased glucose consumption by superfusion
of N-methyl-D-aspartate (NMDA), which results in an increase of cytosolic
Ca2+ and an increased glucose uptake. On the other hand, Díaz-García
et al. (2021) and Meyer et al. (2022) could not find a relation between the
Ca2+/calmodulin signalling pathway and the rise of cytosolic NADH after
acute stimulation. However, a stimulation also increases cytosolic Na+

levels, the Na+-K+-pump tries to restore the level under ATP consumption
and the cytosolic NADH concentration increases. This let them conclude
that the glycolysis is mainly triggered by the energy demand of the Na+-K+

pump.
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Baeza-Lehnert et al. (2019) postulated that the Na+-K+-pump as an ATP-
sink regulates the mitochondrial ATP production during moderate neuronal
activity because they found a strong correlation between Na+-pumping
and ATP production. How exactly this regulation is working remains
unclear. One suggested possibility is that the pump might modulate the
mitochondria via hexokinase, which is attached to the mitochondria and
interacts with several proteins, like the adenine nucleotide translocator
(ANT).

1.2.2 Crabtree, Pasteur and Warburg effect

In addition to these mechanisms, the metabolic regulation of astrocytes
includes well known effects, namely the Crabtree effect, Pasteur effect, and
Warburg effect (Barros et al., 2021). The Crabtree effect is the inhibition
of OxPhos by an increased glycolysis, which can be a result of increased
glucose availability (Barros et al., 2021), or it can be triggered by extracellular
K+ concentration (Fernández-Moncada et al., 2018). The Pasteur effect in
contrast is the inhibition of the glycolysis by the mitochondrial metabolism,
while the Warburg effect describes the suppression of the Pasteur effect.
In astrocytes, neuronal activity leads to a fast Crabtee effect triggered by
K+ and a fast Warburg effect (Barros et al., 2021). The suppression of the
OxPhos in astrocytes leads to an increased glycolysis, that produces a lot
of lactate. According to the lactate shuttle hypothesis (1.3.1 Lactate shuttle
hypothesis) the surplus lactate is shuttled over to neurons.

1.3 metabolic adaptations

As previously mentioned, one of the main reasons for the high energy
demand of neurons is due to the ion pumps and the synaptic vesicle
recycling during the transmission of signals. During such a transmission the
energy demand rapidly rises for a short period. To ensure a continuous and
adequate energy supply, it is likely that neurons have developed metabolic
adaptions. These adaptions can differ between brain regions and neuron
types since the energy demand varies (Sokoloff, 1981).
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1.3.1 Lactate shuttle hypothesis

The most popular hypothesis is the lactate shuttle. This hypothesis was
first postulated by Pellerin and Magistretti (1994). According to the lactate
shuttle hypothesis, astrocytes do consume a lot of glucose to produce lactate
that is shuttled to the extracellular space to support neurons during firing
(see 1.1.1 The Fuel of Neurons). The additional lactate can be used as
substrate for the TCA cycle to produce electron carriers for the electron
transport chain (ETC). Supporters of the hypothesis suggested that the
glycolysis and the OxPhos are compartmentalised in different cell types
and mainly astrocytes and oligodendrocytes metabolise glucose to produce
lactate, one of the main sources for neurons (Pellerin and Magistretti, 1994,
Jha and Morrison, 2018).

What speaks against this strict understanding of the lactate shuttle is that
neurons do express all proteins that are necessary for the glycolysis and have
even higher mRNA expression levels than astrocytes for most glycolytic
enzymes (Yellen, 2018). Moreover, Bak et al. (2009) demonstrated in cultured
neurons that the glucose metabolism is enhanced during neurotransmis-
sion while lactate metabolism remains stable. Finally, lactate metabolism
could only rarely be linked to physiological neuronal activity, since most
studies supporting the lactate shuttle use immature dissociated cell cultures,
excessive lactate concentrations, anaesthesia or artificial electrical stimuli
(Hollnagel et al., 2020).

Still, many experiments indicate that the lactate shuttle exists. Zuend et al.
(2020) for instance showed that an increase of cortical activity triggered by an
induced arousal increased extracellular lactate levels while the lactate levels
in astrocytes showed a prominent dip. Other studies found an impairment
of learning and long-term memory when the uptake of lactate through
MCTs was inhibited (Descalzi et al., 2019, Jha and Morrison, 2020)

In conclusion, it is likely that neurons consume both glucose and lactate
to sustain their high energy demand. The question of how important the
lactate shuttle is depends on the brain region and the energy demand of the
different neuron types.
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1.3.2 Energy storage

The main energy storage in the brain is glycogen, but it occurs mainly in
astrocytes. Glycogen can be converted into glucose-6-phosphate very fast
without ATP consumption (Dienel, 2019, Bélanger et al., 2011). Although
neurons themselves have no glycogen stores, they possibly have an energy
storage of phosphocreatine. During deprivation of oxygen and glucose,
phosphocreatine can compensate for the lack of ATP, e.g. during a stroke,
phosphocreatine storages can regenerate ATP, but only for a limited time
(Balestrino et al., 2002, Rackayova et al., 2017). Although creatine, which
is a hydrophilic molecule, is barely able to cross the blood-brain-barrier
(BBB), Balestrino et al. (2002) were able to show that high doses increase the
cerebral phosphocreatine in vivo. In vitro creatine was able to delay anoxic
depolarisation (Balestrino et al., 2002). The importance of this pathway is
also demonstrated by the fact that schizophrenia and depression can be
associated with disturbed levels of phosphocreatine and creatine (Rackayova
et al., 2017).

1.3.3 Metabolic switch

Depending on the energy demand, neurons can switch between different
pathways for the optimal energy supply (Cerdán et al., 2006, Castro et al.,
2009). Different pathways have different advantages and disadvantages.
The glycolysis produces only 2 ATPs per glucose but it is extremely fast and
does not rely on oxygen. The OxPhos on the other hand is multifold more
efficient but it relies on oxygen supply.

Castro et al. (2009) suggested a switch from glycolysis to lactate transport
modulated by ascorbic acid. During activation of glutamatergic neurons,
glutamate stimulates ascorbic acid release from astrocytes. The ascorbic
acid is taken up by neurons, where it is inhibiting glucose transport and
stimulates lactate uptake (Castro et al., 2009).

A possible metabolic switch is the aspect that I mainly tried to address with
my experiments and analysis. In this thesis, it is shown that a metabolic
switch can also happen under high frequency stimulation.
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1.4 neuroenergetics in the superior oli-
vary complex

The superior olivary complex (SOC) in the auditory brainstem is an inter-
esting system to study the energy metabolism of neurons and has several
advantages. Compared to other brain regions the neurons here are extremely
energy demanding (Sokoloff, 1981). Medial superior olive (MSO) and lateral
superior olive (LSO) neurons for example are extremely leaky and already
have a high ATP consumption for keeping the membrane potential (Trattner
et al., 2013). All SOC nuclei have high firing frequencies which also costs
a lot of energy (Howarth et al., 2012, Brosel et al., 2018). Trattner et al.
(2013) quantified different metabolic markers such as glucose transporter 3

(GLUT3), mitochondria and Na+/K+ ATPase with immunohistochemical
methods. They showed the increase of these markers during development
and the differences between the three SOC nuclei: LSO, MSO and medial
nucleus of the trapezoid body (MNTB). In addition to this quantification,
they calculated the ATP consumption of the neurons for each nucleus. They
concluded that the MSO has the highest energy consumption, while the
MNTB has a smaller ATP consumption but reaches its maximum already
before hearing onset. Brosel et al. (2018) showed the increased energy
demand of LSO neurons by comparing their energy consumption with
neurons from the cerebral cortex and the hippocampus CA1. This high
energy demand of SOC neurons suggests that metabolic adaptations may
have developed in these neurons. Another big advantage is the homogenity
of the neurons in the SOC nuclei (Hoffpauir et al., 2010, Brosel et al., 2018).
In contrast to other brain regions, the nuclei of the SOC have a homogenous
neuronal population that make experiments more comparable and also the
interpretation is easier.

1.4.1 The medial nucleus of the trapezoid body (MNTB)

The Function of the nucleus

There are two cues that the brain uses to determine the direction of sound:
the interaural time and the interaural level difference (ITD and ILD) (Grothe
et al., 2010). ILDs define the amplitude difference of the sound wave
reaching the two ears occurring by the head that creates an acoustic shadow.
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Figure 1.1: Schematic of Superior Olivary Complex (SOC) region (A) The brain with
the cutting angle at the area of the SOC. (B) A brain slice containing the SOC
nuclei (Lateral Superior Olive (LSO), Medial Superior Olive (MSO), Ventral
Nucleus of the Trapezoid Body (VNTB) and Medial Nucleus of the Trapezoid
Body(MNTB)) and the connections of these nuclei with the MNTB. Adapted
from Palandt et al. (2023)

For both cues, the medial nucleus of trapezoid body (MNTB) is important for
the processing of directional hearing. The MNTB is part of the SOC. It gets
input directly from the globular bushy cells (GBCs) of the cochlear nucleus
(CN) that is connected to the auditory nerve (Grothe et al., 2010). The GBCs
axons have a high conduction velocity due to their strong mylination and
their well defined internodal length (Ford et al., 2015). This leads to a fast
transmission from the cochlear nucleus to the contra-lateral MNTB. The
GBCs end in huge synapses - the calyces of Held - that completely surround
the principal neurons of the MNTB. These gigantic calyces are sufficient to
trigger an AP in the principal neurons on their own and thereby minimise
the jitter in arrival time (Borst and Soria Van Hoeve, 2012). The principal
cells of the MNTB are only slightly slower than the GBCs with a minimum
response latency of 3-5 ms. They give glycinergic input to several SOC
nuclei and inhibit neurons in the LSO, MSO and ventral nucleus of the
trapezoid body (VNTB) (Fig 1.1). In the LSO the level difference is finally
computed, while the MSO extracts differences in the arrival time of the
sound from the two ears (Grothe et al., 2010). For this processing, extreme
precision and accuracy is crucial.

Special biophysics

To achieve the needed precision, the MNTB is extremely special in its
biophysics. Many anatomists are interested in the calyx of Held, the giant
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synapse that surrounds the big MNTB neurons (Borst and Soria Van Hoeve,
2012). This huge synapse has the advantage of a large number of release
sites, a large readily releasable vesicle pool, a low release probability and a
large quantal size to assure extreme precision and accuracy for transmission
with high firing rates up to 1000 Hz (Kopp-Scheinpflug et al., 2003, Borst
and Soria Van Hoeve, 2012). This huge synapse also needs to sustain its
energy consumption for the vesicle replenishment. The energy sources
of the calyx were researched by some groups (see 1.4.1 Energetics of the
calyx).

Also the principal neurons itself are special to enable such a fast transmission.
The AMPA glutamate receptors receiving the signal on the post-synaptic site
show a fast gating (Borst and Soria Van Hoeve, 2012). Furthermore, a specific
form of K+-channels (Kv3-channels) is expressed in these neurons and are
able to minimise AP duration (Wang et al., 1998, Choudhury et al., 2020).
All together this allows the MNTB to have one of the highest firing rates
in the whole brain and metabolic adaptations are likely to be found here.
As comparison, while the MNTB can fire with a frequency up to 1000HZ,
in the cortex of mice the highest possible firing rates are around 500Hz
(Wang et al., 2016), but typical firing rates in the cortex or hippocampus
are around 1 Hz (Vijayan et al., 2010, Hirase et al., 2001). Additional to
these high firing rates the MNTB is a nucleus with a homogenous neuron
population (Hoffpauir et al., 2010). Experiments like the here described
imaging approach average over a neuron population. With a homogenous
population statements about a single neuron type are possible instead of
averaging over several different neuron types.

Energetics of the calyx

As mentioned the calyx itself has a high energy consumption, because it
is such a huge synapse that is able to have one of the highest firing rates
in the brain. In literature, there are only a few studies that researched the
energy pathways of the calyx. Lucas et al. (2018) described that the calyx
consumes glucose and lactate as substrate. A reduction of these substrates
reduces the number of functional release sites but changes little in the release
probability. By investigating which pathways the calyx uses, the group of
Robert Renden found a change during aging and a difference between high
and low frequencies. For lower frequencies (0.1 Hz) mainly the glycolysis
is important to fuel the ion pumps in the synapse (Lujan et al., 2016). In
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young animals (before hearing onset) the energy for higher frequencies (100

Hz) is also sustained by the glycolysis. This is in contrast to older animals
(after hearing onset), their ATP production for higher frequencies (300 Hz)
relies mainly on the OxPhos (Lujan et al., 2021).

There is nothing found in literature about the major energy pathways of the
MNTB neurons itself. With my doctoral research, I investigated the energy
pathways of the principal MNTB neurons. The findings about the calyx of
Held help to better understand the autofluorescence recordings presented
here.

1.4.2 Model Organism: Meriones unguiculatus

The Mongolian gerbil Meriones unguiculatus is a model organism for is-
chemia/stroke, epilepsy, aging, visual and auditory research. The similar
audiogram of Mongolian gerbils compared to humans makes the gerbil a
better auditory model organism than rats or mice that lack the hearing of
low frequencies (Cheng et al., 2019, Ryan, 1976). On the other hand are
Mongolian gerbils as desert animals very specialised on water deprivation
and with this they have metabolic differences compared to non-desert ani-
mals. Also their high body temperature of 39°C makes their metabolism
different since reactions increase their velocity at higher temperatures, this
needs to be kept in mind.

The fact that Mongolian gerbils often evolve epilepsy makes them a good
model to investigate this disease. As mentioned earlier is epilepsy a disease
where the metabolism of the neurons is disturbed. For this reason one has to
be careful to investigate the metabolism of healthy gerbils, a seizure resistant
strain is therefore available (Donnelly and Quimby, 2002). Investigating
the neuronal metabolism of healthy gerbils is very beneficial for epilepsy
research to find differences in metabolism.

1.5 monitoring nadh and fad

For most of experiments shown here, the autofluorescence of nicotinamide
dinucleotide hydride (NADH) and flavine adenine dinucleotide (FAD) was
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measured. NADH is an important intracellular coenzyme that is involved
in various cytosolic and mitochondrial processes. Especially in the energy
metabolism of the cell, NADH acts as electron carrier for several core
reactions. In the cytosol NAD+ is reduced to NADH during the glycolysis
by Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and by producing
lactate the lactate-dehydrogenase (LDH) NADH is oxidated again. In the
mitochondria, the TCA cycle produces NADH, while complex I of the
oxidative phosphorylation (OxPhos) is oxidating NADH. In addition the
cytosolic NADH can be shuttled over to the mitochondria to fuel the electron
transport chain. Moreover, FAD is also an important coenzyme, that acts as
electron carrier in the core energy metabolism. In contrast to NADH there
are only a few reactions, mainly in the mitochondria, that change FAD levels.
In mitochondria it is complex II of the OxPhos, that produces FAD and in
the TCA circle FAD is reduced to FADH2 by the Succinic Dehydrogenase
(SDH) (Fig. 1.2).

Figure 1.2: Energy Pathways Schematic of the different energy pathways that produce
ATP and use NADH and FAD.
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Figure 1.3: Excitation and emission spectra of NADH and FAD The excitation spec-
trum of different metabolites and cell elements (left) and emission spectrum
(right), In color the two spectra of interest green NADH and blue Flavins.
(Adapted from Wagnieres et al. (1998) with permission of John Wiley and Sons
- Books. Permission conveyed through Copyright Clearance Center, Inc.)

In the 50s, Chance et al showed that NADH exhibits autofluorescence in
contrast to the oxidised form NAD+. With this knowledge it was possible
to determine the NADH redox state by measuring the fluorescence intensity
(Schaefer et al., 2019). Now, NADH autofluorescence intensity can be used
as a read out for mitochondrial function. FAD measurements are an even
more direct hint of the oxidative metabolism, since cytosolic processes have
less influence on the measurements (Shuttleworth, 2010). This was shown
by Scholz et al. (1969) where they inhibited the OxPhos with rotenone. This
had an influence on both autofluorescence intensities, but after addition
of pyruvate NADH signals decreased again while FAD signals showed no
significant effect. This effect was explained by the cytosolic autofluorescence
of NADH and the LDH turning pyruvate to lactate by oxidating NADH to
NAD+.

Although changes in NADH and FAD give only an indirect hint of the
adenosine triphosphate (ATP) production in the mitochondria, it has the
advantage that no additional fluorescence dye or biosensor is needed to see
changes in metabolite levels.
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1.5.1 Excitation, Emission and Intensity

The excitation and emission spectra of the two dinucleotides are shown
in Fig. 1.3. These spectra can change for some reasons. For example, the
emission spectrum of NADH shifts 20-30 nm to a shorter wavelength when
it binds to a protein. Depending on the chosen bandpass filter this shift
can have an influence on the measured intensity, but such a difference
is a manageable problem (Schaefer et al., 2019). Also other proteins or
metabolites can change the measured intensity, due to overlapping excitation
and emission spectra. For example, collagen increase the total measured
intensity, but they should have no influence, in most experiments, on the
autofluorescence changes. In contrast, NADPH has the same spectrum as
NADH and, under some conditions for example pathological conditions,
NADPH levels can change and alter the measured autofluorescence changes.
Still, most of the measured changes will originate from NADH, since its
level is 10-fold higher and the intensity gets more enhanced in mitochondria
(Shuttleworth, 2010). Already early studies showed that the autofluorescence
intensity of NADH changes depending on the location in the cell. NADH
fluorescence strongly increases in mitochondria and is quenched in the
cytosol (Chance and Baltscheffsky, 1958, Shuttleworth, 2010). Therefore, it
can be assumed that 90% of the measured autofluorescence origins from the
mitochondrial NADH.

1.6 biosensors

Not all interesting biomolecules in the cell are autofluorescent, for most a
sensor is needed in order to determine their levels. For example, for oxygen
it is possible to use an electrochemical microelectrode to monitor changes.
Forderhase et al. (2020) could even use modified electrochemical electrodes
to detect extracellular glucose and lactate levels. Such a microelectrode
usually can only determine extracellular levels. Another possibility are
biosensors to track specific biomolecules. The first biosensor was built by
Clark and Lyons (1962) in order to track glucose concentrations. Nowadays,
many different types of biosensors are available, often optical biosensors are
used like fluorescent biosensors (Gaviria-Arroyave et al., 2020). These con-
vert the concentration or location of the target molecule into a fluorescence
signal. Proteins, small molecules, nucleic acids or lipids can be used as
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receptor (Chen et al., 2020). One common technique in the field of neuroen-
ergetics is Förster-Resonance-Energy-Transfer (FRET). Various groups use
this genetical encoded biosensor to track different biomolecules of interest.
With a genetical encoded FRET-sensor to track lactate concentrations in-vivo
in neurons and astrocytes, Mächler et al. (2016) found evidence for a lactate
gradient from astrocytes to neurons. Another example is Lerchundi et al.
(2019), who used an ATP FRET-sensor to track ATP levels.

Figure 1.4: Förster Resonance Energy Transfer principle. (A) no ATP binds to the ε

subunit, CFP gets excited but no energy transfer is possible. (B) ATP binds and
the conformation changes. CFP and mVenus are close enough for the energy
transfer. The emission of mVenus increases while the emission of CFP decreases.

1.6.1 FRET-Sensor

Förster-Resonance-Energy-Transfer (FRET) is a technique that can be used
to detect special metabolites like ATP (Fang et al., 2023, Imamura et al.,
2009). Such a biosensor has two fluorophores where the emission of the first
fluorophor (donor) overlaps with the excitation of the second fluorophor
(acceptor). When the two fluorophors are less than 10nm close to each other
and the donor gets excited its energy is transmitted to the acceptor and
the emission of the acceptor will be visible. To use this energy transfer for
metabolite detection the protein has, in addition to the two fluorophores,
a binding domain for the metabolite of interest. Without a metabolite at
the binding domain, the distance between the fluorophors is to big for the
transfer and the emission of the donor will be visible (Fig. 1.4 A). When
the right metabolite binds to the domain the conformation of the protein
changes and donor and acceptor come close enough together for the energy
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transfer (Fig. 1.4 B). By tracking the emission of both fluorophors one can
measure changes in metabolite levels.

1.6.2 Ateam1.03

Imamura et al. (2009) developed a FRET sensor for real-time tracking of
ATP in living cells called ATeam. Their biosensor consists of an ε subunit of
a bacterial ATP synthase wrapped by a variant of cyan fluorescent protein
(CFP) and monomeric Venus (mVenus), a variant of yellow fluorescent
protein (YFP) (Fig. 1.4). The ε subunit has the advantage that it is one of
the smallest ATP-binding domains and it binds ATP without hydrolysing
it. Additionally, this ε subunit has a remarkably high specificity for ATP,
and its conformational change upon ATP binding is significant enough to
ensure a broad dynamic range for the FRET signal (Imamura et al. (2009)).
The donor fluorophor is a monomeric super enhaced CFP (mseCFP) and as
the acceptor are several circulary permuted mVenus, with the 173

rd amino
acid as its N terminus (cp173-mVenus). This construct is called Ateam1.03

and can detect ATP levels in mM range. Imamura et al. (2009) improved
the affinity for ATP even further by changing a few residues, resulting in
Ateam1.3YEMK, the version that is used in all experiments explained here.

1.7 modelling of energy metabolism

To understand the metabolism of the brain an extremely large number of
experiments would be necessary. A computational or mathematical model
can help to figure out which hypotheses are more likely than others and to
save resources and time to carry out the most valuable experiments. Many
different studies are using a theoretical approach aiming for a better inter-
pretation of their experimental data and support of different biochemical or
physiological hypotheses. For example, Aubert and Costalat (2005) built a
model to test the Lactate Shuttle Hypothesis with classical Michaelis Menten
equations and Berndt et al. (2015) has a very complex model that describes
the cells in an in-vitro situation for a better understanding of NADH auto-
fluorescence measurements. Even though most of these studies validate
their models with experiments, two similar models can lead to completely
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different interpretations (Somersalo et al., 2012) and vary extremely in their
used parameters.

Most studies that investigate a dynamic system achieve this with a math-
ematical approach of ordinary differential equations (ODE). Such models
have the problem of enormous parameter spaces where most parameters
can not be determined by experiments (Somersalo et al., 2012). To esti-
mate the missing parameters there are two commonly used methods. One
can optimise the model by fitting a curve to the time series of the few
measured metabolites. Alternatively, one can deduce them indirectly from
measurements of enzyme expression levels or the density of transporters on
neuronal membranes. Even though both are valid approaches, both have
significant problems (Somersalo et al., 2012). Comparing different models
shows how different the parameter space of various models is. Somersalo
et al. (2012) addresses these problems by building a probabilistic model,
where all incompletely known parameters are modelled as random variables.
They encode the lack of information as probability densities.

Another way to build a model is the computational way, for example with
a Flux Balance Analysis (FBA). The FBA calculates the flux of various
pathways of the metabolism just with a stoichiometry matrix, boundaries
for each flux and starting concentrations. It has the advantage that it is
a model without any parameters. A drawback of this technique is that it
builds on the assumption that the system is minimising or maximising some
or several reactions (e.g. ATP production or consumption of glucose and
oxygen). Such an assumption is difficult to justify since biological systems
are not always optimised (DiNuzzo et al., 2017).

1.8 studies

With the first project, I tried to answer the question: How does the firing fre-
quency impact the use of metabolic pathways in the MNTB? I used NADH
and FAD autofluorescence as well as oxygen measurements to determine a
difference in the metabolism between lower frequencies and higher frequen-
cies. To identify if a metabolic switch or other adaptations help to sustain
the energy demand under various stimulation frequencies, the neurons
were electrically stimulated at the fibre tract with frequencies between 10
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and 1000Hz. Since the MNTB has such a huge firing frequency range it is a
suitable nucleus to investigate the reaction of the metabolism to different
firing frequencies. Additional to different frequencies, different stimulation
patterns were tested, as well as the impact of the available glucose concen-
tration. Some of these experiments were done in collaboration with Patricia
Unterlechner, Cibell Resch, Lukas Voshagen and Valentin Winhart.

My second project tried to extend these studies by measuring ATP directly.
This would give further insights in the energy metabolism and it would
help to achieve a more accurate model of the system (see Project 3). With
a systemic application of an Adeno-associated viral (AAV) vectors via the
Vena femoralis, I tried to establish an ATP FRET-sensor in Mongolian gerbils
in collaboration with the master student Cibell Resch. So far only in mice
and rats an ATP FRET-sensor was established and no systemic application
was achieved. A mitochondrial and a cytosolic version of the virus was
tested with several expression times in three different brain regions. Finally,
the functionality of the biosensor was tested. With this work, I made a first
step to achieve ATP measurements in the Mongolian gerbil.

The last project was a completely theoretical approach, where I tested first a
DFBA and finally implemented a mathematical steady-state model of the
energy pathways of a neuron and an astrocyte. This model should give
insights into valuable research directions and help interpreting experimental
data. With a sensitivity analysis and a first perturbation of the model with
ATP pulses I demonstrate that this model is on a right track.
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2
M AT E R I A L A N D M E T H O D S

2.1 animals

The experiments complied with regional regulations (District Government
of Upper Bavaria, ‘Regierung von Oberbayern’), national laws (§4 of the
German Animal Welfare Act) and with the European Communities Council
Directive (2010/63/EU). Mongolian gerbils (Meriones unguculatus) of either
sex bred in the LMU’s certified in-house breeding facility (German Animal
Welfare Act, 4.3.2-5682/LMU/Department Biology II) were used for the
experiments. Groups of 3 to 4 gerbils were housed with 12 h light/dark
cycles at 22.4°C and 66% humidity.

2.2 acute brain slices

Mongolian gerbils in the age P30-P40 were anaesthetised with isoflurane (see
Drugs) and then decapitated. The brain was removed and transferred to ice-
cold slicing solution (see: Solutions). 200 µm thick transverse slices enclosing
the MNTB were cut, using a VT1200S Vibratome (Leica Microsystems GmbH,
Wetzlar, Germany). Afterwards slices were incubated for 15 minutes at 36°C
in carbogen bubbled artificial cerebrospinal fluid (ACSF) (see: Solutions).
After this procedure slices were kept at room temperature (23.5°C ± 1) until
they were used for experiments within 5h.
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Solutions

Slicing Solution (in mM): 143 sucrose, 25 NaCl, 2.5 KCl, 4 MgCl
2
,

0.1 CaCl2, 1.25 NaH2PO4, 25 NaHCO3, 2 glucose, 3 myo-inositol, 2

pyruvic acid, 0.4 ascorbic acid (Sigma-Aldrich).

ACSF Solution (in mM): 23 sucrose, 125 NaCl, 2.5 KCl, 1 MgCl
2
, 2

CaCl2, 1.25 NaH2PO4, 25 NaHCO3, 2 glucose (Sigma-Aldrich)

Both solutions are finally bubbled with carbogen (95% O2, 5% CO2)
to ajust the pH to 7.4

2.3 electrical stimulation

Stimulation was achieved by electrical impulses of a bipolar tungsten elec-
trode (tapered tip concentric microelectrodes, MicroProbes, CEA200). The
electrode was placed at the midline (Fig. 2.1A), where the axon fiber bundle
of the ipsi and contralateral GBCs crosses and leads to the MNTB neurons.
For stimulation of the somatosensory cortex the electrode was placed in
the external capsule surrounding the caudate putamen, adjacent to the
somatosensory cortex. After the first 15s of recording the stimulation train
started, which varied in individual experiments. All stimulations had an
amplitude of 5V. The duration ranged from 0.4 to 40s mostly depending on
the stimulation frequency, which ranged from 10 to 1000Hz.

2.4 autofluorescence recordings

2.4.1 The setup

The recordings were performed in a self-designed setup working with light-
emitting diodes (LEDs) (for excitation), a camera (for recording) containing
a metal–oxide–semiconductor sensor (pco.edge 5.5; PCO AG, Kelheim,
Germany) (Direnberger et al., 2015) and a 20X water immersive objective
(W Plan-APROCHROMAT, Zeiss, Oberkochen Germany). In the recording
chamber slices were superfused with carbogen-aerated ACSF. With pulsed
illumination at 365 and 470 nm NADH and FAD were excited, respectively
(Huchzermeyer et al., 2008, Shuttleworth, 2010, Brosel et al., 2018, Schaefer
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et al., 2019). To track only the interesting wavelengths a multiband filter
was used for excitation (AHF F69-390) and emission (AHF F72-622). NADH
and FAD fluorescence images were recorded alternating at a frequency of
4 Hz with an acquisition time of 20ms. In total, the autofluorescence was
recorded for 90 seconds.

Amplitude Time IntegralDa Db Dc Dd

A CB

Amplitude
Overshoot

Figure 2.1: Brain slice and measured parameters (A) An acute brainstem slice with
SOC nuclei, the bipolar stimulation electrode is placed at the midline where
the fibers of the contra- and ipsy-lateral GBCs are crossing, 5 × magnification.
(B) 20 × magnification of the MNTB. Within this region autofluorescence is
measured. (C) Heatmap that shows the sum of NADH and FAD amplitudes
for every ROI. For further analysis the ROI with highest sum was chosen.
(D) Different parameters that can be calculated from the time series: (Da) the
amplitude of the peaks, (Db) the time from stimulation start until the peak,
(Dc) the area under the curve, the integral, (Dd) the overshoot. Adapted from
Palandt et al. (2023).

2.4.2 Preprocessing and Analysis

With the described setup one can capture autofluorescence signals of the
entire nucleus. For further analysis, I implemented a python script (Python
3.9.12) to identify the region with the highest sum of NADH and FAD peak
amplitudes. For this purpose the script divided every image into 192 (16 x
12) rectangular regions of interest (ROI) with a size of approximately 50µm
x 50µm (Fig. 2.1). The ROI that mostly showed the highest sum in different
experiments of a session, was chosen for analysis of every experiment on
the same brain slice.
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A linear function was fit through the data points of the first 15s to correct
the bleaching of the autofluorescence data. I present the fluorescence signals
here as ∆F/F0. Where ∆F is the difference between the total fluorescence and
bleaching fit, and F0 is the fluorescence at the beginning of the recording. As
described above a multiband filter was used to monitor NADH and FAD in
the same experiment. The excitation spectrum (Fig. 1.3) reveals that in this
setup FAD got excited at 360nm as well and a bleed-through of FAD in the
NADH images occurred. This bleed-through was corrected by subtracting a
calculated FAD autofluorescence from the NADH autofluorescence image.
More details can be found here: 4.6.5 Appendix.

From this preprocessing arise two time courses, that were used for anal-
ysis. Many parameters can be calculated that can be compared between
experiments (Fig. 2.1D). The most interesting ones are the amplitudes of
the extrema, the time from stimulation start until the extrema is reached,
the integral of the curves between stimulation start and the overshoot of the
time course (Brosel et al., 2018).

2.5 o2 measurements

Recording of extracellular O2 was done with an electrochemical O2 mi-
croelectrode with a 10µm-diameter tip (Unisense A/S, Aarhus, Denmark)
(Huchzermeyer et al., 2013, Brosel et al., 2018). For calibration 3 points with
known O2 level were measured: 0% (0.1M ascorbic acid and 0.1M NaOH),
20% (air-bubbled ACSF) and 95% (carbogen-bubbled ACSF). The tip of the
electrode was placed just under the surface of the tissue, within the region
of interest.

2.6 pharmacology

Complex I, III and IV of the OxPhos were blocked with 10 µM rotenone
(Sigma-Aldich; cat.No. 45656 (year 2019); stock solution 5mM in ethanol), 10

µM antimycin A (Sigma-Aldrich; Cat.No. A8674 (year 2019); stock solution
90mM in ethanol) and 10 µM potassium cyanide (Sigma-Aldrich; stock
solution 10 mM in H2O). In all experiments that included these blockers
they were added to the ACSF and from that point on every 5min the change
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in autofluorescence signals upon stimulation was measured. After 20 min
of blocking the blockers were washed out with normal ACSF.

2.7 atp fret sensor

2.7.1 The Virus

Adeno-associated viral (AAV) vectors with AAV2 as backbone and AAV-
PHP.eB as capsid were used to transduce neurons. AAV-PHP.eB is known
to cross the BBB and enter cells in the central nervous system (Chan et al.,
2017, Hordeaux et al., 2019). To assure that only neurons express the virus,
human synapsin 1 as a neuron-specific promoter was used (Fig. 2.2). A
second virus was used with an additional mitochondrial-specific promoter
for an expression only in the mitochondria of neurons. With those two
viruses, it is possible to compare the ATP changes in the cytosol with those
in the mitochondria. The plasmids contained an open-reading frame of
the ATP sensor ATeam1.03

YEMK (see Imamura et al. (2009)). All viruses for
the experiments here were made by Dr. Chu Lan Lao, (LMU; BMC; Prof.
Götz).

Figure 2.2: Plasmid map of the cytosolic virus

In the literature a systemic application of AAV-PHP.eB needs an expression
time between 3 and 4 weeks and a sufficiently high concentration is neces-
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sary (Dayton et al., 2018). Here different expression times were compared
from 3-5 weeks.

2.7.2 The injection and slice preperation

All injections were conducted under Tierversuchantrag Nr.: ROB-55.2-
2532.Vet_02-19-147 (Regierung von Oberbayern). For the systemic applica-
tion of the virus, Mongolian Gerbils in the age around P30 were initially
anesthetised with isoflurane. Afterwards, adjusted to the body weight, the
animals were anesthetised with MMF (see Drugs). Once the anaesthesia
became effective, the gerbil received an oxygen supply and was placed on
a heated plate to maintain a stable body temperature. To prevent dryness,
eye ointment (Bepanten) was applied to cover the eyes. As described in
Pérez-Garcõ et al. (2003) the inner side of one thigh of the animal was shaved
and after applying a small cut in the skin in parallel to the blood vessel, the
virus suspension was injected into the Vena femoralis. After the injection
the skin gets sewn with one stitch and iodine is used for disinfection. After-
wards buprenorphine as pain killer was injected intraperitoneal followed by
antagonisation of anaesthesia using AFN (see Drugs), according to the body
weight. Then the gerbil was laid under infrared light and it was placed
under surveillance until it woke up. For the following week the animals
were monitored every day and later once a week.

Drugs

Isoflurane IsoFlo®, 100% isoflurane; Zoetis Schweiz GmbH
MMF 5 mg/kg Midazolam (Braun GmbH; 5 mg/ml)

0.5 mg/kg Medetomidine
(Oreon Pharma; Domitor 1 mg/ml)
0.05 mg/kg Fentanyl
(Jannsen Pharmaceutica; 0.05 mg/ml)

Bepanthen Bayer AG; active reagent 5 % Dexpanthenol
Buprenorphine Bayer AG; Buprenorvet 0.3 mg/ml

AFN 2.5 mg/kg Atipamezol
(CP Pharma; Revertor 5 mg/ml)
0.5 mg/kg Flumazenil (Hexal AG; 0.5 mg/ml)
Naloxon
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Figure 2.3: Spectrum of ATeam1.03YEMK Excitation and emission specrta of the two
fluophores of the FRET-sensor.

After different expression times between 1-5 weeks, the animals were anes-
thetised with isoflurane and decapitated. The brainstem and the cortex
were cut into 200µm or 300µm thick slices as explained in 1.6.2 Acute Brain
Slices.

2.7.3 The Setup

A 405nm LED excited the FRET sensor to measure its fluorescence emission.
The emission fluorescence was split at 500nm in an image splitter (Hama-
matsu Photonics Deutschland, Hersching, Germany) with a beam splitter
FF509-FDi01 (Semrock, West Henrietta, NY,USA). It reflects lower wave-
lengths and transmits higher ones, which are then filtered with a bandpass
filter at 483/32 (CFP) and 542/27 (mVenus; both Semrock). The Venus chan-
nel shows the level of ATP bound biosensors and the eCFP channel showed
the level of ATP-free sensors (Fig. 1.4), the ratio of those two channels is
used as measurement of the ATP levels in the cells. Images were recorded
every second for 180 seconds in total.

Analysis of FRET channel images

With the beam splitter two fluorescence wavelengths were recorded at the
same time. Both images were divided into 72 (6 × 12) ROIs and performed
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the analysis for one ROI. To correct the bleaching the following formula was
fitted to the first 30 images and the last 20 images:

y = a ∗ e−bx + c ∗ egx + h

with a,b,c,d,g and h as variables to fit. After the bleaching correction the
fluorescence change (%∆F/F0) was calculated for each time point.

2.7.4 Immunohistochemistry

To detect, whether the virus was expressed in neurons, the brain slices were
postfixed in 4% paraformaldehyde (PFA) overnight. To compare different
brain regions that were not sliced, the remaining brain was postfixed as
well. The 200µm thick brain sliced were stained free-floating in a 12-well
plate. First they were incubated in blocking solution (1.5% Triton X100,
1% BSA, 0.1% Saponin in PBS) for 30min. For other brain regions the
brain was washed 3 times in PBS for 10 min and afterward cut into 60µm
slices with a Vibratome (Leica VT1200S, Wetzlar, Germany). These coronal
slices were placed on Superfrost Plus Adhesion Microscope Slides cover-
slips (J1800AMNZ, Epredia, Portsmouth, NH, USA), then the application
of antibodies could commence within a wet chamber. First the slices were
incubated for 2 days at 4°C with the primary antibody recombinant GFP
protein that binds to mVenus, which is part of the FRET sensor. As sec-
ondary antibody A488 and Nissl-b 435/455 were incubated overnight at
4°C. The free floating slices were then placed on coverslips and mounted in
Vectashield medium (H-1000, Vector Laboratories, Burlingame, CA, USA).
With a Nikon Eclipse 80i and a 20X objective (Plan Fluor, Nikon, Tokyo,
Japan) images of the stained brain slices were taken.

2.7.5 Test of functionality

To test if ATP changes are detectable in the slices, that express ATeam1.03
YEMK,

two different methods were used. First, the slices were stimulated with
400 pulses at 10Hz. To achieve this in the somatosensory cortex a bipolar
tungsten electrode (tapered tip concentric microelectrodes, MicroProbes,
CEA200) was placed in the external capsule surrounding the caudate puta-
men, adjacent to the somatosensory cortex.
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In the second method, the intracellular ATP concentration was increased.
As described in the protocol of Lerchundi et al. (2020) the neurons were
first permeabilised with 30 µM escin (Sigma Aldich, Saint Louis, MO,
USA) in carbogen-bubbled ACSF for 30 min. Then the slice was put into
the recording chamber. After 30s of recording, 1mL of 20mM ATP was
pumped to the recording chamber. Afterwards the pump was turned off
leaving 2mL ACSF with 10mM ATP in the recording chamber. Changes in
ATeam1.03

YEMK fluorescence channels were monitored.

2.8 the model

I used two methods to implement the model, a computational approach
for a dynamic flux balance analysis (DFBA) and a classical mathematical
approach. The DFBA was done using MATLAB R 2021b (The MathWorks
Inc. (2021)) and the toolbox of Dromms et al. (2020). For implementing
the mathematical model and steady-state analysis the IQM Toolbox from
IntiQuan was used working on MATLAB R 2020a (The MathWorks Inc.
(2021)).

2.8.1 Dynamic Flux Balance Analysis

In a FBA the biochemical network is presented by a stoichiometry matrix
S(m × n), with n columns of reactions and m rows of metabolites. It
calculates the fluxes v⃗ through this network of reactions. A normal FBA
assumes that the system is in steady state (Orth et al., 2010). This assumption
allows to calculate the fluxes as follows:

Sv⃗ = 0

Such a linear equation system has many possible solutions. For this reason,
the number of possible solutions are reduced by setting a range in which
each flux is allowed to be.

v⃗LB ⩽ v⃗ ⩽ v⃗UB
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With these constraints an allowed solution space is defined, that probably
still contains many possible solutions. To decide for one solution one or
several reactions are optimised, e.g. maximising growth rate of the organism
or the ATP production. With this setup a solution is found that maximises or
minimises the flux of the chosen reactions (Orth et al., 2010). Such a method
does not need any kinetic parameters, that are often difficult to measure
or even unknown. Further, it allows a very fast computation and with it,
it is possible to use genome scale metabolic networks. But for tracking of
metabolite concentrations and perturbation of the system this basic method
is not sufficient, since one can only model a system in steady state. For
this reason a DFBA is necessary. There are two main DFBA approaches the
static optimisation approach (SOA) and the dynamic optimisation approach
(DOA) (Scott et al., 2018). With the SOA the extracellular fluxes can change
dynamically, and it stays a linear programming problem. In contrast, the
DOA has time profiles of fluxes and metabolites, which leads to a non-linear
programming problem and makes it difficult to solve it for huge metabolic
networks (Mahadevan et al., 2002). The SOA is not sufficient for dynamic
systems as neurons and the DOA needs long computation times. Finally, a
third option occurred that solved these problems. Recently a new approach
was published inventing a linear kinetics dynamic flux balance analysis
(LK-DFBA) (Dromms et al., 2020). They introduced pooling fluxes, for every
metabolite, that were added to the normal stoichiometry matrix. This allows
to track the metabolite concentrations and gives the possibility to optimise
metabolite concentrations.

Aw⃗ =
[
SP

] [ v⃗

v⃗p

]
= 0

where A is the augmented stoichiometry matrix (m× (n+m)) and w⃗ is the
augmented flux vector ((m+n)× 1).

The second new advantage of the LK-DFBA is that it adds linear kinetics
as additional constraints that reduce the number of possible solutions and
reduce the possibility of biologic irrelevant solutions. With this way one can
add every kind of positive or negative regulation, that can be expressed in a
linear function.
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2.8.2 Mathematical Approach

To achieve a steady state, a mathematical model of ordinary differential
equations (ODE) was built to estimate steady-state fluxes and steady-state
concentrations. The mathematical model for a specific reaction can be
determined by the enzyme and its expression levels (Somersalo et al., 2012).
The most simple approach is to use the classic Michaelis-Menten kinetic.
With this, the flux v of reaction R1 that transforms substrate A to product B
can be calculated.

R1 : A → B

v = Vmax ×
[A]

Km + [A]
(2.1)

with the concentration of species A [A], Vmax as maximal reaction velocity
and the Michealis constant Km. If a reaction R2 needs more than one
substrate or additional a cofactor the Michaelis-Menten kinetic changes as
follows:

R2 : A+B → C

v = Vmax ×
[A]

KA
m + [A]

× [B]

KB
m + [B]

(2.2)

Also, the inhibition of enzymes can be modelled by a form of the classic
kinetic. In this model mostly noncompetitive inhibitions were included like
product inhibition where Reaction R3 gets inhibited by product B:

R3 : A → B

v = Vmax ×
[A]

[A] +Km

(
1+

[B]
Ki

) (2.3)

where Ki is the dissociation constant.
The transport between compartments can be passive diffusion for gases as
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O2, since no enzymes are involved in such a transport the flux depends on
the diffusion coefficient λ:

v = λ([A]c1 − [A]c2) (2.4)

where [A]c1 is the concentration of A in compartment 1 and [A]c2 the
concentration in compartment 2. When carriers are involved in the transport
a similar kinetic can be used as for enzymatic reactions (see Eq. 2.1), with
the affinity a instead of Km and the maximal transport rate Tmax for Vmax.
An isotropically carrier function can be modelled by:

v = Tmax ×
(

[A]c1
a+ [A]c1

−
[A]c2

a+ [A]c2

)
(2.5)

With these 5 kinetics all reactions in the model were described. The detailed
reactions with the used parameters can be found in the Appendix.

Compartments

Most brain energy metabolism models have multiple compartments. This
system was also divided into four compartments: the extracellular space (E),
the astrocyte (A) and the neuron with cytoplasm (NC) and mitochondria
(NM) (Fig. 2.4). The differentiation between cytosol and mitochondria in
Neurons is mainly important to distinguish between cytosolic and mito-
chondrial NADH. There is no difference between mitochondria and cytosol
in astrocytes because their mitochondria were modelled as a black box.

Irreversible model

Many reactions in the glycolysis or the TCA cycle are reversible reactions.
To avoid random fluxes that keep the steady state for false reasons, almost
all reactions are modelled irreversible. In the glycolysis the reactions flow
toward pyruvate, in the TCA cycle the reactions flow toward oxalacetate. The
lactate-shuttle is the only reaction that was kept reversible since the direction
of the flow of lactate can change depending on the ATP consumption of the
neuron (Fig. 2.4).
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Figure 2.4: Model Pathways. All pathways implemented in the model, are divided in 4
compartments: Extracellular Space, Neuron Cytosol, Neuron Mitochondrion,
and Astrocyte. The following pathways are included: Glucose Transporters, O2

Diffusion, Glycolysis, Lactate Shuttle, TCA, OxPhos (OP1 and OP2); more
details are found in the Appendix. Colour code: Green background: Neuron,
Blue background: Astrocyte; dark colour: Cytosol, light colour: mitochondria.
An explanation of all the abbreviations can be found in the List of Abbreviations.

A steady-state model

In order to achieve a steady state several simplifications of the system were
performed. The number of reactions were reduced to get a simple model,
where only necessary reactions are included. This has the advantage that it
reduces the number of parameters drastically. It is possible to increase the
complexity of the model later when certain reactions appear to be of interest.
The needed parameters Vmax, Km and Ki are adapted from Berndt (2012),
Berndt et al. (2015) or Genc et al. (2011). With the kinetics and parameters
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found in the Appendix, a model was built that could achieve a steady state
over some time. The starting concentrations were then set to these steady
state concentrations.

Analysis

With a sensitivity analysis, it is possible to determine the parameters that
are especially sensitive to the system. From this analysis one can locate
the subsystem that is more rate-limiting than others and is worth a more
detailed analysis.

To make a first proof-of-principle the model was perturbed after 15s (as
in the in-vitro experiments) with an ATP pulse that simulates the ATP
consumption during neuronal activity.

2.9 statistical analysis

For statistical analysis R (version 4.2.1, R Core Team (2022)) was used. All
presented data shows the mean ±SEM (standard error of mean). Normal
distribution was tested for all data sets with a Shapiro-Wilk test and an
additional graphical analysis with a Q-Q plot. To test the statistical signifi-
cance depending on the question different tests were used: linear regression,
a two-sided t-test or a paired t-test with Bonferroni correction. An overview
of the p-values of the different tests can be found in Appendix: P-Values
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3
R E S U LT S

3.1 autofluorescence study

The following section describes the same results that are presented in
Palandt et al. (2023).

3.1.1 Frequency Dependence

How much is the metabolic readout in the MNTB dependent on the stimula-
tion frequency? To answer this question the neurons were stimulated for 5s
with different frequencies ranging from 10 to 1000 Hz. This first approach is
similar to the experiments in the LSO of Brosel et al. (2018). Also the results
showed a similar outcome, the amplitudes of NADH and FAD increase
until they reach a plateau (Fig. 3.1Ab). These increasing amplitudes can be
explained since with increasing frequency the number of action potentials
(APs) increases and with it the amount of needed ATP.

For this reason, a second experiment was carried out. This time the cells
were triggered with 400 stimuli at frequencies ranging from 10 to 1000Hz
(Fig. 3.1Ba). The amplitudes of the peaks show now a different result,
again they increase up to 100Hz and after that both amplitudes decrease
for increasing frequencies (Fig 3.1Bb). The time to the peak is decreasing
with the increase in frequency (Fig. 3.1). The integral of the curves was as
well decreasing with increasing frequencies (Fig. 3.1Bd). This shows that
even though the peak amplitude of the two dinucleotides increase from 10

to 100Hz the integral is already quite big for these lower frequencies. For a
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Figure 3.1: Frequency dependence of NADH and FAD amplitudes for different stim-
ulation patterns (A) Continuous stimulation for 5s (Aa) and the resulting
changes for NADH and FAD peak amplitudes (see Fig. 2.1Da) origins by
oxidation of NADH and FADH2 (the first phase of the autofluorescence re-
sponse) (Ab). (B) The amplitudes of the NADH and FAD signals (origins by
maximal oxidation of NADH and FADH2) (Bb) while stimulating the fibres
with different frequencies for varying duration to apply always 400 stimuli
(Ba). (Bc, Bd) Changes in time to peak (time between start of stimulation and
extrema) (Bc; for analysis see Fig. 2.1Db) and integral under the curve (Bd;
for analysis see Fig. 2.1Dc) for alteration of NADH and FAD levels after 400
stimuli at different frequencies. (C) Comparison of total number of stimuli for
5-s stimulation (A) and of stimulation duration for experiments applying a
fixed number of 400 stimuli (B). Data points represent mean +/-SEM; A: n = 9,
N = 5; B: n = 10, N = 5; n = #stimulations; N = #animals. Figure and caption
adapted from Palandt et al. (2023).

more detailed analysis the O2 consumption during these experiments were
evaluated.

3.1.2 O2 consumption

The experiments with fixed number of stimuli (stimulation protocol: Fig.
3.1Ba) were combined with extracellular O2 measurements. Typical O2
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Figure 3.2: O2 consumption due to stimulation with 400 stimuli at different fre-
quencies (A) Example of time course of the normalised O2 concentration after
stimulation with different frequencies. (B) O2 consumption for varying stim-
ulation frequencies. (C) Correlation between O2 consumption and NADH
(p-value = 4e-6, R2 = 0.23) (Ca) and FAD amplitudes (p-value = 5.29e-9, R2 =
0.35) (Cb). (D) Mean amplitudes and SEM of O2 consumption as function of
NADH (Da) and FAD amplitudes (Db) at different frequencies. Data points
represent mean +/-SEM; n = 10, N = 5; n = #stimulations; N = #animals.
Figure and caption adapted from Palandt et al. (2023).

curves for different stimulation frequencies are shown in 3.2A. From this
it can be suggested that the amplitude of the O2 consumption decreases
with increasing frequency. Fig. 3.2B reveals that the mean O2 consumption
stays similar from 10 to 200Hz and then decreases with increasing frequency.
These observations fit mostly to the autofluorescence measurements, a linear
regression reveals that the NADH and the FAD amplitude is correlated with
the O2 amplitude (Fig. 3.2C). Only for the frequencies 10 and 50Hz the
O2 amplitude is high and constant while the autofluorescence amplitudes
increase (Fig. 3.2D). These observations lead to the suggestion that the
OxPhos is an important pathway especially for low frequencies, while
higher frequencies rely more on different energy pathways.
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3.1.3 Block of OxPhos

The O2 consumption during low frequency stimulation shows the impor-
tance of the OxPhos. To support this assertion complexes I, III and IV of
the OxPhos were blocked and the cells were stimulated with a frequency of
50Hz. Comparing the amplitudes of NADH and FAD signals, revealed a
significant decrease of both amplitudes. This partially recovered after the
washout of the blockers (Fig. 3.3). This confirms the importance of OxPhos
for low firing frequencies.

Figure 3.3: Blocking of OxPhos NADH and FAD amplitudes normalised to the respective
control values after 400 stimuli with 50Hz. The measurements were done while
blocking OxPhos with rotenone, antimycin A and potassium cyanide (10µM
each; block) and after washout (wo). Points represent individual experiments
and the bars mean values at 50 Hz stimulation. All values are significantly
different from 1, i.e. the unblocked control condition as tested by one-sample t
test (* p < 0.05, ** p < 0.01, *** p < 0.001). For FAD, washout was significantly
different from blocking (paired t-test, p value = 0.0070), for NADH it showed a
tendency (p value = 0.0654). #slices n = 5. Figure and caption adapted from
Palandt et al. (2023).

3.1.4 Burst mode

A continuous stimulation is not a physiological firing pattern for all neurons.
Especially neurons that are capable of high-frequency firing often show a
bursting activity pattern. Additionally, it was shown that in thalamocortical
neurons the average firing rate determines the metabolic costs (Yi and Grill,
2019). To mimic this more physiological condition, the cells were stimulated
with 400 impulses over a period of 5s. To achieve this for all frequencies
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the 400 stimuli were divided in 80 bursts, a burst contains 5 impulses in
the respective stimulation frequency, between two bursts is a varying break
depending on the frequency (Fig. 3.4A). Frequencies below 100 Hz were
not applied, because a longer stimulation period than 5s would have been
necessary to apply 400 impulses.

Figure 3.4: Stimulation in burst mode (A) The stimulation pattern of the burst mode.
Comparison of different parameters after 400 continuous and burst stimuli.
(B) Amplitudes of NADH and FAD, (C) time to peak of NADH and FAD,
(D) integral of NADH and FAD signals. Represented is the mean ± SEM. #
stimulations n: burst mode: n=7 (600, 800 Hz n=3); continuous stim.: n=10.
Significance: (B,D) * p < 0.05, ** p < 0.01, *** p < 0.001; (C) * p < 0.01
Adapted from Palandt et al. (2023).

Comparing the amplitudes of NADH or FAD for the two stimulation pat-
terns no significant difference was found (Fig. 3.4B), only the amplitudes
at 1000Hz are significantly different (two-sided t-test: p-values: FAD: 0.024;
NADH: 0.055). The integral after stimulation in burst mode is significantly
larger for half of the frequencies of NADH and FAD curves (More details
about the p-values can be found in Tab. 1). The trend remains consistent
as higher frequencies correspond to a decrease in the integral. (Fig. 3.4D).
A possible reason for these observations of significantly higher amplitudes
and integrals could be that the breaks between the bursts help the neurons
to recover better, and the actual firing rate is closer to the stimulation rate.
The time to the peak is significantly longer. Instead of decreasing as for
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Figure 3.5: Peak amplitudes per AP Amplitudes of changes in NADH and FAD levels
per individual AP for a fixed stimulation duration of 5 s (A) and for a fixed
number of 400 APs (B). Values considering the real number of APs in MNTB
principal cells based on the literature. Data points represent mean +/-SEM;
A,C: n = 9; B,D: n = 10; n = #stimulations. Figure and caption adapted from
Palandt et al. (2023)

continuous stimulation the time to the peak is constant around 5 to 6s for
both NADH and FAD (Fig. 3.4C).

3.1.5 Amplitude per AP

For frequencies above 200 Hz it is not possible to distinguish if the am-
plitudes are decreasing due to a metabolic switch or a reduction in the
actual firing rate due to a reduced reliability of the principal neurons at high
frequencies (Kopp-Scheinpflug et al., 2003). Based on in-vivo measurements
(Taschenberger and Von Gersdorff, 2000, Kopp-Scheinpflug et al., 2003,
2011, Borst and Soria Van Hoeve, 2012) and cell-attached in-vitro recordings
(Grande and Wang, 2011) a simple estimation of the actual firing rate was
done, stimulation frequencies below 300 Hz were assumed to be equal to
the firing rate. For stimulation above 300 Hz failures occur and, therefore,
an average firing of 300 APs per second is assumed. According to the
estimated firing rate the amplitude per AP was calculated (Fig. 3.5). For
the experiments with a fixed stimulation duration, the amplitude per AP
decreases for increasing frequencies until it reaches a plateau at 200 Hz
(Fig. 3.5A). This result supports the idea of a metabolic switch for higher
frequencies toward glycolysis.
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Figure 3.6: Influence of different glucose concentrations Changes of different param-
eters due to different glucose concentrations in the ACSF after 400 stimuli
at different frequencies. (A, B) Amplitudes of NADH (A) and FAD (B) for a
glucose concentration of 2 mM (same data as shown in Fig 3.1) and 10 mM.
(C) Overshoot of the NADH time course. Data points represent mean +/-SEM;
n = 10 (2mM glc), n = 9 (10mM glc); n = #stimulations. Significance: * p <
0.05, ** p < 0.01, *** p < 0.001. Figure and caption adapted from Palandt et al.
(2023)

Further insights give the experiments with 400 stimuli. For frequencies,
up to 100 Hz the amplitude per AP increases, this is in contrast to the
data with fixed stimulation of 5s (Fig. 3.5). For higher frequencies, the
amplitude per AP does not increase much further, but it is 3 times larger
than the amplitudes per AP during a 5s stimulation. Overall the amplitude
per AP is lower when more APs are triggered. This could be explained by
an increasing ATP consumption of a single AP the fewer APs in total are
triggered. Another possibility is the a metabolic switch depending on the
number of triggered APs.

3.1.6 Impact of glucose concentration

The concentration of glucose in the ACSF has an impact on the metabol-
ical pathways that the cells can use. Here the glucose concentration was
enhanced from 2mM to 10mM, to see the impact on NADH and FAD auto-
fluorescence. A glucose concentration of 10 mM matches the conditions
in most in vitro experiments. The cells were stimulated with 400 electrical
impulses at different frequencies.

As expected, the FAD amplitudes are significantly lower with the higher
glucose concentration. This can be explained by a shift towards the glycoly-
sis (Fig. 3.6B). Interestingly, the NADH amplitudes were not significantly
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different (Fig. 3.6A). A possible explanation is that a lot of pyruvate is
produced, which feeds the LDH to produce lactate. Since the LDH oxidises
NADH, this cytosolic reaction might increase the amplitude slightly. Other
parameters show no interesting change except for the overshoot of the
NADH curve. Here the overshoot decreases drastically for all frequencies
except 1000 Hz (Fig. 3.6C) (the exact p-values can be found here: Tab. 3),
which indicates a shorter second phase.

3.2 atp fret sensor

3.2.1 Expression of the virus

The first experimental step was to figure out how long the expression time
has to be. Expression times between 1 and 5 weeks were compared. For
better visualisation, the cells were stained with a Nissel and a GFP antibody,
that binds to mVenus. In the first two weeks, there was no expression
visible in the brainstem. With the mitochondrial Ateam1.3YEMK in the third
week, some cells expressing the virus were visible in the cortex and the
hippocampus (Fig. 3.7). It seems to be an all-or-nothing expression since
all cells show a high expression or no expression at all. In the 4

th and 5
th

week the number of positive cells in the cortex and hippocampus seem to
increase. However, counting showed no significant increase in the number
of positive cells (Fig. 3.8). Interestingly, all positive cells were found at big
arterioles. In the SOC the longer expression time did not help, only in the
5
th week a single cell expressing the virus was found (Fig. 3.7).

To improve expression a less specific virus was used, which lacked the
second mitochondrial promotor. Removing this second promotor should
allow expression in the whole cell, and thus increase the probability for
neurons to express the FRET sensor.

However, the results show the opposite (Fig. 3.9), after 4 weeks only a few
cells were visible in the cortex and the hippocampus. After 5 weeks no
increase in virus expressing cells was visible. The few positive cells were
again all at big arterioles. In the SOC no cells were expressed at all. As
consequence of these results, the focus was set on the mitochondrial AAVs
for the first ATP measurements.
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Figure 3.7: Expression of ATeam in mitochondria 3 different brain regions MNTB, cor-
tex and hippocampus and 3, 4 and 5 weeks of transduction with mitochondrial
AAVs. Brain slices are 60 (Cortex and Hippocampus) or 200µm (MNTB) thick.

3.2.2 Detection of ATeam1.03YEMK

Detecting fluorescence changes from cortical brain slices after simulation
was possible. In both channels (CFP and mVenus) a signal was visible,
which would accord with a transient increase in ATP concentration (Fig.
3.10A). However, a negative control with a wild-type animal exhibited the
same fluorescence changes (Fig. 3.10B). Studying the fluorescence spectra
(Fig. 1.3) suggests that it is likely that the visible signal occurs from NADH
and FAD autofluorescence changes that would also be detected with the
ATP filters.
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Figure 3.8: Percentage of cells expressing
ATeam1.03YEMK in the mito-
chondria after different expression
times. (Per area there were be-
tween 50 and 120 neuron and
maximal 2 neurons expressed the
sensor) Mean ± SEM; number of
different areas n=10

Figure 3.9: Expression of cytosolic AAV Different brain regions (MNTB, cortex and
hippocampus) after 4 and after 5 weeks of expression. Brain slices are 60
(MNTB 35d, cortex 28d, hippocampus) or 200µm (MNTB 28d, cortex 35d)
thick.

To test whether it is possible to detect ATP changes, the slices were su-
perfused with 10µM of ATP while recording the fluorescence. The results
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Figure 3.10: Fluorescence of CFP and mVenus channel after stimulation (200Hz, 400
stimuli) (A) In the cortex after an expression time of 5 weeks. (B) Negative
control: captured fluorescence in the cortex of a wild-type animal.

show only in the CFP channel an increase in the fluorescence (Fig. 3.11A).
The reason for such a response cannot be due to the FRET sensor since an
increase in ATP concentration should decrease the CFP fluorescence. A
control experiment with a wild-type animal revealed that this assumption
holds true, since a similar result was found (Fig. 3.11B). The reason for the
fluorescence change is due to autofluorescence changes instead of the FRET
sensor.

The final conclusion of this project is that it is possible to express the
ATP FRET sensor ATeam1.03

YEMK via systemically applied AAVs in the
Mongolian gerbil. However, so far not enough cells are expressing the ATP
FRET sensor after 5 weeks to measure ATP levels.

3.3 the model

3.3.1 Dynamic Flux Balance Analysis

As a first start, the model of DiNuzzo et al. (2017) was used with all reactions
they implemented. This model contained a neuron and an astrocyte, both
with two compartments (cytosol and mitochondria). Besides the important
metabolic pathways for both cell types (glycolysis, TCA, OxPhos) this
model contained the lactate shuttle, pyruvate recycling (malic enzyme
(ME)), mitochondrial carriers and NADH shuttles, ammonia homeostasis,
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Figure 3.11: Fluorescence of CFP and mVenus channel after wash in of 10mM of
ATP (A) In the cortex after an expression time of 5 weeks. (B) Negative
control: captured fluorescence in the cortex of a wild-type animal.

antioxidant system, synaptic transmission (glutamate release and recycling,
Na-K-pump). In total, this model has 122 reactions with 124 metabolites.
The only difference to the published model was to include FAD and FADH2

as metabolite and add it to some reactions instead of NAD/NADH (e.g.
SDH produces FADH2 instead of 2/3 NADH). With this slightly changed
model and an objective function that minimises the neuronal uptake of O2,
glucose and lactate a first analysis with the MATLAB scripts of Dromms
et al. (2020) was possible. The system was perturbed after 30s for 5s by
increasing the lower bound of the neuronal transmission, this resulted in
an increase of the OxPhos but not of the glycolysis. The problem with this
quick analysis was that the model was not in a steady state before or after
the stimulation. Big fluctuations in metabolite concentrations were visible.
Since it was not possible to achieve a steady state with this combination of
reactions and boundaries the model was implemented again with ODEs.

3.3.2 The way to the final model

Initially, also by implementing ODEs no steady state was achieved, for this
reason I reduced the number of reactions in several steps. This reduced
also the number of parameters drastically. The final model contains 30

reactions with 80 parameters and 33 metabolites (Fig. 2.4 or Appendix) and
it was possible to achieve a steady state of the system with the given starting
concentration. This is a crucial step to justify the model, since without a
steady state it is not possible to trust any results.
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3.3.3 Sensitivity Analysis

The following sensitivity analysis of the kinetic parameters revealed the
following parameters as important for the system. The parameters were
divided into those belonging to cytosolic reaction, mitochondrial reactions,
and to transporters. A threshold of 0.06 was used and all parameters with
a sensitivity above this threshold were classified as sensitive parameters,
all below the threshold are not sensitive (Fig. 3.12). The analysis reveals
that the transport reactions are sensitive, especially the O2 diffusion, as
well as the housekeeping mechanisms. For cytosolic reactions mainly the
lactate dehydrogenase (LDH), pyruvate dehydrogenase (PDH) and the
phosphofructokinase (PFK) are sensitive, while for mitochondrial reactions
mainly the OxPhos and the α-ketogluterate dehydrogenase show high
sensitivity.

Figure 3.12: Sensitivity analysis with a threshold at 0.06. The colour of the bars show if
the parameter belong to a cytosolic, mitochondrial or a transport reaction or to
a housekeeping process. To which reaction a parameter belongs can be checked
in the Appendix

3.3.4 Functionality - proof of principle

For the proof of principle, I pertubated the system with an ATP pulse
after 15 sec, this resulted in an increase in FAD levels and a decrease in
NADH and O2 levels similar to the experimental results (Fig. 3.13). After
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Figure 3.13: Model Simulation with an ATP puls after 15 sec. O2 and FAD curve is
exactly as in experiments. NADH curve shows a oxidation of NADH to
NAD+ as in experiments.

the perturbation the concentrations asymptotically return to the starting
concentration. FAD and O2 have a different time course, exactly as in the
experiments. The NADH time course is not the same as in the experiments,
but NADH is consumed as in the autofluorescence measurements. Even
though this is not a final validation of the model, it shows that the model
is on the right track. With a few changes of some parameters the NADH
curve should become more similar to the experiments.
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4
D I S C U S S I O N

4.1 nadh and fad autofluorescence

measurements

NADH and FAD autofluorescence measurements have the advantage to be a
non-invasive method to monitor relative changes in NADH and FAD levels
with a temporal resolution in the range of seconds. However, it is just an
indirect track of the ATP regeneration in brain slices, and the question arises,
which metabolic processes are reflected by these changes? A widespread
interpretation of the time course of NADH and FAD in neuronal tissue can
be explained in two phases (Shuttleworth, 2010). The first phase starts with
an increase of FAD and a decrease of NADH levels, which reflects the ATP
regeneration mainly via OxPhos. In the second phase, NADH and FADH2

levels need to be recovered which often leads to an overshoot (Fig. 2.1)
(Shuttleworth, 2010, Brosel et al., 2018). According to literature, this second
phase is caused by glycolysis, lactate shuttle or TCA cycle. Since NADH
autofluorescence originates by 90% from mitochondria, and FAD is mainly
found in mitochondrial processes (Shuttleworth, 2010), the TCA cycle is
most likely the source for the recovery of NADH and FADH2 detected by
autofluorescence imaging.

4.1.1 Astrocytic Contribution

An astrocytic contribution to the autofluorescence levels can not be excluded
but is unlikely. Autofluorescence of NADH produced during the glycolysis
of astrocytes can be neglected since this takes place in the cytoplasm. The
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same holds true for the oxidation of NADH by the LDH to produce lactate.
The OxPhos of astrocytes does not increase their rates during the firing of
neurons, therefore, detectable NADH and FAD autofluorescence levels stay
unchanged (Rose et al., 2020).

4.1.2 Parameters to analyse autofluorescence changes

The most common parameters determined from autofluorescence curves
are the peak amplitude and the overshoot of the time series. Also other
parameters can be determined as shown in Fig. 2.1. In the following, I
discuss the different parameters I extracted from the time series data:

• Amplitude: The difference between the baseline and the maximal
oxidation level of the two dinucleotides. At this point the oxida-
tion rate of NADH/FADH2 (first phase) equals the reduction rate of
NAD+/FAD (second phase) for a short time. It is the standard readout
for autofluorescence measurements (Shuttleworth, 2010).

• Time to the peak: Shows how long it takes until the peak is reached
(oxidation and reduction rate become equal).

• Integral: Depends on all parameters and is an indicator of the overall
consumption of ATP.

• Overshoot: Shows how much NADH/FADH2 is overproduced by the
second phase, before the levels return to a baseline. It has several
interpretations by different groups, according to the fact that the main
source of the fluorescence origins from the mitochondria it is most
likely that the neuronal TCA cycle is the reason for the overshoot
(Shuttleworth, 2010).
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4.2 metabolic frequency dependence

4.2.1 Impact of OxPhos

The consumption of O2 helps to get a more detailed image of the OxPhos.
The experiments demonstrated that the O2 consumption stays constant for
lower frequencies and decreases for higher frequencies (Fig. 3.2). This
suggests a reducing contribution of the OxPhos for increasing frequencies.
The question remains why the O2 amplitudes stay constant for frequencies
up to 100 Hz while the amplitudes of NADH and FAD curves are increasing.
One possible explanation for this phenomenon is a faster second phase of
the autofluorescence curves compared to the back-diffusion of O2 through
the slice to the active region. The integral of the autofluorescence changes
as indicator of the total ATP consumption shows a similar image as the O2

amplitudes. In this case, the changes of both metabolites favour the strong
contribution of OxPhos for ATP production.

The inhibition of complex I, III and IV of the OxPhos shows its importance
during firing. A strong reduction of the autofluorescence amplitude is
observed, which recovers partially after the washout of the blockers (Fig.
3.3). This supports the importance of OxPhos for low frequencies. A more
detailed conclusion from this data is not possible, because:

(1) The inhibition can lead to a reduction in firing frequency which can
result in a false correlation. Even if the MNTB neurons themselves
would be able to continue firing, the Calyx of Held is known to increase
its failure rate while blocking of OxPhos (Lujan et al., 2021).

(2) The cell is forced to use different pathways to compensate for the
missing ATP production from OxPhos.

4.2.2 Firing pattern

Three different firing patterns were used to stimulate the MNTB neurons:
5s stimulation, 400 stimuli and burst stimulation. With these it was possible
to compare the metabolic need of different firing patterns.
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5s stimulation

A fixed stimulation period leads to an increasing signal of NADH and FAD
time series. This suggests an increasing demand for ATP due to the rising
number of APs up to 200Hz. This observation fits to the findings of Brosel
et al. (2018) in the LSO. Two possible reasons can explain why the amplitude
does not rise further after 200 Hz:

(1) The number of triggered APs does not rise further due to spike failures
(Kopp-Scheinpflug et al., 2003) and, thus, the ATP consumption does
not increase further.

(2) The OxPhos is not as important for higher frequencies as for lower
frequencies, other pathways become more important.

400 stimuli

The second firing pattern tries to test these potential explanations. With
a fixed number of 400 stimuli, the ATP demand of the neurons for APs
should stay constant, if the firing frequency is not relevant. The results
show that for lower frequencies the amplitudes increase similar to the 5s
stimulation. While for higher frequencies > 200 Hz the amplitude decreases
with increasing frequency. This decrease suggests that the ATP-generating
pathway changes from OxPhos to a different one, for example, glycolysis.

Burst stimulation

The computational study of Yi and Grill (2019) showed that the firing
pattern of thalamo-cortical relay neurons does affect their metabolic needs.
To test this in MNTB neurons the cells were stimulated with bursts in
different frequencies. Experiments with the described burst mode showed
no significant difference in autofluorescence amplitude. In contrast to the
integral that was significantly larger for half of the frequencies (NADH: 200

Hz, 800 Hz, 1000 Hz; FAD: 200 Hz, 400 Hz, 1000 Hz). This observation
indicates a higher ATP consumption for these frequencies, which could
be explained by decreased failure rate due to the breaks between two
bursts. Still, since the tendency stays the same, the integral decreases with
increasing frequency. This supports the idea of a decreasing contribution of
the OxPhos for higher frequencies.
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4.2.3 Context

To bring the results into a bigger context I try to describe which steps are
happening in the MNTB. When an AP arrives at the Calyx of Held vesicles
with glutamate are released to the synaptic cleft to transmit the signal to the
MNTB neurons. The astrocytes close to the synaptic cleft take up some glu-
tamate and the glycolysis is increased (Castro et al., 2009). This results in an
overproduction of lactate that is released into the extracellular space where
neurons do take up the lactate, and transform it into pyruvate that fuels the
TCA cycle. This way the glycolysis and the TCA cycle become uncoupled
and an optimal energy supply for different circumstances becomes possible,
also the astrocytes can help to optimal control the NAD+/NADH-ratio
(Rabinowitz and Enerbäck, 2020). With this help from the astrocytes the
mitochondria can sufficiently supply the neuron at lower frequencies with
ATP. For higher frequencies, a faster energy supply becomes more relevant
and the neurons switch their metabolism more towards glycolysis for a
quick energy supply. Without the astrocytes and their lactate shuttle, the
glycolysis of neurons would be increased a lot to produce the necessary
pyruvate by itself.

4.3 glucose availability

For most experiments shown here the ACSF solution contained 2mM of
glucose (Brosel et al., 2018), which is a physiological concentration in vas-
cularised brain tissue. Most experiments in literature use a higher glucose
concentration (often around 10mM). By providing a high glucose concen-
tration they aim for a good nutrient supply of the cells, despite the slow
diffusion of the nutrients through the tissue. However, non-physiological
glucose concentrations can shift the relevance of the different pathways.
An increased glucose availability can lead to mechanisms like the Crabtree
effect (Barros et al., 2021) and the flux of glycolysis increases despite a
sufficient O2 supply. Even though some systems apparently have a higher
need for glucose (Hollnagel et al., 2020), in the MNTB a reliable firing rate
of 300Hz could be shown with a glucose concentration of 1mM (Lujan et al.,
2021).
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The data suggest that the increased glucose concentration leads to a reduced
NADH overshoot and FAD amplitude. A possible reason for the difference
in the overshoot could be an increased baseline. However, without further
experiments this possibility can not be fully excluded. Another interpreta-
tion is that at 10mM glucose concentrations, the neurons increase the flux of
glycolysis and reduce the use of the TCA cycle. This increased production
of pyruvate might also increase lactate generation, which would consume
NADH. Both can explain a reduced overshoot. The latter can also explain
the reduced FAD amplitude. Surprisingly, the NADH amplitude does not
decrease significantly, this could be explained by a high pyruvate availability
that leads to an increased NADH oxidation by the LDH. This might have
a small impact on the NADH autofluorescence. Overall, an increase in
glycolysis and LDH activity and a reduction in mitochondrial processes can
explain the observed effects.

4.4 establishment of an atp sensor

NADH and FAD levels are only an indirect measurement of the energy
consumption. Other additional experimental readouts would be helpful
for a better understanding and to improve and evaluate the model. An
interesting approach would be to measure the ATP levels directly, which
can be achieved with an ATP FRET sensor (Imamura et al., 2009).

Imamura et al. (2009) developed a FRET sensor for real-time tracking of
ATP in living cells called ATeam1.03

YEMK. Lerchundi et al. (2019) showed
that this biosensor is able to track ATP in neurons and astrocytes. They
recorded from organotypic brain slice culture and Gerkau et al. (2019) also
from acute brain slices of the hippocampus. With sodium imaging and the
detection of ATP changes, Gerkau et al. (2019) studied the relation between
activity induced Na+ influx and ATP. They observed an ATP consumption,
by the NKA to recover from global Na+ influx, that exceeds ATP production.
When the Na+ was only local and the ATP production was fast enough, no
drop of ATP could be observed (Gerkau et al., 2019).
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4.4.1 New systematical application in Mongolian gerbils

So far, ATeam1.03
YEMK was only expressed in different mouse and rat lines

or cell cultures. In Chapter 3 it is shown that a systemic application through
the V. femoralis in the Mongolian gerbil is possible, even though some
aspects still need improvement. The first step was done to establish a
FRET sensor in Mongolian gerbils. Most AAVs barely cross the BBB and
a stereotactical injection is necessary, the used capsid AAV-PHP.eB has the
ability to cross the BBB in some mouse lines (e.g. C57BL/6J), while in
others this is not possible (e.g. BALB/cJ) (Chan et al., 2017, Hordeaux
et al., 2019). The results in Chapter 3 show that AAV-PHP.eB crosses the
BBB in Mongolian gerbils and a systemic application is possible. In mice a
systemical application is achieved via the tail vein, this is not possible for
Mongolian gerbils because their tail is hirsute and the tail vein is barely
visible. For this reason, the systemic application was achieved via the V.
femoralis. The systemical application reduces the suffering of the animals
compared to a stereotactical application. Additionally, it has the advantage
that ATeam1.03

YEMK should be expressed in all brain areas and different
regions can be researched. Even though the systemic application in the
Mongolian gerbil is possible, not enough cells expressed the sensor to
measure changes in ATP levels. The few virus-positive cells showed an
all-or-nothing expression, this rises the assumption that only a few neurons
were transduced but these got a high dose of AAVs.

4.5 the model

The final model is a rather simple description of our system. Although,
the DFBA was not able to find a biologically relevant solution, the ODE
model with drastically reduced reactions and parameters was able to find
a steady state. A sensitivity analysis showed that the model parameters
of the OxPhos, transport and housekeeping reactions as well as the PFK,
LDH, PDH and AKGDH showed a high sensitivity. The sensitivity of these
reactions is in accordance with their importance for this system, which
shows that the model seems to be realistic. The PFK is a rate-limiting
enzyme in glycolysis (Boscá and Corredor, 1984, Mergenthaler et al., 2013).
The AKGDH is thought to be a rate-limiting enzyme in the TCA cycle and
its decrease is associated with neurodegenerative diseases (Gibson et al.,
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2003). The transport reactions are necessary to fuel the reactions and the
OxPhos.

First trials to perturbate the model with ATP pulses (to mimic APs) showed
changes in FAD, O2 and NADH levels that are very similar to experimental
measurements. Even though such a stimulation is no validation of the
model, it shows that the model is on the right track and is able to come back
to a steady state after perturbation.

4.5.1 Similarities and differences to other models

A similar but much more detailed model was developed by Berndt et al.
(2015). They simulated the tissue of a brain slice to be as close as possible to
the in-vitro situation. This is an important aspect that is especially necessary
when the model helps in the interpretation of data. In the model presented
here this aspect was kept, by modelling a diffusion of oxygen and glucose.

Most models in literature do not distinguish between NADH and FADH2.
Since FAD is one of the few readouts of the described experiments it is
crucial to include both dinucleotides in the model.

4.6 possible experimental improvements

Our experimental design has some drawbacks that can be resolved for future
experiments. Other limitations cannot be improved by better experimental
design, but the model should solve these problems.

4.6.1 Gender differences

In my study I used both females and males for the experiments, which
might increase the variance of the data points. Since there are differences in
male and female energy metabolism, it is possible that the analysis would
be a little different if one distinguishes between males and females. With
some more experiments, one could reanalyse the data to search for gender
differences.
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4.6.2 Influence of temperature

When researching biochemical systems, temperature is an important aspect.
The speed of reactions is changing and neurons fire less reliably at non-
physiological temperature (Grande and Wang, 2011). Ibrahim et al. (2017)
showed the effect of temperature (in the range between 13 and 37°C) on
autofluorescence curves of NADH and FAD. They observe a less pronounced
second phase the lower the temperature is while the peak amplitude is even
more pronounced. For the interpretation of the autofluorescence data, this
needs to be kept in mind. While the body temperature of amphibians
depends on their surrounding temperature, the Mongolian gerbil has a
stable body temperature between 36°C and 39°C. In future experiments, it
could be interesting to change the model organism and compare the impact
of temperature in amphibians. For further experiments in Mongolian gerbils
or mice the temperature for the experiments should be increased to 36°C.
However, this comes with the disadvantage that cells in acute brain slices die
much faster at higher temperatures. For long experimental paradigms, like
in the study presented here with 8 different frequencies and 5 min breaks
between stimulations for recovery, this can lead to problems. A reduction
in autofluorescence amplitude could occur for later stimulations due to a
reduced number of responding neurons.

4.6.3 Oxygen availability in experiments

Oxygen availability in brain slices is also an issue that should be improved
for further experiments. In acute brain slices, blood vessels are no longer
capable of supplying the cells with oxygen and other essential nutrients.
Diffusion from the ACSF through several cell layers takes much more time,
which is a problem for neurons that need a fast oxygen supply. Experiments
that change the ambient oxygen concentration reveal the impact on oxygen
availability. A reduced oxygen supply increases the NADH autofluorescence
baseline, while the integral decreased significantly and the overshoot of the
NADH signal increased (Galeffi et al., 2011). Ivanov and Zilberter (2011)
have demonstrated the importance of a sufficient oxygen availability and
how a reduced oxygen supply changes the autofluorescence signals as well
as the firing behaviour of the cells. According to their results, a perfusion
rate of 15 ml/min is necessary for an appropriate oxygenation of a brain
slice, otherwise, the NADH autofluorescence amplitude decreases as well

55



as the O2 amplitude and the amount of available O2. The perfusion rate
in our setup was slower (0.45 ml/min). However, since there is still O2

in the slices after stimulation it can be assumed that the O2 supply is not
limiting the OxPhos. Still, the O2 supply can be improved for deeper cell
layers, for example with thicker tubes or by increasing the speed of the
pump. Moreover, the big round perfusion chamber is suboptimal for an
optimised oxygen supply. In a chamber with a large surface, O2 leaves more
easily into the air. Ivanov and Zilberter (2011) designed a perfusion chamber
that minimises oxygen escape, this chamber has a volume < 1 ml and a
dual laminar flow. This chamber increases oxygen availability significantly,
especially for deeper cell layers. Designing such a chamber for our setup
might improve oxygen supply.

Another possible solution was shown by Özugur et al. (2021). They were
able to increase O2 concentration in brain and rescue neuronal activity in a
hypoxic environment, by injecting microalgae into the heart of Xenupus laevis
tadpoles (details on the experimental protocol are found in Özugur et al.
(2022)). After vascular distribution of the microorganism, illumination lead
to photosynthesis by the algae and increased the oxygen concentration. This
seems to be the first step to improve the oxygen supply in acute brain slices
and solves the problem of slow diffusion from ACSF solution into deeper
tissue layers. Further development will be necessary to find a suitable
solution for mice tissue. Such a development could solve problems with
oxygen availability in brain slices. A disadvantage of such an approach
is that a combination with autofluorescence imaging will be difficult to
achieve, since it is crucial for autofluorescence imaging to avoid any light
pollution and to reduce photobleaching of the slices.

4.6.4 Actual firing rate

Even though the cells were stimulated with frequencies up to 1000Hz, the
stimulation rate is likely not the actual firing rate. Since no recording of
the APs of the MNTB cells was performed, published literature is necessary
to estimate the actual firing rate of the neurons for higher frequencies
in the presented experiments. As mentioned in the Introduction, MNTB
principal cells are able to have firing rates up to 1000Hz (Kopp-Scheinpflug
et al., 2003), but such high firing frequencies are achieved only under
special conditions at physiological temperature. Up to 300 Hz, MNTB
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principal neurons are reliably firing at the same frequency as the stimulation
(Taschenberger and Von Gersdorff, 2000, Kopp-Scheinpflug et al., 2003). For
these frequencies (10 Hz - 200 Hz), experiments with fixed stimulation
duration and those with a fixed number of stimuli show similar results of
increasing amplitudes for increasing frequency. This supports the suggestion
that increasing frequencies elevates the flux of OxPhos.

For frequencies above 200 Hz, it needs to be considered that a mismatch
between the stimulation rate and the actual firing rate can occur. The
autofluorescence amplitudes decrease under stimulation with 400 impulses.
This decrease could be explained either by a metabolic switch or by an
increasing failure rate of the neurons. As the MNTB is electrophysiologically
well-studied (Taschenberger and Von Gersdorff, 2000, von Gersdorff and
Borst, 2002, Kopp-Scheinpflug et al., 2003, Grande and Wang, 2011, Borst
and Soria Van Hoeve, 2012) the failure rate can be estimated. Since the
autofluorescence experiments are non-invasive it is necessary to estimate the
failure rate according to measurements that do not change the intracellular
composition (e.g. cell-attached or in-vivo recordings). A rather simple
estimation was done in Fig. 3.5. The estimation of the amplitude per AP
revealed two different images for the experiments with 5s stimulation and
400 stimuli. For increasing frequency, the amplitude per AP increases with
the 400 stimuli protocol, while it decreases for the 5s stimulation. The
similarity between the two estimations is that more APs lead to a decreased
amplitude per AP. This observation can have two possible explanations:

(1) The ATP consumption increases per single AP the fewer APs in total
are triggered

(2) The neurons switch from glycolysis to OxPhos the fewer APs in total
are triggered and with it the amplitude per AP gets bigger

4.6.5 Improving expression of ATeam1.03YEMK

A first step to establish an ATP FRET-sensor in the Mongolian gerbil was
done. Still, there are problems to solve in order to obtain a working system
for measuring ATP levels in the neurons and especially in the auditory
brainstem. First of all, the virus needs to be expressed in the whole tissue
not only close to big arterioles. To address this issue it could help to do
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an infusion instead of an injection. With an infusion, the same amount
of AAVs will be introduced to the system in a longer time period, this
should lead to a better distribution in the whole brain. Hence, it might
have the advantage of a more efficient viral expression in the brainstem
since the distribution of blood vessels is different in different brain regions.
Another possibility is to change the capsid, a new capsid AAV PHP.N
is now available which is neuron-specific (Kumar et al., 2020). With this
capsid, a ubiquitous promotor (e.g. CAG) could be used that shows a better
expression for neurons in the SOC. Hordeaux et al. (2019) showed that the
virus expression is dependent on the mouse strain. Therefore, to be sure
that it is not a gerbil-specific problem it would be helpful to inject the virus
via the V. femoralis to a mouse line that is known to have no problems in
expressing AAV-PHP.eB, for example, C5BL/6J. The presented results show
an all-or-nothing expression, this tells that maybe not the expression time
was the problem and with an improved virus or virus application, it would
be possible to reduce the expression time.

4.7 conclusion

In conclusion, NADH and FAD autofluorescence imaging were used, as
well as O2 measurements, to explore the frequency dependence of metabolic
processes in MNTB neurons. Indeed, a metabolic adaptation to the broad
firing frequency of these neurons was found. Also, the amount of available
glucose has an impact on the used metabolic pathways but not the stimula-
tion pattern. The MNTB neurons are switching the contribution of glycolysis
and OxPhos depending on the stimulation frequency. These findings are
also relevant for other neurons capable of high firing frequencies (Wang
et al., 2016, Ritzau-Jost et al., 2014). For a more detailed analysis of the
pathways with direct insights into ATP consumption and production, an
ATP FRET sensor could be established. For ATP measurements further
improvements need to be done, but a systemic application in Mongolian
gerbils is possible. Finally, I developed a model that can be utilised after
validation for the interpretation of experimental data, providing insights
into the metabolic adaptations that occur in response to neuronal activity.
First tests show that the model is in a steady state that is reached again
after perturbation with an ATP pulse. The concentrations of NADH but
especially FAD and O2 show very similar behaviour as measured in the
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experiments after electrical stimulation. The study of metabolic adaptions
to neuronal activity will help to improve the interpretation of functional
neuroimaging data by knowing the individual metabolic adaptations of
different neuron types. Understanding the relationship between metabolism
and electrical activity of various neuron types might help to use NADH/-
FAD autofluorescence lifetime imaging microscopy (FLIM) in the future as
a new diagnostic tool for neurodegenerative diseases (Chakraborty et al.,
2016, Shi et al., 2017).

4.8 future work

There are many directions in which one can continue the work. Since
I started some projects that I could not finish, these are good starting
points for future projects. There are two parts for the following work: the
experimental and the theoretical work. Both are worthy and interesting
to investigate further. In the experimental part the FRET-sensor can give
new insights into the metabolism of MNTB neurons and the data that can
be fed to the model. The downside of FRET sensors in general are a high
sensitivity to temperature and pH value as well as different bleaching of
the two fluorophores. Because of these problems, one has to be careful with
interpretations of measured data with ATeam1.03

YEMK. Before continuing
this project it is recommendable to wait for improved forms of an ATP
biosensor.

On the other hand, the modelling part can be continued. A validation of the
model with experiments would be the next step. If the model is indeed valid
it is possible to perturb the system in the same way as the brain slices were
stimulated. This will help for further interpretation. It might also be possible
to return to the FBA, but more information is necessary to justify an objective
function. The mathematical model will help to find better boundaries for
the fluxes of the FBA and with that the possible solution space becomes
smaller. The model will help to determine interesting pathways and with it
the next direction for experiments.
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A P P E N D I X

1 bleed-through correction

To simultaneously measure NADH and FAD in the same experiment, a
multiband filter set was used. This led to the excitation of FAD at 360nm
and resulted in the issue of FAD autofluorescence bleeding through into
the NADH fluorescence channel. NADH images were rectified for the
impact of FAD autofluorescence with the following method. it was pos-
sible to calculate the FAD contribution for excitation at 365nm (FAD365)
from the pure FAD image obtained with excitation at 470nm (FAD470), by
utilizing the LED spectra (d), the peak intensities of the LEDs (LED365,
LED470), FAD absorption spectrum (f), and transmission spectrum of the
excitation filter (e).

FAD365 =
LED365 ∗

∫417
365 d ∗ e ∗ fdλ

LED470 ∗
∫417
365 d ∗ e ∗ fdλ

∗ FAD470

= 0.796 ∗ FAD470

Afterwards, the autofluorescence image from NADH alone (NADHreal)was
obtained by subtracting the FAD365 contribution from the measured
NADH autofluorescence image.

NADHreal = NADH365 − FAD365 = NADH365 − 0.796 ∗ FAD470

A validation of the bleed-through correction method was performed by
measuring the autofluorescence of three solutions containing 150µM of

XI



NADH with varying concentrations of FAD (0 µM, 20 µM, and 40 µM).
After applying the bleed-through correction, NADH autofluorescence
values were obtained that were consistent with the expectations from the
same NADH concentration in all three solutions. The measured autoflu-
orescence values exhibit significant differences compared to the values
obtained without FAD, highlighting the importance of applying a correc-
tion method.

FAD concentration
measured NADH
autofluorescence

corrected NADH
autofluorescence

0 µM 241 241

20 µM 381 213

40 µM 479 186
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2 kinetics

The used kinetics for the computational model with Km as Michaelis-
Menten constant and Vmax as maximal rate of a reaction. All metabolites
(and reactions) are marked in which compartment they are with the fol-
lowing abbreviations:

n− Neuron
nc− Cytosol of Neuron
nm− Mitochondria of Neuron
a− Astrocyte
e− extracellular

=> Oe
2: OxygenDif

vf = DiffOe
2 ×

(
Ob

2 −Oe
2

)
DiffOe

2 = 0.04

Ob
2 = 1

=> glun : GLUTn

vf = VGLUTn
max × glue − glun

1+ glue
KmgluE

+ glun
KmgluE

VGLUTn
max = 0.72

KmgluE = 2.87
glue = 2

=> glua : GLUTa

vf = VGLUTa
max × glue

1+ glue
KmgluE

+ glua
KmgluE
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VGLUTa
max = 0.72

KmgluE = 2.87
glue = 2

Oe
2 => On

2 : OxgenDifN (Oxygen Diffusion Neuron)

vf = DiffON
2 × (Oe

2 −On
2 )

DiffON
2 = 0.5

atpn+glun => adpn+g6pn : HKn

vf = VHKn
max × glun

glun +Kmglu
× atpn

atpn +Kmatp

(
1+ g6pn

Ki
g6p
atp

)

VHKn
max = 9.36

Kmglu = 0.043
Kmatp = 0.37

Ki
g6p
atp = 7.4e− 05

atpn+g6pn => 2 gapn+adpn : PFKn

vf = VPFKn
max × g6pn

Kmg6p + g6pn
× atpn

atpn +KmATPPFK

VPFKn
max = 0.0026

Kmg6p = 0.027
KmATPPFK = 0.055

gapn+nadnc+2 adpn => nadhnc+pyrn+ 2 atpn : Glyco2n

vf = VGlycon
max

gapn

gapn +KmGAP

nadnc

nadnc +KmPK
NAD

adpn

adpn +KmADP

(
1+ atpn

KiPKATP

)
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VGlycon
max = 23.76

KmGAP = 0.074

KmPK
NAD = 0.01

KmADP = 0.42

KiPKATP = 4.4

atpa+glua => adpa+g6pa : HKa

vf = VHKa
max × glua

glua +Kmglu
× atpa

atpa +Kmatp

(
1+ g6pa

Ki
g6p
atp

)

VHKa
max = 9.36

Kmglu = 0.043
Kmatp = 0.37

Ki
g6p
atp = 7.4e− 05

atpa+g6pa => adpa+2*gapa : PFKa

vf = VPFKa
max × g6pa

Kmg6p + g6pa
× atpa

atpa +KmATPPFK

VPFKa
max = 0.0026

Kmg6p = 0.027
KmATPPFK = 0.055

2 adpa+gapa+nadac => 2 atpa+nadha+pyra : Glyco2a

vf = VGlycoA
max

gapa

gapa +KmGAPa

nadac

nadac +KmPKa
NAD

adpa

adpa +KmADP

(
1+ atpa

KiPKATP

)
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VGlycoA
max = 23.76
KmGAP = 0.074

KmPK
NAD = 0.01

KmADP = 0.42

KiPKATP = 4.4

pyrn+nadhnc <=> nadnc+lacn : LDHn

vf =
VLDHn
max × pyrn ×nadhnc(

1+ pyrn
KmPYR

)
×
(
1+ nadhnc

KmNADHLDH

)
+
(
1+ lacn

KmLAC

)
×
(
1+ nadnc

KmNADLDH

)
− 1

vr =
VLDHn
max × lacn × nadnc

KeqLDH(
1+ pyrn

KmPYR

)
×
(
1+ nadhnc

KmNADHLDH

)
+
(
1+ lacn

KmLAC

)
×
(
1+ nadnc

KmNADLDH

)
− 1

VLDHn
max = 100000

KeqLDH = 8400

KmPYR = 0.36
KmLAC = 4.2

KmNADHLDH = 0.043
KmNADLDH = 0.088

lacn <=> lace : MCTn

vf = VMCTn
max × lacn(

1+ lacn
Kmlac

)
+
(
1+ lace

Kmlacex

)
− 1

vr = VMCTn
max ×

lace
KMCT
eq(

1+ lacn
Kmlac

)
+
(
1+ lace

Kmlacex

)
− 1

VMCTn
max = 5

Kmlac = 1.1
Kmlacex = 1.1

KMCT
eq = 1.737
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laca => lace : MCTa

vf = VMCTa
max × laca

laca +Kmlac

VMCTa
max = 5

Kmlac = 1.1

nadha+pyra => laca+nadac : LDHa

vf = VLDHa
max × pyra

KmPYR + pyra
× nadha

KmLDH
NADH +nadha

VLDHa
max = 100000

KmPYR = 0.36

KmLDH
NADH = 0.043

nadnm+pyrn+coAn => nadhnm+aCoAn : PDHn

vf = VPDH
max × pyrn

pyrn +KmPDH
PYR

× nadnm

nadnm +KmPDH
NAD

× coAn

coAn +KmPDH
CoA

(
1+ aCoAn

KiACoA

)
VPDH
max = 13.1

KmPDH
PYR = 0.068

KmPDH
NAD = 0.041

KmPDH
CoA = 0.0047

KiACoA = 0.0004

oaan+aCoAn => citn+coAn : CSn

vf = VCS
max ×

oaan

oaan +KmCS

(
1+ citn

KiCIT

) × aCoAn

aCoAn +KmaCoA

(
1+ coAn

KiCoA

)
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VCS
max = 1280

KmCS = 0.0045
KiCIT = 3.7

KmaCoA = 0.005
KiCoA = 0.025

citn+nadnm => akgn+nadhnm : ACOn

vf = VACO
max × citn

citn +KmCIT
× nadnm

nadnm +KmNAD

(
1+ nadhnm

KiNADH

)
VACO
max = 64

KmCIT = 0.16
KmNAD = 0.091
KiNADH = 0.041

akgn+nadnm+coAn => sCoAn+nadhnm : AKGDHn

vf =VKGDH
max

akgn

akgn +KmAKGD
× nadnm

nadnm +KmKGDH
NAD

(
1+ nadhnm

KiKGDH
NADH

)
× coAn

coAn +KmCoA

(
1+ sCoAn

KiSCoA

)
VKGDH
max = 134.4

KmAKGD = 2.5
KiSCoA = 0.0045

KiKGDH
NADH = 0.0045

KmKGDH
NAD = 0.021

KmCoA = 0.0013
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sCoAn+adpn => sucn+atpn+coAn : SCSn

vf = VSCS
max ×

sCoAn

sCoAn +KmSCS
× adpn

adpn +KmSCS
ADP

VSCS
max =19200

KmSCS =1.6

KmSCS
ADP =0.25

fadn+sucn => fadh2n+maln : SDHn

vf = VSDH
max × sucn ∗ fadn

sucn +KmSUC

(
1+ maln

KiMAL

)
VSDH
max = 160000

KmSUC = 1.74
KiMAL = 2.2

maln+nadnm => oaan+nadhnm : MDHn

vf = VMDH
max × maln

KmMDH +maln
× nadnm

nadnm +KmMDH
NAD

VMDH
max = 32000

KmMDH = 0.145

KmMDH
NAD = 0.06

fadh2n+0.5 On
2 +2 adpn => fadn+2 atpn : OP1n

vf = VOP1
max ×

fadh2nadpnO
n
2

KmOP + fadh2nadpnO
n
2

VOP1
max = 4.5

KmOP = 13.48
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nadhnm+0.5 On
2 +3 adpn => nadnm+3 atpn : OP2n

vf = VOP2
max

nadhnm ∗ adpn ∗On
2

KmOP +nadhnm ∗ adpn ∗On
2

VOP2
max = 4.5

KmOP = 13.48

fadn+nadhnc => fadh2n+nadnc : G3PSn

vf = Vmax
fadnnadhnc

Km ∗Km+Km ∗ fadn +Km ∗nadhnc +nadhnc ∗ fadn

Vmax = 16

Km = 0.6

atpn => adpn : ATPaseN

vf = VATPaseN
max × atpn

KmATPase + atpn

VATPaseN
max = 0.12

KmATPase = 0.1

atpa => adpa : ATPaseA

vf = VATPaseA
max × atpa

KmATPase + atpa

VATPaseA
max = 0.02

KmATPase = 0.1

pyra => : Mito1
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vf = VMito1
max × pyra

KmMito1 + pyra

VMito1
max = 0.277

KmMito1 = 0.2

nadha => nadac : G3PSa

vf = Vmax ×
nadha

Km+nadha

Vmax = 16

Km = 0.6

adpa => atpa : Mito2

vf = VMito2
max × adpa

KmMito2 + adpa

VMito2
max = 4.6

KmMito2 = 13.48
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3 p-values

3.1 Burst mode

Frequency (Hz) 100 200 400 600 800 1000

Amplitude NADH 0.27 0.23 0.52 0.36 0.26 0.055

FAD 0.63 0.86 0.2 0.39 0.068 0.023

Integral NADH 0.23 0.009 0.09 0.12 0.029 0.009

FAD 0.25 0.003 0.023 0.29 0.66 0.053

Time NADH 4.36e-04 4.66e-03 1.37e-06 7.94e-07 2.05e-04 1.52e-04

FAD 1.7e-05 3.08e-04 5.23e-07 3.48e-07 6.26e-02 0.26

Table 1: Comparison of 400 stimuli with continuous and burst stimulation
p-Values of a two-sided t-test for different parameters

3.2 Block of OxPhos

Control Washout
Block NADH 0.0015 0.0654

FAD 0.0001 0.007

Washout NADH 0.0089 -
FAD 0.0035 -

Table 2: Blocking of OxPhos p-Values of a two-sided t-test to compare the amplitude
with an unblocked control and the amplitude after the washout with those
during the block.

3.3 Increased glucose concentration

Frequency (Hz) 10 50 100 200 400 600 800 1000

Amplitude NADH 0.2 0.3 0.38 0.6 0.09 0.2 0.16 0.17

FAD 0.06 0.028 0.017 0.222 0.006 0.007 0.019 0.228

Overshoot NADH 0.04 0.0003 0.003 0.002 0.01 0.01 0.01 0.2

Table 3: Comparison of 400 stimuli with in 2mM and 10mM ACSF p-Values of a
two-sided t-test for different parameters
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Figure 1: Paired t-test with bonferoni correction. Here it is shown how different the
amplitudes of two frequencies are. This was done for NADH and FAD with
all stimulation paradigms shown above. All values were rounded to the 5th

decimal place.
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