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Abstract

Neuronal activity in the brain depends to a large extent on adenosine triphosphate gener-
ation and thus on the availability of oxygen. This makes oxygen a highly relevant readout
for studying neuronal metabolism. To evaluate the dependency of neuronal activity on
oxygen availability, semi-intact in vitro preparations of Xenopus laevis tadpoles with func-
tional central and peripheral nervous systems were studied. Trochlear motor nerve spike
discharge served as a physiological correlate for neuronal activity. Os-concentrations in
the bath chamber and the brain were concurrently monitored using Clark-type oxygen
microsensors during superfusion of Ringer solution with various concentration levels of
oxygen. The O,-concentration was accurately set to a defined value by aeration with
carbogen (95 % O,, 5% CO,) or nitrogen. In air-saturated Ringer solutions (290 pmol/1
0,), the IV*® ventricle was devoid of oxygen due to consumption by adjacent brain tissue
and an Oy-concentration of zero was measured. At elevated oxygen bath concentrations of
>290 pmol /1, the ventricular oxygen level was considerably augmented (> 0) while spon-
taneous burst discharge of the trochlear nerve caused a transient drop of the oxygen level
within the IV ventricle, indicating a neuronal activity-related increase in the demand
for oxygen. In contrast, decreasing the concentration of oxygen in the Ringer solution
below ~ 40 pmol/l completely ceased trochlear motor nerve activity. Oxygen delivery is
limited by metabolic processes and diffusion, which are often impaired following injury
in the brain, largely due to scar tissue formation or caused by associated diseases, such
as lung impairments or during stroke. A good model for pathological condition are in
vitro experiments, as oxygen delivery through the blood is absent. Therefore alternative
delivery methods are required. Aiming at a spatially more accurate and faster means
for the modulation of the oxygen level in the brain, the natural capability of algae and
cyanobacteria to produce oxygen upon visible light illumination via photosynthesis was
exploited. Injection of the green algae Chlamydomonas reinhardtii or the cyanobacteria
Synechocystis sp. into the vascular system of Xenopus tadpoles prior to the generation
of the semi-intact preparation distributed these single celled organisms throughout the
vasculature of the entire brain. This new approach is termed ’Symbiotic Oxygen Sup-
ply’ (SOS). External induction of hypoxia caused an oxygen depletion within the IV
ventricle and a subsequent trochlear motor nerve activity abolishment. Illumination with
visible light activated algal photosynthesis and increased the oxygen level in the brain,
leading to a restart of motor nerve activity upon illumination within about 20 min. This
suggests that SOS is sufficient to restore energy equivalents required for maintained neu-
ronal activity in oxygen depleted environments. Accordingly, introduction of algae or

cyanobacteria and illumination represents a promising method to augment the oxygen



level in any diffusion-limited in vitro neuronal preparation devoid of a functional circula-

tion and potentially also under in vivo conditions.

Aim of this Study

The present study aims at identifying the oxygen dynamics in the brain of Xenopus
laevis larvae, including the major Oy-consuming pathways in energy metabolism and the
contributions to neuronal activity. Further, this study focuses on the quantification of
brain Og-consumption under resting conditions and during increased neuronal activity
and monitors the influence of external Oy-concentration on O,-consumption and neuronal
discharge rate. Furthermore, as an alternative oxygen supply, the final aim of this thesis
is to test the use of photosynthetically derived oxygen from algae and cyanobacteria as

an intrinsic oxygen source in the Xenopus laevis larvae.
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1. Neuronal Oxygen Consumption

Pathological conditions such as loss of balance, diabetes, neurodegenerative diseases, or
hearing loss often have their cause in disturbances in the energy supply of cells [1-3]. For
cells to function properly, it is crucial that every step in energy-deriving pathways work
with high accuracy to deliver the required energy for full cell functionality. There exist
energy-providing pathways which allow the cell to get energy during short-term shortage,
and thus avoid long-term damage associated with such shortage. Such pathways are
conserved in all cell types, and thus also in neurons. The brain in particular is very
vulnerable to changes in oxygen availability and even minute deviations from an optimal

energy supply could restrict cell function and can cause drastic effects on health.

Compared to its fraction of total body mass, the brain requires a disproportionately
large amount of energy [4]. This large amount of energy ensures proper maintenance of
functional characteristics of the brain’s cellular constituents, such as neurons and glial
cells [5], which in turn leads to a considerable Oy-consumption by this organ [6]. At the
molecular level, oxygen deprivation prevents cells from producing adenosine triphosphate
(ATP) and leads to disturbed cell function, which can cause neuronal damage. The major
ATP pools in cells derive from oxidative phosphorylation (OXPHOS), the energy cycle
located in the mitochondria [7]. As mitochondrial functionality has a great dependency
on oxygen availability, it is consequential that the majority of ATP generation is coupled
to oxygen availability. This makes oxygen a key molecule in energetic processes. To
prevent the cause, or to treat the effect, of energy shortage in the brain, it is necessary to
get a full understanding of the influence of oxygen on neuronal activity, how the activity
changes during shortage to identify critical events, and possible points of intrusion. An
ideal model system to study the fundamentals of energy consumption, energy shortage,
and their relation to neuronal activity are vertebrates such as fish or amphibians. These
vertebrates have a simpler neuronal organization, and their energy-deriving pathways are

well understood, enabling experiments at a very fundamental level.

In the course of the present work the Oy-consumption of the brain and the contri-
bution of oxygen shortage to neuronal activity were investigated. To analyze oxygen
dynamics in the brain’s fourth-ventricle, mitochondrial activity was inhibited (potassium

cyanide (KCN) application) and samples from dead brains (ethanol (EtOH) fixed) were
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used. Further, the contribution of neuronal activity to Oo-consumption was quantified
following inhibition of neuronal activity by the voltage-dependent sodium channel blocker
MS-222; as well as during periods of increased neuronal activity, i.e. spontaneously ap-
pearing bursts. The present study shows that air-saturated oxygen levels in the Ringer (a
salt solution in water similar to the physiological composition of brain fluids to prolong
the survival time of excised brain tissue) are critical and the brain could consume more
oxygen provided more oxygen is available. Furthermore, under hypoxia, i.e. oxygen depri-
vation, neuronal activity ceased completely but could be rescued with externally provided
oxygen. However, this process is very slow. In the course of this work, a new approach
using algal photosynthesis was established where the preparation becomes independent of
external oxygen sources and, moreover, neuronal rescue under hypoxia is faster compared
to conventional oxygen supply. Algal photosynthesis was used to produce oxygen upon
light illumination. Therefore, algae or cyanobacteria were injected into the vasculature of
the larvae to have the micro-oxygen-machinery’s spread through the entire vascular sys-
tem, also reaching the brain. This novel method is termed "Symbiotic Oxygen Supply’, or
short "SOS’. SOS was able to rescue the neuronal activity in Xenopus laevis larvae under

hypoxia simply by light illumination.

1.1. Hypoxia in the Brain

Like any cell function, also neuronal functionality depends on oxygen. Thereby, the neu-
ronal Oo-consumption can be analyzed as a proxy for energy requirements during specific
activity. Since amphibians are quite robust and tolerate low oxygen in the environment,
studying their oxygen needs for neuronal functionality allows to draw conclusions for the
mammalian system, as neuronal pathways are conserved through vertebrate species. For
example, striking parallels between hypoxia tolerant adult animals and mammalian new-
borns [8] could help to understand compensating mechanisms and to develop strategies

to avoid neuronal damage.

Hypoxia is important to study since a hypoxic environment is common among em-
bryonic vertebrates at a distinct stage without negative effects, such as the oxygen poor
environment inside the egg. At this early embryonic stage no neurons have developed yet,
and will only at a later developmental stage. If hypoxia appears after embryonic stages
and as early as at larval, adolescent, or adult stages, long term damage could lead to
irreversible neurological damage, and even lead to neuronal death [9]. Causes of hypoxia
can be grouped into external or internal origin. Examples for external origin include
deep-water diving, flying at high altitudes, and strangulation. Examples for internal ori-

gin include smoke inhalation, exposure to toxic chemicals, drug abuse, asthma, stroke,
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and shock. Especially in the brain, hypoxia causes severe injuries. Cerebral anoxia occurs
when the brain lacks oxygen, leading to neuronal cell death if the oxygen undersupply is
prolonged. If there is not a complete anoxic condition, but only an inadequate oxygen
supply, Hypoxic Ischemic Encephalopathy (HIE) will occur [10]. The major occurrence
of HIE is during birth, when oxygen is limited. This could be due to low maternal blood
pressure, hypoventilation, premature separation of placenta, or cord knotting around the
neck. As a consequence, organs could be harmed, including some of the most impor-
tantly functioning organs such as the heart and the brain. The O,-concentration in the
brain is considered as ‘normal’ with 95 %- 100 % oxygen saturation, as ‘mild and moder-
ate hypoxic’ with 86 %-45 %, and as ‘sever hypoxic’ below 45 % oxygen saturation [11].
While for mild and moderate hypoxic instances the damage is restricted to the duration

of oxygen shortage, under severe hypoxic conditions the damage will be permanent.

In children or adults, the first symptoms indicative of hypoxia of the brain are difficul-
ties in learning tasks and problems in retrieving short-term memory, followed by decreased
motor control, or cognitive affections [12]. If oxygen depletion is prolonged, loss of con-
sciousness, coma, and brain death could occur [10]. Depending on the affected region,
oxygen depletion in the brain can lead to disturbances throughout the whole body. If on
the left side of the brain Broca’s area or Wernicke’s area are affected by hypoxia, speech
and language problems will occur [13]. On the other hand, if the lesion affects the motor
cortex, motor control impairments such as Epilepsy could evolve [14]. Finally, if the limbic
system is affected by hypoxia, emotions and understanding will be impaired, that could

develop further into depression, schizophrenia, Alzheimer’s disease, or autism [15].

A treatment of hypoxic brain injuries of newborn infants is cooling the body temper-
ature to 33°C for three days [16]. Newborn mammals survive lower body temperatures
more easily than adults [17]. The reduction of body temperature leads to a reduction in
the metabolic rate [8] and therefore decreases the oxygen need. This prevents long-term
damage, if the treatment accrues before normal blood flow reaches damaged cells within
6 hours after the hypoxic condition [18]. In adults, however, oxygen levels in the brain
need to be restored. This could be achieved, in mild and moderate cases, by removing
the cause of the hypoxia and by inhaling oxygen. One method is the hyperbaric oxy-
gen therapy, where patients inhale pure oxygen to increase blood oxygen delivery to the
injured tissue. This therapy requires 30-40 repeated sessions [19] where patients are hos-
pitalized, which is time and cost expensive. However, in severe hypoxic cases, even those
methods are insufficient. This is why new methods and fast applications are required to
prevent harmful aftereffects of oxygen depletion in the brain. This requires a fundamental

understanding of neuronal circuits and their respective oxygen dependency.
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1.2. In Vivo vs In Vitro Brain Studies on

0,-Consumption

In vivo and in wvitro studies both come with advantages and disadvantages. While in
vitro measurements reveal easy and fast experimental data, in vivo measurements are
the most realistic monitoring for normal function and behavior. However, most in vivo
brain studies are performed in rodents and require training and most often surgery on
the animal before experimentation. On the other hand, in vitro brain studies are mainly
performed on brain slices and only possible for a short time period after surgery, when

the cells are still active.

In wvitro measurements are the dominant method when it comes to study the Oq-
consumption in the brain. Os-turnover has been used in a number of experimental and
theoretical studies to estimate the cost of neuronal activity from single cell conductance
to network computations. Rat hippocampal brain slices showed at air-saturated artificial
cerebrospinal fluid (CSF) significantly reduced gamma oscillations, which are linked to
sensory perception and memory formation. Moreover, during air-saturated artificial CSF
spontaneous network activity is decreased, compared to conditions with increased exter-
nal oxygen. This was shown in multi- and single-unit recordings, where the strongest
decrease of gamma oscillations was reached after 30 min-60min of low oxygen in the
CSF [20]. Huchzermeyer et al. showed that at 20 % Oy-concentration, which corresponds
to air-saturated conditions, mitochondrial function is limited [20]. Likewise, in rat hip-
pocampal brain slices, 20 % oxygen saturation was found to be insufficient to activate a
maximal nicotinamide adenine dinucleotide (reduced form: NADH) response [21]. Brosel
et al. studied the oxygen and energy consumption in different brain regions in gerbil
slices and showed that the energy demand is dependent on neuronal cell type and thus
on a particular brain region [22]. Further, they showed that 80 % of the ATP produc-
tion is covered by OXPHOS [22]. Monitoring O,-concentration in the lateral superior
olive (an auditory brainstem nucleus) during stimulation with 100 Hz caused an oxygen
drop of 129 pmol/l. As the stimulation with 10 Hz lead to an oxygen drop of 8 pmol/l,
this showed a strong stimulus dependent Oy-consumption [22]. Setting the excitatory
postsynaptic potential (EPSP) amplitude in relation to Os-consumption, Galeffi et al.
measured in rat hippocampal slices that a 90s lasting activation at 10 Hz results in an
oxygen drop of 200 mmHg, while for the same stimulation for 25s the oxygen drop was
only 120mmHg [23], which, following Schneider et al. [24], corresponds to 273 pmol/1
and 88 umol/l, respectively. In the mouse hippocampal CA3 region, oxygen monitoring
yielded to an Og-consumption of 145 pmol/l during the resting state and an additional

oxygen need of 245numol/1 due to increased neuronal activity (calculated from [24, 25]).
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The key message from the studies above is that the Oy-concentration in the Ringer has
an impact on mitochondrial function and spontaneous network activity, which is also de-
pendent on the brain region. Air-saturated external Ringer levels are too low to achieve

maximal energy production and neuronal response.

The different approaches in oxygen monitoring make it hard to compare values or set
them into relation to other studies. However, studies using brain slices yield an important
insight at the cellular level. Patch-clamp recordings allowed analyzing the response and
dynamics of single cells due to stimulation or drug application. Drug application in slices
is simple and fast, such that the latency time is easily determined. Further, the washout
is fast and efficient as the slice is thin. Studies with reversible inhibitor application are
beneficial on brain slices. Mathematical models can be applied to single cell studies and
their results allow to draw conclusions that are also valid for cell types, such as neurons
or glial cells, for vascular interactions and feedback [26], or contribution of the energy
pathways underlying nicotinamide adenine dinucleotide phosphate [NADP(H)] production
[27]. However, slice recordings are in some aspects far away from in vivo physiology,
because in slice recordings cells are remote from a natural environment, lacking blood
circulation and thus the supply of nutrients and oxygen. This is why in slice studies
everything is limited through diffusion processes. Reduction of the slice thickness helps
to guarantee diffusion in adequate time. However, the thinner the brain tissue the less
natural is the environment in which the cells are embedded, especially on the surface. Cells
on the surface of the slice have a high nutrient supply, that under normal conditions would
be absent. This could stress the cells and lead to production of stress factors, which cells
in the vicinity would detect and react to. Further, cells on the surface are most probably
damaged by the slicing procedure and show round and detached structures, that also most
likely lead to a production of stress or death signals, which influence neighboring cells.
Additionally, the introduction of measurement instruments into the tissue of a slice will

unavoidably damage cells at the insertion site.

On the other hand, studies on in vivo models such as rodents or humans are difficult
to perform and in vivo collected data are often difficult to interpret, due to the special
circumstances of the experiment and the therefore small field of application. Animal
in vivo experiments take a long pre-experimental time to set up the whole procedure.
Further, the experimental procedures are very sensitive and have to be performed in
exactly the same way for every animal in a study. The data collected from an in vivo
experiment could range from behavioral studies to cell and network influences and has
almost no limitation. However, the animal most likely has to undergo surgery before
the experiment, allowing monitoring of fluorescent dyes in the brain through a cranial

window or electrode placement within the brain with head fixation on e.g.a treadmill.
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This intervention is difficult and often very stressful for the animal, which will probably

never fully recover from this intrusion, thus not showing the normal behavior.

Since measurements in slices are hardly comparable to in vivo or in wvitro whole brain
preparations and in vivo data collection is complex and expensive, studies in an intact
system would be beneficial. Additionally, studying an intact system—such as in semi-
intact in vitro preparations including the brain—allows making assumptions for human
physiology, since the brain and the central neural network is still intact, which is not the
case for slice experiments, where only a distinct mechanism or cycle can be monitored but
without the interaction of the whole neuronal network in the brain. Furthermore, slice
studies in the past used electrical stimulation to provoke a specific neuronal response,
which is hard to compare to natural stimuli. Action potentials in slices were recorded
extracellularly [24] or by local field potentials and changes in extracellular potassium
concentration were monitored [20]. Motor nerve activity as a behavioral readout was
not recorded, as this is not possible in slice recordings. However, the potential of nerve
responses and thus behavioral readouts in an experiment is not to be underestimated.
Especially when correlating the magnitude of neuronal discharge and concurrent oxygen
consumption in the intact brain. In an intact in vitro preparation, natural stimulation and
motor nerve activity can be monitored simultaneously. Furthermore, the Oy-consumption
of a distinct neuron or neuronal population is crucial to estimate the neuronal dynamics
on a cellular basis. However, in order to get an idea of how neuronal activation accounts
for oxygen dynamics, it is necessary to study the oxygen dependency in an intact brain,

such as present in semi-intact ¢n vitro preparations.

1.3. Xenopus laevis as an Animal Model

As mentioned in the very beginning of this chapter, vertebrates such as fish and amphib-
ians are ideal candidates for studying oxygen dynamics in the brain. The importance of
studying different species besides mammals is due to the fact that these vertebrates have
a simpler organization such that it is much easier to access neuronal pathways. However,
among vertebrates, amphibians earn special notice for several reasons. Amphibians are
truly experts in survival in regard to temperature changes, tolerance for low oxygen, and
extreme environmental changes, such as changing their habitats from water to land. Fur-
ther, amphibians undergo metamorphosis, a physiological change that is associated with
organogenesis or tissue differentiation and could give important insights into evolutionary
steps [28].

Among these amphibians is the African clawed frog—Xenopus laevis—that is used in

research in several fields, including neurobiology. In 2012, Straka and Simmers described
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the advantages of semi-intact in vitro preparations of Xenopus laevis with functional sen-
sory organs and motor effectors [29]. These semi-intact in vitro preparations allow filling
the gap between in vitro slice recordings and in vivo experiments. They remain (almost)
fully functional up to 5days [30], allowing longer recordings. Temperature adaptation is
quite unique in amphibians and show no influence on viability between 2°C and 26 °C
[30]. The ability to perform a range of in vitro experiments with this semi-intact prepa-
ration enables studies that in other vertebrate models can only be performed in vivo [29)].
Since the preparation gives access to all brain areas, the semi-intact Xenopus laevis in
vitro preparation is a powerful model to study central neural networks and their develop-
ment, as well as the functional establishment of sensory-motor transformations [29]. This
preparation shows a robust and intact vestibulo-ocular reflex and functional sensory mo-
tor behavior [31], thus enabling to study the transformation of vestibular sensory signals
into motor commands for gaze-stabilization [32]. The activation of the vestibulo-ocular
reflex can be triggered by angular or linear motion, which activates semicircular canal and
otolith organs in corresponding alignment [33]. A wide variety of Xenopus laevis neuronal
projections have been investigated in the past [31, 33-38] and show a well organized net-
work. Vestibular nuclei, located in the hindbrain, are activated by semicircular canals,
the utricle, the lagena, and the saccule. Efferent fibers connect the vestibular nuclei with
the extraocular motor nuclei, i.e. the abducens, the trochlear and the oculomotor nuclei.
The abducens nerve is involved in lateral eye movements, through contractions of the
lateral rectus eye muscles. The trochlear nerve innervates the superior oblique muscle
that causes an upward rotation of the eyes. The oculomotor nerve innervates superior-
(upward eye motion), medial- (nasal eye motion), and inferior rectus muscles (downward
eye motion), and inferior oblique muscles (downward eye rotation) [31]. These spatially
selective motor commands can be used to analyze the structure and network of the brain
[31, 34], or the extraocular motor activity available as readout during imposed head mo-
tion [39], or during swimming behavior [40]. Nerve activity can be monitored easily by
recording nerve discharge rates, through methods such as intracellular (singe cell) record-
ings with patch-clamp [41] or extracellular (single- and multi-unit) with hook-techniques
[42] or suction electrodes [43]. All approaches have their advantages and depend on the
specific research goal. For oculomotor nerve recordings, the hook- and suction electrode
method is applicable. Since Xenopus laevis larvae undergo metamorphosis, they repre-
sent an important model, as their neuronal circuitry has to adapt to the new locomotor
style. This functional plasticity during development was studied by Combes et al. [44],
where they showed that during metamorphosis a switch in locomotor network from axial
locomotion to appendicular rhythm generation occurs. Furthermore, electrophysiological

recordings, such as action potential recordings from the extraocular motor nerves, allow
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the functional structure of circuits to be assessed. Further, it allows the study of synaptic
inputs [30], triggered by stimulation or inhibition (translational motion stimulation [45]

or drug application [46]).

1.4. Photosynthetic Oxygen from Algae and

Cyanobacteria

Oxygen supply is generally limited by metabolic processes and diffusion, which can be
disturbed during injury and disease. Also, during in vitro experiments, oxygen supply
through the blood circulation is absent and oxygen is only delivered by diffusion from
the surrounding Ringer solution. This diffusion restricts neuronal activity, especially if
there is a higher oxygen need due to enhanced neuronal activity. Aiming at a spatially
more accurate and faster means for the modulation of the oxygen level in the brain, the
natural capability of algae and cyanobacteria was exploited to produce oxygen upon illu-
mination. Plants perform photosynthesis during light illumination, and as a by-product
of their metabolic process, oxygen is produced. A recent study of algal application for lo-
cal wound recovery showed the benefits of oxygen supply, as it could be delivered locally
thus accelerating the healing process [47]. As some nutrients like oxygen have a small
diffusion distance in the tissue of only ~30pm-40pum [25], a local supply is beneficial
to guarantee fast and adequate delivery. Wound healing in human patients for instance
relies on various factors, i.e. oxygen supply, immune cells, growth factors, as well as the
patients own regenerative capacity [48]. However, this capacity could be reduced during
aging, inadequate nutrition, and chronic diseases such as diabetes or peripheral arterial
diseases [49, 50]. In vitro designed transplant material is used clinically, but comes along
with some downsides such as chemical degradation, toxic metabolites, and a limited ca-
pacity of oxygen carriers [51]. A previously established approach showed the advantage
of light activation of microalgae for oxygen production [52]. This is used in artificial tis-
sue constructs based on fibroblasts with integrated algae, that can satisfy the metabolic
needs to accelerate wound healing. These constructs are biocompatible [53], release oxy-
gen with no capacity limitation of oxygen carriage [47], and could be removed rapidly
without the necessity of surgical interventions. The ability of Chlamydomonas reinhardtii
(C.reinhardtii) to produce oxygen upon light illumination was used in previous studies in
symbiosis with fibroblasts [54], in zebrafish, and mice [52].

However, limitations arise if the application area is not superficial but internal, and

the diffusion of metabolites from the tissue constructs cannot reach intrinsic targets.

Since artificial tissue modified with algae is proven to be safe for in vivo approaches
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and does not trigger an immune response [52], Alvarez et al. designed chimerical plant-
vertebrate organisms (plantebrates) with injections of C.reinhardtii into zebrafish embryos
[53]. Their hypothesis is that it might be possible to engineer a vertebrate which is

potentially independent on external oxygen supply.

In this dissertation, the delivery of microorganisms Chlamydomonas reinhardtii and
Synechocystis sp. through the vascular system into the brain was performed in amphib-
ian Xenopus laevis larvae. The distribution through the brain vasculature enabled a fast
oxygen delivery for neuronal cells, by a new approach called ’Synthetic Oxygen Supply’
(SOS). This approach is an ideal model to study the sufficiency of algal-produced oxygen
for maintained neuronal activity under hypoxia. Xenopus laevis has generally a high hy-
poxia tolerance, which potentially is the reason that semi-intact in vitro preparations can
sustain the isolation for a considerable amount of time. Application of photosynthetic or-
ganisms into the vascular system and distribution throughout the body including the cen-
tral nervous system could potentially further enhance the survival of such a preparation.
Algae and cyanobacteria are capable of photosynthesis when exposed to light, using the
photosystem I and IT (phototrophic growth), and are able to maintain the activity of their
ATP machinery during dark phases, using OXPHOS and glycolysis (Gly) (heterotrophic
growth). This means that oxygen will be consumed by the algae or cyanobacteria in
darkness. Since the total oxygen production of such microorganisms is higher than the
self-consumption, the focus was on the oxygen production that is provided to the brain to
cover the respective oxygen needs. For the experimental approach to test the beneficial
implications of oxygen supply through photosynthetic microorganisms that are inserted
into the vascular system, in vitro preparations obtained from Xenopus laevis larvae are

excellently suited.

1.5. Outline

The present work is structured as follows. In Chapter 1, a general introduction to brain
oxygen dependency is given and the need for this study is explained. Further, effects of hy-
poxia are described, and in vivo vs in vitro hypoxia studies are emphasized. The employed
Xenopus laevis animal model system is introduced and the ability to use photosynthetic

oxygen from algae or cyanobacteria for neuronal rescue under hypoxia is described.

Next, in Chapter 2 (Background) the energy metabolism in a cell is defined (Sec. 2.1).
Hypoxic conditions in the animal kingdom, as well as the evolution and oxygen adaptation
are discussed (Sec.2.2) and especially oxygen robust species, such as Xenopus laevis, are
reported (Sec.2.3). The symbiosis with microorganisms in nature and lately for clinical

use as oxygen supply are outlined (Sec.2.4).
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Chapter 3 (Experimental Methods) describes the experimental methods of the animal
model Xenopus laevis and the semi-intact in vitro preparation and its benefits are ex-
plained (Sec.3.1). The preparation of algae and cyanobacteria in culture (Sec.3.2) and
the implementation of the injection of algae or cyanobacteria into the Xenopus lacvis
larvae (Sec.3.3) are presented, including the experimental setup, recording conditions
(Sec.3.4), and data analysis (Sec. 3.5).

Chapter4 (Experimental Results) describes oxygen depletion around the preparation,
especially in the IV ventricle, where the Oy-consumption of brain tissue is recorded
(Sec.4.1). The correlation of neuronal activity to this depletion and a quantification of
oxygen need during increased neuronal activity is discussed (Sec. 4.2). The visualization of
algae and cyanobacteria in the brain vasculature is shown, as well as the oxygen production

via photosynthesis in isolated and injected form (Sec. 4.3).

This is followed by a discussion (Ch. 5), where the results of this study were interpreted

and suggestions for further studies were made (Ch.6).



2. Background

Before the development of new techniques to facilitate oxygen delivery to injured tissue
for a faster recovery, a full understanding of the pathways and circuits in the brain is
crucial to identify critical events and possible intrusion points, when treatment becomes
necessary. In this process, general conditions such as the optimal oxygen level, oxygen

delivery, and diffusion into tissue, as well as resulting events have to be considered.

2.1. Energy Metabolism

Oxygen delivery to injured tissue is limited. For a proper healing process, however, higher
oxygen levels are needed. Especially in older adults, chronic wounds (including vascular
disease and diabetes) are more frequent, as compared to younger individuals [49]. Gould
et al. investigated the fundamental questions about the effect of aging on wound healing
and claim that during wound repair, energy needs are increased. They further reported
mitochondria overuse, avoided by a shift from oxidative phosphorylation (OXPHOS) to
glycolysis (Gly) [49], satisfying the energy needs. Since this shift is also a shift to lower
oxygen dependency for adenosine triphosphate (ATP) production, wound recovery could

also be impaired due to a lack of oxygen.

Energy-deriving pathways allow the cell to obtain energy during short-term shortage, to
avoid long-term damage. Such pathways are conserved in all cell types, including neurons.
As mitochondria play a major role in energy supply [55], mitochondrial malfunction leads
to various symptoms and diseases such as hearing loss [56] or neurodegenerative disorders
[2, 55]. Baloh et al. found an increased mitochondria population after a loss of balance and
the occurrence of oscillopsia, indicating a compensatory mechanism due to mitochondria
dysfunction [57]. Mitochondria and other cellular processes are dependent on oxygen
availability, making oxygen a key molecule in energy supply. However, the energy cycles
are also flexible, as more than one cycle contributes to ATP production. The energy-
deriving cycles work continuously to produce ATP and supply the cell with energy as

shown in Fig. 2.1. The cycles consist of the following steps:

11
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o ATP derives from different metabolic cycles (the Gly, tricarboxylic acid (TCA) cycle,
and OXPHOS) which are linked together, building a functional ATP production

machinery.

o Gly is located in the cytoplasm, the TCA cycle and OXPHOS are both located
in the mitochondria. A majority of ATP resolves from mitochondria, and further
mitochondria activity is dependent on oxygen availability, making mitochondria

cellular oxygen sensors.

e In mitochondria, OXPHOS oxidizes each mol of Glucose using 6 mol O, to produce
34 mol ATP, which is the highest contribution to ATP production. The TCA cycle
and Gly contribute with only 2 ATP each.

o Key molecules, such as glucose and pyruvate, function as metabolic fuel and there-

fore regulate metabolic pathways.

o Other cycles interact with these main cycles and promote their functionality by
providing additional energy derivatives (nicotinamide adenine dinucleotide in its
oxidized: NADH; or reduced form: NAD™, flavin adenine dinucleotide (FADH,) or
intermediate molecules, such as fatty acids, sugars, and amino acids. The pentose
phosphate pathway (not shown here), promote Gly in producing glyceraldehyde 3-
phosphate and fructose 6-phosphate, which are directly processed into Gly. Further,
2-Nicotinamide adenine dinucleotide phosphate (reduced derivative: NADPH) and
FADH, production occurs in the Gly and TCA cycle, driving OXPHOS to produce
ATP.

In detail, during Gly, 1 molecule glucose is transformed into 2 molecules pyruvate,
producing 2 ATP and 2 NADH as energy source. During normoxia, the 2 pyruvates are
transported into mitochondria and 2 Acetyl CoA are produced, as 2 NADH. Followed by
the TCA cycle, where 2 Acetyl CoA break down into 4 CO, yields 2 CoA, 6 NADH, 2
FADH,, and 2 ATP. Whereas the TCA cycle occurs in the mitochondria inner matrix,
OXPHOS takes place in the intermembrane space, where the membrane is folded into so
called cristae. NADH and FADH, provide hydrogen ions (H™), which are required to start
OXPHOS. Electron transport systems pump hydrogen ions (H+) into cristae, where they
become concentrated. When H™ moves under osmotic pressure into the matrix, the ATP
synthase uses this gradient to produce ATP. From the one mol glucose so far 10 NADH
and 2 FADH were produced, which will be converted in OXPHOS to 34 ATP, producing
in total 38 ATP from 1 mol glucose. As final action, electrons are transmitted onto O,
O*, and H' to produce H,O [58].

During hypoxia, the step where oxygen is necessary to continue with pyruvate trans-
portation into mitochondria is prevented, thus leading to anaerobic lactate production.

Therefore only the glycolysis is possible, which requires no oxygen, but 2 NAD™ to gen-
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Figure 2.1.: Energy deriving pathways — Glucose conversion into pyruvate during glycolysis
producing ATP, NADH, and FADH,. If oxygen is present, pyruvate will be transferred into
mitochondria, where ATP, NADH, and FADH, is produced by the TCA cycle and further down-
stream OXPHOS consumes NADH and FADH, to produce ATP. Whereas a lack of oxygen leads
to a conversion of pyruvate into lactate during fermentation and NADH production, but no
further ATP production occurs. Schematic created with ©BioRender - biorender.com.

erate 2 ATP. In the fermentation cycle the formation of NADH to NAD" requires the
addition of electrons to pyruvate to produce lactate [58, 59].

Working continuously, these cycles produce ATP and store it for high energy demands
during increased cell activity [60]. Oxygen, as a key molecule in the energy cycles, is
important for undisturbed cell function. Therefore, on the one side, oxygen is an essential
molecule, especially in terms of aerobic respiration. On the other hand, cumulative oxygen
causes oxidative stress and could lead to cell death. During oxidative stress, reactive
oxygen species (ROS) such as 0%, HyO,, OH, and 'O, are produced. Those harmful
molecules with reactive, unpaired oxygen electrons attack DNA and proteins, leading
to dangerous changes and malfunction in the genome. Up to 3% of oxygen taken up
during respiration will end in ROS [61]. Cells struggle to obtain enough oxygen for
generating ATP while minimizing the accumulation of oxygen that might lead to harmful
cellular stress and damage. Therefore, oxygen balance is a critical and strictly controlled
mechanism. The respiratory organ for this reason could be seen as ‘gatekeeper’, whose

major function is to balance cellular oxygen delivery against oxidative damage [62].

The whole metabolic network is set up early in development and is maintained through-
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out adulthood. Hence, precise tuning of the network is important for cells to outlast ex-
ternal changes and to guarantee energy availability for adequate cell function and survival.
Different hypotheses exist on how the energy consumption in the brain is distributed. In
1981, Astrup et al. showed that 45 % of the energy is used for non-signaling processes
[63]. Howarth et al. assumed that neuronal activity is expensive in ATP consumption
[64], and in a recent study Zheng et al. stated that neuronal activity particularly relies
on OXPHOS [55]. However, Sick et al. assumed only 50 % of energy demand is covered
by OXPHOS and the other 50 % is supplied by Gly.

The link between O,-consumption and neuronal activity was made by Hall et al., when
they showed that an increased ATP production via OXPHOS leads to a reduction of
oxygen in rat hippocampal slices [21]. Further, measurements of NADH and FAD auto-
fluorescence showed an 80 % reduction during inhibition of OXPHOS, demonstrating that
ATP production occurs mainly by OXPHOS [22]. As neuronal activity influences the O,-
consumption in slice preparations [21], the question arises of how this dependency of
neuronal activity and Og-consumption is reflected in the intact brain. This question has

been addressed in one of the studies of the present thesis, see Sec.4.2.

2.2. Hypoxic Conditions in the Animal Kingdom

In the animal kingdom, some species are naturally accustomed to hypoxia, with some
of them having even adapted to live permanently in oxygen poor environments. Under
hypoxic conditions, the brain is inundated with ROS [65]. However, some species are able
to suppress ROS overproduction and protect their brain from damage. The ability to
tolerate hypoxia could arise from various adaptations. Examples include natural habitats
in subterranean environments where oxygen is limited or fully absent (e.g.naked mole
rat), the ability to perform long dives (e.g. whale, aquatic frog), or the biological need
for hibernation where metabolic rates are decreased to a minimum (e.g.arctic ground

squirrel) [9].

2.2.1. Evolution and Oxygen Adaptation

In order to understand the tolerance of hypoxic conditions of some species, we have to
go back in time to learn how the need for oxygen evolved. The first oxygen appeared
two billion years ago as a result of photosynthesis by cyanobacteria [66]. That molecu-
lar oxygen changed organisms into multicellular eukaryotic organisms over the next 700
million years, and anaerobic into aerobic eukaryotes within the next 2 billion years [67].

Oxygen as source for aerobic metabolism is 20 times more efficient with respect to en-
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ergy production [68] than an anaerobic metabolism. Additionally, air breathing is much
more effective than water breathing for the following reason: In water, the ventilatory
rate is much slower than breathing in air. Further, the solubility rate of oxygen in air
is 30 times higher than in water and the diffusion rate in air is 8 x 10% faster. When
200g water contains 1ml oxygen, 7g air contains the same amount of oxygen. That
makes water breathing more expensive with regard to the production of the equivalent
amount of oxygen [68]. Thus, evolutionary development of lungs appeared to be a neces-
sary step. Much earlier than expected, lung development began in water [68]. But first,
blood circulation and therefore hemoglobin appeared before gills or lungs developed. 370
fish species are known as air breathers [69], and developed respiratory organs such as
the suprabranchial chamber membrane or the labyrinth apparatus, a highly vascularized
respiratory epithelium that allows oxygen extraction from air [70]. During fish or am-
phibian development, early larval stages obtain oxygen only through diffusion through
the skin. At later stages external and internal convection occurs, to the point of water
ventilation. Until that stage, some species, such as amphibians, are inside of eggs with
limited oxygen availability. After hatching, fish development stops at that stage, but
amphibians will develop further and transit from water- to air-ventilation during their
last step of metamorphosis. The Ogy-consumption during metamorphosis in larval anu-
rans increases with (body mass)%® [28]. Nevertheless, a huge increase in body size even
after metamorphosis challenges amphibians in aerobic and anaerobic environments [28].
This is the reason why amphibians change from primary skin breathing to gill ventilation
as body surface increases, in particular increasing gill surface, which results in a shorter
blood-water diffusion distance [28]. How fast this transition is accomplished is seen in
Bufo americanus. The larvae develops during metamorphosis with non-functional lungs
within a few days to exclusively air-breathing juveniles [28]. The appearance of oxygen
changed the development of (almost) all species on earth. Not only oxygen breathing was

involved, but also the oxygen need for cell activity and later for brain functionality.

2.3. Amphibians and Xenopus laevis

The relevance of oxygen for neuronal processes is important to study, as fundamental
mechanisms in amphibians allow to draw conclusions for human oxygen pathways. There
are several animal models that can be used as a simplification of human biology. The
animal model of choice for a certain study then depends on the experimental approaches.
The African clawed frog (Xenopus laevis) has found its way into science a long time ago.
Originally Xenopus habituated South African rivers and were first used as pregnancy test

back in 1930 by Hogben, a zoologist studying hormones by injecting them into frogs [71].
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Today, Xenopus laevis is a promising model for limb regeneration studies [72], wound
healing [73], and axon regeneration studies [74]. Xenopus have a large brood size of about
500- 3000 eggs, are low in housing costs, and have easily accessible embryos. The life
cycle is relatively short compared to other amphibians, with 7days to tadpole stage 48
and 12months to an adult, fertile froglet. Further, they can live for up to 30 years in
captivity. Their eggs are big (>1mm diameter) with huge nuclei of 0.5 mm, thus allowing
microsurgery and experiments on embryos. With hormone injections, Xenopus laevis
reproduce all year (every 3-4months) [75]. The staging table of Xenopus laevis is shown
in Fig.2.2. Xenopus laevis larvae are fast growing, reaching metamorphic stages (stage
52, see Fig.2.2) only 21days after hatching. Anesthesia for experiments can be applied
easily and safe in a bath solution. The larvae are transparent, facilitating experimental
access, for example to the vestibular sensory system or ocular motor nerves [29]. Further,
for experiments on the labyrinthine organs the bony bulla is easy to open as it consists of

cartilage.

The morphological changes during metamorphosis makes Xenopus lacvis a highly inter-
esting animal model for studying development and locomotor circuits during this trans-
formation. While the young larvae have a tail-based swimming only, advanced larvae
with hindlimbs start using a mixed tail- to limb-based locomotion, until the adults re-
sorb their tail and have a limb-based locomotion only [77]. This developmental shift has
also an influence on gaze stabilization during locomotion [29, 31] and is important for
understanding human diseases such as vertigo and dizziness. Further, gaze-stabilization
is used for studying the adaptation in intrinsic extraocular motor coupling mechanisms
[29]. The first in vitro preparation of the frog brain was performed by Hackett [78].
This preparation has been used so far for pharmacological studies, such as by Cochran
et al. who studied the synaptic transmission onto second-order vestibular neurons [79],
or Straka et al. who investigated semicircular canal-specific excitation and inhibition of
second-order vestibular neurons [35]. Retrograde and anterograde labeling of internuclear
neurons in in vivo and in vitro experiments gave information about the location of medial
and lateral rectus motoneurons [80]. Furthermore, the genome is fully known and allows
proteomics studies [81]. Compared to mice (90 million years) and chicken (310 million
years), Xenopus are more distant to humans in evolutionary aspects (360 million years),
but derive from the same root of vertebrate ancestors. In comparison to mammalian
neuronal circuits, Xenopus laevis has a far simpler assembly, however, with a homologous
organization as mammalian circuits at a basic level. Therefore, some studies use Xenopus
laevis and other frogs to evaluate principal brainstem pathways and trigger phenomena,

which appear in human diseases and infections, such as chytridiomycosis [82, 83], tubercu-
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Figure 2.2.: Staging table of Xenopus laevis — Staging starting from larvae (stage 49) to young
froglets (stage 62). Stage O to stage 48 is the development from a fertilized egg into a larva
and stage 63 to stage 66 development to an adult frog (not shown). Each stage differs from
the former stage in growing hindlimbs, forelimbs, growth and regression of the tail, and shape of
head and body. With this staging table Xenopus laevis growth status can be clearly determined.
Figure adapted from Ref.[76]. Reprinted from Normal Table of Xenopus Laevis (Daudin): A
Systematical and Chronological Survey of the Development from the Fertilized Egg Till the
End of Metamorphosis, Vol 2, P. D. Nieuwkoop, J. Faber, 252 pages, Copyright Garland Pub.,
(1994), with permission from Elsevier.
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losis [84], diabetes [85], endocrine disease [86], Alzheimer’s disease [87], Meniere’s disease
[88], or saccades [89].

Xenopus laevis tadpoles are good experimental specimen for other reasons as well. They
can tolerate low oxygenated water, already at early stages. Although adult Xenopus have
perfectly developed lungs, the larvae use gills. Consequently, during metamorphosis,
the animal has to change its respiratory mechanism. Amphibians and reptiles show a
discontinuous respiration pattern [90], in comparison to mammals, birds, and terrestrial
vertebrates, which have a continuous pulmonary respiration. Some amphibian species
have a smaller or missing left lung, or even have three lungs [91, 92]. Metabolic rates
in amphibians derive from pulmonary respiration and cutaneous gas exchange, the latter
being in some species the major oxygen source [93]. Cutaneous gas exchange is exclusively
present in aquatic species. It is well known that amphibians have a lower metabolism
[94, 95], so that passive diffusion is adequate. The diffusion capacity of oxygen though
has its limits. Through tissue, an oxygen diffusion is possible up to ~40pum [25]. While
for skin diffusion, gases need to conquer 18 pm to 60 pm distances, diffusion distance via
lung epithelia is 100 times smaller [96]. Further, skin breathing is an obstacle as the
availability of oxygen is dependent on the water in the surrounding. That makes lung

breathing more efficient than skin breathing.

The well-vascularized skin allows amphibians a passive gas diffusion via the skin, which
accounts for 20 % to 85 % of their oxygen needs [62, 97, 98]. This passive diffusion via
the skin enables amphibians to oxygenate their blood during diving. However, if higher
metabolic rates are required, such as in bullfrogs, cutaneous gas supply is insufficient and
the bulk of oxygen derives from pulmonary gas exchange [99]. In Xenopus laevis, the
general oxygen supply is mainly covered by a huge lung oxygen reservoir, that allows long
diving periods of up to 40 min without breathing for a 95g- 153 g animal [100]. However,
Xenopus laevis has an additional oxygen supply from blood and tissue stores [101]. While
the oxygen supply through skin breathing is limited, lung oxygen uptake rises linearly
when the total gas exchange increases [98]. In older stages of Xenopus laevis larvae, lung
breathing is used to fulfill all oxygen requirements [102]. Emilio and Shelton measured
the Og-consumption of an adult Xenopus laevis, which is 4.2ml/100g/h provided by the
lung, and 0.6 ml/100g/h provided by the skin [103]. When Xenopus laevis are stressed,
O,-consumption increases to 8.6 ml/100g/h (lung), and 2.5ml/100g/h (skin) [97]. Adult
Xenopus laevis body weight ranges from 30 g- 86 g (males) and 93 g- 140 g (females) [104].
The blood volume makes up 13.4 % of the body weight [105], with a blood oxygen capacity
of 8.5vol% [106]. The calculation of oxygen stored in the blood amounts from 0.34 ml/h
up to 1.60ml/h. Similar values (0.9 ml) were found by Boutilier et al. [100]. Compared
to the lung oxygen capacity, which is 8 ml [100], oxygen storage in the blood is quite
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small. The Oy-concentration found in tissue storage is less than 0.1 ml oxygen [97] and
comparatively small to the amount of oxygen in the blood. Therefore, the lung is the
most efficient source providing oxygen. All oxygen storages will last for a maximum of
28 min for a 100 g Xenopus [100]. The results are consistent with Hemmingsen’s equation

[107], where Og-consumption in relation to body mass is predicted via
Vo, = 0.82 x M"™, (2.1)

with the Os-consumption (Vp,) in pl/h and body mass (M) in mg.

For an adult Xenopus laevis with a weight of 100 g, Hemmingsen’s equation calculates
an Og-consumption of 4.61 ml/h, which is close to what was found by Emilio and Shelton
(4.2ml/100g), [103]. Assuming that the equation is valid also for Xenopus laevis larvae,
a body weight of 0.3 g (stage 53, see Fig.2.2), yields an Oy-consumption of 0.0591 ml/h.

Winwood-Smith and White measured metabolic rates with a flow-through respirome-
try system, where Oy and CO, were monitored [108]. They showed that Rhinella marina,
another African frog, under normal conditions (10 °C and 25 °C) require pulmonary respi-
ration, since cutaneous oxygen uptake is not sufficient to cover cellular oxygen respiration.
This was also shown by Boutilier in 1986 for Xenopus laevis [101]. Further, the amount
of pulmonary respiration is proportional to the temperature and almost absent at low
temperatures. Long periods where no oxygen uptake occurs through the lung are called
apnoea and are predominantly present at lower temperatures, i.e. <10°C [108]. Terres-
trial amphibians, such as Rhinella marina, use skin breathing to provide oxygen during
apnoea up to 3hours under reduced temperature conditions. However, during apnoea
under normal temperature, skin gas diffusion is not sufficient to satisfy oxygen needs
[108].

During critical phases, where oxygen is temporarily limited, the body’s own oxygen
stores are depleted, and an accumulation of lactate occurs, which is the result of an
anaerobic metabolism [100]. Fig.2.3 shows the dynamics of arterial blood values such
as oxygen and lactate before, during, and after a dive. When enforcing a dive in Xeno-
pus laevis, the oxygen pressure measured in the artery decreases as oxygen is consumed
continuously, see Fig. 2.3 a). The haematocrit concentration is almost doubled during an
enforced dive. This shows that during oxygen shortage, blood oxygen supply is increased
and the metabolism switches to anaerobic conditions to provide energy from additional
sources. Further, in Fig. 2.3 b) arterial blood CO, pressure and lactate increases during a
dive. Both rises lead to a drop of pH in the plasma. Further, bicarbonate concentration
in the plasma declines, indicating lactate production. These data allow insight into a gen-
eral Oy-consumption of the whole animal during active or passive phases. However, how

much oxygen is needed for brain activity, or in other words, how much oxygen the brain
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Figure 2.3.: Arterial blood values during enforced diving (30 min, shaded area) of an adult
Xenopus laevis — a) Oxygen pressure and arterial oxygen content (vol%) decreases during the
dive, while haematocitin (%) increases. The recovery phase (at 8h) after the dive shows lower
concentrations than before. b) Measurements of arterial blood values show a decreased pH
during enforced diving and increased pH levels that return to normal values after the dive.
CO,-pressure during the dive increases from 16 Torr to almost 28 Torr at the end of the dive.
Bicarbonate concentrations decrease slightly, whereas lactate concentrations increase during the

dive. Pictures taken from Ref. [100], adapted with permission from J. Exp. Biol.

consumes at rest or activity, has not been specified so far. As shown above, amphibians
have a unique oxygen supply, however, other species developed different forms to cover

their oxygen needs.

2.4. Symbiosis in Nature and Clinical Approaches

Symbiosis with algae or cyanobacteria are naturally found in the animal kingdom, where

the host provides habitat and shelter, and in reverse receives nutrients from the symbiont.
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In terms of evolution, some species join forces to live with additional or better conditions.
In addition, some animals took the step to symbiosis with photosynthetic cyanobacteria
or algae. One of the factors of choice of an animal host is a good body-to-volume-ratio.
Larger surfaces provide the photosynthetic symbiont with a better capture of light. The
host receives photosynthetic products such as maltose, glucose, succinate, fumarate, and
oxygen which are fed into its own metabolic pathways. Further, metabolic waste products
from the host can be used by the photosynthetic symbiont to recycle products, which are
again valuable for the host. One of the main waste products is nitrogen, and it was shown

that in some symbionts nitrogen recycling occurs [109].

However, photosynthesis comes along with some downsides for the host, such as the
production of reactive oxygen species, which, if high and concentrated, could destroy
membranes and proteins. Further downsides are changed environmental conditions such
as elevated temperature [110] or bleaching due to light illumination [111]. Those nega-
tive effects can lead to a breakdown of the bond between host and symbiont, ultimately
leading to the death of the host [111]. Most animals performing a symbiosis in nature are
from one of two families: Porifera (sponges) and Cnidaria (hydroids, corals, sea anemones,
and jellyfishes). The dominant algae symbionts in these hosts are freshwater chlorophytes
(genus Chlorella). An example for a bilateral symbiosis is the sea slug, as shown in
Fig.2.4 b). Its large surface makes it an excellent host, and its lack of a circulatory
system makes the algae a good symbiont. Morphologically complex animals also form
symbiosis, e.g. molluscs such as tridacna gigas, see Fig. 2.4 a), which hosts photosynthetic
algae of the genus Symbiodinium. Some hosts have even morphological conflicts when
going into symbiosis and need to re-organize their shape or body plan. Most Cnidaria
have to compromise in relation to their tentacles, for the sake of nutrition they need both
photosynthesis and feeding. For example, Bunodeopsis antilliensis, shown in Fig.2.4 ¢),
have a few long and mobile tentacles to catch food, and many short tentacles where sym-
biotic algae reside. These morphological adaptations indicate an advantage for the host
going into symbiosis with photosynthetic algae or cyanobacteria. Besides morphological
changes, also biochemical changes are necessary for a successful symbiosis. Apart from a
few exceptions, algae in symbiosis are located intracellularly at the membrane of the host.
Delivering substrates to the specific location where the algae are located require changes

such as new transporters or higher enzyme activity [112].

The supply of oxygen by the symbiont is often only a byproduct of their own metabolic
pathway. Algae and cyanobacteria use photosynthesis to trigger water photolysis for the
production of oxygen by using the energy of light, as illustrated in Fig.2.5. To start
photosynthesis, energy is needed. This required energy is delivered by four light quanta,
activating both photosystemI (PST) and photosystem IT (PSII) in parallel, triggering the
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Figure 2.4.: Examples of symbiosis in nature — a) Giant clam, b) sea slug, c) and sea anemone
are representative hosts for algae. White arrows in a) mark fish bites on the mantle edge, in c)
vesicles bearing symbiotic algal cells. Calibration bar in b) represents 500 pm. Pictures taken
from a) Ref.[113], reprinted from Biological Conservation, Volume 181, Neo, M. L., Eckman,
W., Vicentuan, K. Teo, S. L.-M., Todd, P. A., The ecological significance of giant clams in coral
reef ecosystems, Pages 111-123, Copyright (2015), with permission from Elsevier. b) Ref. [114];
©2008 National Academy of Sciences, c) Ref.[115], by permission of Oxford University Press.

transport of electrons and the production of ATP. The so-called photolysis happens when
light excites chlorophyll molecules in the PSII pathway. The deprived electrons from the
surrounding water oxidize HyO to O, releasing H' and electrons. The electrons will be
further transported via a chain reaction in an exergonic pathway by an electron transport
chain to the PSI system, to return to a non-excited state. The electron transport is
coupled to an H' transport into the thylakoid space. The rest of the energy from the
exergonic path is used to produce ATP. Via further light exposure of PSI, electrons will
be transported to NADP™ reductase, to produce NADPH. The accumulation of HT in
the thylakoid space activates ATP synthase, which will produce ATP by transporting H™

into the stroma.

In the present study, two different microorganism strains were used: Chlamydomonas

reinhardtii (C.reinhardtit) and Synechocystis sp. (Synechocystis).  C.reinhardtii, see
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Figure 2.5.: lllustration of photosynthesis — Light with a wavelength of 680 nm hits chlorophyll,
and activates the photosystem Il (PS|Il), hydrolyzing water into oxygen and hydrogen, thereby
releasing two protons and two electrons. These electrons will be transported by the electron
transport chain, which is coupled to proton channels, releasing more protons into the cell. The
end of the electron transport chain is the photosystem| (PS1), which is activated by light
with a wavelength of 700 nm, guiding the electron to the NADP™ reductase, which produces
NADPH. The result of the enriched proton concentration in the cell leads to the activation of
the ATP synthase, which pumps protons out of the cell and produces ATP. Picture adapted from
Ref. [116]; Concepts of Biology: 1st Canadian Edition by Charles Molnar and Jane Gair is used
under a CC BY 4.0 Licence and created with ©BioRender - biorender.com.

Fig.2.6 a), is a unicellular green alga (eukaryote), up to 10pm in size, and predomi-
nantly used for genetic studies, as its genome is fully sequenced [47, 117]. C.reinhardtii
is found in fresh water all around the world, especially when the water is nutritious. It
grows rapidly (vegetative and sexual reproduction) [118] and uses two cilia for locomo-
tion and light detection. Rhodopsin-like photoreceptors, located on the cilia, allow the
algae to control locomotion towards modest light or away from high light intensities, op-
timizing photosynthesis and cell nutrition [119]. Chemotaxis towards ammonium (during
night) and phototaxis towards light (during day) are regulated by a circadian clock [120].
C.reinhardtii can grow under normoxia, as well as under anoxic conditions [121]. Algae
derive their energy under normoxia from the TCA cycle and OXPHOS [122] and from gly-
colysis under anoxic conditions [121]. In nature, C.reinhardtii is continuously in contact

with other organisms, where chemical signaling and nutrient exchange occurs [121].

Synechocystis, see Fig.2.6 b), is a cyanobacteria (prokaryote), also called blue-green
algae and 2 pm in size. Before oxygen was present on earth, a progenitor of cyanobacteria
was already resident [123]. Photosynthesis led to oxygen release and accumulation until
a change in atmosphere occurred, boosting evolution. Since bacteria lack typical mem-

branes, the metabolic cycles, which produces ATP and oxygen, are different from those
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of plants and other eukaryotic cells. It is assumed that cyanobacteria are the progenitors

of chloroplasts that are present in algae [124].

a) b)

Figure 2.6.: Bright field image of isolated algae and cyanobacteria — a) C.reinhardtii and b)
Synechocystis. AxioObserver 7, Zeiss, zoom 40x. Scale square represents 10 pm. Image courtesy
of Myra Chavez. Zoom in the upper right corner show a higher magnification of C.reinhardtii in
a) and Synechocystis in b). Taken with Nikon Eclipse 80i, zoom 60x.

C.reinhardtii and Synechocystis are easy to handle, cheap, fast growing, and declared
as safe by the US Food and Drug Administration (FDA) [117]. Further, C.reinhardtii
can be co-cultured with nearly any kind of cell in 2D and 3D tissues, even with those
of mammalian species [52]. It was shown that the algae do not activate the immune re-
sponse of the host. Oxygen could be released via light activation, and for skin defects an
algae-collagen-transplant remained functional for 5 days [52]. During the wound healing
processes, oxygen supply is necessary not only for ATP production in cells, but also for
oxygen dependent enzymes such as NADPH-linked oxygenase [125]. Genetically modi-
fied microalgae were used to deliver not only oxygen but also pro-regenerative molecules
that are beneficial for wound healing [125]. The implantation of fibroblasts with mutant
C.reinhardtii was successfully tested in in vitro models and in immunocompetent mice
[126].

It has been shown that the symbiotic oxygen is beneficial in nature and has a great po-
tential for clinical approaches. In the current study the application of algae and cyanobac-
teria in the brain vasculature of Xenopus laevis larvae were studied to determine the

impact of photosynthetically produced oxygen during hypoxia.



3. Experimental Methods

This chapter presents the experimental procedures used during the present work. Sec. 3.1
describes the semi-intact in vitro preparation of Xenopus laevis tadpoles. The preparation
of the microorganisms is shown in Sec. 3.2, discussing the cultivation of C.reinhardtii and
Synechocystis. Further, the concentration calculations for isolated and injected microor-
ganisms, and the monitoring of the oxygen production of isolated algae and cyanobacteria
is described. The experimental setup and measurement electrodes are shown in Sec. 3.4,

and Sec. 3.5 finally discusses the data analysis.

3.1. Xenopus laevis

Amphibian in vitro preparations offer a more robust and less hypoxic alternative to hy-
pothermic mammalian preparations since they have a lower rate of Oy-consumption at
the same temperature [127]. The exceptional tolerance to anoxia has drawn increasing
attention from a physiological and biomedical viewpoints because of the possibility to

define compensatory mechanisms that may be applicable also to mammals.

In the present study, the previously established semi-intact in wvitro preparation of
Xenopus laevis larvae [29] were used. This preparation preserves all sensory organs, motor
effectors, as well as the central nervous system [29]. However, this model lacks blood
perfusion, and respiratory gases are exchanged exclusively by diffusion at the surface. For
fundamental questions where an intact blood circulatory system is not of importance,
such as sensory influences, signal processing, or motor output, the preparation has all
necessary properties. Therefore, the semi-intact in vitro preparation of Xenopus laevis
larvae is an excellent model for studying the relationship between neuronal metabolism

and how it is coupled to different physiological and pathological conditions.

3.1.1. Semi-Intact In Vitro Preparation

Experiments were performed on Xenopus laevis larvae between stage 51 to 54 [76], see
Fig. 2.2, of either sex. The larvae were bred in house (Biocenter, Department Biology II,

Ludwig-Maximilians-University Munich, 82152 Martinsried). Larvae were maintained at
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12/12h light/dark cycles in tanks with non-chlorinated water at 17 °C and fed daily with
Spirulina bacteria. Preparations and experiments were performed with consideration of
the ‘principles of animal care’, publication No. 86-23, revised 1985 of National Institute
of Health. Permission for the experiments was granted by the Regierung von Oberbayern
(ROB-55.2.2532.Vet 03-17-24 and ROB-55.2-2532. Vet 02-19-128). Prior to surgery, larvae
were anaesthetized in 0.05 % 3-aminobenzoic acid ethyl ester methanesulfonate (MS-222;
Pharmaq Ltd. UK), perfused with a cold (18 °C) mock Cerebral Spinal Fluid (CSF), so
called Ringer solution (75 mmol/l NaCl, 25 mmol/l NaHCOj3, 2mmol/l CaCl,, 2mmol/]
KCl, 0.5mmol/1 MgCl,, 11 mmol/l glucose, and 10 mmol/1 HEPES buffer, pH 7.4), and
subsequently decapitated at the level of the upper spinal cord. Further, the brain was
exposed, and the forebrain removed. The preparation of Xenopus laevis larvae is shown in
Fig. 3.1 a). To ensure full recovery from anesthetics after preparation, the larvae were kept
in Ringer (16°C) for at least two hours before the experiment. For measuring discharge
rates (multi-unit), the trochlear extraocular motor nerve innervating the superior oblique
(SO) muscle was disconnected from the target muscle at the innervation site, see Fig. 3.1
b). This allows to record action potentials from this nerve via nerve suction into a thin
glass capillary. The electrodes were pulled on a P-87 Brown/Flaming electrode puller
from borosilicate glass (Science Products, Hofheim, Germany), and individually broken
to fit the diameter of the SO nerve. This recording was used as proxy for central nervous
activity. The region of interest for the oxygen measurements was the IV'" ventricle,
between the caudal end of the cerebellum and the rostral end of the choroid plexus. The
IV*™" ventricle is easy to access for measurements without disrupting brain tissue and
without interfering with normal circuit function, see Fig. 3.1 ¢). Further, the recording of
extraocular motoneurons, with nuclei and most presynaptic origins located in the tissue
around the IV*® ventricle, allowed studying the correlation between neuronal activity and
Oy-consumption to a very close approximation. The bottom of the IV* ventricle and
the position of the electrodes were determined visually using a Zeiss Luminar microscope
with 0.8 magnification. Spontaneous nerve activity (discharge rates measured as spikes/s)
determined by electrophysiological recordings of extraocular motoneurons, was analyzed
during different conditions such as variation of oxygen levels in the Ringer solution and
drug administration. The consumption of oxygen in the IV*" ventricle and adjacent tissue
was used as proxy for energy expenditure and recorded with an oxygen microelectrode,
OX-10 [128]. Oy-concentrations and concurrent extracellular spike activity were digitized
at 120 Hz and 20 KHz, respectively (CED 1401, Cambridge Electronic Design, UK) and

stored on a computer for offline analysis.
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Figure 3.1.: Semi-intact in vitro preparation of Xenopus laevis larvae — a) Larval preparation,
b) accessible SO nerve from the left eye, and c) coronal section through the hindbrain, Nissl
staining. Figure b) taken from Ref.[45]; ©2014 Wiley Periodicals, Inc. Develop Neurobiol 75:
1051-1067, 2015. Permission granted by Wiley Periodicals, Inc.

3.1.2. Developmental Staging

When working with Xenopus laevis larvae, it has to be considered that each animal is an
individual and develops with a different time frame. It is thus necessary to determine body
size, weight, and its dependence on development. Developmental stages were determined
according to the staging table provided by Nieuwkoop and Faber [76]. Therefore, each
larva was weighed and measured prior to the experiment. Fig.3.2 summarizes size and
weight of Xenopus laevis larvae at different stages of development. To better understand
the broad variability of larval development, data from studies using animals at different
stages were also included in Fig.3.2. Since Emilio and Shelton determined a total blood
volume in Xenopus laevis as 13.4ml/100g [97], the calculated blood volume of the larvae
ranges from 26.8ul (stage 51) to 67l (stage 54), assuming the calculation from Emilio

and Shelton is valid for larvae as well.
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Figure 3.2.: Developmental stages of Xenopus laevis larvae — Three dimensional plot of larval
stage (Nieuwkoop and Faber [76]), length (cm), and weight (g), to demonstrate the correlation

between these parameters during larval development.

3.2. Algae and Cyanobacteria Preparation

Algae and cyanobacteria were grown in collaboration with the Nickelsen lab by Dr.
M. Chavez and Prof. Dr. J. Nickelsen, Biocenter - Department Biology I, Ludwig-
Maximilians-University Munich, 82152 Martinsried.

3.2.1. Cultivation of Chlamydomonas reinhardtii

The cell-wall deficient, arginine phototropic, cw15-30-derived UVM11 C'.reinhardtii strain
[129] was routinely grown photomixotrophically at room temperature (RT) on tris-acetate-
phosphate (TAP)-agar plates under continuous light stimulation (30 pE/m/s). Before
each experiment, a preculture was started by inoculating a 100 ml TAPS (TAP-medium
supplemented with 1 % (w/v) sorbitol) liquid culture with plate-growing algae and allowed
to grow to the middle log-phase at standard culture conditions RT, 150 rpm, (30 pE/m/s).
Then, the algae-suspension was transferred into 1L shake flasks and incubated for 4-
5days to reach a cell-concentration of 10 x 107 cells/ml. To prepare the working cell-
suspensions, cell-number was first determined under the microscope using a Neubauer-
chamber, then the required culture-volume was centrifuged (5min, 1200 rpm, RT), and
cells were resuspended in Ringer solution at the required concentration. As control, nac2-
26 C.reinhardtii mutant strain was used and treated in the same way. The mutant lacked

the nuclear Nac2 gene, which is required for the stable accumulation of the psbD mRNA,
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which encodes the D2 reaction center polypeptide of the photosystem II. Thus the mutant

was not able to complete photosynthesis.

3.2.2. Cultivation of Synechocystis sp. PCC 6803

The wild type Synechocystis strain was kept on BG11-medium agar-plates, at 30 pE/m/s
to 50 uE/m/s and 25 °C to 30 °C. Plates were refreshed every 3 weeks. A liquid preculture
was started, prior to each experiment, by inoculating agar-growing cyanobacteria in 50 ml
BG11-medium and incubating it for 3 days at standard culture conditions (30 °C, 150 rpm,
30pE/m/s to 50 pE/m/s). Then, cell density was determined by ODz5q to calculate the
volume necessary to start an expanded 0.75 L culture at OD750 =0.01 (~2 x 10 cells/ml).
Culture vessels were kept in a bioreactor with constant aeration (30°C, 30 pE/m/s to
50 uE/m/s) for 3days to 4 days or until they reached an OD75, > 2. Cyanobacteria were
brought to the required cell-densities by centrifugation (5 min, 3000 g, RT), and were sub-
sequently resuspended in Ringer solution. As control, the Synechocystis DeltaD1-TD41
mutant strain was used and treated like the wild type Synechocystis strain. The Syne-
chocystis 6803 DeltaD1-TD41 mutant lacks the three copies of the psbA gene encoding
the photosystem II subunit D1. These organisms were thus also incapable of conducting
photosynthesis.

3.2.3. Calculation of Algae and Cyanobacteria Concentrations

In the following, the concentrations for isolated and injected algae and cyanobacteria are

calculated.

Concentration and total cell number in 5ml solution for isolated algae and cyanobac-

teria:

Exp. 1: 0.5 x 10%cells/ml - 5ml = 2.5 x 10? cells
Exp. 2: 0.1 x 10%cells/ml - 5ml = 0.5 x 10? cells

Concentration of the injections to achieve the same amount of cells as in the isolated

solution:

Exp. 1: 2.5 x 107 cells : 10l = 0.25 x 10%cells/pl =250 x 10? cells/ml
Exp. 2: 0.5 x 107 cells : 10l = 0.05 x 10%cells/ul =50 x 107 cells/ml
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To compare the injections to the isolated microorganisms, at least 50 x 109 cells/ml
would be required. However, trying to augment the microorganisms in this high con-
centration was not possible, at least for C.reinhardtii. The highest concentration of
C.reinhardtii was 10 x 10 cells/ml. Therefore, to work with the same concentration
for C.reinhardtii and Synechocystis, 10 x 10° cells/ml for the injections for both microor-
ganisms were used. The injected total volume was 10 pl, corresponding to 0.1 x 10? cells in
total for both, the C.reinhardtii and Synechocystis. Because of the variance of larval blood
volumes (cf. 3.1.2) due to increasing body length of older animals, in the measurements

with injected microorganisms, similar larval stages were used (stage 51 and 52).

3.2.4. Oxygen Monitoring Setup of Isolated Algae and Cyanobacteria

To activate the photosystem of the algae or cyanobacteria, the light source was placed at
a distance of 5 cm from the sample. Light illumination was set to 5400 lux, approximately
the optimum luminance for photosynthesis [130]. Data were collected as shown in Fig. 3.3.
In order to determine the intensity of the light source and the amount of light reaching the
sample, a spectrometer SpectraScan® Spectroradiometer PR-655 from PhotoResearch was
used. The light source was a Zeiss CL 6000 LED, with >150 W, 6001m, and two flexible
fiber optics. The spectrometer was fixed on a tripod and different distances and intensities
were measured. Absorption spectra of chlorophyll and the emission spectra of the light

source are described in App. A.4.
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Figure 3.3.: Light Intensities — Measurement of light intensity of the light source with different
luminance. Luminance was monitored at 20 cm distance, for one light source (blue), and two
light sources (orange), as well as for one light source at 10 cm distance (green). The curve was

calculated for the 5 cm distance (red) (for details see main text).
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The desired light intensity is calculated as following:

Intended light intensity: I = 100 pE
1E = 1mol photons = 6.022 x 10°
Photosynthetically Active Photon Flux Density: PPFD = (pmol)/(m? x s)
Photosynthetically active radiation: PAR = (nE)/(m* x s)
Lux conversion factor (sun light): Ci,x = 54
I = PPFD x Ch«
= [ = 100pmol x 54 = 5400 lux

The relation between distance and luminance is given by
I x D} = I, x D3, (3.1)

with I; and D; being the intensities and distances, respectively. With distances D; = 5cm
and Dy = 10cm, and intensity [; = 5400 lux, it thus follows

5400 lux x 52cm? = I, x 10% cm?

= [, = 13501ux.

The intensity of the light source needs to be set to a luminance of 1350 lux at a distance of
10 cm to obtain an equivalent of 5400 lux at a distance of 5cm. Again from curve Light:

1, Distance: 10cm (green dots in Fig. 3.3) it follows that
1350 lux = 68 %.

For obtaining the intended light intensity of 100 pE at a distance of 5cm, the intensity
of the light source was set to 68 %. The maximum that could be reached with one light

source at Hcm distance was 30500 lux and was also used in the experiments.

Moreover, to keep the temperature constant during these measurements, the sam-
ple was placed in a Styrofoam box filled with ice water, heated to 17°C. Details of
the experimental setup are shown in Fig.3.4. To evaluate the oxygen production ca-
pacity of isolated C.reinhardtii and Synechocystis, respectively, 0.5 x 10%cells/ml and
0.1 x 10? cells/ml were suspended in Ringer and the Oy-concentration was measured with

micro-electrodes.
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Figure 3.4.: Isolated algae and cyanobacteria — a) and b) show measurement of oxygen produc-

tion in isolated algae or cyanobacteria with different light intensities.

3.3. Injection of Algae or Cyanobacteria into Xenopus

laevis Larvae

Animals were anesthetized [0.05 % 3-aminobenzoic acid ethyl ester methanesulfonate (MS-
222; Pharmaq Ltd. UK)] and mechanically secured ventral side up with u-shaped pins in
a Sylgard-lined dish of 5 cm diameter and maintained in chilled MS-222 Ringer solution
throughout the injection procedure. Prior to the cardial injections, the skin above the
heart was gently removed. Glass capillaries (Science Products, (0.86 x 1.5 x 80) mm with
filament) for the cardial injection of the algae or cyanobacteria suspension were pulled on
an electrode puller (Shutter Instrument, P-97) and cut under the microscope to adjust the
tip size to a very thin needle with a tip diameter of 20 pm- 30 pm and a tip angle of 30°. A
volume of 10 x 10? cells/ml algae or cyanobacteria, see Sec. 3.2.3, were filled into the glass
capillary, inserted into a holder with a pressure application connector and mounted onto
a 3-axes micromanipulator (Bachofer, Reutlingen, Germany). The capillary filled with
C.reinhardtii, Synechocystis, or the respective photomutants was placed above the heart
of the Xenopus tadpole and its position was adjusted with the micromanipulator to insert
the tip into the ventricular chamber of the heart. The algae or cyanobacteria suspension
was pressure-injected (npi Electronic Instruments for the Life Sciences PDES-02T) by
single pulses of 0.2, produced by a pulse master Multi-Channel Stimulator (World Pre-
cision Instruments, SYS-A300). A modest pressure of 1 bar was used for all experiments.
The pulses were given manually, adjusted to the animals’ heartbeat, over a time range
of 30 min to allow the microorganisms to spread homogeneously throughout the entire

vascular system of the anesthetized larvae. This can be seen as green staining of blood
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Figure 3.5.: Algae or cyanobacteria injection (the picture shows the injection of C.reinhardtii)
— Ventral view of the heart of an anesthetized larva. The thin glass capillary filled with algae
or cyanobacteria is inserted into the heart. Injection over 30 min with a total volume of 10l
(10 x 10? cells/ml) with Synechocystis or C.reinhardtii, respectively.

vessels in Fig. 3.5. After slowly retracting the injection electrode, the deeply anesthetized
tadpoles remained at 16 °C in the Sylgard-lined chamber for 30 min and were prepared
for the subsequent isolation procedure. This time allowed the microorganisms to spread
through the vascular system. Fig. 3.6 shows the distribution of the algae or cyanobacteria
in the entire blood circulatory system of Xenopus laevis larvae. Thereafter, the semi-
intact in wvitro preparation was prepared, as described in Sec.3.1.1. The blood vessels
in the isolated brains were visualized using Isolectin, which stains the vascular system
through a binding to the oligosaccharide component of the endothelial wall, coupled to a
green fluorescence tag A488. Additionally, prior to injection, a 2nl solution of Isolectin
GS-IB4 from Griffonia simplicifolia Alexa Fluor™ 488 Conjugate was mixed with 8yl
algae or cyanobacteria. A total amount of 10l algae or cyanobacteria-Isolectin-mix was
injected into the vascular system of the larvae. Following immediate decapitation after
the injection, the tissue was fixed in 4 % paraformaldehyde for 8 hours. Thereafter, the
tissue was cleared in glycerin for 8 hours and prepared for confocal microscopy. Whole
brains were imaged on a Zeiss LSM 900-Airyscan-2 microscope by using the software
ZEN (blue edition) 3.0 in sequences (z-stack) of 445 optical sections with a thickness of
1.33um that were reconstructed [as will be discussed in detail in Ch. 4.3 Fig.4.25 a)].
The reconstruction to calculate the blood and microorganism volume was performed with
the software Vision 4D, Arivis, see App.A.5. Images of blood vessels filled with algae
or cyanobacteria were taken with a Zeiss LSM 900-Airyscan-2 microscope with 71.76 pm
optical thickness, and 0.39 pm imaged sample thickness, see Ch. 4.3, Fig. 4.26 a) and with
a RS-G4 Mavig Vivascope, 60x zoom-1.35 [Fig.4.26 b)]. Detailed images of single blood
vessels, filled with algae or cyanobacteria, were imaged on a Zeiss LSM 900-Airyscan-2
microscope with 58.8 pm optical thickness, and 0.21 pm imaged sample thickness [Ch. 4.3
Fig.4.27 a)-¢)] and a Mavig VivaScope RS-G4, 60X Olympus (UPLSAPO60X0O, NA 1.3)
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Figure 3.6.: Larva after algae or cyanobacteria injections (the picture shows injected Syne-
chocystis) — Images were taken 30 min after injection of the microorganisms into the heart of
the anesthetized larva. Images show a) dorsal, b) ventral, and c) lateral views. The cyanobac-
teria are fully distributed within the vascular system, reaching the smallest blood vessels in d)
the body and e) the tail.

oil objective, with 1.5 pm optical thickness, and 95 pm imaged sample thickness [Ch. 4.3
Fig.4.27 d)-f)]. For the blood vessels, the light absorption of Isolectin is 488 mm and
emission is ~500nm. The algae and cyanobacteria with autofluorescence of the chloro-
phyll absorb at 430 nm and 440 nm (chlorophyll a and b), and emit at 660 nm and 640 nm
(chlorophyll a and b), respectively, see App. A.4. The excitation wavelength for imag-
ing with Zeiss LSM 900-Airyscan-2 was for chlorophyll 655 nm and for Isolectin 493 nm.
For imaging with the Mavig Vivascope, the excitation wavelength was set to 640 nm for

chlorophyll and to 488 nm for Isolectin.
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Figure 3.7.: Schematic of the experimental setup to measure the O,-concentration in the prepa-
ration — Measurement chamber with a reservoir (R), positions of the electrodes for monitoring
temperature, pH, and O,-concentration in the Ringer and in the V! ventricle (marked with v)
of the larval preparation. Nerve recordings were obtained from the trochlear nerve (red).

3.4. Experimental Setup

Completely submerged amphibian preparations were mechanically secured to the Sylgard
floor of a central chamber with a total volume of 2ml. A schematic of the setup is shown
in Fig. 3.7. The Os-concentration could be fast and reversibly changed by alternating the
Ringer solution through bubbling with carbogen (5vol% CO,y, 95vol% O,) or nitrogen
(100 vol% Ns) in a small reservoir, marked with R, immediately upstream of the recording
chamber. The inflow rate of the Ringer solution was 3.5 ml/min and was set constant with
a pump (ISMATEC, REGLO Analog MS-4/12), causing the Ringer to flow through an ice
box to keep the temperature in the recording chamber constant. In all experiments the
conditions were kept constant, i.e. temperature 17.5°C £+ 0.5°C, 7.4pH, and 3.5 ml/min
pump flow. The Ringer solution was monitored with three microelectrodes, i.e. for oxygen,
pH, and temperature [128]. The oxygen value inside the IV*® ventricle and its surroundings
were measured with two Clark-type microelectrodes. The electrodes had a tip diameter
of 10 pm, and possessed an internal Ag/AgCl reference anode, which increased resolution
and allowed 90 % response time in less than 1s. Calibration of the electrodes, an example
of one such calibration is shown in Fig. 3.8, was performed before each experiment with

the following solutions (detailed calculations of the Oy-concentration can be found in
App. A.3):
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Figure 3.8.: Calibration curve for the oxygen sensors — Calibration curve was made with Ascorbic
acid (0), air-saturated Ringer (286 pmol/1), and carbogenized Ringer (1350 pmol/1). The linear
oxygen calibration line allows to calculate the concentration for any measured value.

« For 0 Oy: 0.1mol/1 Ascorbic acid in 0.1 mol/l NaOH at 18°C
o For 286.85 pmol/1 Oy: 18°C Ringer solution, air-saturated
« For 1350 pumol/1 O,: 18°C Ringer solution, carbogenized.

For the experiments, the electrodes were positioned in the bath chamber as well as in
the open and accessible IV'" ventricle without touching the brain tissue. Extracellular
pH was measured with a pH microelectrode with a tip diameter of 10 pm and a separate
reference electrode, a thick open-ended Ag-AgCl electrode with a gel-stabilized electrolyte.
Calibration was performed at the beginning of each experiment with solutions of known
pH 4, 7. and 9 from Roth, see App. A.1.

For temperature monitoring, a microelectrode (TP-200) was used. This microelectrode
consisted of a tapered glass capillary with a mineral insulated thermo-coupler inside.
The sensor was calibrated with Ringer solution at various temperatures prior to the
experiment.

The current output of all electrodes was converted by a UNISENSE A/S analog con-
verter [128] and fed into a CED Micro3 1401 data acquisition unit, to record all inputs
with the Spike2 software [131]. The output from the nerve recording electrode was fed
into a polarographic amplifier, and further into an acquisition unit. This gave immediate
output of discharge rate, pH, temperature, and Oq-concentrations in the bath and the
IV ventricle. All electrodes were attached to micromanipulators for precise positioning

in the experimental setup. The oxygen electrodes were attached to motorized microma-
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nipulators (Sensapex, Finland), enabling to manipulate the electrode in the x-, y-, and

z-direction, for precise positioning of the electrodes within the IV*" ventricle and the bath.

3.5. Data Analysis

Discharge rates of the superior oblique (trochlear) motor nerve were obtained from multi-
unit spike activity using Spike2 (Cambridge Electronic Design, UK) scripts. Spike rates
were counted by all events reaching a threshold (1.5x the amplitude of the noise level).
Multi-unit discharge rates were plotted with a bin width of 1s to exclude spontaneously
appearing spike bursts. More detailed analysis of spike bursts and the resulting oxy-
gen drop were processed and analyzed using Python. The integral of bursts and O,-
consumption (resulting from a burst) was determined as area under the curve, limited by
the onset condition, as given baseline. The Oy-consumption was determined by subtract-
ing the ventricular oxygen value from the respective bath concentration. Spike discharge
activity and concurrent Oo-concentration dynamics were processed and analyzed statisti-
cally using Microcal Origin 6.0 (OriginLab Corp., USA). Statistical differences were cal-
culated with the Wilcoxon signed-rank test (paired parameters) and the Mann-Whitney
U-test (unpaired parameters; Prism, Graphpad Software, Inc, USA).






4. Experimental Results

This chapter presents the experimental results for monitoring O,-concentration in semi-
intact in vitro preparations of Xenopus laevis larvae (Sec.4.1), their neuronal contribution
to Og-consumption in the brain (Sec. 4.2), and the application of algae or cyanobacteria to
enhance oxygen supply (Sec. 4.3). Part of the data from Sec. 4.1 and Sec. 4.2 are published
in Ozugur et al. Ref. [132].

Sec. 4.1 reports the Og-concentration around the in wvitro preparation. In Sec.4.1.1,
the Oy-concentration around the preparation, the z-stack plane through the IV'" ventri-
cle, as well as inactivated (dead) brain samples as a control were measured. Oxidative
phosphorylation (OXPHOS) was inhibited with 500 umol/l potassium cyanide (KCN),
which blocks mitochondrial cytochrome-c-oxidase. Further, in Sec.4.1.2, external O,-
concentration in the Ringer solution was increased and the concentration of oxygen in the
ventricle in correlation to the Og-concentration in the bath was analyzed. Additionally,
O,-concentrations in the brain tissue and in the vestibular nuclei were measured and the
diffusion duration of oxygen into the brain tissue and the ventricle, covered by or without
the choroid plexus, was calculated. In Sec.4.1.3, the brain’s oxygen needs were evaluated
by increasing external Os-concentrations in the Ringer solution to various levels and by

monitoring the respective ventricular O,-concentrations.

In order to test how oxygen is consumed by specific metabolic cycles, Sec. 4.2 discusses
how drugs were used to block specific pathways. Neuronal processing was inhibited in
Sec.4.2.1 by 0.5% and 0.05% 3-aminobenzoic acid ethyl ester methane sulfonate (MS-
222), which block sodium (Na) channels and interfere with signal processing. Furthermore,
the recovery from MS-222 and the correlation of discharge rates and O,-consumption were
studied. Besides inhibition of nerve activity, in Sec. 4.2.2 the increased firing rate by bursts
and their effect on Oy-consumption in the IVt" ventricle were investigated under normal
conditions, as well as during increased external oxygen levels.

Sec. 4.3 describes the use of photosynthesis to provide oxygen for Xenopus laevis prepa-
rations, with the algae C.reinhardtii and the cyanobacteria Synechocystis, respectively.
First, maximal Oq-production and the ECs5y values of isolated algae and cyanobacteria
(0.5 x 109 cells/ml, 0.1 x 10° cells/ml) at different light intensities (5400 lux and 30 500 lux)

were analyzed in Sec.4.3.1. Then, in Sec. 4.3.2, algae and cyanobacteria were injected into

39
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the vascular system of the Xenopus laevis larvae prior to the isolation of the preparation.
The distribution in the brain was visualized with confocal imaging. Further, in Sec.4.3.3,
Oo-production upon light illumination in the ventricle of injected preparations was mea-
sured and compared to injections of photomutant algae or cyanobacteria, which lack the
Photosystem II (PSII), and therefore the ability to produce oxygen. The advantage of in-
trinsic oxygen supply from algae and cyanobacteria inside brain blood vessels was verified

by monitoring neuronal activity under hypoxia.

4.1. O,-Concentration in the Semi-Intact In Vitro

Preparation

Oy-levels in the brain are a critical parameter for cell metabolism and therefore also influ-
ence neuronal function. To analyze the interrelation of oxygen availability and neuronal
activity or the Os-need of the brain, first a general O,-concentration analysis helps to
get a better understanding of the oxygen dynamics in the amphibian brain. In Sec.4.1.1
Oo-concentration measurements of the semi-intact in vitro preparation gives information
about the distribution of the oxygen in the vicinity of the tissue and the brain under
air-saturated Ringer conditions. This is in Sec.4.1.2 further investigated with metabolic
inactive brains. Further, increasing external Os-levels and simultaneously measuring the
Oy-concentration at the floor of the IV*® ventricle showed different oxygen dynamics. The
brain O,-consumption under various external Ringer levels is calculated in Sec.4.1.3 and

provides basic knowledge for further experimental approaches.

4.1.1. Oxygen Depletion in the IV Ventricle

An oxygen depth profile (z-stack) across the IV'! ventricle and around the preparation was
constructed, as shown in Fig. 4.1. The oxygen map was obtained by recording 31 animals.
Measured concentrations (white circles) and interpolation between the measured points
revealed the distribution of the Oy-concentration. The data show the highest oxygen value
in the bath Ringer solution [(292 4+ 4) pmol /1, mean + standard error of the mean (SEM)],
with a decrease in the vicinity of the tissue and a complete depletion at the ventricular floor
(0). This suggests that oxygen is consumed by the brain and the adjacent tissue, and uses
all oxygen available in the surrounding Ringer solution. Fig.4.2 shows one example of a
stepwise measurement along the depth track in the midline of the brain, which was used to
obtain the oxygen map in Fig.4.1. The continuous oxygen readout during repositioning
the ventricular electrode from the bottom of the IV'® ventricle, stepwise in 0.2mm in

the y-direction up to 1.4mm above the preparation is shown in Fig.4.2 a). The bath
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Figure 4.1.: O,-concentration map around the semi-intact in vitro preparation of Xenopus laevis
— Two-dimensional oxygen map showing oxygen levels around and within the IV'" ventricle,
measured in 0.2mm steps (white circles). Coronal section through the head of the preparation
showing the location of measurement points. White dots depict the measurement points of the
oxygen electrode. The color-coded O,-concentration gradient is depicted on the right, starting
from 0 (blue) to 300 pmol/1 (red). The regions between the points of measurement (n = 31)
were interpolated. Figure modified from Ref.[132].

electrode remained at a fixed position and monitored the O,-concentration in the Ringer
solution, which was kept constant. There is a gradual reduction in O,-concentration as
the ventricular electrode moves towards the ventricle floor. A linear relation between the
ventricle depth and the Os-concentration between 0.2mm and 0.8 mm distance to the
ventricle floor was observed, see Fig.4.2 b). As a control, non-functional brain samples
(EtOH) were monitored and are depicted in grey, see Fig.4.2 b). Control measurements
such as EtOH treated brains are discussed in the next paragraph, cf. Sec. 4.1.2. The results
suggest that the most prominent change in Oy-concentration as a function of distance is
between 0.2mm and 0.8 mm. This indicates that in the brain around the ventricle, cells
consume all available oxygen. The high Oy-consumption in the IV ventricle is why the
prospective focus was on the depth track in the ventricle. To verify if the measured oxygen
depletion is due to brain activity and not due to a morphological diffusion barrier, the
measurements were repeated on dead brain samples via two approaches shown in Fig. 4.2
b) and Fig.4.3. In the first approach the brain was deactivated before the experiment
by EtOH treatment of the preparation (n = 7), and in the second approach the brain
was deactivated in-situ through bath application of 500 pmol/l KCN (n = 8). In EtOH
deactivated brains, the O,-concentration in the ventricle was constant and independent
of the distance to the ventricle floor, see Fig.4.2 b). In the following, O,-concentrations

were measured with one electrode at the lowest position in the IV*® ventricle (position
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Figure 4.2.: O,-concentration as a function of the distance to the ventricular floor — The Oy
consumption in the z-stack of one animal is depicted in a) where the oxygen level was measured
in 0.2mm steps. The inset at the bottom right corner illustrates the position of the electrodes
in the ventricle (0 (blue) and 1.0mm (red) above the ventricular floor). b) Average of the
O,-concentration of 31 animals in the depth track into the IVt" ventricle. The oxygen level and
the distance to the ventricular floor depict an s-shaped dependency. The mean of 31 animals
is illustrated as white circles and the error by the width of the color coded line. The same
color code as in Fig.4.1 is used. As control, dead brain samples (EtOH-fixed) were monitored
the same way and are depicted in grey (n=7), with mean data (white circles and line) and

corresponding error (width of the grey shading). Figures modified from Ref.[132].

0), and the second electrode in the bath (position 10) to monitor the surrounding Ringer
O,-concentration. In EtOH treated brains, the Oy-concentrations at the ventricular floor
remained at the same concentration as the electrode in the surrounding Ringer solution.
This indicates metabolic inactivity, leading to an oxygen leftover in the IV*" ventricle.
The same effect was observed when KCN, an inhibitor of OXPHOS (one of the oxygen
dependent cycles and major ATP source), was applied. In both sets of experiments,
when applying a higher external Oy-concentration (> 500 pmol/1), see Fig.4.3 a) and b),
it takes ~ 15min [(14.8 + 0.3) min; n = 6] for an equalization of ventricular- and bath
Og-concentration in the Ringer. The effect of a delayed but matching augmentation is
also observed during the return of the Os-concentration to air-saturated Ringer levels
(~290 pmol/1, see Fig.4.3 a). Moreover, EtOH and KCN deactivated preparations show
the same values for the ventricular and bath Ringer oxygen, see Fig.4.3 ¢). This is also
true for higher external O,-concentrations as shown in Fig. 4.3 d). As expected from dead
brain samples, these results show that the preparation no longer uses the available oxygen,

hence indicating that metabolic activity is absent.

It was shown that the oxygen depletion in the vicinity of the tissue, especially in the

IV ventricle, is due to the Oy-consumption by the brain. Under air-saturated Ringer
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Figure 4.3.: Oxygen measurements in metabolically inactive brain samples — Oxygen was mea-
sured at the ventricular floor in metabolically inactive brain samples (EtOH fixed and KCN in-situ
deactivated). a) Temporary increase in bath oxygen from ~ 290 pmol/1 up to ~ 600 pmol/1 (grey
shaded) of an EtOH deactivated brain. It shows that the oxygen level in the IV ventricle rises
with a small delay and further shows the same effect after returning to normal air-saturated
Ringer levels. b) Inhibition of OXPHOS with KCN (500 pmol/1, pink shaded) caused a rise of
the oxygen value in the ventricle, as bath oxygen levels remained constant. Additionally supplied
oxygen increases in the presence of KCN (dark pink shaded) augments the O5-concentration in
the IV'! ventricle further until it reached bath levels. c) O,-concentrations in the bath (red) and
the ventricular floor (blue) in untreated active preparations (control), and in EtOH and KCN in-
activated preparations. Ventricular differences are shown in control and inactive samples (EtOH
and KCN, **¥* < (0.0001; Mann-Whitney U-test). d) O,-concentration in the ventricle as a
function of the bath O,-concentration shows a linear relationship (y = z) for both, metabolic
inactive (EtOH) and OXPHOS impaired (KCN) samples. Figures modified from Ref. [132].
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levels (~290 pmol/1 Oy), all available oxygen is decreased in the vicinity of the tissue of the
preparation, and starts to drop drastically at around 0.8 mm distance to the ventricular
floor, and was fully depleted in the depth of the IV'" ventricle, see Fig.4.1. Oxygen
depletion along the depth track of the IV'" ventricle in intact preparations is not linear,
but s-shaped as a function of the distance to the ventricle floor, with the lowest O,-
concentration at the ventricle floor, and the highest in the distant Ringer solution, >
I mm from the ventricular floor, see Fig.4.2 a) and b). Based on the results obtained in
metabolically inactive brain samples, see Fig. 4.2 b) and Fig. 4.3, the oxygen consumption

as shown in Fig.4.1 derives from metabolic activity in the brain.

4.1.2. Increased External Ringer O,-Concentration

The results shown in Fig.4.1 indicated that oxygen is fully depleted within the IV
ventricle. This raised the question whether more oxygen could be used by the brain
if more oxygen is available within the IV'" ventricle. Accordingly, higher external Oo-
concentrations were applied to the bath Ringer solution, i.e. ~ 550 pmol/l, ~ 750 pmol /I,
and ~ 950 pmol/l, and the concentration was measured with one oxygen electrode in the
bath and another at the bottom of the IV'" ventricle. The ventricular electrode was moved
in between the y-positions 0 and 1.2mm as a distance to the ventricular floor (z-stack),
as shown in Fig.4.4. When the external oxygen was increased, the ventricular electrode
remained at the lowest position in the ventricle (position 0) until the Oy-concentration
in the ventricle was increased and reached a steady state (~ 100pmol/l, ~ 150 pmol/l,
and ~ 300 pmol/l; respectively). A brief control of the Oj-concentrations in the bath
was performed by retracting the electrode in the ventricular zone, in steps of 0.2 mm, to

1.2mm above the ventricular floor.

Fig. 4.5 shows the oxygen dynamics along the depth track of the IV*® ventricle when
increasing external Ringer oxygen levels. The data shows a rightward shift of the oxygen
dependence curve (s-shape) in regard to ventricular depth (z-stack) to higher oxygen lev-
els, as seen in Fig. 4.5 a). The characteristic s-shape, presented previously in Fig. 4.2 b),
does not change if more oxygen is available in the surrounding Ringer solution. Differ-
ent external Oy-concentrations were applied, i.e. 290 pmol/1, 550 pmol/1, 750 pmol/1; and
950 umol /1, and Oy-levels along a depth track of the ventricle monitored in 0.2 mm steps.
The shape of the oxygen diffusion, when plotting the O,-concentration against electrode
position in the ventricular zone, appears to be independent from external oxygen levels.
Further, the Oy-concentration at the bottom of the ventricle is linearly related to the
concentration in the Ringer solution when greater than 700 pmol/1 O, see Fig.4.5 b).

This result suggests that above this level the brain is not consuming more oxygen if more
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Figure 4.4.: Example recording of stepwise increased O,-concentration in the Ringer solution
— Oxygen levels measured with one electrode in the bath chamber (red trace) and another
electrode in the IV*? ventricle (blue trace). The ventricular electrode was moved in 0.2 mm steps
(z-stack) from the bottom of the ventricular floor (0 position) to 1.2mm above. Continuous
measurement of oxygen levels at the ventricular floor during external oxygen application in
three steps (see red trace), i.e. ~ 550 pmol/l, ~ 750 pmol/l, and ~ 950 pmol/1 (grey shaded),
increased the ventricular O,-level to ~ 100 pmol/l, ~ 150 pmol/l, and ~ 300 pmol/l. Figure
modified from Ref.[132].

is available, but has an upper limit in Oy-consumption. Below this limit, oxygen pro-
vided by diffusion from external oxygen is not sufficient to reach brain oxygen saturation
levels. If the Ringer oxygen level was higher than ~ 700 pmol/l O,, the leftover oxygen
obviously remains unused for brain metabolism and remains in the ventricular zone. This
explains the linear increase of ventricular oxygen, above ~ 700 umol/l O, in the Ringer
solution. Due to this finding, in the following experiments external oxygen levels were
increased above 700 umol/1 to provide a condition in the ventricle where surplus oxygen
was available. The increased external oxygen level avoided an oxygen undersaturation in
the brain. Additionally, it was confirmed that oxygen levels in the brain tissue (green
dots) have the same concentration as measured in the IV ventricle (black dots) as can
be seen in Fig.4.5 b). This is also true for higher external oxygen levels. The idea of
introducing the electrode into the brain was to provide an oxygen readout in close appo-
sition to the area of O,-consuming motor and premotor nuclei, which directly project to

the eye muscle nerves where neuronal activity was recorded, subsequently see Sec. 3.1.1.

Fig. 4.6 shows the O,-diffusion in the brain tissue and the ventricle, without and with
a blood plexus, when increasing external O,-concentration. Higher oxygen levels in the

Ringer solution have no significant influence on the O,-diffusion duration in the brain
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Figure 4.5.: Increased external oxygen levels in the Ringer solution — O,-concentration in the
IVEh ventricle in correlation to a) electrode position at different distances to the ventricular
floor and b) O,-concentration in the Ringer solution. a) Depth profile of oxygen from the
ventricular floor to 1.4 mm above the ventricle (z-stack). Increasing external oxygen levels from
290 pmol/1, n=31 (1), to 550 pmol/1, n=6 (2), 750 pmol/1, n=6 (3), and 900 pmol/1l, n=6
(4), leading to a shift in O,-concentrations in the ventricular zone. Color coded O,-concentration
depicts in purple: 0-200pmol/l1, red: 200 pmol/1-400 pmol/1, yellow: 400 pmol/1- 700 pmol/1,
cyan:> 700 pmol /1. The mean is depicted as white circles of each group and the error of each
measurement point is indicated by the width of the color coded area, respectively. b) Ventricular
O,-concentration dependency on external oxygen levels in the Ringer. Applying ~ 700 pmol/1
O, or more, the O,-concentration in the ventricle increase linearly as a function of oxygen in
the Ringer. Oxygen in the ventricle was measured at the ventricular floor (black) and in the
brain tissue in the region of the vestibular nuclei (green), as shown in the inset in the top left
corner. Red dots represent the mean + SEM of the ventricular O,-level at distinct bath O,-
concentrations and red dashed lines represent the linear regression through lower (y = a+0.25x;
R? = 0.98) and higher (y = a+0.93z; R? = 0.96) mean ventricular concentrations, respectively.
Ventricular measurements (black dots) n = 97 measurements from 24 preparations. Brain tissue
(green dots) n = 69 measurements from 11 preparations. Figures modified from Ref.[132].

tissue and the ventricle, independent of the presence or absence of the choroid plexus
above the IV*? ventricle.

It was shown that increasing external oxygen levels in the bath caused a delayed increase
of the Oy-concentration at the ventricular floor, cf. Fig.4.4. There seems to be a point
where oxygen saturation in the ventricular zone is reached during increased levels of
external bath oxygen, cf. Fig.4.5 b). This saturation point is the same when measuring
the oxygen in the vestibular nucleus or the ventricle. There is no significant difference of
O,-diffusion duration in the three locations (vestibular nucleus, ventricle without plexus,
and ventricle with plexus), indicating that the choroid plexus presents no physical barrier
for oxygen, cf. Fig.4.6. The methodological approach was to monitor oxygen levels in

the ventricle and not in the brain tissue, and thus prevent tissue or cell damage which
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Figure 4.6.: Oxygen diffusion duration into the ventricle — Diffusion duration in seconds
during application of higher oxygen levels into the bath Ringer solution, measured in the
vestibular nucleus (green, (336.50 + 136.12)s), the ventricular floor without choroid plexus
(cyan, (391.25 £+ 163.01)s), and the ventricular floor with choroid plexus above (blue,
(454.08 £ 174.51)s).

occurs when inserting the electrode into the brain. Since there is no difference in Oq-
concentration in the ventricle or the vestibular nuclei, the oxygen levels monitored at the

ventricular floor corresponds to the levels in the anatomically adjacent vestibular nuclei.

4.1.3. Brain O,-Consumption

As seen in Fig. 4.5 b), the brain’s demand for oxygen has not reached its limit at normal
air-saturated Ringer levels (~ 290 pmol/l), but only when the Ringer levels were above
~ 700 pmol/l. In the following, the exact Oy-concentration of the brain’s oxygen demand
is calculated to estimate its oxygen needs. Accordingly, the difference of oxygen levels in
the bath (> 700pmol/1) and the TV*™® ventricle was measured for 90 animals as shown in
Fig.4.7. The arithmetic mean for Oy-consumption is 626 pmol/1 O, [Fig.4.7 a)], and is
independent of external Ringer solution [Fig.4.7 b)].
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Figure 4.7.: Brain oxygen consumption — a) Mean value of brain Oy-consumption is (626 +
120.7) pmol/l. b) The brain O,-consumption is not correlated with the external O,-concentration
in the Ringer solution, O,-concentration min: 715 pmol/1, O,-concentration max: 1166 pmol/1.
Linear regression (dashed line): m = 0.0821, R* = 0.0073, p = 0.4241, n = 90 measure-
ments from 13 preparations. Thus, the slope of the regression line is not significantly different
from zero. Figures modified from Ref. [132].



4.2. Correlation between O,-Consumption and Neuronal Activity 49

4.2. Correlation between O,-Consumption and Neuronal
Activity

Sec. 4.1 established that the brain is responsible for the oxygen depletion in the ventricu-
lar zone. Here, the focus is on the neuronal contribution to the consumption of oxygen.
A reasonable assumption is that the major oxygen consumers are neurons, and thus OX-
PHOS, as major energy providing source, is the major oxygen consuming pathway. Since
the neuronal discharge is dependent on oxygen availability, neuronal discharge and O,-
concentration was simultaneously monitored to determine a correlation between neuronal
activity and Oy-consumption. Therefore, the discharge of the trochlear motor nerve, one
of the extraocular motor nerves that innervates the superior oblique eye muscles, was mon-
itored simultaneously with the Oy-concentration in the IV*® ventricle. As shown before,
metabolically inactive brains led to an increase in Oy-concentration in the ventricle. In
Sec. 4.2.1 this will be further investigated with regard to neuronal inhibition. In Sec.4.2.2
the Oqy-consumption during spontaneous appearing bursts, which resulted in a drop of the

Oo-concentration in the ventricle, is analyzed.

4.2.1. Inhibition of Neuronal Activity

Functional nerve activity of the trochlear motor nerve was recorded as a proxy for neuronal
activity in the brain. Fig. 4.8 shows an example recording following blocking of nerve firing
activity by application of 3-aminobenzoic acid ethyl ester methanesulfonate (MS-222) and
how the Os-concentration and the resulting O,-consumption in the ventricle is influenced
by this inhibition. Inhibition of sodium (Na) channels by 0.5% MS-222, an inhibitor
of the fast sodium conductance, and frequently used in amphibians and fish, prevented
nerve firing after 1 min, as can be seen in Fig. 4.8 a). During application of 0.05 % MS-222
for 20 min, O,-consumption in the IV*" ventricle decreased, followed by a fast recovery
to normal Oy-concentrations shortly after washing out of the inhibitor, see Fig.4.8 b).
The maximum treatment time for MS-222 application was 40 min for 0.05 % MS-222 and
10 min for 0.5 % MS-222. The O,-concentration at the ventricular floor was significantly
higher in the presence of 0.05 % MS-222 and even higher in the presence of 0.5 % MS-222,
compared to control values in the ventricle, as shown in Fig. 4.9 a). The dependency of the
O,-concentration on the ventricular position (z-stack) showed a steep shift to higher O,-
concentrations with 0.05 % MS-222 and even bigger effects with 0.5 % MS-222, Fig. 4.9 b).
This demonstrates that the block of sodium channels has an effect on nerve firing activity

as well as on O,-consumption in the IV*? ventricle.

Fig. 4.8 shows that blocking neuronal activity with a sodium channel blocker (0.5%
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Figure 4.8.: Neuronal inhibition — The effect of 0.5% and 0.05% MS-222 on discharge rate
(Spikes/s) and O,-concentration in the ventricle. a) Example recording of 0.5 % MS-222 applica-
tion (pink shaded), caused an immediate decrease of the discharge rate (Spikes/s), culminating
in a complete loss soon afterwards. Recorded spikes are shown as black trace (Nerve recording)
along with the corresponding discharge rate. b) Effect of 0.05 % MS-222 application for 20 min
(pink shaded area) on the Oy-concentration (blue) and resulting Oy-consumption (purple) in the
ventricle, while the bath O,-level (red) remained constant.
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Figure 4.9.: Effect of MS-222 on the O,-concentration in the ventricle — a) Bath O,-levels (red
shaded) and corresponding O,-concentration in the ventricle (blue shaded) in controls, following
0.05 % MS-222 application for 40 min, and 0.5 % MS-222 for 10 min. Ventricular oxygen had
significantly higher levels after 0.5 %, and 0.05 % MS-222 application, compared to the control
condition. **** p < 0.0001; Mann-Whitney U-test. b) O,-concentration in the IV'" ventricle,
as depth track in correlation to electrode position in the ventricle in controls, after 0.5% and
0.05 % MS-222 application. White dots depict the measurement points (0.2 mm steps) as mean
values and the error is shown by the width of the color coded area in each condition as shown
before in Fig.4.5. Figures modified from Ref. [132].
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Figure 4.10.: Neuronal blockade and recovery from MS-222 — Recording showing the effect
of 0.5% MS-222 application for 10 min (pink shaded area) on the O,-concentration in the
IVth ventricle (blue trace), and resulting O,-consumption (purple trace), while the bath O,-
concentration (red trace) was kept constant. Spike activity of the trochlear motor nerve is
shown as discharge rate (Spikes/s) (black trace), with higher magnifications to highlight the
nerve activity before MS-222 treatment ('Before’), during the inhibition ('"MS-222"), and during
wash-out ('Recovery’ - bottom, grey shaded areas). Figure modified from Ref. [132].

and 0.05 % MS-222, respectively) caused an increase in the O,-concentration in the IV
ventricle. This indicates that neuronal activity is responsible at least for part of the
Oo-consumption in the brain and therefore responsible for the oxygen depletion in the
ventricular zone seen in Fig.4.1. A more extended effect of MS-222 is shown in Fig. 4.10,
illustrating an example recording where the O,-concentration in the IV*" ventricle and the
discharge rates of the extraocular motor nerve after MS-222 (0.5 %, 10 min) application
were recorded. Application of 0.5% MS-222 (pink shaded) caused a drop of the nerve
activity and an increase in Os-concentration in the IV*" ventricle. The Oy-consumption
was calculated from the bath and ventricular O,-concentrations. After inhibitor wash
out, there was a relatively fast recovery of Oy-consumption, though the neurons remained
inactive. In the late recovery phase, defined by the final washout of MS-222, a linear
correlation between O,-consumption and discharge rate was observed, as illustrated in
Fig.4.11 a) and b). This linear correlation during the later phase of the recovery is
reproducible as can be seen Fig.4.11 ¢). The neuronal discharge recovery coincided with
a decrease of the Ogy-concentration in the ventricular zone, indicating an increased Os-

consumption likely due to the re-established spike activity.
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Figure 4.11.: Late recovery phase during 0.5 % MS-222 wash-out — a) Discharge rate (Spikes/s)
and b) O,-consumption increases during the recovery period. c) Ratios of discharge rate and
O,-consumption in different preparations (n = 6) are linearly correlated. Figures modified from
Ref. [132].

4.2.2. Spontaneous Increase of Neuronal Activity

The previous experiments established that the loss of neuronal activity as well as the
recovery thereof could be unequivocally correlated with O,-consumption in the ventricle.
Fig. 4.12 shows the increased oxygen need during spontaneously increased neuronal activ-
ity, so called spike bursts. During a burst, the neuronal discharge increases considerably
while the Oy-concentration in IV ventricle transiently decreases, see Fig.4.12 a)-c), fol-
lowed by a fast recovery of the Oy-concentration (~ 6 min) until it reaches normal pre-spike
burst oxygen values again, see Fig.4.12 ¢). The average (n = 4) of bursts [Fig.4.12 d)]
and Og-consumptions [Fig. 4.12 e)] illustrate the reproducibility, and an O,-consumption
increase in the ventricular zone at higher nerve discharge rates. Further, analyzing the
onset of a burst and the onset of the Os-consumption, seen in Fig.4.12 d) and e) (red
arrow), shows that the onset of the Oj-consumption occurred when the maximum dis-
charge rate was already reached. The Oy-consumption is at its maximum ~ 1 min after
the onset, and slowly decreases thereafter. The delay of the O,-consumption onset at the
peak discharge could be explained by a diffusion effect, since the oxygen supply requires
time to diffuse from the Ringer into the IV'" ventricle. During a spike burst the oxygen
in the IV*® ventricle was fully depleted, cf. Fig.4.12 c) suggesting that the air-saturation
of the Ringer is not sufficient to cover the oxygen needs in the brain during a burst. As
described above, the brain saturation level is ~ 626 umol/1 O,, cf. Fig.4.7. Therefore,
external bath levels were increased and the O,-consumption and the correlation with the

neuronal activity was examined.

Fig. 4.13 shows the nerve activity during increased external oxygen levels of ~ 600 pmol /1
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Figure 4.12.: O,-consumption during increased spike activity, so called spike bursts — Nerve
activity and O,-concentration during spontaneously increased discharge rates. Magnified view
of the recording [grey area in a)] shows increased discharge rates in b), which are accompanied
by a simultaneous decrease of the O,-concentration in the IV'" ventricle in c). The recovery
to pre-spike burst oxygen levels in the ventricle after a burst was ~ 6 min. The average of 4
measurements (grey) and their mean (black/ purple) are plotted in d) discharge rate and e)
Oy-consumption. Red arrow shows that the O,-consumption increases when the peak discharge
is already reached. Figures modified from Ref.[132].

O,. At this point, the oxygen in the IV*" ventricle was not fully depleted during a burst
because higher levels of oxygen were available. This implies that the brain is not con-
suming all available oxygen during a spike burst, but rather that there is a limit in O,-
consumption. Further, during a shorter burst (Fig. 4.13, black trace, 3'% peak) the oxygen
drop was smaller compared to that during a longer burst (black trace, 2°¢ peak), demon-
strating a correlation between the duration of increased nerve firing and Oy-consumption.
Fig. 4.14 shows the integral of the O,-consumption curve for each burst at elevated oxygen
levels. This integral describes the total O,-consumption over the entire burst duration;
and this integral will be called total Os-consumption. The average discharge rate, see
Fig.4.14 a), Oy-consumption b), and Oy-concentration in the IV'" ventricle c), were an-
alyzed for 10 bursts. The total O,-consumption at air-saturated Ringer oxygen level
(~290umol/1) and during an increased bath Os-concentration (~ 600 pmol/l) was calcu-
lated in d). Accordingly, higher bath oxygen levels were accompanied by higher total
Oo-consumption, indicating that the Oy-consumption is larger if more oxygen is available.
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Figure 4.13.: Measurement of increased nerve activity during elevated Ringer O,-concentration
— Measurement of increased discharge rate (burst, black trace) and O,-concentration at the
ventricular floor (blue), during an increased external oxygen level (~600pumol/l O,). Each
burst provoked a drop of the O,-concentration in the ventricle. A longer burst provoked a more
pronounced drop in the O,-concentration (see 2°¢ burst in comparison to 3'% burst). Figure
modified from Ref. [132].

However, this could also arise from longer burst duration, as shown in Fig.4.13. To eval-
uate this more closely, spontaneously occurring spike bursts were monitored under differ-
ent Ringer O,-concentrations, shown in Fig. 4.15. Different ventricular O,-concentrations
were analyzed; minimum: 0 O,, maximum: 590 pmol/l O,. The total O,-consumption
during a spike burst were grouped according to the total Oy-consumption magnitude dur-
ing different bursts, i.e.a) 3000s x pmol/l, b) 5000s x pmol/l, ¢) 8000s x pmol/l, and d)
9000s x pmol/l. Each oxygen drop was normalized to indicate whether oxygen diffusion
dynamics are dependent on different external oxygen levels. The figure clearly shows that
independent of the Og-consumption group [(3000, 5000, 8000, or 9000)s x pmol/l] the
oxygen recovery is similar during different Ringer oxygen levels. This suggests that the

external oxygen level does not influence the diffusion dynamics in the IV*" ventricle.

Further, Fig. 4.16 shows the latency of the O,-consumption onset after a burst appeared,
for various ventricular oxygen levels. There is no variance in latency for the ventricular
oxygen (10 — 650) pmol/1 O,, which corresponds to (290 — 1100) pmol/1 O, in the Ringer
solution. The distribution of the latency in relation to the ventricular Os-concentration
shows a linear trend, with similar values at lower and higher ventricular O,-concentrations.
The slope of the linear fit of the latency is not significantly different from zero (p = 0.76).
This indicates that there is no relationship between the oxygen diffusion into the IV*®
ventricle and the external Og-concentration in the ventricle. In Fig.4.16 b) the oxygen
recovery time after an oxygen drop, caused by a burst, is shown. The recovery time is
plotted against ventricular Os-concentrations and was measured from the lowest point

of the oxygen drop until oxygen values reached pre-burst values. The recovery time
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Figure 4.14.: Impact of spike bursts during increased external oxygen values — Average (n =10)
of discharge rates a), and O,-consumption b), show higher amplitudes at ~ 600 pmol/1 external
oxygen levels, compared to air-saturated oxygen conditions (~ 290 pumol/l) d). c) Different
oxygen drops during different discharge rates. Vertical dashed line and arrow in a) and b)

represents the latency of the O,-consumption onset and indicates the oxygen diffusion. Figures
a) and b) modified from Ref. [132].

was normalized to the oxygen change during the drop. The lowest point of the oxygen
drop was also the point when the burst has already ceased and no further oxygen was
consumed, also shown before in Fig. 4.12 and Fig. 4.14. The recovery time, independent of
the amount of Oy-consumption, was faster at higher ventricular Oy-levels. It was shown in
Fig. 4.5 b) and Fig. 4.7 that the IV'! ventricle was saturated with oxygen > 626 umol/1, the
prospective focus was on the oxygen recovery time for ventricular O,-concentration with
bath levels > 626 pmol/1. 40 pmol/1 Oy - 600 pmol/1 O, in the ventricle corresponded to
700 pmol /1 Og - 1100 pmol/1 O, in the Ringer solution. Brain oxygen levels were obviously
saturated when the oxygen level in the Ringer was > 626 umol/1 and the time of oxygen
recovery was likely related to oxygen diffusion. A slightly slower recovery dependent on
ventricular O,-concentration was observed, indicating that with higher oxygen levels the
ventricular oxygen is refilled faster.

Next, the influence of increasing external oxygen levels on discharge rate will be dis-
cussed. Fig.4.17 shows that the nerve activity is affected by the Os-concentrations in
the Ringer. This suggests that increased external oxygen levels in the Ringer increase
the ventricular oxygen availability, which is under air-saturated conditions (O,-conc.
~ 290 umol/l in the external Ringer solution and ~ 0 O, in the ventricle) not sufficient

to cover the complete oxygen need of the adjacent tissue, as shown in Fig.4.5 b) and
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Figure 4.15.: Oxygen drops under different external oxygen levels — Normalized total
O,-consumption during a burst for total O, a) 3000s x pmol/l, b) 5000s x pmol/l, c)
8000s x pmol/l, and d) 9000s x pmol/1 for different ventricular O,-concentrations.

Fig.4.7. Since the external oxygen level does further affect discharge rates, cf. Fig. 4.17,
it is important to understand how the discharge rates of a broad range of external oxy-
gen levels correlates with the Oy-consumption in the IV ventricle. Fig.4.18 shows two
examples of the total Oy-consumption analysis, in a) and c), as well as the corresponding
discharge rate, in b) and d). The two examples were taken with similar external Ringer
levels: 910 pmol/l Oy. The total Og-consumption in Fig.4.18 ¢) is approximately 64 %
the amount of the total Os-consumption in Fig.4.18 a) and Fig.4.18 ¢) is 69 % of the
discharge rate of Fig.4.18 a), suggesting a correlation between the O,-consumption and
the discharge rate. A potential correlation between the magnitude of the spontaneous
spike burst, associated Oo-consumption, and ventricular Oq-level was evaluated, follow-
ing calculation of the total Oy-consumption [purple shaded areas in Fig.4.18 a) and c)],
and the overall discharge rate [grey shaded areas in Fig.4.18 b and d)]. The discharge
rate represents the total discharge over the entire burst duration; from now on this will

be called total discharge rate. Fig.4.19 shows the total discharge rate as a function of
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Figure 4.16.: Influence of external O,-concentration on O,-consumption onset and O,-recovery —
a) Correlation of the latency of the oxygen drop in the IV*" ventricle at higher O,-concentrations
in the ventricle, n = 59 measurements from 7 preparations. Linear fit (dashed line): m =
0.0015, R? = 0.0017, p = 0.76. The mean of the latency was (13.7 & 6.4)s. b) Time after
a burst (lowest point of the oxygen drop) until the O,-concentration in the ventricle reached
the normal oxygen level, normalized to the oxygen change due to the drop, in correlation to the
ventricular O,-concentration (pmol/1). Linear fit (dashed line): m = —0.01, R? = 0.2711,
p = 0.0008. n = 59 measurements from 7 preparations. Figures modified from Ref.[132].

the ventricular Og-concentration (black), indicating that the extent of spontaneous spike
bursts was independent of the ambient O,-level, since the slope of the linear regression
was not significantly different from zero (p = 0.377). In contrast, the integral of the
O,-transient increased with higher ventricular O,-levels (purple) as indicated by the non-
zero slope of the linear regression (p = 0.022), thus confirming the generation of larger
Oo-transients when augmenting the bath O,-level [compare Os-transients in Fig.4.12 d)
and e), Fig.4.14 a) and b)].

Fig.4.20 shows a slightly higher magnitude of Os-consumption when discharge rates
were increased, clearly indicating an interrelation of the oxygen drop and the discharge
rate during a burst. The fact that brain Oy-levels are not saturated below ~ 626 pmol/1
O,, cf. Fig. 4.7, and no O,-consumption was visible below ~ 700 pmol/l1, cf. Fig. 4.5 b), the
external Ringer levels ranged from 500 pmol/1 - 800 pmol/l1 Oy (yellow) and 800 pmol/1 -
1200 pmol/1 O, (green) in Fig.4.20. Fig.4.20 a) shows a linear correlation between the
increased discharge and the increased Oj-consumption in the ventricle. However, the
integrals of the O,-consumption was broadly scattered. To exclude the interference of
discharge activity to O,-consumption, in Fig.4.20 b) the O,-consumption from Fig. 4.20

a) was normalized to the corresponding discharge rate integral and is shown as function
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Figure 4.17.: Dependency of resting discharge rates on external oxygen levels — Discharge rates
(Spikes/s) show a variance during changes of the external oxygen level between air-saturated
[(6.6 £ 6.2) pmol/1, 12 animals] and carbonated Ringer [(21.3 £ 9.1) pmol/1, 12 animals]. Oxy-
gen levels in the Ringer were adjusted to air-saturated levels of (276.8 4+ 9.4) pmol /1, correspond-
ing to a ventricular Oy-concentration of (0 & 15.5) pmol/l. Carbonated Ringer O,-concentration
was increased to (814.7 + 171.1) pmol/l, corresponding to a ventricular O,-concentration of
(183.1 £ 156.5) pmol/l. *** p < 0.001; Wilcoxon matched-pairs signed ranked test.

of the ventricular O,-concentration. It can be seen that the O,-consumption is generally
increased at higher discharge rates [Fig. 4.20 a)], but also when normalized to the discharge

rates the Oy-consumption is also increased at higher oxygen levels [Fig. 4.20 b)].

As just established, the total Os-consumption is dependent on the total discharge rate.
Therefore, it is important to understand how the Oy-consumption is correlated to the burst
duration. This is shown in Fig.4.21, where a longer burst duration is accompanied by a
higher Og-consumption. The Og-consumption per burst/second is 0.4 pmol/l/s [Fig. 4.21
b)], which is independent of the external Ringer O,-concentrations [Fig. 4.21 ¢)]. The total
Oy-consumption ranges from ~ 10 pmol/l (min) to ~ 50 pmol/1 (max), depending on the
burst duration, for measurements above 570 umol/l external Ringer solution, cf. Fig. 4.21
a).

A major problem in many experimental preparations is that the oxygen supply is limited
through diffusion processes. In our semi-intact in vitro preparation the tissue lacks an
active blood circulation, and therefore natural oxygen supply through the vasculature.
Variations of the external oxygen supply with the Ringer flow is possible in our setup, but

comes along with some drawbacks as the oxygen delivery is not quick and precise, since
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Figure 4.18.: Total O5-consumption and discharge rate — Two examples of total O,-consumption
calculations for Op-consumption in a) and c), and corresponding discharge rates in b) and d)

during a spontaneous burst. External oxygen was in both examples 910 pmol/1 O,. Figures
modified from Ref. [132].

most oxygen diffuses from Ringer solution into the air. To guarantee fast and precise
oxygen delivery to the brain, a new approach was established where oxygen producing
organisms were inserted into the vascular system of the larvae prior to the preparation of
the isolated tissue.
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Figure 4.19.: Influence of ventricular oxygen levels on discharge rate and O,-consumption —
Integrals of spike rates (black) and of O,-consumption (purple) as a function of oxygen levels
in the ventricle. n = 59 measurements from 9 preparations. Linear fit (dashed line, black):
m = 0.45, R? = 0.0137, p = 0.377. Linear fit (dashed line, purple): m = 6.80, R? = 0.088,
p = 0.022. Figure modified from Ref. [132].
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Figure 4.20.: Influence of external oxygen levels on discharge rate and O,-consumption — a)
Total O,-consumption and total discharge rate vs different bursts, during several external bath
oxygen levels, n = 52 measurements from 10 preparations. Linear fit (dashed line): m = 1.01,
R? = 0.048, p = 0.167. b) Integral of O,-consumption normalized to the corresponding
integral of discharge rate, shown as correlation to the ventricular O,-concentration. Linear fit
(dashed line): m = 0.01, R? = 0.044, p = 0.090. Figure b) modified from Ref.[132].
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Figure 4.21.: O,-consumption during bursting — Oxygen drops from Fig. 4.15 were analyzed with
respect to peak amplitude (before normalization), to obtain a) the maximum O,-consumption
in relation to burst duration. Linear fit (dashed line): m = 0.32, R? = 0.45, p = 0.0023.
b) O,-consumption normalized to burst duration yields a mean of (0.4 £ 0.1) pmol/1/s, which
is independent from the external Ringer Op-concentration shown in c). Linear fit (dashed line):
m = 0.00002, R? = 0.002, p = 0.86.
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4.3. Algae and Cyanobacteria as Oxygen Source in the

Xenopus laevis Brain

In the following, the injection and distribution of algae and cyanobacteria as oxygen
source into the brain of Xenopus lacvis will be described. Sec.4.3.1 characterizes the
concentration and light dependency of Oy-production of the isolated algae C.reinhardtii
and isolated cyanobacteria Synechocystis. These single-celled organisms were introduced
into the vascular system of Xenopus laevis larvae and their distribution in the brain
vasculature of the larvae will be then visualized in Sec.4.3.2. In Sec.4.3.3, the algal O,-
production sufficiency to rescue neuronal discharge under hypoxia is described. Algae and
cyanobacteria were grown in collaboration with the Nickelsen lab by Dr. M. Chéavez and
Prof. Dr. J. Nickelsen.

4.3.1. O,-Production in Isolated Algae and Cyanobacteria

To determine the optimal parameters for the oxygen production in the brain of Xenopus
laevis, it was crucial to evaluate the Og-production of C.reinhardtii and Synechocystis
as a function of cell concentration and luminance. This is shown in Fig.4.22. Cell con-
centrations of 0.1 x 10% cells/ml and 0.5 x 10° cells/ml, and luminance levels of 5400 lux
[Fig.4.22 a)] and 305001ux [Fig.4.22 b)| (these luminance levels were determined to be
the optimal parameters, see Sec.3.2.4). The maximal O,-production (pmol/l) refers to
the highest concentration for both, algae or cyanobacteria, under light illumination.
As controls, photomutant strains of algae and cyanobacteria, respectively, were used
with a concentration of 0.1 x 10% cells/ml and a luminance of 5400 lux, cf. Sec.3.2.1 and
Sec. 3.2.2. Photomutant algae and cyanobacteria were not capable of producing oxygen,
since these strains were missing a gene to encode PSII. Further, algae and cyanobacteria
need oxygen from their environment for their own metabolic needs, which can be seen
in Tab. 4.1, where the Oqy-concentration of the mutants were found to be negative. The
highest Og-concentration produced by algae or cyanobacteria upon illumination was usu-
ally acquired within 1.5 hours, after which a plateau was reached. Cell concentrations of
0.5 x 10 cells/ml reached significantly higher oxygen levels in Synechocystis at 30 500 lux,
in comparison to lower cell concentrations. For C.reinhardtii, no significant difference in
Oo-production was observed for lower and higher cell numbers for both luminance inten-
sities. However, a higher light intensity of 30 500 lux, cf. Fig.4.22 b), caused an increased
Oo-production in C.reinhardtii for both concentrations, and in Synechocystis only for the
higher concentration. High luminance is known to have a phototoxic effects, however, this

was not observed up to 30 500 lux. Besides not being phototoxic, also higher Oy-production
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Figure 4.22.: Maximal Oy-production (pmol/1) of Synechocystis and C.reinhardtii — Different
cell concentrations (0.5 x 109 cells/ml and 0.1 x 10 cells/ml) and luminance a) 5400 lux and
b) 30500 1ux were tested. As a control, photomutant strains with 0.1 x 10% cells/ml of both
Synechocystis and C.reinhardtii were monitored with 54001ux. * p < 0.05, ** p < 0.01, ***
p < 0.001, Mann-Whitney U-test. Mean values, and statistical analysis are listed in Tab.4.1.

rates were reached compared to 5400 lux. Both algae and cyanobacteria appear to have
an extensive Og-production capacity. While at 5400 lux Synechocystis with a cell con-
centration of 0.5 x 109 cells/ml provides the highest output, for 30 500 lux Synechocystis
and C.reinhardtii with a cell concentration of 0.5 x 10° cells/ml are both providing the
highest oxygen output. Statistical mean values for the maximal Oy-production rates at

all conditions are listed in Tab.4.1.

Since the oxygen maximum of the microorganisms is not reached within the same time
frame, the data from Fig.4.22 were further analyzed to evaluate which species produces
not only the most oxygen, but also on which time-scale. The ECsy, which is the time
until the half maximum value is reached, was calculated and plotted in Fig. 4.23. It clearly
shows that C.reinhardtii has lower ECsq values for the Oy-production at 5400 lux, as seen
in Fig.4.23 a), indicating that C.reinhardtii reaches the maximum of Oy-concentration
faster than Synechocystis and is therefore more efficient in its O,-production. As can be
seen in Fig.4.23 b), increasing light intensity to 30500 1ux, the EC5y values decreased
for both species, even more drastically for Synechocystis [Fig.4.23 a)]. Statistical mean
values for the ECsy of maximal Oy-production of all conditions are listed in Tab. 4.2.

The measurements with isolated microorganisms show that C.reinhardtii is significantly

faster then Synechocystis in Oo-production for both cell concentrations (0.1 x 109 cells/ml

and 0.5 x 10° cells/ml), as shown in Fig.4.23. However, C.reinhardtii also has a signifi-
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Table 4.1.: Algae and Cyanobacteria O,-production maximum.
0.1 x 10% cells/ml and 0.5 x 10% cells/ml were monitored for wild type (WT) and photomu-
tants. The O,-concentration and the respective SEM is given with the number of animals (n)

for both light intensities 5400 lux and 30 500 lux.

Cell concentrations of

Light intensity (lux)

5400 30500
Cell conc. | Os-conc. SEM(+) | n O,-conc. SEM(+) | n
(cells/ml) | (pmol/1) (pmol/1)
) 0.5 x 10° | 2770 317 4 | 4469 1565 6
Synechocystis WT 5
0.1 x 10 2244 534 11 | 1939 1105 5
Mutant 0.1 x 102 | —171 42 5 |- - -
_ . 0.5 x 107 | 1542 703 6 | 4613 819 8
C.reinhardtic WT
0.1 x 10 | 2266 819 7 | 3764 825 9
Mutant 0.1 x 10° | —334 21 5 | - - -

Table 4.2.: Algae and Cyanobacteria EC5p (time until the half maximum
reached). Cell concentrations of 0.1 x 10? cells/ml and 0.5 x 10 cells/ml were monitored for
wild type (WT). The ECs5p and the respective SEM is given with the number of animals (n) for

both light intensities 5400 lux and 30 500 lux.

Light intensity (lux)

5400 30500
Cell . | EC EC
O CORE VS0 L SEM(+) | n | T | SEM() | n
(cells/ml) | (s) (s)
, 0.5 x 10° | 3374 | 794 4 | 1468 | 320 6
Synechocystis WT 5
0.1 x 10”7 | 2834 | 382 511679 | 186 5
_ . 0.5 x 10° | 1407 | 382 6 | 1291 | 351 8
C.reinhardtii WT
0.1 x 10° | 1930 | 558 71939 | 161 9

cantly lower maximal Os-output for 0.5 x 10° cells/ml at 5400 lux, cf. Fig.4.22 a). Both,
algae and cyanobacteria, were used for injections into the vasculature of Xenopus laevis
larvae. Due to a possible phototoxic effect, which could occur in lower concentrated algae

or cyanobacteria solutions, as it is the case during injection and distribution throughout

the vascular system, light illuminance was set to 5400 lux.

O,-production is
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Figure 4.23.: Time until half maximum of O,-production is reached — ECsy values for
Synechocystis and C.reinhardtii at 54001lux and 30500Iux at different cell concentrations
(0.1 x 109 cells/ml and 0.5 x 10° cells/ml). ** p < 0.01, **** » < 0.0001, Mann-Whitney
U-test. EC5¢ values, and statistical analysis are listed in Tab. 4.2.

4.3.2. Visualization of Microorganisms in the Brain of Xenopus laevis

After injection of algae and cyanobacteria into the vasculature of the larvae, as described
in Sec. 3.3, the distribution of the microorganisms throughout the entire brain vasculature
was visualized. Fig.4.24 shows the brain from dorsal, with Mesencephalon (MP) and Cere-
bellum (CB). The choroid plexus, above the Rhombencephalon (RB), is filled with algae or
cyanobacteria, as seen by the green color. The IV ventricle is located below the choroid
plexus and is marked by the black box (v). The microorganisms also fill the blood vessels
inside the brain, and are visible through the tissue. To distinguish between microorgan-
isms and brain vasculature, the blood vessel walls, which contain oligosaccharides, were
stained with Isolectin, coupled to Alexa Fluor 488. Isolectin was injected together with
algae or cyanobacteria solution (details can be found in Sec.3.3. The chlorophyll in the
microorganisms can be excited with light at a wavelength of 640 nm /655 nm (depicted in
green), and the Isolectin with 488 nm/493 nm (depicted in red). Fig. 4.25 shows the fixed
brain from dorsal. A z-stack through the entire tissue is shown in Fig.4.25 a). A single
plane is shown in Fig.4.25 b). The single plane with the excited chlorophyll autofluores-
cence is shown in Fig. 4.25 c), and the excitation of the blood vessels is shown in Fig. 4.25
d). The image revealed a fine network of blood vessels in the hindbrain adjacent to the

IV*™ ventricle, in comparison to noticeably much thicker blood vessels in the forebrain.

The strong chlorophyll-autofluorescence makes it difficult to see a co-localization be-

tween algae or cyanobacteria and isolectin-stained blood vessels. Therefore, the tissue
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was imaged at a higher magnification, which is shown in Fig.4.26. The image shows the
region of the vestibular nuclei, adjacent to the IV'" ventricle, cf. the white box in Fig. 4.25
b). The microorganisms (chlorophyll excitation, depicted in green) are evenly distributed
throughout the blood vessels (Isolectin A 488, depicted in red). The distribution is only
shown in one plane, as the image represents a single focal plane. There was no clumping
or blockage, showing that algae or cyanobacteria fit into the brain vasculature and were
evenly distributed after the injection. This is observed despite the different sizes of the two
microorganisms: Synechocystis with a diameter of 2 pm [Fig. 4.26 a)| and C.reinhardtii
with a diameter 10pm [Fig.4.26 b)]. In addition, the shape of the microorganisms ap-
peared to not be altered, suggesting that algae and cyanobacteria remained intact and

alive within the blood vessels.

Furthermore, in Fig. 4.27 magnified single blood vessels are shown. Fig.4.27 a) shows
blood vessels with injected Synechocystis. The lines (green and red) represent electroni-
cally constructed coronal sections through the two vessels shown in Fig.4.27 b) and c).
These coronal sections through the blood vessels more clearly illustrate the localization of
the microorganisms inside the blood vessels. Blood vessels with C.reinhardtii are shown
in Fig. 4.27 d)-f). In comparison with Synechocystis, the algae C.reinhardtii are of similar
size as the vasculature diameter and lined up one after the other inside the blood vessels.
For the smaller Synechocystis, two to three single cells fit into the blood vessel (diameter)

and could possibly distribute throughout smaller vessels, deeper in the tissue.

Figure 4.24.: Distribution of microorganisms in the blood vessels of the brain (the picture
shows injected C.reinhardtii) — Image of an intact brain in the preparation. Mesencephalon
(MP), Cerebellum (CB), Rhombencephalon (RB), and Otic capsule (OC) can be seen. The
choroid plexus is located on top of the IV'h ventricle and is filled with C.reinhardtii (green).
Region of the IVth ventricle (black box, marked with v). Image taken with Leica MZ12.
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rostral <=— caudal

Figure 4.25.: Distribution of microorganisms (the picture shows injected Synechocystis)
throughout the entire brain — Confocal image of a fixed brain showing a z-stack in a) and a
single focal plane in b). The region of the vestibular nuclei is marked by the white box VN.
c) Algae/ cyanobacteria autofluorescence (depicted green). d) Blood vessels were stained with
Isolectin Alexa Fluor 488 nm conjugate (depicted in red). Taken by Zeiss LSM 900-Airyscan-2,
10x.
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a)

Figure 4.26.: Confocal images of fixed brain tissue at the level of the vestibular nuclei — a)
Synechocystis, imaged with Zeiss LSM 900-Airyscan-2, 20x. Chlorophyll excitation (depicted
in green) and lIsolectin (depicted in red). b) C.reinhardtii, imaged with a VivaScope RS-G4
microscope (Mavig GmbH) and a 60x Objective, zoom 1.35 (Olympus). Chlorophyll excitation
(depicted in green) and Isolectin (depicted in red). Picture a) taken by Zeiss. Picture b) taken
by Mavig GmbH.

4.3.3. Photosynthetic O,-Production in the Brain of Xenopus laevis

For experiments in the intact larval brain, suspensions of C.reinhardtii or Synechocystis
were injected into the heart of anesthetized larvae and were allowed to spread through the
vascular system, reaching brain through the respective blood vessels. For the injection,
cell concentrations with 10 x 109 cells/ml were used, cf. Sec. 3.3. After dissection of the
in vitro preparation, oxygen monitoring in the IV*" ventricle occurred as described in the
previous chapter. With illuminance, photosynthetic oxygen is directly produced from the
algae or cyanobacteria in the vicinity of the high energy—and therefore also high oxygen
demanding—mneuronal cells. The illumination let the Os-concentration in the ventricle
increase, as depicted in the example recording in Fig.4.28. The duration from the start
of the illumination (yellow box) and the point where the oxygen level started to increase
is called latency. The time until the Oy-production reached its maximum is called rise
time and the duration from illumination stop until the ventricular Os-level decreased
to control values is called decay time. Small drops in the oxygen rise (blue trace) are
due to spontaneously appearing bursts, which can be seen as more frequent and higher
amplitude nerve discharges, cf.black trace in Fig.4.28. To quantify the quality of O,-
production of the microorganisms in an intact nervous system, the time of latency, rise
time, and decay time was analyzed, as shown in Fig. 4.29. The latency of oxygen increases

by both microorganisms was independent from external Ringer O,-concentration and
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Figure 4.27.: Single blood vessels and coronal section — Confocal images depicting blood vessels
stained with Isolectin-A488 (staining for blood vessel walls, depicted in red) and microorganisms
(chlorophyll autofluorescence, depicted in green). a) Two blood vessels with injected Syne-
chocystis were imaged and electronically cut along b) the horizontal green line, and c) the
vertical red line. d)-f) Blood vessels with C.reinhardtii. Pictures a)-c) taken by Zeiss, with
LSM 900-Airyscan-2, 40x. Pictures d)-f) imaged with a RS-G4 Mavig Vivascope, 60x by Mavig
GmbH.

occured within about 2min. The latency was also significantly shorter with Synechocystis,
as can be seen in Fig.4.29 a). Also the rise time in Fig.4.29 b) showed a slightly faster
augmentation when Synechocystis was preset and occured within about 10 min. The decay

time was about 5min for both cyanobacteria and algae, as shown in Fig. 4.29 c).

No significant difference was observed for air-saturated or carbonated Ringer solu-
tions for a particular species with respect to latency, rise time, and decay time, respec-
tively. However, the rise time and decay time are both dependent on the amount of
O,-production. To analyze the O,-production of both microorganisms, the ventricular
Oo-concentration of the preparation was monitored during light illumination. In Fig. 4.30
a) the Og-concentration (pmol/1) at the ventricular floor in darkness, during illumination
at 5400 lux, and in the surrounding Ringer solution were plotted. The oxygen measure-
ments in the ventricle (dark + light) were performed with C.reinhardtii and Synechocystis,
respectively. From the experiments described above, the ventricular oxygen is known to
be close to zero in air-saturated Ringer (~ 290 pmol/l) conditions, cf.Sec.4.1. External
bath levels were increased (hyperoxia: ~ 800 pmol/1), thus elevating the ventricular oxy-

gen level. In order to estimate the amount of oxygen, potentially produced by the algae, it
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Figure 4.28.: Light induced O5-production in a larval preparation — Example recording of Ringer
(red), ventricular O, (pmol/l, blue), and nerve firing rates (black), at air-saturated bath O,-
concentrations (pmol/1) in a semi-intact in vitro preparation of Xenopus laevis larvae, in which
microorganisms (here C. reinhardtii) were injected and spread throughout the vascular sys-
tem. With light illumination (5400 lux, yellow box) the Oj-level in the ventricle increased,
and decreased after illumination stopped, while the external Ringer O,-concentration remained

constant.

was necessary to saturate the Oy-consumption of the brain. This then allowed to measure
photosynthetically produced oxygen as increase of the ventricular O,-concentration dur-
ing illumination, without the masking by the Os-consumption of the brain. The difference
between the oxygen measured in the ventricle in darkness and during illumination was on
average ~ 170 umol/1 and related to algal Os-production. To quantify the Oy-production
of C.reinhardtii and Synechocystis, O,-production of both species was separated and plot-
ted as a function of external Ringer levels in Fig.4.30 b). However, no difference was
encountered and both species produced around 200 pmol/l. Further, photomutant strains
of both algae C.reinhardtii and cyanobacteria Synechocystis, which lack a functional pho-
tosystem I and thus cannot produce oxygen, were used, cf. Fig.4.31. Oxygen production
between the two species was not significantly different to each other but was, as expected,
considerably higher with regard to their respective photomutants. Fig.4.31 shows that

the photomutant of Synechocystis produces only small amounts of oxygen during light
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Figure 4.29.: Latency, rise time, and decay time of O,-production of algae and cyanobacteria
in Xenopus laevis preparations with different external O,-concentrations — a) Latency (min) was
measured in the IV'" ventricle beginning from light illuminance until the O,-concentration in the
ventricle began to rise [(0.5 £ 0.8) min with n=16 for Synechocystis and (2.1 + 1.4) min
with n=13 for C.reinhardtii]. b) Rise time (min) indicates the time from onset of O,
production until the maximum level is reached [(10.0 £+ 6.7) min with n=16 for Synechocystis
and (13.3 £ 6.4) min with n=13 for C.reinhardtii]. c) Decay time (min) was determined from
the illumination switch off until the O,-concentration reached again the O,-concentration at
pre-light illumination [(4.9 £+ 2.0) min with n=13 for Synechocystis and (6.1 £+ 3.5) min with
n=11 for C.reinhardtii]. Red and blue dots represents the Oy-concentration in the Ringer, with
blue indicating air-concentration [(264.6 + 29.4) pmol/l] and red indicating elevated Ringer
concentrations [(791.1 £+ 146.2) pmol/1]. *** p < 0.001, Mann-Whitney U-test.
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Figure 4.30.: O,-production of algae and cyanobacteria in Xenopus laevis preparations — a) Oy
concentrations (jimol/1) were measured in the IV'" ventricle in darkness [(158.3 + 149.8) umol/1,
n=25] and under illumination (yellow box) with 5400 lux [(332.0 & 193.7) pmol/l, n=22], at
elevated oxygen levels in the external Ringer solution [(819.8 £+ 165.4) pmol/l, n=25]. ****
p < 0.0001; Wilcoxon matched-pairs signed rank test. b) Ventricular O5-production capacity of
Synechocystis (blue, n = 19) and C. reinhardtii (green, n = 15) as function of external Ringer
O,-concentration, ranging from 200 pmol/1 to 1050 pmol/1.
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Figure 4.31.: Ventricular Oy-production of algae and cyanobacteria in the Xenopus laevis
preparation upon illumination — Synechocystis wild type (WT) (blue, (189.5 + 149.5) pmol/],
n = 14), C.reinhardtii WT (green, (159.4 £ 106.8) pmol/l, n = 11), their respective pho-
tomutants: Synechocystis (cyan, (32.3 £ 7.1)umol/l, n = 8) and C.reinhardtii (yellow,
(—=55.9 £ 67.3)pmol/l, n = 7), and the control (CTL), larvae preparation without microor-
ganisms injected (black, (—3.1 &+ 10.9) pmol/1). * p < 0.1, *** p < 0.001, **** p < 0.0001;
Mann-Whitney U-test.

illumination. Observed were even negative values for O,-production in C.reinhardtii, in-
dicating that the net Oo-consumption is the consequence of respiration by the algae, as
their mitochondria need to consume oxygen for energy production. This is not seen in
Synechocystis, likely because these microorganism do not possess mitochondria. Upon
illumination of the larval preparation, algae and cyanobacteria in the blood vessels of the
brain produced 189.5 pmol/l (mean) and 159.4 pmol/l (mean) O, for Synechocystis and
C.reinhardtii, respectively. Controls (CTL) were monitored without injected microorgan-

isms and showed no Oy-production upon light illumination.

Next, the O,-production of both algae and cyanobacteria in the Xenopus preparation
under hypoxia (~40pmol/l O,) was studied. Whether the photosynthetically produced
oxygen from algae or cyanobacteria, distributed in the brain vasculature, were sufficient
to maintain or even rescue the neuronal activity in Xenopus larvae under hypoxia were
measured. Accordingly, the spike discharge of the trochlear motor nerve was recorded,
as described in Sec.4.2. External Ringer oxygen levels were reduced to ~ 40pumol/l O,
by ventilation of the Ringer solution with Ny in a small chamber directly upstream the

recording chamber (see Sec. 3.4). To control external bath oxygen levels, an oxygen sensor
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was placed in the measurement chamber as described above, and also in the IV*? ventricle
to monitor the brain’s Os-consumption, cf. Fig.4.10. The light induced neuronal recovery
is shown in Fig. 4.32. When bath O,-levels were decreased to ~ 40 pmol /1, neuronal firing
ceased after a short period. Because of the algal distribution in the vascular system, light
illumination (5400 lux, yellow boxes) provoked the photosynthetic production of oxygen
which rescued the nerve firing activity. This was repeatable within a given experiment
by altering between light and dark periods. Nerve activity was absent in darkness, where
photosynthesis was inactive and algae and cyanobacteria did not produce oxygen. During
illumination, algae or cyanobacteria produced oxygen and released it into their surround-
ings, specifically into the blood vessels. From there, the oxygen diffused through the
vascular walls into brain tissue, where it became metabolized for ATP production. That
oxygen is crucial for maintained neuronal activity is seen during the dark periods, when all
oxygen became depleted and nerve cell activity ceased after a few minutes. Bath oxygen
levels remained constant at hypoxic levels, indicating that an external oxygen supply was
absent. Furthermore, the ventricular Os-concentrations remained largely unaltered, and
maintained at a depleted level throughout the whole experiment, which suggests that the
algal produced oxygen was immediately consumed within the brain. However, a slight
increase after a few minutes of light illumination was generally observed, seen in the last
illumination period shown in Fig. 4.32 (arrow). This increase was likely due to the delay of
Oo-consumption of the tissue after algae or cyanobacteria had produced sufficient oxygen

and it remained in the ventricle, where it was detected by the Oy-sensor.

The temporal parameters until neuronal discharge vanished following hypoxia are shown
in Fig.4.33 a). During low external oxygen levels (~40pmol/l O,), the nerve activity
ceased, which is called the nerve cessation time. Following a decrease of the external oxy-
gen in the bath Ringer, the trochlear nerve activity ceased after ~ 25 min and ~ 20 min in
Synechocystis and C.reinhardtii, respectively, as can be seen Fig.4.33 a). In the control
experiments, non-injected larval preparations were used. Control measurements showed
that neuronal activity can be maintained also for ~25min. The temporal persistence
was not significantly different between algae, cyanobacteria, and controls, indicating that
microorganisms inside blood vessels do not interfere with nerve firing or the oxygen avail-
ability for nerve activity. In particular, in C.reinhardtii, where oxygen is consumed by
their mitochondria, neuronal firing is not affected. The sufficiency of photosynthetic oxy-
gen for restoring energy equivalents, required for neuronal maintenance, is analyzed in
Fig.4.33 b). With light activation of 5400 lux, algae and cyanobacteria produced oxygen
that recovered the neuronal discharge, called restart time, within 14 min and 22 min for
Synechocystis and Cl.reinhardtii, respectively. Light was switched on when the discharge

ceased for ~5min during hypoxia. In control conditions, where no microorganisms were
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Figure 4.32.: Light induced neuronal recovery — Example recording of Ringer oxygen (red),
ventricular O, (pmol/1, blue), and nerve firing rates (black), at decreased bath O,-concentrations
(nmol/1) in a semi-intact in vitro preparation of Xenopus laevis larvae, in which microorganisms
were injected and spread throughout the vascular system. Nerve activity ceased at low O,-levels,
but could be rescued with light illumination (5400 lux, yellow boxes). This was repeated by
alternating between light and dark periods. Black arrow indicates a slight increase of ventricular
Oy-concentration due to fast photosynthetic O,-production upon illumination and a diffusion

delayed brain O,-consumption.

injected, a recovery through external oxygen by aeration (~950pmol/l O), required
35min. Thus, the neuronal restart in controls took considerably longer than following
light activation with either algae or cyanobacteria. Further, the recovery time of iso-
lated larval preparations with injected Synechocystis was significantly faster compared to

controls, where oxygen was supplied only through aeration of the Ringer solution.

As seen in Fig.4.32, the rescued nerve activity seemed to be smaller than the nerve
activity before the nitrogen treatment. To quantify the efficiency of photosynthetic oxygen
to rescue the discharge rate, in Fig.4.34 discharge rates were plotted for air-saturated
(before the treatment, black), under hypoxia (N5, black), and rescued discharge rates with
carbogen (red), or light activation (yellow box). Oxygen production through both algae

and cyanobacteria achieved similar discharge rates of the Xenopus laevis as compared to
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Figure 4.33.: Cessation and restart time of neuronal discharge under hypoxia with photosyn-
thetic oxygen — Time (min) until neuronal activity ceased is called nerve cessation time, and
time (min) until neuronal activity recovered is called restart time. a) Nerve cessation time of
Synechocystis (blue, mean: (24.6 £+ 16.1) min, N = 10 animals, n = 11 measurements) and
C.reinhardtii (green, mean: (19.7 £ 16.9)min, N = 13 animals, n = 18 measurements),
in comparison to the control (red, mean: (24.6 £ 28.3)min, N = 6 animals, n = 6 mea-
surements). b) Time (min) until neuronal discharge is recovered under hypoxia (~ 40 pmol/1),
with light activation (5400 lux) for Synechocystis (blue, (14.3 + 13.3)min, N = 6 animals,
n = 8 measurements), C.reinhardtii (green, (21.7 £ 11.9)min, N = 5 animals, n = 9
measurements) and with external oxygen supply, through the Ringer solution (red, 950 pmol/1,
(34.6 = 21.1)min, N = 7 animals, n = 7 measurements).

carbogen rescue. Moreover, algae and cyanobacteria provided sufficient oxygen to fire at
comparable discharge rates as at the beginning of the experiments, i.e. under air-saturated
conditions.
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Figure 4.34.: Discharge rates before and after neuronal rescue with light activation — Discharge
rates of air-saturated bath Ringer levels (~ 290 pmol/1) at the beginning of the experiment were
monitored as (10.4 + 9.4)Hz, N = 16 animals, n = 23 measurements. As the nitrogen was
infused into the bath Ringer, discharge rates decreased to (0.1 + 0.4)Hz, N = 16 animals,
n = 23 measurements. After 5 min without nerve activity, light illumination (yellow box) or
carbonated Ringer solution was induced to rescue neuronal activity. Carbonated Ringer (red)
re-establishes a discharge rate of (12.9 + 6.5)Hz, N = 7 animals, n = 7 measurements.
[llumination of the preparation and therefore photosynthetic oxygen supply with Synechocystis
(blue) and C. reinhardtii (green) re-establishes a discharge rate of (23.6 + 13.5)Hz, N = 6
animals, n = 8 measurements and (12.6 + 9.0)Hz, N = 5 animals, n = 8 measurements,
respectively. * p < 0.1, ¥* p < 0.001, *¥*** p < 0.0001; Wilcoxon matched-pairs test for each

individual experimental group.






5. Discussion

The present work investigated the role of Os-consumption of the brain in a semi-intact in
vitro preparation of Xenopus laevis larvae by monitoring the Oy-concentration in the IV
ventricle. Additionally, extraocular motor nerve activity was recorded from the superior
oblique muscle-innervating trochlear nerve as functional readout. For the first time, the
role of Oy-consumption in such an intact preparation during different physiological and
pathological conditions was investigated. The thesis identified the function and flexibility
of the neuronal network when specific metabolic cycles were inhibited or oxygen was
restricted, quantified brain oxygen needs, analyzed oxygen diffusion into the brain, and
linked O,-consumption to neuronal activity by studying the consequences during inhibited
(MS-222 application) and increased (spontaneous appearing bursts) neuronal activity.
This first part of this thesis is published in Ozugur et al. [132]. Further, neuronal discharge
rescue under hypoxia was accomplished by using photosynthetically produced oxygen from
algae and cyanobacteria. The injection of an algae or cyanobacteria suspension into the
vascular system distributed the microorganisms through the blood vessels, also into the
brain. With light illumination, the internal oxygen supply from microorganisms was

sufficient to rescue the neuronal activity from external hypoxia.

5.1. 0,-Consumption due to Neuronal Activity

This thesis showed that the oxygen depletion in the vicinity of neuronal tissue, especially
in the IV*® ventricle, is due to the Oj-consumption of the brain. Under air-saturated
Ringer levels (~290 umol/l O,) all available oxygen is consumed in the vicinity of the
tissue of the preparation, started to drop drastically at around 0.8 mm distance to the
ventricular floor, and was fully depleted at the floor of the IV'" ventricle, see Fig.4.1.
In Fig. 4.2 the generation of the concentration map from Fig. 4.1 is shown. The stepwise
positioning of the oxygen sensor into the depth of the IV'" ventricle, as shown in Fig. 4.2
a), revealed for all 31 measurements an s-shaped curve of O,-concentration dependency
inside the ventricle, as shown in Fig. 4.2 b). These results indicate an O,-consumption by
the brain, as long as the preparation is metabolically active. This finding was confirmed

by using metabolically inactive preparations as will be discussed in the following.

79
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Monitoring EtOH fixed brain samples and after KCN inhibition of the mitochondria
during an experiment showed that the brain O,-consumption is a true sign of metabolic
activity and not an artificial morphology driven effect of poor ventilation in the ventricular
zone. Increasing external oxygen levels in the bath and simultaneously monitoring the
Oy-concentration in the bath and the IV ventricle of an EtOH fixed preparation showed
a delayed oxygen increase in the ventricle of ~ 15 min relative to the bath concentration,
cf. Fig. 4.3 a). The same was found during an inhibition of mitochondrial activity with
KCN in an intact preparation, cf. Fig.4.3 b). To see if there is a possible higher O,-
consumption by the brain with KCN, the oxygen in the surrounding Ringer was increased,
but showed the same slope reaching bath concentrations within ~ 15min, cf. Fig. 4.3 b).
This implies that no additional oxygen is consumed when OXPHOS in the mitochondria
is inhibited by KCN. Furthermore, in specific cases of the isolated tadpole preparations
~ 15min are required to adapt to changed environmental conditions, such as external
Oo-concentration or inhibitor application. This time is most probably diffusion limited,
as blood flow is inactive in the semi-intact in wvitro preparation. Osy-concentrations in
the ventricle showed no significant difference to bath levels in EtOH fixed preparations
or after inhibitor (KCN) application. Control measurements of intact Xenopus laevis
larvae preparations expressed a significant difference between the O,-concentration in the
ventricle or brain tissue, compared to bath values, see Fig.4.3 ¢). In addition, when
increasing external bath oxygen levels, EtOH and KCN application show the same linear
increase in the ventricle, see Fig. 4.3 d). This indicates that an active Oy-consumption is
absent in these metabolically-inhibited preparations. Further, the results presented here
have shown that there is no limitation for oxygen diffusion in the IV" ventricle due to
the morphological shape, specifically when increasing or decreasing Oq-concentrations in
the bath. This highlights once more the application benefits of the semi-intact in vitro
preparation. Furthermore, the results show that blocking metabolic function with KCN or
inactivating the whole preparation with EtOH leads to the same increase in oxygen level
in the ventricle. This suggests that mitochondrial activity is coupled to O,-consumption.
Further, the data suggests that mitochondria are the major ATP production source and
are required for maintained functionality. This implies that OXPHOS is the metabolic

pathway with the largest oxygen turnover.

However, the inhibition of complex IV of OXPHOS with KCN, as part of mitochondrial
respiration, might not be the best target for inhibition to entirely block metabolic function.
In previous findings the inhibition of complex] was the most effective method to block
ATP production and therefore mitochondrial activity [133]. It was shown that inhibition
of complex IV with KCN would not lead to a total decrease in ATP production, but to a

reduction that is not affecting the overall mitochondrial activity. However, complex IV is
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the part of the ATP process where O, is consumed. Therefore blocking with KCN may
be insufficient to block ATP production completely, however the major Oy-consumption
of the mitochondria will be blocked. Comparing the findings following inhibition with
KCN and EtOH, no difference was observed, indicating at least a major contribution
of complexIV to mitochondrial respiration. In the study of Davey et al. the inhibitor
application in cell culture took only 5min [133], which might work in cell cultures, but
is too short for a full effect in whole brain preparations, as shown by the present results,
cf. Fig. 4.3. The diffusion of the drug through the tissue into the preparation is the likely

reason why the application time is longer than in cell cultures to reach a full effect.

Further, the oxygen dynamics in the ventricular zone were analyzed under increased
external Oy-concentrations. Higher external oxygen levels lead to a delayed increase in
oxygen at the ventricular floor, see Fig. 4.4. The s-shaped relation of the Oy-concentration
along the dorso-ventral depth track towards the ventricular floor is shifted to higher
O,-concentrations, as shown in Fig.4.5 a). Retaining the s-shape when increasing ex-
ternal oxygen levels suggests a more complex correlation of available oxygen and O,-
consumption. However, even though the slope varies with altered external Ringer levels,
the vertical oxygen gradient remains. To get a better idea of the Oy-consumption in the
brain, external oxygen levels were increased and ventricular oxygen levels were monitored,
cf. Fig. 4.5 b). It was shown that for external Oy-concentrations above ~ 700 pumol/l O,
the ventricular oxygen increased in a linear manner, indicating an oxygen saturation con-
centration in the brain around ~ 700 pmol/l O,. Beyond this level, all additional oxygen
applied to the Ringer solution appears in the ventricle as leftover oxygen. This demon-
strated that oxygen levels under air-saturated condition (~290pmol/1 O,) are below the
saturation level of brain oxygen demands, and thus this is the reason why the ventricle is
fully oxygen-depleted in Fig. 4.1. A study by Ivanov et al. claims that a relatively low oxy-
gen environment is natural for a significant fraction of cortical neurons [134]. However,
not only the Os-level in the ventricular area but also neuronal discharge rates are not
fully saturated under air-saturated Ringer conditions, cf. Fig.4.17. Carbonated Ringer
levels revealed higher discharge rates. This suggests that also the spike firing activity
is dependent on oxygen availability. The phenomenon of oxygen toxicity during higher
O,-concentration in the Ringer solution did not appear, showing once more that higher

Oq-levels are required for physiological brain function.

Measurements in the ventricular zone showed the same oxygen levels and dynamics as
in the nervous tissue in the vicinity of the vestibular nucleus, as shown in Fig.4.3 ¢) and
Fig.4.5 b). This is also true for increased oxygen levels up to ~ 1000 pmol/l Oy. Even the
saturation point is the same when measuring the oxygen in the vestibular nucleus and

comparing it to the IV*" ventricle. Further, the diffusion dynamics of oxygen in the larval
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preparation were analyzed within the vestibular nucleus, the ventricle following removal of
the choroid plexus, and the ventricle with the choroid plexus above the ventricular zone, as
shown in Fig. 4.6. No significant difference of the diffusion duration was found in the three
conditions. This indicates that oxygen diffusion is not limited by morphological structures
such as the choroid plexus. Introducing the oxygen electrode into the vestibular nucleus
on the other hand has some drawbacks. First, measurements in the vestibular nucleus
requires the removal of the choroid plexus. Since the aim was to keep the conditions
as natural as possible, the removal of the plexus impairs any future comparison with in
vivo conditions. Second, the insertion of the electrode into the brain destroys tissue, even
with the smallest electrode tip with a diameter of 10 pm. The destroyed tissue itself is
not the problem but leads to a potential destruction of neuronal networks or pathways of
cellular oxygen turnover, thus causing stress and changing cellular response and network
interaction. Hence, throughout this work, the electrode was systematically placed in the

IV*™ ventricle at the floor, without touching the tissue to avoid tissue or cell damage.

The oxygen depletion in the IV'" ventricle was not solely due to neuronal activity,
but strongly dependent on it. This was studied by systematically blocking neuronal ac-
tivity as shown in Fig.4.8 and Fig.4.10. A sodium channel blocker (MS-222) inhibited
the neuronal discharge completely, cf.Fig.4.8 a). Simultaneously monitoring the O,-
concentration in the ventricle during inhibitor application revealed an increase in ventric-
ular O,-concentration, which was reversible after inhibitor wash-out, cf. Fig.4.8 b). The
oxygen increase, measured in the ventricle, is due to the fact that MS-222 inhibits neural
cell activity and Oy-consumption by neuronal processes. MS-222 was used for neuronal
inhibition because of the advantage of quickly recovered nerve activity after wash-out.
MS-222 has analgesic, sedative, and paralytic characteristics [46]. The inhibitor blocks
all excitable cells and therefore also mechanosensory responses. Furthermore, the water
solubility of the drug allows amphibians the uptake via the skin. Inhibitory characteris-
tics were shown above 100 pmol/1 (0.0026 %), with a total block of neuronal activity at
1000 pmol/1 (0.026 %) MS-222 [135]. Further, 0.05 % MS-222 completely inhibits extraoc-
ular motor discharge in fish and amphibians including isolated larval Xenopus prepara-
tions, as was shown by Ramlochansingh et al. [46]. According to Ramlochansingh et al.,
inhibition of motoneurons with 0.05 % MS-222 takes 15 min in semi-intact in vitro prepa-
rations of Xenopus laevis larvae, and a full recovery of neuronal discharge was reported
after 4h [46]. According to Palmer et al. lower concentrations of MS-222 have a faster
nerve firing recovery [136], that, however, is dependent on the application duration. Since
the aim of this study was to recover the neuronal discharge, a reduced drug application
time was necessary to guarantee a faster recovery of nerve activity. On the other hand,

a complete block of the nerve discharge was necessary in the first place. In this study,
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discharge was still ongoing within 40 min of application of 0.05% MS-222. To reversibly
inhibit neuronal discharge, 0.5 % and 0.05% MS-222 for 10 min and 40 min, respectively,

were applied.

The inhibitor wash-in leads to an immediate oxygen increase in the ventricle, together
with a cessation of nerve firing, demonstrating the relevance of oxygen for neural activ-
ity, cf. Fig.4.8 b), Fig.4.10. Comparing O,-concentrations in the ventricle after 10 min
0.5% MS-222 and 40min 0.05% MS-222 application, respectively, revealed a significant

difference to control measurements in both cases, see Fig.4.9 a).

However, concentrations in the ventricle in both applications (10 min 0.5 % MS-222
and 40 min 0.05 % MS-222) did not reach bath oxygen levels, indicating a residual O-
consumption likely by non-neuronal tissue and/or house-keeping processes in neurons.
In case of 10 min bath application of the local anesthetic 0.5 % MS-222 reduced the O,-
consumption by ~ 50 %, cf. Fig.4.9. Similar results were shown before by Huchzermeyer
et al., where O,-consumption in brain slices was found to experience a reduction in oxygen
needs by ~40% during neuronal inhibition [25]. The most likely explanation is that the
homeostasis related to spike generation and repolarization, at least in the isolated amphib-
ian brain under in wvitro conditions, consumes about half of the available oxygen in air-
saturated Ringer solutions. This indicates a possible glial cell metabolism and metabolic
activity (unrelated to action potential generation in neurons) that utilize a similar amount
of oxygen as required for neuronal spike firing. It is well known from mammalian brains
that the maintenance of the resting membrane potential, non-signaling processes, and
cellular housekeeping (e.g. maintenance of cytoskeleton, membrane structure, etc.) are
metabolically demanding processes [64, 137, 138]. As an example, Oy-consumption in
mouse hippocampal slices was still substantial during tetrodotoxin-blocked action poten-
tials [24]. A further contribution to Os-consumption during MS-222-blocked neuronal
signaling might be attributed to O,-diffusion into neighboring areas, where blockage of

neural firing might be incomplete.

Washing out the inhibitor leads to a recovery of neuronal firing. This recovery from drug
application is time- and dose-dependent [46]. The recovery phase of neuronal discharge
was quantified in regard to Os-consumption, as shown in Fig.4.11. A strong correlation
between O,-consumption and neuronal discharge rate during the recovery after inhibitor
wash-out was observed. MS-222 not only blocks action potential generation through
tetrodotoxin-sensitive voltage-dependent Na-channels [139], but also tetrodotoxin-insen-
sitive types of voltage-gated sodium (Nav)-channels as well as calcium (Ca)- and potas-
sium (K)-channels, although with lower sensitivity [140, 141]. These processes are not
involved in action potential generation, however, need energy and thus consume oxygen.

These and other cellular metabolic pathways unrelated to action potential generation
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in neurons explain the early increase in O,-consumption shortly after MS-222 washout,
where nerve firing is still absent. Alternatively, this could be due to the fact that the
resting discharge of extraocular motoneurons depends on upstream synaptic activity and
intact spike firing in nerve fibers from the inner ear to central vestibular neurons, which
activate extraocular motoneurons. While the openly accessible brainstem and IV*" ventri-
cle allows a relatively fast Ringer exchange during drug wash-out, the encapsulated inner
ear might pose a diffusion barrier both for the washing in and out of MS-222, although

the wash-out might be more critical for the initial phase of the recovery.

A late recovery of nerve activity was observed in Fig.4.10 and Fig. 4.11. Measurements
over a long time period showed delayed responses of neuronal activity following MS-222
inhibition. During the late recovery phase, neuronal activity and O,-consumption in the
ventricle are increasing after wash-out of the sodium channel blocker (0.5% MS-222).
The different numbers of multi-unit axonal recordings, which is the basis of different
neuronal discharge rates, is the reason for the different slopes of the linear correlation
of Oy-consumption and discharge rate in Fig.4.11 ¢). Therefore, neither a direct nor
an absolute correlation, but rather a strong dependency between neuronal activity and

Oqy-consumption emerges.

Turning to the Og-concentration in the depth track of the ventricular zone for the
MS-222 inhibition and control, both show an s-shaped correlation between oxygen and
distance to the ventricular floor, cf. Fig.4.9 b). Thereby, a steeper slope for washed in
0.05% MS-222 as compared to the control was observed. The slope was even steeper if
0.5% MS-222 was applied. This is in contrast to EtOH brain dead samples [cf. Fig. 4.2
b)], where the Oy-concentration stayed constant throughout the entire depth track. The
different slopes can be explained by the oxygen consumers still active during the different
conditions. In the control measurement, the entire brain is active and consumes oxygen,
including the Oy-consumption by nerve activity. For the MS-222 inhibited cases, the
slope is steeper since nerve activity is absent and, as discussed above, other consumers
are still active. The constant oxygen along the depth track in inactive brain samples
shows that the brains were dead. Thus, the oxygen depletion in the ventricular zone,
shown in Fig.4.1 is due to both, neuronal firing activity and other consumers, in almost

equal parts as discussed above.

With the inhibition of extraocular motor commands and mechanosensory responses,
it was shown that the semi-intact in vitro preparation is an ideal model to study the
impact of drugs on specific cells, as neuronal discharge rates and motor outputs can
be recorded. Further, the accessibility to the central nervous system (CNS) and the
possibility of behavioral readout makes the in vitro preparation of Xenopus lacvis larvae

an ideal alternative to in vivo experiments [46]. As an alternative to MS-222, there is a
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variety of additional drugs that could be applied to test inhibition of activities. Moreover,
a combination of multiple drugs washed in as a cocktail could test the complete inhibition

of pathways.

5.2. 0,-Consumption Dependency on Burst Duration

During spontaneously occurring bursts (high neuronal activity), the Og-concentration in
the ventricle dropped almost immediately after the start of a burst and recovered quickly
to normal O,-concentrations after the burst ended, cf. Fig. 4.12. At normal Ringer O,-
concentrations (~ 290 pmol/1) brain oxygen needs were not saturated and the ventricular
oxygen was completely depleted during a burst. In contrast, at a level of ~ 626 pmol/1 O,
the ventricular oxygen was not fully depleted, cf. Fig.4.7. Bursts were monitored under
clevated external oxygen levels and revealed that the Oy-concentration in the IV*? ventricle
was not fully depleted, indicating that the brain does not consume all available oxygen
during increased neuronal activity, see Fig.4.13. When measurements are performed
not in the saturated condition, see Fig.4.5 b), Oy-consumption could not be measured
correctly and could lead to wrong assumptions. Ivanov et al. showed that low oxygenation
in the surrounding CSF has an influence on neuronal discharge rates in brain slices of mice
[134]. This indicates that an adequate oxygen supply is crucial for maintaining neuronal
activity. Therefore, the difference in the O,-consumption integral in Fig.4.14 d) was not

due to different discharge rates, but to the low external oxygen level.

However, increasing oxygen levels could also have effects on discharge rates. Hence, neu-
ronal activity during varying external bath Oy-concentrations was analyzed, see Fig. 4.17,
which showed that external oxygen has an effect on neuronal discharge. This suggests
that oxygen, as a key molecule in the energy pathways, limits neuronal activity under
air-saturated conditions. This finding was important for the measurements in this thesis,
since it allowed to study the Oy-consumption and use of neuronal activity as functional

readout. Increasing external oxygen levels is crucial to maintain neuronal cell function.

Further, it was shown that elevated bath Oy-concentrations had neither an impact on
the Og-consumption during a burst, cf. Fig. 4.15, nor on the latency of O,-consumption
onset triggered by a burst, cf. Fig.4.16 a). After a burst the O,-concentration recovery
time (which was normalized to the burst duration) was dependent on external bath con-
centrations, cf. Fig.4.16 b). This suggests that the Oy-diffusion is faster at higher oxygen
concentrations. The latency represents the oxygen diffusion time and was quantified as
~ 14 s until increased neuronal activity affected the Oy-consumption, cf. Fig. 4.16. These
measurements, however, differ from previous in vivo studies in rats, which have shown

a shorter latency of 1.2s [142]. A possible reason for this difference is that the brain is
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consuming oxygen from the tissue storage before external oxygen is consumed, causing
the drop that was monitored. Another explanation is that the oxygen drop is not directly
linked with the discharge, because recordings were not made directly in the vicinity of the
neurons which were activated, but rather in the ventricle where other processes influence
the Os-concentration. The most plausible explanation for the 10x faster oxygen diffusion
onset is that the measurements were performed in vivo with an functional blood supply,

which is faster in oxygen delivery than in vitro oxygen diffusion through a solution.

Next, the dependency of burst duration on Oy-consumption was studied. Therefore, the
integral of the discharge rate, see Fig.4.18 a) and ¢), and integral of the Oy-consumption,
see Fig.4.18 b) and d), at various Ringer Oy-concentrations (Oy min: 40 pmol/l; Oy max:
1100 pmol/1) were analyzed, see Fig.4.15. The Oy-consumption showed a slight increase
under higher external O,-concentrations in comparison to air-saturated Ringer conditions,
cf. Fig. 4.19 b), which is most likely due to the fact that at air-saturated Ringer conditions
brain oxygen levels were not saturated, as shown in Fig. 4.5. The linear tendency, however

broadly scattered, indicating that the Oy-consumption might vary during the bursts.

Brosel et al. monitored changes in oxygen during a burst, but not how oxygen levels
influenced the discharge rates [22]. In this study the Oy-consumption during increased neu-
ronal activity was ~ 10 umol/1 to ~ 50 pmol/l, linearly dependent on the burst duration,
as shown in Fig. 4.21. When setting the Os-consumption in relation to the respective burst
duration per second, 0.4pumol/l O, were consumed during high neuronal activity. This
indicates, in comparison to the resting O,-consumption of ~ 626 pmol/l shown in Fig. 4.7,
the oxygen need of motoneuronal activity with a duration of 100s, is with ~ 40 pmol/1
comparatively small. The oxygen need for neuronal activity in the activated lateral supe-
rior olive of gerbil brain slices ranges between 8 pmol/1 and 129 pmol/1, is equally small
and dependent on stimulus frequency [22]. This suggests that each neuronal pathway and
activation of a distinct behavior might not contribute much to the Ogy-consumption in
total, but collectively cause a substantial oxygen need. Therefore, the understanding and

study of the whole brain as a complex network is important.

5.3. Comparison of Oxygen Monitoring In Vivo and In
Vitro

Direct measurements of oxygen in the brain, such as in the IV*® ventricle, prove to be
very difficult under in vivo conditions. This is mostly due to the inaccessibility of the
brain tissue, but also due to the need for the correct placement of monitoring instruments,

such as oxygen electrodes. Further, in vivo experiments need a constant control of vi-
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tal parameters of the animal, such as neuronal recording, with simultaneously changing
external Oy-concentrations. Oxygen measurements in brain slices (in vitro) are easier to
perform compared to in vivo studies, however, show much higher oxygen values [21]. The
O,-concentration in slice preparation is decreasing with distance to the surface [143], thus
in wvitro studies usually focus on tissue close to the surface. In wvivo monitoring, on the
other hand, is usually performed deeper in the tissue. Additionally, in wvitro tissue lacks
an active blood flow, which in vivo experiments still have. Therefore, comparing in vitro
data to in vivo data could lead to wrong assumptions as the oxygen supply is different.
To estimate the O,/ energy-consumption for defined neuronal activity in experiments,
semi-intact in vitro preparations of Xenopus laevis larvae [29] were used. This preparation
can maintain sensory and motor function for several days in a Ringer solution and allows

to monitor in vivo-like behaviors using an in vitro approach.

The goal of most experiments is to draw conclusions for human physiology to get a
better understanding of key pathways, such as energy or signalling pathways, or the con-
sequence for developing a disease. Additionally, there are also studies on humans which
are, however, limited in its applications due to the living suspects. Human fMRI stud-
ies showed an Oy-consumption of ~ 140 pmol/100g/ min in grey matter [144]. As 103.2¢g
brain tissue is equivalent to 100 ml [145], ~ 1445 pmol/1/ min Oy is consumed. These data
were collected without stimulation but as an assumption of basal CMRO, in the human
brain. The measurements revealed that the Os-consumption in the amphibian brain is
~ 626 pmol/1 (Fig. 4.7) and that the oxygen diffusion due to increased neuronal activity is
reached after ~100s, cf. Fig. 4.15 (oxygen drop until minimum). With these assumptions,
the brain Oy-consumption of Xenopus laevis larvae is ~ 376 pmol/l1/ min, and thus lower
than in human studies. It should be noted that these assumptions are based on the above
mentioned ~ 100s since Oy-consumption was not measured as a flow rate but as a con-
centration. Another plausible explanation for the difference between human and Xenopus
laevis oxygen monitoring could be that in this study only O,-concentrations in the ven-
tricle were monitored and other brain areas were not included in the Oy-consumption.
Additionally, it is difficult to adjust the brain weight of the Xenopus laevis larva to the
human brain (density). Further, measurements in humans are usually performed at body
temperature (37°C), whereas Oy monitoring in the Xenopus laevis preparation was per-
formed at (17 + 0.5)°C. Since O,-concentration also depends on temperature, oxygen
measurements at different temperatures vary. Furthermore, the preparation is a semi-
intact in wvitro preparation, which lacks blood oxygen supply and other vital parameters
that would allow a direct comparison to human monitoring. Moreover, and most im-
portantly, the amphibian brain could not be compared that easily to the human brain;

even though most pathways, cycles, and metabolic networks are identical, amphibians are
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known to have a lower metabolism as mammals, mostly due to lower preferential body
temperature. Furthermore, amphibians are more robust, which allows them to live with
lower oxygen levels. However, this only means that the animal is able to perform at low
oxygen levels, but in total it should need the same oxygen for cell functionality especially

since the cells and networks are similar in all vertebrates.

Brain oxygen monitoring was performed in earlier studies with different methods,
mostly by monitoring oxygen in brain slices [22]. Some studies measured pO, in mmHg
[20, 23, 25] or CMRO, mmol/l1/ min [24]. The different approaches in oxygen monitoring
make it hard to compare absolute values. In brain slices, oxygen recordings indicated
an Og-consumption of ~ 3400 pmol/l during 37 Hz stimulation for 60s [24] and an O,-
consumption of ~40pmol/l during an 20 Hz stimulus for 2s [22]. Huchzermeyer et al.
reported an Oy-consumption of 179 mmHg during 20 Hz for 10s [20], whereas Galeffi et al.
described 120 mmHg for a stimuli of 10Hz and 20s [23]. In wvivo oxygen monitoring in
the rodent cortex were performed by Offenhauser et al. and Takanao et al. provided
Oy-consumption values of 38 mmHg for a stimulus of 10 Hz for 15s [146] and 23 mmHg

for a natural appearing Oo-consumption for 60s [147].

Schneider et al. [24] determined the following relation:
1pOy [mmHg| = 0.73 pmol/1, (5.1)

with the oxygen partial pressure pO, in mmHg and its relation to the Oo-concentration in
solution in pmol/l. The data from the following studies of brain activity were converted
with Eq. (5.1) to compare results of in vitro rodent brain slices [20, 22-24] and in vivo

rodent cortex measurements [146, 147], and are summarized in Tab.5.1. To get an idea

Table 5.1.: O,-consumption in vitro vs in vivo as found in literature and compared to the results

in the present study.

Reference Exp. Stimuli Oq-consumption
design | (Hz) (s) | (mmHg) (pmol/l) (pmol/l/s)

Schneider [24] in witro | 37 60 3400 57

spontaneous 60 1700 28
Brosel [22] in witro | 20 2 40 20
Huchzermeyer [20] in vitro | 20 10 | 179 130 13
Galefhi [23] in vitro | 10 25 | 120 88 3.52
Offenhauser [146]  in vivo | 10 15 | 38 28 1.8
Takanao [147] in vivo | spontaneous 60 | 23 17 0.3
Present study wn vitro | spontaneous 100 40 0.4
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Figure 5.1.: O,-consumption in previous studies — O,-consumption dependence on stimulus
frequency (Hz) plotted from previous studies. Data taken from Ref.[20, 22-24, 146, 147].

how the different stimulus intensities influence the Oy-consumption, Fig. 5.1 plots the O,-
consumption as function of stimulus, showing a linear correlation. Data recorded from
in vivo show the smallest values for both, stimulation and Oy-consumption. However, it
is not clear why in vivo experiments were not performed with stimulation > 10Hz (as in
vitro studies were). Regarding only the O,-consumption of the spike bursts, cf. Fig.4.15
(oxygen drop until minimum reached after ~100s), an additional O,-consumption of
0.4 pmol/1 per second burst duration to the resting activity is observed, cf. Fig.4.21. Tt
is nicely demonstrated that the semi-intact in vitro preparation recordings are close to in
vivo studies, as can be seen in Tab.5.1. This suggests that the experimental setup from

this study is more realistic to compare with human studies, than slice recordings.

Hemmingsen’s equation, cf. Eq.(2.1), determined an Oy-consumption of 59.11ul/h,
cf. Sec. 2.3, for a whole Xenopus laevis larvae of 0.3 g body weight (stage 53, see Fig. 2.2).
This is converted into 0.0164 pl/s, which accounts for 0.0007 pmol/s, using the den-
sity of Oy (1.4g/1) and the atomic weight of O, (32g/mol). In comparison to in vivo
measurements of the entire Oy-consumption of the Xenopus laevis larvae [148], where
0.1109ml/g/h would be 0.0092 nl/s for a 0.3 g larvae (Stage 53). This is converted into
an Oy-consumption of 0.0004 pmol/s and is approximately the same as calculated with
Hemmingsen’s equation.
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5.4. Brain Oxygen Dynamics under Air-Saturated and

Increased O,-Levels

Spontaneously increased neuronal activity, so called spike bursts, resulted in an oxygen
drop which depletes all the available oxygen in the ventricle, indicating that higher exter-
nal oxygen levels were required, cf. Fig. 4.12. This was also shown before by Huchzermeyer
et al. in rat hippocampal slices, where they monitored larger oxygen transients and larger
gamma oscillations during activation with 95 % oxygenation in comparison to 20 % of the
surrounding CSF [20]. Further, Hall et al. showed that in rat hippocampal slices the
monitoring of NADH responses due to activity is not reached with 20 %, but only with
95 % Og-concentration [21]. This demonstrates that even in brain slices, where oxygen
diffusion is not as limited as in intact brain preparations, oxygen needs are not saturated
under air-saturated oxygen and a higher external oxygen supply is required to guarantee
correct interpretation of the obtained results. In Fig.4.7 it is shown that the oxygen
in the surrounding Ringer solution has to be increased to ~ 626 pmol/l to saturate the
IV ventricle. This can also be seen in Fig.4.15 c¢), where for 0 O, in the ventricle,
the shape of the curve suggests that the oxygen drop is below the maximum extent in
response to the burst. The monitored oxygen drop in the ventricle during a burst, with
the subsequent recovery back to the initial Oy-level, is unreliable for the cases when the
entire Oy-supply is depleted as the consumption and recovery might have been different
if more oxygen would have been available. However, it could be that the brain oxygen
demand is below the measured value in Fig.4.7. As others claimed before, a relatively
low oxygen environment is natural for a significant fraction of cortical neurons [134]. Tt
might be that oxygen storage in the tissue is used for maintained functionality. Further,
it is possible that the Os-concentration in in vivo brains is lower in the brain tissue and
higher in the supporting CSF, enabling a constant supply of oxygen and other nutrients.
The same O,-concentrations are measured in the vestibular nucleus and the ventricle,
and, moreover, both show the same dynamic when increasing external oxygen levels, as
illustrated in Fig.4.5. This shows that the fluid in the IV*® ventricle and the brain tissue
form an equilibrium. This is true at least for the Oy-concentration, but most likely also

for other (if not all) molecules.

Cilia located on the choroid plexus and the ventricular surface are responsible for the
circulation of CSF [149, 150]. The CSF itself has an important function in protecting the
brain from shock and vibration, and further, an active circulation of the fluid is important
for the removal of waste products from the side of its production and also to transport
signal molecules. Nelson et al. could show that cilia motion is active up to 3h following

the establishment of an in vitro preparation [149]. It was shown in the semi-intact in vitro
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preparation that the flow inside the ventricle, where the Oy-consumption was measured,
was still intact. This explains the same pattern in Os-concentration in relation to distance
of the ventricle floor, when increasing external oxygen levels cf. Fig. 4.5. Cilia movement
can circulate the CSF up to a distance of 100 pum [149]. It can be seen in Fig.4.5 a)
that stirring of the solution in the ventricle is effective, because of the lower oxygen
concentration rise below 200 pum. This is followed by a steeper rise between 200 pm and
800 pm suggesting a less active circulation, with a slower diffusion driving the exchange
of fluid. The s-shape in Fig.4.5 a), however, can also been explained by the cells in
the brain tissue consuming oxygen, with a higher cell number closer to the bottom of
the ventricle. Thus, fluid closer to the ventricular floor has less oxygen. Above 800 pm
the open ventricle leads to an increase of diffusion, which is above 1000 pm linear and
independent of increasing external O,-concentrations, indicating a fast diffusion process
outside the ventricle. This is most likely due to the constant Ringer flow in the setup.
In the following experiments, the choroid plexus remained attached to the preparation
and only a small hole at the very rostral end of the choroid plexus was made to provide
access for the oxygen sensor to reach the ventricle. The circulation by the cilia also on
the choroid plexus likely forms a closed circulation. It would be interesting to study the

effectiveness of the circulating CSF, as the in vitro preparation lacks blood circulation.

5.5. Hypoxia Consequences and Application in

Experiments

In humans, the availability of oxygen could be restricted through different external lim-
itations, such as deep-water diving, flying at high altitudes, or strangulation. On the
other hand, there are also internal limitations that include smoke inhalation, exposure to
toxic chemicals, drug abuse, asthma, stroke, and shock. In particular, the brain is very
vulnerable, as oxygen changes could lead to severe injuries, such as cerebral anoxia or Hy-
poxic Ischemic Encephalopathy (HIE) [10]. Not only long-term damage is observed, but
also short-term oxygen shortages could lead to severe damages and to disturbances in cell
and network functionality. These shortages could further develop into diseases depending
on the affected area, which include Alzheimer’s disease, Epilepsy, and Schizophrenia [15].
While for mild hypoxic cases treatments such as inhalation of pure oxygen could help
to avoid harmful aftereffects, for severe hypoxic cases, however, these methods are insuf-
ficient. Creating new methods based on methodological approaches in non-mammalian

vertebrates, such as semi-intact in vitro preparations, is of particular clinical interest.

Previously studied characteristics of algae which produce oxygen upon light illumina-
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tion [126] were used in the present study to prevent brain damage from hypoxia. Since
neuronal damage is complicated to heal after surgical intervention, transplants which can
supply oxygen and other nutrients could be beneficial and expedite the healing process.
Even to prevent neurodegeneration, transplants are considered to be a possible applica-
tion. Moreover, the continuous effort to improve the vitality and functionality of isolated
amphibian brains [78] or whole heads [29], algae or cyanobacteria application for inter-
nal oxygen supply facilitate the survival in experiments and might also be beneficial for
in vivo approaches. Isolated preparations of Xenopus tadpoles, which allow concurrent
measurements of behavior-specific neuronal computations as well as O,-concentrations
under controllable conditions, are promising model systems to test the applicability of
algae and cyanobacteria in an animal model and for quantification of intrinsic oxygen
supply. In this study, a new methodological approach was performed to rescue neuronal
activity from hypoxia. Using algae or cyanobacteria as oxygen source itself is not novel.
In clinical environments, algae-skin-transplants have previously been used for wound re-
covery [52, 54]. However, injection into the vascular system allows the microorganisms
to spread into every blood vessel of the body, including those in the brain. The novel
method developed within the framework of this thesis, called ’Synthetic Oxygen Supply’
(SOS), could be used in in wvivo or in in vivo-like experiments, where oxygen supply is

critical.

An environmental hypoxia was produced by enriching the Ringer solution with Ny
causing a decrease of the oxygen level to a minimum of ~40pumol/l. From previous
hypoxia experiments in fish (Gnathonemus petersii) it is known that activity is severely
affected below 25 pmol/1 [151]. However, the study from Nilsson claims that air-saturation
is reached with 156 pmol/l, which is almost half the concentration of what was monitored
when air-saturation (290 pmol/1) was achieved in the present study, cf. App. A.3. It might
be that the O,-concentration differs from a variation in salt content in the solution, but as
they used a similar CSF Ringer solution the difference is probably negligible. Therefore,
their minimum oxygen value was assumed to correspond to minimum of 40 pmol/l in
this study. Due to diffusion and surface exchange of gas molecules, it might only be
possible to reach lower oxygen values if closing the measurement chamber. Additional
gas in the closed chamber at slightly higher concentrations than in the solution avoids a
larger diffusion into the air as the pressure works against it. The diffusion was minimized
and bubbling in a high-rise chamber directly upstream to the measurement chamber was
applied. The high rise of the bubbling chamber had the advantage of a decreased surface,

as the opening diameter was only ~ 0.5 cm.

Inducing hypoxia in the semi-intact in vitro preparation while recording neuronal dis-

charge lead to a maintained firing for ~25min with a wide variety or rates that ranged
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from 2min to 60 min, cf. Fig.4.33 a) (Control). In adult Xenopus laevis, diving periods
can last up to 40 min [100], assuming that this time represents the oxygen storage after
air-breathing without considering oxygen uptake via the skin. As oxygen reservoirs in the
skin are small and negligible [101], oxygen supply is only covered by the lung reservoir
and, to a small amount, by skin diffusion. Folkow et al. monitored hypoxia in mice and
seal (Cystophora cristata) brain slices and recorded neuronal activity up to 5 min (mouse)
and 19min (seal) [152]. Seals are known to be rather hypoxia tolerant as they can dive
for long time periods without breathing. However, cell responses to hypoxia are not only
species dependent but also changes based on cell type and brain region [152]. In slices of
rat brainstem tissue, hypoglossal neurons and layer II/III neocortical neurons were stud-
ied by O'Reilly et al. and the response to oxygen deprivation of these neuronal population
was quantified [153]. They showed that hypoglossal neurons did not recover from long
anoxic periods, which was better tolerated by neocortical neurons. For hypoglossal neu-
rons, hypoxia-induced depolarizations lasted only 3 min, while neocortical neurons were

more heterogeneous and the depolarization lasted for 19 min [153].

Taken together, this demonstrates that the maintenance of neuronal oxygen deprivation
is not only area and cell population dependent but also shows heterogeneity between
populations. Measurements in the present study showed likewise a broad variability in
different outcomes, leading to the conclusion that the maintenance of hypoxia is difficult
to measure and not often quantifiable within a study or comparable between different
neuronal populations. For the present study the most important aspect, however, was to
rescue neuronal activity during hypoxia and the extraocular motor nerve recording served
as functional readout. For the interpretation of these experiments, the calculated time
until neuronal discharge ceased was not a focus, while the time until neuronal discharge

recovered was systematically quantified.

5.6. Algae and Cyanobacteria as Oxygen Supply

Measurements of Oy-production in isolated algae and cyanobacteria (Sec.4.3.1) showed
a significant difference between both, Synechocystis and C.reinhardtii. Whereas Syne-
chocystis produced ~ 2800 pmol/l upon 5400 lux light illumination with a concentration
of 0.5 x 109 cells/ml, C.reinhardtii produced only ~ 1500 pmol/l under the same condi-
tions. Synechocystis produced almost two times the amount of oxygen with the same
amount of light as C.reinhardtii. This changed when the concentration of both algae and
cyanobacteria were reduced to 0.1 x 10° cells/ml, where Synechocystis produces ~ 18 %
less than the same amount of C.reinhardtic when illuminating with 54001ux. For the

larger-sized algae C.reinhardtii (10 pm) variation in cell concentration does not make a
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difference in maximal Os-production. For Synechocystis (2 pm), on the other hand, a
change in concentration from 0.1 x 10° cells/ml to 0.5 x 107 cells/ml yields an increase in
Oqy-production, which amounts to about 55 % for the 54001ux and 137 % for 30500 lux.
This indicates that higher cell numbers produce larger oxygen quantities in Synechocys-
tis, as most likely these single celled organisms were activated by light more easily than
the larger-sized cells of C.reinhardtii. However, in general C.reinhardtii was as good as
Synechocystis at higher concentrations, leading to the assumption that the O,-production
is more efficient in these eukaryotic algae. Larger cells overlap in the solution and during
light illumination not all cells might be reached by the light, thus less cells were activated,

especially at higher cell concentrations.

A phototoxic effect was not observed for illuminations of up to 30 500 lux. However, an
increase in oxygen productivity in both species, especially at higher cell concentrations,
was observed. There was an increase in Os-production at lower cell concentrations as
well when the illumination was more intense, particularly for C.reinhardtii. This could
mean that the bigger cells of C.reinhardtii are able to exploit higher light intensities
more efficiently than Synechocystis. Haraguchi et al. provided data from isolated and
co-cultivated algae of Chlorococcum littorale [154], a green algae comparable in size to
C.reinhardtii, which were used in experiments in the present study. They monitored
Oy-concentrations produced by the isolated algae of ~ 2800 pmol/1 for 0.1 x 10° cells/ml,
comparable to the measurements in the present study of ~ 2200 pumol/]1 during 5400 lux
light activation, cf. Fig. 4.22. Previous reports claim that the optimal light intensity for
C.reinhardtii is 6000 lux, which is below the illumination from indirect sunlight [130] and
close to the light illumination of 5400 lux, used in the present study. Direct sunlight has
a luminance of 10000 lux, which leads to a reduction in productivity [130]. However,
Akimoto et al. found that at 12000 lux C.reinhardtii had less lipid yields, but positive
growing rates per day [155]. In the present study, at least for the Og-production rate a
reduction in productivity was not the case for isolated algae and cyanobacteria, as both
species showed an increase with both concentrations at 30500 1lux. To further study the
capacity of algae and cyanobacteria to transform sunlight into oxygen without harm or
negative effects, it would be necessary to further increase light intensities. The maximum
intensity that was achieved with the light source was 30 500 lux. Even if it is not intended
by nature to cope with such high light levels, algae and cyanobacteria could be more
productive. On the other hand, if the microorganisms are not isolated in pure media,
but in an experimental context such as in the vascular system of an animal, phototoxicity

could become a problem, since the cells are more diluted and vulnerable.

The results presented here showed that algae or cyanobacteria injections into the vas-

cular system, by entering the injection electrode into the heart of the anesthetized larvae,
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spread the microorganisms throughout the blood vessels. Through the distribution inside
the blood vessels, microorganisms reached the choroid plexus above the IV ventricle and
were even able to spread into small blood vessels in the brain tissue, cf. Fig. 4.24. To show
that algae and cyanobacteria were located in the blood vessels, blood vessel walls were
stained with Isolectin and imaged through coronal sections of a blood vessel, cf. Fig. 4.25,
Fig.4.26, and Fig.4.27. Applying microorganisms directly into the blood vasculature is a
new approach and could be highly relevant, especially since it was shown that the algae and
cyanobacteria could reach areas deep inside the brain tissue. Alvarez et al. reported that
injected Cl.reinhardtii did not move in the zebrafish body, except if the algae entered the
blood vascular system [53]. If algae or cyanobacteria could cross the vasculature, actively
or passively, the injection into the vasculature would lead to a distribution throughout the
whole body and the brain tissue, which could not be confirmed in the present study. It
would be also problematic if the microorganism could cross vascular walls, because other
interactions like neuron-microorganism could cause problems for the signal transduction.
However, the oxygen supply would be more effective as the diffusion distance becomes
minimal. Since in nature the oxygen supply originates from haemoglobin in the blood
(at least in most vertebrates) the injected algae or cyanobacteria in the vasculature, as in
this study, should prove sufficient.

From Lametschwandtner et al. it is known that arteries in the IV*® ventricle of Xenopus
laevis are located ventral and dorsal on top of the choroid plexus [156], which was removed
for the confocal imaging in the present study, and with it also the blood vessels. Isolectin
staining was used for visualizing the vasulature, which does not differentiate between
veins and arteries. The location of veins in contrast to the arteries is more distributed.
The stainings showed the distribution of algae and cyanobacteria in larger and smaller
vasculature, cf. Fig.4.25. That leads to the assumption that the microorganisms are
distributed in both, veins and arteries. Since the preparation after the surgical isolation
lacks an active blood circulation, algae and cyanobacteria remained distributed for the
purpose of the present study to supply the brain with oxygen. Algae or cyanobacteria

inside the vasculature of the preparation simply replaces blood cells.

Naturally, algae and cyanobacteria form clumps, which has a negative effect with larger
clumps blocking light from reaching other algae or cyanobacteria [157]. However, those
clump formation did not occur in the injection experiments. Either because the con-
centration of the algae and cyanobacteria was too high and they would clump at lower
concentrations, or they were stressed through the high pressure during the injection such
that they were not behaving the same in the vessels as isolated microorganisms. Long-
term studies to follow algae or cyanobacteria behavior in the blood vessels, such as their

motion or survival, would be a necessary study for future experiments. It might be cru-
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cial to inject further nutrients that the microorganisms need for survival or add them into
the Ringer solution constantly such that the supply does not become limited. Long-term
measurements were performed before, however, at smaller algae concentration. Alvarez
et al. injected 10000 algae/nl C.reinhardtii into zebrafish yolk and analyzed the viability
within the following 5days in the developing embryo [53]. The algae remained metabol-
ically active for at least 3days and did not activate immune responses in the zebrafish.
They recognized the algal appearance in pairs, which might be a hint to replication within
the fish body [53] and therefore a sign for viability.

To monitor the photosynthetic O,-production capacity of algae and cyanobacteria in
the preparation, external bath O,-concentration was increased to ~ 900 pmol/l to avoid
that brain O,-consumption interferes with the algal Oo-production, cf. Fig. 4.30. The O,-
production triggered by light activation of the microorganisms was ~ 174 pmol/1. The data
was divided to monitor the O,-production of C.reinhardtii and Synechocystis separately,
and compared to control measurements of their respective photomutants, cf. Fig. 4.30. The
O,-production from Synechocystis (190 pmol/1) and C.reinhardtii (159 pmol/1) showed no
statistical significance in difference. Chlorococcum littorale (green alga) was co-cultivated
with mammalian cells (C2C12 mouse myoblasts) and revealed an Oy-concentration dur-
ing light illumination of 218.75pmol/1 for 2.5 x 107 cells [154], which translates to ~
0.218 75 pmol/1 for the cell concentration that was calculated in the brain vasculature
in the present study (250000 cells). In comparison, the amount of oxygen measured in
the ventricle produced from injected microorganisms produced 190 pmol/1 (Synechocys-
tis) and 159 pmol/l (C.reinhardtii), respectively, cf. Fig. 4.31. However, in the study by
Haraguchi et al. on Chlorococcum littorale only 1103 lux for illumination was used, which
is a relatively low intensity. Potentially the cells in culture are more vulnerable and sen-
sitive to high light intensities. It might be possible that the Os-production of algae in
their setup would be higher if they would have increased light illuminance to 5400 lux,
the optimum of the photosystem activation. However, Chlorococcum littorale alga’s Oq-
production efficiency could be less than in C.reinhardtii or Synechocystis. Further, they
performed their experiments under air-saturated conditions (20 % oxygen), which might
be less of a problem in cell culture, as gas diffusion is fast because of the small diffusion dis-
tances, but could lead to wrong assumptions as algae were co-cultivated with mammalian
cells, which were consuming oxygen that the algae had just produced. Furthermore, the
authors found in cell culture a decrease in glucose consumption, lactate production, and
much less ammonium concentration if algae were co-cultivated with cardiac cells from
rats [154]. This hints to a shift in energy metabolism. ATP is produced mostly by OX-
PHOS if enough oxygen is available, which seemed to be the case in algal-co-cultivation.

Glycolysis and lactate shuttle are reduced, since they are not as efficient in ATP produc-
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tion in comparison to OXPHOS. Further, ammonia, a waste product in the amino acid
degradation in animal cells, is reduced through the consumption of ammonia by the algae
or cyanobacteria in order to maintain their own functionality. Ammonia is important for
algae and cyanobacteria growth and survival, as it contains nitrogen [154]. The advan-
tage behind reduced ammonia concentrations in the co-cultivated cells is that the cells
degraded amino acids for their own metabolism, setting ammonia free as a waste product.
The ammonia is taken up by the algae and cyanobacteria as precious nitrogen source and,
further, chloroplasts also produce glutamate [158]. This indicates that a combination of
algae or cyanobacteria and mammalian cell is beneficial for both parties and could be
developed further, to fit the needs of both.

Monitoring O,-production of photomutants helped to facilitate the demonstration that
the oxygen was exclusively produced by the algae and cyanobacteria through photosyn-
thesis. These photomutants fail to produce oxygen upon light illumination, as they are
lacking PSII. The Oy-production of the photomutants (together with WT and CTL) is
shown in Fig.4.31. The negative value of O,-production in C.reinhardtii photomutants
reflects a light-dependent O,-consumption which is likely due to chlororespiratory effects
in C.reinhardtii chloroplasts [159]. In the prokaryote Synechocystis, the cells contain no
organelles and thus no separation of respiratory and photosynthetic electron transport
pathways, no such light-dependent O,-consumption is observed [160]. The monitored
O,-consumption from Fig. 4.31 is also in agreement with the theoretical calculations in
App. A.6, where it is shown that C.reinhardtii consume more oxygen than Synechocys-
tis. Also in the isolated experiments, C.reinhardtii consume more O, than Synechocystis,
cf. Fig.4.22. The slightly positive Og-production of Synechocystis mutants in Fig.4.31
could be caused by a reduced O, need of the brain. This reduced O, need could also be
present in C.reinhardtii mutants and most likely also in the WT of both species, however,
is masked by the light induced Oy-production (WT) or Oy-consumption (C.reinhardtii,
mutant). This is in comparison to controls, where no microorganisms were present in the

brain’s vasculature, and no Oo-production or Oy-consumption was measured.

Using the photosynthetic oxygen as brain oxygen supply, it could be shown that
enough oxygen is produced by the microorganisms to rescue neuronal activity, cf. Fig. 4.32.
Comparing neuronal rescue with external bath oxygen supply (carbogen treatment of
~ 950 pmol/1) O,, which took 34.6 min, light activation of algae and cyanobacteria, was
faster for both microorganisms, C.reinhardtii with 22 min and significantly faster for Syne-
chocystis with 14 min, cf. Fig. 4.33. A plausible explanation for the faster recovery with
algal oxygen is that this oxygen is directly produced in the brain tissue, even distributed
in deep brain tissue. In controls, where the external bath Oy-concentration was increased

by carbogen, the oxygen requires more time to diffuse from the Ringer solution into the
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ventricular zone and from there into the tissue. This alone might not explain the large
difference in recovery time. However, the diffusion process is most likely not homogeneous
and oxygen does not reach all brain regions simultaneously. This is in contrast to algae
and cyanobacteria, which could supply oxygen to every region given the distribution in

the blood vessels.

The discharge rate as functional readout served here as an important measurement
to proof the sufficiency of photosynthetic oxygen. In Fig.4.34 the discharge rate before
nitrogen treatment was used as control (10.4 Hz). During nitrogen treatment (hypoxia)
discharge rate dropped to 0.1 Hz and was rescued either with carbogen treatment of the
external Ringer solution (12.9 Hz) or with light activation, thus photosynthetic oxygen
from microorganisms (Synechocystis: 23.6 Hz, C.reinhardtii: 12.6 Hz). Therefore, the
vascular microorganisms could provide enough oxygen to drive neuronal activity under

external hypoxia.

During hypoxia the nerve activity ceased, which is called the nerve cessation time.
In Fig.4.33 a) the data from the cessation time was not significantly different for both
microorganisms and the control, where no algae or cyanobacteria were injected. It is
important to find out whether there are consequences for the animal to have algae or
cyanobacteria located inside its blood vessels. However, the control measurement without
algae or cyanobacteria showed no difference in cessation time. This indicates that algae
or cyanobacteria inside blood vessels did not alter oxygen availability in the brain for
cell activity. In particular, in C.reinhardtii where oxygen is consumed by their own
mitochondria, cf. Fig. 4.31, neuronal firing maintenance due to oxygen availability is not
affected. This indicates that microorganisms in the vasculature do not affect Xenopus

laevis larvae at least with regard to oxygen use or need.

The shift of energy production from OXPHOS to glycolysis, which occurs during high
energy needs as in wound recovery [49], is critical for the healing process. Energy produc-
tion cannot rely on oxygen delivery, as oxygen delivery is diminished in wounded tissue.
The shift to glycolysis, which is not dependent on oxygen supply to produce ATP, is
the only logic step to prevent energy loss. However, glycolysis is less efficient to produce
ATP in comparison to OXPHOS [58]. This decreased ATP supply could be a reason why
wound recovery is diminished. Instead of down-regulating mitochondrial ATP production,
additional oxygen supply by algae or cyanobacteria could prevent the shift to glycolysis

and promote OXPHOS in the energy production for a faster recovery.



6. Concluding Remarks

Brain activity requires large amounts of energy, mostly provided by oxygen-dependent
metabolic processes. In many animals and humans alike, oxygen derives from respiration
through lungs or gills and is transported by red blood cells within the vascular system to
all regions of the body. The brain of most animals and humans require a constant supply
of oxygen through persistent blood flow. If this persistent supply becomes imbalanced
or interrupted, short- and long-term effects including severe brain diseases could evolve.
Therefore, a basic understanding of the network, the flexibility of the brain to endure
oxygen deprivation, and an alternative oxygen supply is important to study. This was

done successfully in this thesis.

6.1. Conclusion

Experiments on the brain in in vivo studies are complicated to perform, because animal
surgery is complex and during experiments a constant maintenance of vital parameters
is necessary and extensive. The ease of maintaining in wvitro brain slices, on the other
hand, often lack the comparability to an intact brain. Here, entire head preparations of
Xenopus laevis tadpoles with intact brains were used, which are comparable to in vivo
studies, as they still have functional sensory- and motor-control. Xenopus laevis is, as
an amphibian, a less oxygen-demanding organism, and allows to perform experiments on
Oq-consumption in the brain even at physiological conditions that normally become very
critical. These conditions include extreme external oxygen levels (e.g.40pumol/l O, or
1200 pmol/1 Oy), inhibition of mitochondria as the major energy source, and inhibition of

neuronal activity.

The present study showed that the ventricular depletion of oxygen is due to metabolic
activity of the adjacent brain tissue, cf.Sec.4.1, and that the external oxygen level has
to be above ~ 626 nmol/] to saturate brain Oy-consumption. Further, neuronal activity
has a major contribution to the O,-consumption in the ventricle, cf. Sec. 4.2, as shown by
neuronal inhibition (MS-222). The recovery phase of inhibitor wash-out revealed a strong
correlation of oxygen depletion and neuronal activity, as the neuronal discharge and O»-

consumption increased both in a linear manner. Furthermore, an increased neuronal
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activity (spike burst) consumed more oxygen and the Oy-consumption was dependent on
the duration of the increased firing phase. The additional oxygen need for a spike burst
was found to be ~0.4pmol/1/s, cf. Fig.4.21. Furthermore, it was shown that increased
external O,-concentrations had an effect on neuronal discharge rates, cf.Fig.4.17, and
on the recovery time to original O,-concentrations in the ventricle after a burst was
encountered, cf. Fig.4.16 b). However, external oxygen levels had no influence on the
latency for the onset of the oxygen drop during a burst [Fig. 4.16 a)]. That makes external

oxygen levels an important contributor for neuronal discharge activity.

On the other hand, several implications or diseases have to cope with an inadequate oxy-
gen supply, thus studying hypoxia in the brain is important to get a better understanding
of compensating mechanisms or possible intrusion points for therapy. The major advan-
tage of Xenopus laevis is that the survival under hypoxia for several minutes is possible.
This makes Xenopus laevis larvae an ideal model to test new approaches that could over-
come hypoxia. Algae or cyanobacteria can supply photosynthetic oxygen to the larvae,
even faster than external oxygen, if the microorganisms are inside the larva, such as in the
vasculature. During the present study it was shown that injections of algae or cyanobac-
teria into the vascular system of Xenopus laevis enables a distribution through the entire
animal, and even into the brain. Thus, oxygen can be produced where it is needed, simply
by light illumination—via photosynthesis—, permitting the larvae to be fully independent
from external oxygen sources. This approach is called ’Synthetic Oxygen Supply’ (SOS).
In the first step, the parameters (light illumination and cell concentration) were charac-
terized for optimizing O,-production in isolated algae (C.reinhardtii) and cyanobacteria
(Synechocystis), cf. Sec.4.3. Distribution of microorganisms through the vasculature af-
ter the injection into the heart of the larvae was visible by the tadpole’s overall green
vasculature. With the injection, the blood in the vasculature was replaced with algae or
cyanobacteria. Imaging the brain and the choroid plexus above the ventricle, which is
usually filled with oxygen supplying blood cells, revealed a distribution of microorgan-
isms throughout the brain blood vessels. Removal of the choroid plexus revealed that
the microorganisms were distributed through the entire brain vasculature. Comparing
C.reinhardtii (10 pm in size) and Synechocystis (2 pm in size) inside blood vessels at a
higher magnification of single blood vessels showed that both types of microorganisms
fit into the larva’s vasculature. The Os-production capacity of microorganisms in the
Xenopus laevis brain was quantified with illumination of the preparation at higher ex-
ternal oxygen levels. C.reinhardtii produced 159 pmol/l Oy and Synechocystis produced
190 pmol/1 Oy, cf. Fig. 4.31. The present study showed that the O,-consumption of the
larva’s brain remains unaltered by the algae or cyanobacteria, cf. Fig.4.33 a). Further,

under hypoxia, photosynthetic oxygen via light illumination was sufficient to rescue neu-



6.2. Outlook 101

ronal activity, cf. Fig.4.32. Microorganisms inside the brain vasculature could supply
oxygen faster (Synechocystis: 14min, C.reinhardtii: 22min) than external oxygen sup-
ply (35min), cf. Fig. 4.33 b). External oxygen supply has longer diffusion distances from
the surrounding Ringer solution through tissue and skin into the brain. Further, the
discharge recovery from hypoxia, showed that the photosynthetic oxygen derived from

microorganisms is sufficient to drive neuronal activity, cf. Fig. 4.34.

Experiments on in wvitro preparations lack blood perfusion and therefore could limit
the experiment. Algae or cyanobacteria can replace blood cells in the vasculature and
supply the tissue with oxygen upon illumination. With SOS as internal oxygen source,
in vitro preparations are closer to in vivo experiments and open a new field that enables

approaches on intact brains.

6.2. Outlook

SOS is a promising method to study and represents an excellent addition to in vitro ex-
periments, where oxygen diffusion is diminished, to guarantee permanent oxygen supply
during critical experiments. The variety of photosynthetic microorganisms enables appli-
cations within a broad field. The different sizes of green algae or the smaller cyanobacteria
allow the application for vasculatures of various morphologies and can be coordinated to
each application, for example the brain vasculature needs smaller microorganisms then
the vasculature of the dermis. Further, besides oxygen production other nutrients could
be produced additionally from genetically modified microorganisms [47, 126], allowing
to adjust the supply for the individual approach. Modified algae or cyanobacteria can
produce growth factors that help for instance to achieve a faster wound healing. With
algae and cyanobacteria injections into the vasculature, such microorganisms can reach
deep into tissue and supply oxygen and other nutrients to the whole body. This could be
an advantage for in vivo experiments, where a quick supply is necessary or the influence
of a nutrient, produced by the microorganisms, is of interest. SOS opens a new field of

experiments that enables independent oxygen supply simply with light illumination.






A. Appendix

A.1. Chemicals

« Buffer solution pH 4,00 £ 0,02 (20°C), ROTI®CALIPURE citric acid / sodium hy-

droxide / sodium chloride

o Buffer solution pH 7,00 £0,01 (20°C), ROTI®STAR potassium dihydrogenphos-
phate / sodium phosphate dibasic

« Buffer solution pH 9,00 +£0,02 (20°C), ROTI® CALIPURE boric acid / sodium
hydroxide / potassium hydroxide

e Ringer solution 75mmol/l NaCl; 2pmol/l1 KCI; 1.05pmol/1 MgCl; 12.1 umol/1 D-
Glucose; 25 pmol/l1 NaHCOg; and 25 umol/1 CaCl, were solved in ddH,O to a end
volume of 11. The Ringer was equilibrated with 10 pmol/l1 HEPES to hold the pH

of 7.4 constant at low oxygen levels.
e NaOH 0.1mol/l: 0.4g NaOH in 100 ml Ringer
 Ascorbic acid 0.1mol/l: 2g in 100ml 0.1 mol/l NaOH
o MS-222 0.5 %: 0.5g in 100 ml Ringer
o MS-222 0.05%: 0.05¢g in 100 ml Ringer
o KCN 500 pmol/1: 50 pmol/1 Stock in ddH,O, 1 ml 50 pmol/1 Stock in 100 ml Ringer

o Isolectin GS-IB4 from Griffonia simplicifolia, Alexa Fluor™ 488 Conjugate from
Thermo Fisher Scientific: 2pl (Stock: 200 mmol/1) in 10 ul end-volume
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A.2. Abbreviations

ATP

C.reinhardtii

Ca

CB
CNS
CSF
CTL
EPSP
FADH?2
Gly
HIE

K

KCN
MP
MS-222
Na

Nav
NADH
NADPH

OXPHOS
PS1I
PS1II

RB

ROS

RT

SEM

SO

SOS

Synechocystis

TAP
TAPS
TCA
WT

Adenosine triphosphate

Chlamydomonas reinhardtii

Calcium

Cerebellum

Central nervous system

Cerebrospinal Fluid

Control

Excitatory postsynaptic potential

Flavin adenine dinucleotide

Glycolysis

Hypoxic Ischemic Encephalopathy

Potassium

Potassium cyanide

Mesencephalon

3-Aminobenzoic acid ethyl ester methanesulfonate
Sodium

Voltage-gated sodium channel

Nicotinamide adenine dinucleotide (reduced derivative)
Nicotinamide adenine dinucleotide phosphate (reduced
derivative)

Oxydative phosphorylation

Photosystem 1

Photosystem 11

Rhombencephalon

Reactive oxygen species

Room temperature

Standard error of the mean

Superior Oblique muscle-innervating trochlear nerve
Synthetic Oxygen Supply

Synechocystis sp. PCC 6803
Tris-acetate-phosphate

Tris-acetate-phosphate with 1% (w/v) sorbitol
Tricaboxylic acid

Wild type
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A.3. Oxygen Sensor Calibration

Oxygen levels of the calibration Ringer were calculated following Ref. [161] with
GSsay = GS — (k x s), (A.1)

where G'Sg,; is the concentration of soluble oxygen in saltwater (mg/1), GS the concen-
tration of soluble oxygen in H,O (mg/l), k the constant variable with temperature, and
s (%o) the concentration of the salt in the liquid. The temperature dependence of the
constant k and G S is summarized in Tab. A.1.

Table A.1.: Temperature dependence of k and GS (mg/l). Values for k and GS (mg/l) for
temperatures between 15°C and 19°C. Taken from Ref. [161]
T (°C) k GS (mg/1)

15 0.05602 10.15

16 0.05456 9.94

17 0.05328 9.75

18 0.05201 9.54

19 0.05073 9.35

The oxygen content in the Ringer at 18 °C is obtained as follows:

GSeart [mg/l] = GS [mg/l] — (k x s[%0]), (A.2)
= 9.54 — (0.05201 x 6.9458),
= 9.17875mg/1.

With the molar mass of oxygen no, = 31.9988 g/mol, the oxygen concentration in the
Ringer solution follows to

002 — GSS&MZ’ (AS)
7102

 9.17875mg)/1
~ 31.9988¢g/ml’

= 286.8466 pmol/1.
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Table A.2.: Calculation of Ringer components and end salt concentration.

Ringer components Stock (g/100ml) End Conc. (g/1)

NaCl 43.83 4.383
NaHCO;4 21.002 2.1002
KCl 1.491 0.1491
Glucose 21.8 2.18
CaCl, 2.94 0.294
HEPES 2.38
H,O 1000
SUM (g/1) 1011.5863
Salt (g/1) 7.0263
Salt (g/kg) 6.9458

Ringer Air-Saturated The Ringer components and end salt concentration are sum-
marized in Tab.A.2. The calculations lead to a concentration of 286.85pmol/l O,
cf. Eq. (A.3), corresponding to 9.18 mg/1, in Ringer at 18°C with respect to the salt con-
centrations indicated above. In comparison: Water without salt has 298.14 yumol/l O,
corresponding to 9.54mg/1, as (k x s) is close to 0, cf. Eq. (A.2), because the salt concen-
tration is negligible and G'S as concentration of soluble oxygen in HyO is 9.54 mg/1.

A.4. Absorption Spectra of Chlorophyll a and b

Synechocystis has its absorption peaks at 430 nm and 662 nm, corresponding to chlorophyll
a, whereas Chlamydomonas reinhardtii has chlorophyll a and b, hence has its absorption
peaks also at 454 nm, 643nm, cf. Fig. A.1 a). With the light source Zeiss CLS 6000 [or-
ange line in Fig. A.1 b)| for the experiments with isolated algae and cyanobacteria and
experiments with intact larval brains, absorption peaks of 450 nm and 550 nm could be

reached. These wavelengths can activate both chlorophyll a and b.

A.5. Brain-Blood-Volume Calculation

The confocal image from Fig. 4.25 was reconstructed to calculate the blood volume, see
Fig. A.2. With the reconstruction of the brain z-stack, blood vessel volume could be
calculated with with the software Vision 4D from Arivis, cf. Tab. A.3. The calculation
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Figure A.l.: Absorbance spectra — a) Chlorophyll absorbance, figure adapted from

https: //en.wikipedia.org/wiki/Chlorophyll and is used under a CC BY-SA 3.0 licence, accessed:

09/06/2019 and b) emission spectra of the light source Zeiss CLS6000, orange line), figure

adapted from: https://www.ehlert-partner.de/BILDER/ZettEmmissionsspektren.jpg, accessed:

09/06/20109.

revealed a blood vessel volume of 206 901 707 pm® and an algae or cyanobacteria volume
of 32698 686 pm?, cf. Tab. A 4.
With the reconstruction of the entire brain, the blood vessels could be calculated to a
total volume of 0.207 ul. The algae or cyanobacteria injection volume into the heart was
10 pl, cf. Sec. 3.2.3, where only 0.033 pl were measured in the brain, which is 0.3%. The

injection volume of 10 ul corresponds to 48 times the brain blood volume with 0.207 pl.

Table A.3.: Blood volume and algae and cyanobacteria volume calculation.

Blood vessels Algae / Cyanobacteria

Isolectin (AF488) Chorophyll (autofluorescence)

Min pm? 0.093 0.093
Max pm? 201856945.636 4820373.047
Sum pm? 206901707.194 32698686.577
Mean pm? 72.342 755.954

Count 2860053 43255
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rostral <=— caudal

Figure A.2.: Reconstruction of the vascular system in the Xenopus laevis brain (the picture
shows injected Synechocystis) — a) Confocal Image of the entire brain (z-stack) from a dorsal
view shows the distribution of algae and cyanobacteria in the blood vessels. b) Blood vessels
were stained with Isolectin Alexa Fluor 488 nm conjugate (red), c) algae and cyanobacteria
autofluorescence 680 nm (green). Taken by Zeiss LSM 900-Airyscan-2 and reconstructed with

the software Vision 4D from Arivis.

Table A.4.: Blood volume and algae and cyanobacteria volume conversion.

Blood vessels Algae / Cyanobacteria Dimension
206901707 32698686 nm?
0.20690171 0.032698686 mm?
0.20690171 0.032698686 nl
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A.6. Theoretical Algae and Cyanobacteria

0,-Consumption

Usually the algae and cyanobacteria Os-consumption is masked by their O,-production.
However, using photomutants, cf. Sec.3.2 which can not produce oxygen and therefore

only use oxygen from their surrounding, the Oy-consumption can be monitored.

A.6.1. Injected Algae and Cyanobacteria in the Xenopus laevis Brain

From the brain-blood-volume calculations in App. A.5, 0.033 mm? cells are filling the brain
vasculature. Assuming that this volume is filled entirely with cells, and that a single cell
of Synechocystis has a volume of 4.211m? (2 pm in diameter), a total of 7.8 x 10° cells are
in the brain vasculature. For the Synechocystis, measurements performed by the Nickelsen
lab determined that 1mg Chlorophyll consumes 14 nmol oxygen per hour. Further, our
OD measurements determined that 10.2 x 10 cells contain 1pg Chlorophyll. With that,
the oxygen consumption of 7.8 x 10° cells cyanobacteria in the brain consume 0.011 nmol
oxygen per hour. To compare this number to the oxygen measurements using the oxygen
microsensors, which measure the oxygen concentration in pmol/l, the theoretical O,-

consumption is then calculated to 5.45 pmol/1/min O,.

The same calculation can be done for the C.reinhardtii. Beardall et al. determined that
1 mg Chlorophyll consumes 2.4 pmol oxygen per hour [122]. Note the much higher Oy
consumption as compared to the Synechocystis. Here, our OD measurements determined
that 1.3 x 10° cells contain 1pg Chlorophyll. Since C.reinhardtii are much larger (10 pm
in diameter) than Synechocystis, the volume of 0.033 mm? cells in the brain only contain
6.2 x 10% cells. These 6.2 x 10% cells algae in the brain consume (.11 nmol oxygen per
hour, or 57.9 pmol/l/min O,.

A.6.2. Isolated Algae and Cyanobacteria

Similarly, measurements in isolated C.reinhardtii and Synechocystis were performed with
their respective photomutants, cf. Sec. 3.2.4. These photomutans were lacking a gene to
encode PSII. Therefore, these algae and cyanobacteria mutants were not able to pro-
duce oxygen upon light illumination. However, the O,-consumption is still present. The
photomutant microorganisms are not masking the oxygen measurements because of the
lack of oxygen production and therefore were used to compare the Oy-consumption to the
theoretical Oy-consumption. The cell concentration of the isolated microorganisms was
100 x 106 cells per ml.
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Under the same assumption as in App. A.6.1, the Oy-consumption of the isolated Syne-

chocystis is 0.14nmol/h and of the isolated C.reinhardtii is 181.9 nmol/h, respectively.

Table A.5.: O,-consumption of injected and isolated algae and cyanobacteria.

Synechocystis C.reinhardtii
brain isolated brain isolated
cell number 7.8 x 105 100 x 10° 0.062 x 10° 100 x 10°
nmol/h 0.011 0.14 0.11 181.9

pmol/1/min 5.45 5.45 57.89 27.89
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