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Abstract
Abstract

The loss of the ability for volume regulation in astrocytes in the course a variety of pathologies, such
as hepatic encephalopathy, leads to life-threatening cerebral edema. As in other cells, volume
regulation in astrocytes is primarily based on the control of the intracellular and extracellular ion
milieu, which predominantly determines the water content of the respective compartment. One part
of this study was the establishment of a method for monitoring of acute volume changes in astrocytes,
stained with the vital marker sulforhodamine 101, in hippocampal slices of mice by using confocal
laser scanning microscopy. In this model system, astrocytes showed a significant reduction in cell
volume under isotonic conditions during a period of six hours. Reducing or increasing the osmolarity
of the extracellular saline caused a significant swelling or shrinkage of the cells, respectively. Swollen
astrocytes reacted with regulatory volume decrease upon the osmotic challenge, while in shrunken
astrocytes, no regulatory volume increase was observed. Volume changes induced by iso- and
hypotonic conditions were prevented by inhibiting the Na*-K"-CI-Cotransporter 1 (NKCC1) with the
loop diuretic bumetanide, indicating a substantial involvement of NKCC1 in volume maintenance
and regulation. During addition of ammonium (5 mM), the reduction of astrocyte cell volumes under
isotonic conditions was prevented. This might relate to the early phase of an NH4'-induced cell
swelling. Chronic volume changes of astrocytes were studied using hippocampal slice cultures of
mice expressing glial fibrillary acidic protein labelled with green fluorescent protein (GFAP/GFP).
Following a mechanical lesion in the CA1 region, the size of astrocyte somata increased in direct
proximity to the lesion site over an observation period of six days. This is indicative of a cellular
hypertrophy and the development of a mild to severe reactive gliosis. In addition, a glial scar formed,
which represents a cellular barrier consisting of hypertrophic astrocytes with overlapping cellular
domains. Immunohistochemical staining for GFAP in fixed brain slices of transgenic mice over-
expressing the Alzheimer’s disease-specific the human APP751 with the AB dimer mutation AB-S8C
revealed no evidence for an elevated GFAP content. That indicates, that the neurotoxic dimer in this
mouse model is not responsible for the development of reactive astrocytosis which can be found in
brains suffering from Alzheimer’s disease. Taken together these results show that the method
established here generally is suitable for the determination of acute, as well as chronic cellular volume
changes in brain slices of murine brains. Furthermore these results indicate that the transporter

NKCCI is significantly involved in acute volume changes in astrocytes.



Zusammenfassung

Zusammenfassung

Der Verlust der Fahigkeit von Astrozyten zur Volumenregulation im Verlauf verschiedenster
Pathologien, wie z. B. der hepatischen Enzephalopathie, fiihrt zu einem lebensbedrohlichen Hirn-
6dem. Wie bei allen Zellen beruht die Volumenregulation bei Astrozyten auf der Kontrolle des intra-
und extrazelluldren Ionenmilieus und damit des Wasserhaushalts. In dieser Arbeit wurde eine
Methode zur Messung von Volumenverdnderung von mit Sulforhodamin 101 vital gefirbten
Astrozyten in akuten Gehirnschnitten von Méusen mittels konfokaler Laserscan-mikroskopie
etabliert. In diesem Modellsystem zeigten Astrozyten unter isotonen Bedingungen eine signifikante
Verminderung des Zellvolumens im Verlauf von sechs Stunden. Verminderung bzw. Erhéhung der
Osmolaritidt der extrazelluldren Blutersatzlosung flihrten zu einer signifikanten Schwellung bzw.
Schrumpfung der Astrozyten. Geschwollene Zellen reagierten darauf mit regulatorischer
Volumenabnahme, wihrend bei geschrumpften Zellen eine regulatorische Volumenzunahme
ausblieb. Diese akuten Volumenédnderungen waren bei Hemmung des Na"™-K"-Cl~ Cotransporters 1
(NKCCI1) durch das Schleifendiuretikum Bumetanid unterdriickt, was auf eine malgebliche
Beteiligung des NKCC1 an der Aufrechterhaltung und Regulation des Zellvolumens schlie3en lésst.
Die Verminderung des Zellvolumens unter isotonen Bedingungen war in Gegenwart von Ammonium
(5 mM) unterbunden, worin sich moglicherweise die Frithphase einer Ammonium-induzierten Zell-
schwellung verbarg Chronische Volumenverdanderungen wurden an hippokampalen Schnittkulturen
von Maiusen, die mit ,,green fluorescent protein® markiertes ,,glial fibrillary acidic protein®
exprimierten, analysiert Hier fiihrte eine mechanische Lésion in der CA1-Region zu einer {iber sechs
Tage anhaltenden VergroBerung des Somas der Astrozyten, also einer chronischen zelluldren
Hypertrophie und der Entstehung einer milden bis schweren reaktiven Gliose. Zusétzlich entwickelte
sich eine Glianarbe; eine zelluldre Barriere bestehend aus hypertrophen Astrozyten mit iiberlap-
penden Doménen in direkter Umgebung zur Schnittstelle. Die konfokal-fluoreszenzmikroskopische
Untersuchung des immunhistochemischen GFAP-Farbemusters in fixierten Gehirnschnitten von
transgenen Mausen, die das Alzheimer-spezifische humane APP751 mit der AB-Dimer Mutation AB-
S8C iiberexprimieren, ergab kein Anzeichen fiir die Erh6hung des GFAP-Gehaltes und somit keinen
Hinweis fiir die Beteiligung dieses Dimers an der Entstehung einer reaktiven Astrozytose, wie sie in
Gehirnen von Alzheimerpatienten gefunden werden kann. Zusammenfassend zeigen diese Methoden
also, dass die hier etablierte Methode grundsétzlich zur Bestimmung akuter sowie chronischer
zelluldrer Volumenverdanderungen in Hirnschnitten des Maushirns geeignet ist. Weiterhin weisen sie
darauf hin, dass der Transporter NKCCI malBigeblich an akuten Volumenverdnderungen in

Astrozyten beteiligt ist.
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Introduction

1 Introduction

Life in the biological meaning is based on compartmentation, i.e the separation of biochemical
reaction spaces by semipermeable phospholipid membranes which allow for selective passage
of organic and anorganic substances, as it can be found in cells from the most primitive to the
most highly developed forms of life. The higher developed the life-forms are, the more complex
is the compartmentation, so that a eukaryotic cell consists of a cell membrane, which separates
extra- from intracellular space, as well as various intracellular compartments, the so called
organelles, with different specialized functions and properties. The active separation of ions
and molecules between the extra- and intracellular space and between the different intracellular
compartments results in concentration differences across the membranes and the establishment
of osmotic and electrochemical gradients. These gradients then serve as driving forces for
various cellular functions. Changes in the molecular compositions of the intra- and extracellular
fluids, as they occur regularly in living systems due to cellular metabolism, the synthesis and
degradation of proteins, transport processes, signaling events, and so on may lead to alterations
of the osmolarity on one or both sides of the cell membrane. Although the dimensions of cells
of the diverse organisms vary drastically, they all form an enclosed space and hence osmotic
changes will lead to osmotic pressure, to whom cells are able to oppose merely limited
resistance. Nonetheless evolution endowed cells with different strategies to react to such
perturbations, for example via volume changes. However changes in cell volume need to be
restricted and so the development of mechanisms for volume regulation was inevitable. Besides
the formation and accumulation of organic osmolytes, directed ion and subsequent water
movements serve the purpose to counteract osmotic pressure differences.

Ion movements in turn represent the basis for electrical excitability. All cell types are able to
produce differences in the concentration of intra- and extracellular ion composition to establish
membrane potentials, which nerve cells use to create action potentials through changes in
permeability of their plasma membrane and subsequent ion currents. These processes are the
basis for information transmission and processing in nervous systems. Vertebrates contain the
main parts of their information processing structures, the central nervous system (CNS)
mechanically protected within an osseous skull. Besides the advances of this arrangement, it is
of essential significance to possess precise mechanisms for the regulation of the volume of the

brain tissue, since disturbances of volume regulation lead to de- or increases in intracranial
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Introduction
pressure. Such an increase can, when not dismantled immediately, lead to life threatening
situations. So, swelling of brain tissue, a so called brain edema, is known to be a common
harassment accompanying several pathological states of which some will be discussed here in
more detail. Most of these pathologies are accompanied by a disturbance of memory what leads
to the conclusion, that the development of brain edema also affects the hippocampus, a special
brain region necessary for a proper memory function, amongst other things. Not least because
of that the hippocampus and its cellular components and functions have become a coveted
research object and is also used for this study.

The understanding of the cellular mechanisms, which underlie these pathologies, holds the key
for the development of therapeutic approaches and in a final step hopefully to the preservation
of human lives. Inasmuch the research into these cellular mechanisms needs to be performed in
animal model systems, mammals, and especially rodents came in the focus of scientific interest
due to their developmental affinity to human.

The study, which is presented here, therefore focuses on the hippocampus of mice and so the
structure of this brain region, as well as its cellular components and functions will be described

in the following chapter.

1.1 The hippocampus

This central part of the limbic system is itself a part of the median telencephalon.
Phylogenetically relatively old and conserved, it depicts a bilaterally symmetric structure in
both hemispheres of the mammalian brain (Amaral & Witter 1989). The term hippocampal
formation comprises four cytoarchitectonically distinguishable regions (see Fig. 1.1): 1) the
dentate gyrus (DG, gyrus dentatus), 2) hippocampus proper, with the subregions CA1, CA2,
CA3 of the cornu ammonis (CA, lat.: ammon'’s horn,), 3) the subiculum (S) complex and 4) the
entorhinal cortex (EC). The hippocampal formation is found directly underneath the cortex in
the rear area of the rodent brain. The appearance of the hippocampal formation can be described
as a three dimensional “C-shaped elongated structure with its long-axis bending from the septal
nuclei rostrodorsally to the temporal lobe caudoventrally” (Amaral & Witter 1989; Fig. 1.1 A).
The anatomical structures of this formation are linked by an intrinsic connectivity that is an
axonal connection between the prominent populations of neurons found within the different
regions. These connections are classically referred to as the “trisynaptic excitatory circuit of the

hippocampal formation” (Amaral & Witter 1989, Fig. 1.1 C). Beginning with the perforant
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Introduction
path, which connects the entorhinal cortex with the granule cells of the dentate gyrus (1%
synaptic connection; Fig. 1.1 C), the information flow is relayed further via the granule cell’s
mossy fibers to the CA3 region of the hippocampus proper (2™ synaptic connection; Fig. 1.1
C). Axonal projections of the CA3 pyramidal neurons, the so-called Schaffer collaterals, then
provide the major input to the dendrites of the CA1 pyramidal neurons in the strata radiatum
and lacunosum moleculare (3™ synaptic connection; Fig. 1.1 C) and project to further regions
septo-temporal in the three dimensional structure of the hippocampal formation outside the
plane of the shown slice (indicated in Fig. 1.1 C, CA3 light blue pyramidal cells).
This circuitry served as a basis for the hypothesis of the lamellar organization, which argues
that the hippocampal cortex is organized in parallel laminae, each of which contains the
described circuitry that can operate individually with additional transverse information
processing connections. These findings led to the development of the model system of
hippocampal tissue slices and cultures, which preserve this circuitry and information processing
properties (Anderson et al. 1971, Stoppini et al. 1991). Amaral (1993) later described
additional connections within the hippocampal formation, thereby making the circuitry more
complex. In fact, there are three fiber projections from the EC to the CA1 and 3 fields and to
the subiculum. The connections between the CA regions are made of highly collateralized sub-
sets of CA3 to CA1 projecting axons of pyramidal neurons (Schaffer collaterals), innervating
CA1 subsets on their part, and there is also a projection from the CA1 region to the subiculum
(Aamaral 1993; Fig. 1.1 B). This and the additional connections between the lamellae in this
complex three-dimensional structure, the associational/commissural fibers, have been shown to
be essential for the major functions of the hippocampal formation in mammals: explicit learning
and memory consolidation. Thus, it has been shown that the hippocampal formation serves as
a relay for the processing and consolidation of information, which is memorized in other brain
areas (Lavenex et al. 2007).
In the mature mammalian CNS glutamate serves as the excitatory neurotransmitter in the
hippocampus and acts through activation of AMPA and NMDA receptors in glutamatergic
synapses. y-amminobutyric acids (GABA) in contrast is the inhibitory neurotransmitter that
conveys its depolarizing effect by activating GABA receptors (Lledo et al. 2006). Learning and
memory consolidation not only require the ability for the transmission of incoming information,
but also the ability to expand the transmitting structures. This can be observed, when the
stimulation of the monosynaptic projections of the perforant path evokes a suprathreshold
activation in pyramidal neurons, which is considered to be necessary to provide the information
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Figure 1.1: Illustration of the intrinsic circuitry preserved within hippocampal slices. A) Location of
the hippocampal formation in the rodent brain and orientation of the slice plane of a lammelar hippocampal
slice. Prominent regions and the connecting fiber pathways that form the trisynaptic excitatory circuitry
of the hippocampal formation are illustrated (from Amaral & Witter 1989). B) Diagram of the information
flow along the intrinsic connections within the circuitry. Main monosynaptical connection from DG to
CA3, CAl and S. Layer II of the EC projects to the GD and CA3. EC layer III projects to CA1 and S,
from where a projection back to EC layers V/VI exists. (from Amaral 1993). C) Composite microscope
image of an acute hippocampal slice, with illustration of the main neuronal connections. 1%, 2" and 3™
show the synaptic connections of the circuitry (own image, Institute of Neurobiology, Diisseldorf). Green:
granule cells, light blue CA3 pyramidal neurons, dark blue: CA3 pyramidal neurons, yellow: astrocytes.
Scale bar: 250 um; CA1,3: cornu ammonis region 1, 3, EC: entorhinal cortex, black bar: layer IL, ITI, V/VI:
EC layers, gcl: granule cell layer, GD: gyrus dentatus (dentate gyrus), mf: mossy fibers, ml: molecular
layer, pcl: pyramidal cell layer, pp: perforanth pathway, S: subiculum, sc: Schafter collaterals, sl: stratum
lacunosum, slm: stratum lacunosum -moleculare, so: stratum oriens, sr: stratum radiatum.



Introduction
flow to the hippocampus, subiculum and in other brain regions. The competence to strengthen
and consolidate these pathways is thought to be essential therefore (Lledo et al. 2006). The
underlying principle for these modifications is the so-called plasticity, i. e. the ability of the
brain cells to adapt their structural and functional properties according to persisting repetitive
stimuli (synaptic plasticity and memory (SPM) hypothesis): “Activity-dependent synaptic
plasticity is induced at appropriate synapses during memory formation, and it is both necessary
and sufficient for the information storage underlying the type of memory mediated by the brain
area in which that plasticity is observed” (Martin et al. 2000, Neves et al. 2008).

The electrophysiological correlates for these processes necessary for information storage are
the long term potentiation (LTP) and depression (LTD; Bear 1996, Goh & Vaughan 2013),
defined through bidirectional plasticity of hippocampal synapses. High-frequency stimulation
leads to NMDA receptor-mediated augmentation of AMPA receptor expression and activity,
and thereby the potentiation of these synapses (LTP; Whithlock et al. 2006), whereas low
frequency-induced LTD results in a decrease of the efficacy of AMPA receptors and the
weakening of synaptic transmission (Neves 2008). Synaptic transmission can also be modified
by astrocytes (Simard & Nedergaard 2004), which are representatives of the other prominent
cell type and function within the nervous system, the glial cells.

A detailed description of astrocyte function will be presented in the following chapters.
Inasmuch disturbances of function of the hippocampal formation lead to dramatic impairments
of learning and memory tasks (Kandel, 1991), as they occur under pathological conditions such
as hepatic encephalopathy or Alzheimer’s disease, the cellular components of the hippocampal

formation are in the focus of this study.

1.2 Astrocytes

Besides neurons there exists another cell type in the CNS with distinct functions and properties,
the so called glial cells or neuroglia. Glial cells outnumber neurons by up to 10 fold and are
divided into micro- and macroglia. Microglia are of mesodermal origin and present the brain
immune system. Macroglia derive from ectodermal tissue and can be subdivided into astrocytes,
oligodendrocytes and Schwann cells (Simard & Nedergaard 2004). Astrocytes represent the
numerous subpopulation among the glial cells, at least accounting for approximately one third
of the brain mass (Kandel 1991). Astrocytes received their name due to their more or less star-

like shaped morphology, but meanwhile it has been shown, that they show a highly
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Introduction
heterogeneous morphology and functionality and can be found as protoplasmic and fibrous
astrocytes in the grey and white matter of the CNS (Kimelberg 2010). Astrocytes form
numerous processes that can contact the surface of the brain and spinal cord in a membrane-
like manner (glia limitans); furthermore, they use their endfeet to ensheath blood vessels
thereby participating in the formation of the blood-brain-barrier (BBB, Strange 1992), and they
contact most (~60%) chemical synapses with their perisynaptic processes (Simard &
Nedergaard 2004).

Astrocytes are directly involved in synaptic transmission, but by enclosing synaptic structures
they are able to modulate and control synaptic activity (tripartite synapse concept; Perea et al.
2009). Astrocytes are responsible for the maintenance of ion homeostasis, water content and
volume regulation in the brain, they control neurotransmitter metabolism and provide energy
support to neurons (Simard & Nedergaard 2004, Kimelberg 2010, Verkhratsky et al. 2014). In
several neurological diseases the observed pathologies could be ascribed to disturbances of the
functional abilities of astrocytes. So far, astrocytic functions are of interest for this study and

will therefore be described in the following.

1.2.1 Characteristics of astrocytes

Astrocytes contain high amounts of intermediate filaments, among them the glial fibrillary
acidic protein (GFAP) which is commonly used as a histochemical marker for this cell type
(Kimelberg 2010). The most prominent attribute of astrocytes is that they are electro-
physiologically passive, i. e. they cannot generate action potentials (Kimelberg 2010).
Astrocytes have a high membrane potential due to the high K' selectivity of their plasma
membrane. They are coupled to neighboring astrocytes via gap junctions, made up of
connexones, consisting of connexins 43 and 30, thereby forming a functional syncytium
(Kimelberg 2010). This allows for the redistribution of K" from regions with high extracellular
K* concentration, due to intense neural activity, to regions with low extracellular K*
concentration (“spatial buffering”; Kofuji & Newman 2004).

Astrocytes express a set of amino acid transporters that enable the uptake of neurotransmitters,
and hence the control of extracellular neurotransmitter concentration. They are also able to
release neurotransmitters (gliotransmission; Halassa et al. 2007), which allows for a direct
signaling to neurons. In addition, astrocytes participate in the neurovascular unit, coupling

neuronal activity with local blood flow. Through their contact to blood vessels, they are able to
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Introduction
mediate vasoconstriction and vasodilatation in reaction to neuronal activity by Ca**-triggered
release of vasoactive substances (Koehler et al 2009). The direct contact to the brain
vasculature leads to an additional function of astrocytes, the metabolic function and the
astrocyte neuronal lactate shuttle hypothesis (ANLSH; Pellerin & Magistretti 2003). According
to this hypothesis, astrocytes take up glucose from the blood stream via endothelial cells,
convert it into lactate by glycolysis and transfer this energy substrate to neurons for
metabolization via oxidative phosphorylation (Pellerin & Magistretti 2003). Additionally,
glycogen granules can be found in astrocytes, serving as energy storage (Kimmelberg 2010).
Finally, there is evidence for an antioxidant function of astrocytes, since they inhabit a number
of antioxidant systems (Kimmelberg 2010). All these properties lead to a formulation of
astrocyte characteristics and functions as it is described by the general support function theory
(Kimelberg 2010). In this study, astrocytes were identified either via the red fluorescent dye
sulforhodamine 101 (SR101), which specifically labels vital astrocytes (Nimmerjahn et al.
2004, Kafitz et al. 2008), or via immunoreactive fluorescence for GFAP and S1008, an
additional marker for mature astrocytes (Raponi 2007; Fig 1.2). Here, the mechanisms of ion
homeostasis in the brain and volume regulation in astrocytes, as well as the role of astrocytes
in the development of reactive gliosis and the pathological states of hepatic encephalopathy and

Alzheimer’s disease are of further interest and will be discussed below.

gt

A B

Figure 1.2: Labelling of astrocytes in the stratum radiatum of the rodent hippocampus A) Sulforhodamin 101
vital staining, revealing astrocyte morphology in an acute brain slice B) Immunoreactive fluorescence for GFAP
(green), S1008 (red) and DAPI (blue). A dense meshwork of GFAP intermediate filaments and S1008-containing
astrocytes contacting branching capillaries can be seen here. Colocalization of GFAP and S1008 immunefluo-
rescence appear as yellow structures, S1008- and DAPI-stained nuclei of astrocytes appear in orange. DAPI stained
nuclei (blue) within the capillary lumen belong to epithelial cells. Scale bar: 300 um. [own image, Institute of
Neurobiology, Diisseldorf]
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1.2.2 Ton homeostasis and volume regulation

Neuronal function is based on ion movements, primarily of Na” and K" across the cell
membrane. Essential for the function of neurons is that the extracellular K concentration is
maintained at [K']e of ~2.5 mM (Kofuji & Newman 2009, Deitmer & Rose 2010), and glial
cells, especially astrocytes serve this purpose. The theory of “spatial buffering” describes the
ability of the astrocyte network to take up excessive K flooded into extracellular space during
neuronal activity and redistribute it intracellularly via gap junctions throughout the syncytium
into regions with low [K™]e or via perivascular connections into the blood lumen (Simard &
Nedergaard 2004). A set of transporters and channels located in the membrane of astrocytes
were identified as participants in that process. The uptake is predominantly mediated by
inwardly rectifying K* channels (Kir 4.1; Simard & Nedergaard 2004) and Ki4.1 has been
identified in brain astrocytes to be located close to synapses or blood vessels (Higashi et al.
2001, Simard & Nedergaard 2004).

A further type of K™ channel, presumably also involved in K™ spatial buffering, is the so called
rSlo Ca*"-activated K* channel. Located in the perivascular endfeet of astrocytes, this channel
type can be activated through depolarization of the cell membrane and an increase in [Ca*'];
(Price et al. 2002, Simard & Nedergaard 2004). Finally, also voltage-gated K* channel, called
Kv1.5, have been identified in the perivascular end-feet (Roy et al. 1996, Simard & Nedergaard
2004). The Kv 1.5 channels are also able to drain excess K* to the vasculature via swelling-
activated K* currents that occur upon regulatory volume decrease (RVD; Simard & Nedergaard
2004).

Active transport mechanisms participating in the maintenance of [K']c are represented by the
Na*-K"-ATPase that uses ATP to transport K* in exchange to Na" into the cell. Cotransport,
combining Na’, K" and CI transport into the cell via the activity of the NKCC1 represents a
further mechanism for ion homeostasis (Chen & Sun 2005) and is described in more detail in
the next chapter.

Na* homeostasis is also essential for control of the intra- and extracellular ion milieu by
astrocytes. The Na"K'-ATPase needs to be adequately supplied with Na* to fulfil its role in K*
homeostasis. To secure this, astrocytes express, despite their electrophysiological passiveness,
voltage-gated Na" channels, which facilitate the influx of Na'to maintain [Na']i high enough
for Na"K"-ATPase activity, which is then exported by the ATPase in exchange for K* in spatial
buffering (Sontheimer 1992, Simard & Nedergaard 2004). The Na*-K-ATPase generates an in

inwardly directed gradient for Na', with [Na]e ~145 mM and [Na]i = 8-15 mM (Rose 1997,
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Deitmer & Rose 2010), which delivers the driving force for additional secondary transport, such
as Na'-Ca’"-exchange (Rose etal. 1998), Na*-K*-CI cotransport (Chen & Sun 2005) or
H'/Na" antiport (Simard & Nedergaard 2004).
The intracellular CI concentration in astrocytes can vary between 20 and 60 mM (Walz 1995,
Ben-Ari et al. 2007, Deitmer & Rose 2010) and there are several routes for Cl to pass the cell
membrane. The most important are inwardly or outwardly rectifying anion channels, CI/HCO3
exchanger, and swell-activated Cl” channels, the latter mediating outward Cl current during
RVD (Simard & Nedergaard 2004).
Astrocytes regulate their intracellular pH in between 7.0 and 7.4, which is close to the
extracellular pH of 7.1 to 7.3 in the CNS tissue. Due to the negative membrane potential,
protons tend to flow into the cytoplasm and to cause an acidification (Deitmer & Rose 2010).
In order to maintain the intracellular pH, astrocytes express a set of membrane transporters to
extrude H". The most important are the H/Na" exchanger, Na"/HCOs3™ cotransporter and CI
/HCOs™ antiporters, which can be Na'-dependent or Na'-independent (Deitmer & Rose 1996,
Brookes 1997, Simard & Nedergaard 2004). HCO3™ gains importance for pH regulation, since
H/HCOs3 and CO2, of which the latter is mainly produced by neurons being the main consu-
mers of ATP, are reversibly converted (CO2 + H20 «» HCO3™ + H") by carbonic anhydrase,
functioning as the so called CO2/HCO3™ buffer system (Simard & Nedergaard 2004, Deitmer
& Rose 2010). The extrusion mechanisms for H" and HCOs3™ then are linked to the homeostasis
mechanisms for Na" and CI, represented by the H"/Na"-antiport and the CI/HCO3™ exchanger
(Simard & Nedergaard 2004; Fig. 1.3).
Relevant for the ability of astrocytes to maintain ion homeostasis is their sensitivity to detect
alterations in intra- and extracellular osmolarity (Pasantes-Morales 1996, Pasantes-Morales et
al. 2000). Challenged by hypoosmolarity, astrocytes react with a fast increase of cell volume
that is followed by a volume reduction process, RVD (Strange 1992, Simard & Nedergaard
2004). It has been shown that buffering of excess K' via uptake leads to a decrease of the
osmolarity of the extracellular space (Dietzel et al. 1980, 1989, Simard & Nedergaard 2004).
Nagelhus et al. (1999) showed that in rat Miiller cells K and water transport were linked to the
co-existence of Ki4.1 channels and AQP4, a tetrameric water channel, in close proximity
(Amiry-Moghaddam et al. 2003, Simard & Nedergaard 2004). AQP4 is also present in
astrocytic endfeet, which contact the vasculature (Nielsen etal. 1997, Simard etal 2003,
Furman et al. 2003, Simard & Nedergaard 2004), where it is arranged in large groups called
orthogonal arrays of particles (OAP; Nagelhus & Ottersen 2013, Thrane et al. 2014).
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Figurel.3: Ion homeostasis in astrocytes. Overview of the main transport processes involved in ion homeostasis
and volume regulation in astrocytes. While transporters like H"/Na* antiport, Na*/HCOs" cotransporter and CI-
/HCOs5™ antiport are located in the soma region, others, like swell-activated mechanisms, transporters for K*
buffering and siphoning into the blood lumen and gap junctions for the interconnection of astrocytes are found in
the fine processes and endfeet that contact the vasculature. For further explanation see text. [From Simard &
Nedergaard 2004]

Astrocytes are essential for the regulation of water movements and interstitial fluid turnover
between the compartments of the brain, since deletion of the AQP4 channel resulted in a more
than 60% reduction of solute movement (Amiry-Moghaddam et al.2003, Simard & Nedergaard
2004, Iiff 2012, Thrane et al 2014). AQP4 channels control bidirectional rapid transmembrane
water movements, which is following osmotic gradients. Disturbances of the cellular and

molecular mechanisms of cell volume control thus may lead to the development of brain edema,

representing an net accumulation of water in brain tissue (Amiry-Moghaddam & Ottersen 2003,
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Simard & Nedergaard 2004), what is confirmed by data, showing that knockout of AQP4

resulted in an decrease in swelling of astrocytes upon hypoosmotic perturbations
(Manley et al. 2000, Simard & Nedergaard 2004).

But the transport of water in the brain is not only addressed to aquaporins, also cotransporters,
like NKCC might be involved in water movement (Amiry-Moghaddam & Ottersen 2003)
Recent findings emphasize the importance for electroneutral ion cotransporters, with NKCCl1
in first place, for the regulation of water transport (Chen & Sun 2005, Simard & Nedergaard
2004) and subsequence impact in the development of brain edema in several pathologies,

Kahle et al. 2009, Jayakumar & Norenberg 2010, Kelly & Rose 2010, Thrane et al 2014).

1.2.3 The Na"™-K"-CI" cotransporter 1 and its role in volume regulation

The Na'-K'-CI" cotransporter (NKCC) is a member of the SLC12 gene family of cation-
chloride cotransporters (CCC). It transports Na* and K" together with CI" electroneutrally into
cells, with a stoichiometry of 1:1:2 (Haas & Forbush 2000). There are two NKCC isoforms,
NKCCI and NKCC2. NKCC2 is expressed in the kidney, specifically in the apical membrane
of the thick ascending limb of Henle's loop, while NKCCI1 can be found in most other cell
types, especially in astrocytes, where it functions in ion homeostasis and cell volume regulation
(Haas & Forbush 2000, Russel 2000, Chen & Sun 2005). NKCC1 consists of ~1200 amino
acids (aa) and forms 12 transmembrane domains (TM 1-12); it has potential N-linked
extracellular glycosylation sites between TM 7 and 8 and large intracellular amino and carboxy
termini, containing four threonine phosphorylation sites (Payne et al. 1995, Russel 2000; Fig.
1.4).
The inwardly directed Na" gradient represents the main driving force, and an additional driving
force is delivered by the Cl gradient, at least in some secretory epithelial cells. The binding
Figure 1.4: Hydropathy-based model of Na'-
K*-CI cotransporter isoform 1 (NKCC1). The
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sites for Na* and K" are supposed to be located in TM 2 and the two binding sites for CI between
TM 4-7. One of the binding sides for CI" is the target for the sulfamoylbenzoic acid loop diuretic
bumetanide, the most potent NKCC1 inhibitor. Site-directed mutagenesis studies could show
that NKCC1 affinity for bumetanide is affected by the replacement of ammino acids in TM 2-
7 as well as TM 11 and 12 (Haas & Forbush 2000, Russel 2000, Chen & Sun 2005; Fig. 1.4).
Among the stimuli that activate NKCC are hypertonic stress, decrease in intracellular CI-,
increase in intracellular Ca?*, cytoskeletal reorganization, receptor activation, and various
hormones (Payne et al. 1995, Russel 2000, Chen & Sun 2005, Kahle et al. 2009, Jayakumar &
Norenberg 2010). Factors involved in the regulation of NKCCI1 activity are supposed to be
oxidative and nitrosative stress, increases in protein expression, and phosphorylation. The
activation of NKCC1 by oxidation and nitration in cultured astrocytes has been demonstrated
by applying the oxidant H202 and nitric oxide (NO) donors, whose effects were significantly
diminished by antioxidants and NO synthase (NOS) inhibitors (Jayakumar et al. 2008a).
Ammonia treatment promotes the formation of free radicals (Murthy et al. 2001, Ramao Rao
et al. 2003), also resulted in the oxidation and nitration of NKCC1 and hence its activation
(Jayakumar et al. 2008a, Jayakumar & Norenberg 2010).

Activation of NKCC1 via phosphorylation has been shown to be due to its increased membrane
translocation (Gimenez & Forebush 2003, Jayakumar & Norenberg 2010; Fig. 1.5), which
occurs in response to cell shrinkage (Lytle & Forbush 1992, Klein et al. 1993, Di Ciano-
Oliveira et al. 2003), ischemia (O'Donnel et al. 2006, Abbruscato et al. 2004), and ammonia
toxicity, (Kurihara et al. 1999, Jayakumar et al. 2008a, Jayakumar & Norenberg 2010). A set
of kinases responsible for NKCC1 phosphorylation has been identified, including the oxidative
stress response kinase (OSR1) and STE20/SPS-1 related, prolin-alanine-rich kinase (SPAK,
Piechotta et al. 2003, Moriguchi et al. 2005, Flatman 2008), which both function as serine/

Figure 1.5: Mechanisms of NKCC1 activation
induced astrocyte swelling.  Various
pathological conditions (ischemia, liver failure,
Oxlilstvaltointive st traumgtic brain injuries) le'ad to oxidat.ive stress,
resulting in phosphorylation and activation of
NKCCI by various kinases. Phosphorylation of
NKCCI1 leads to its membrane translocation,
what causes the increased import of Na*, K* and
Cl together with water into the astrocyte,
resulting in cell swelling. For further

explanation see text. [From Jayakumar &
NKCC1 phosphorylation — Membrane translocation Norenberg 2010]
(activation)
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threonine kinases and can themselves be activated through phosphorylation (Gagnon et
al. 2006a, 2006b, Vitari et al. 2005, Jayakumar & Norenberg 2010). Mitogen-activated protein
kinases (MAPKs, Wong et al. 2001, Piechotta et al. 2003, Andersen et al. 2004), the protein
kinases A and C (PKA, PKC, Diecke et al. 2005), and calcium/calmodulin-dependent protein
kinase II (CaMKII, Akimova et al. 2006) also contribute to the phosphorylation-induced
activation of NKCCI1, as do Rho (Di Ciano-Oliveira et al. 2003), Janus kinase 2 (JAK2,
Selvaraj et al. 2000), cAMP-PK (Pewittetal. 1990) and myosin light chain kinase
(Jayakumar & Norenberg 2010). Ammonia treatment lead to the activation of MAPKs and
CaMKII in astrocyte cultures (Jayakumar et al. 2008a), and additional treatment with oxidants
and NO donors resulted in a significant increase in NKCCI activation (Jayakumar &
Norenberg 2010). Several lines of evidence link the activation of NKCC1 with the swelling of
astrocytes and the development of brain edema wunder wvarious pathophysiological
circumstances. Among these are ischemic insults, and of special interest for this work, traumatic

brain injuries (TBI) and hyperammonemia caused by acute liver failure (ALF).

1.3 Volume changes in astrocytes in hepatic encephalopathy

Since acute or chronic liver failure (ALF, CLF), as well as fulminant hepatic failure (FHF) lead
to severe, and in many cases lethal brain edema (Schiodt et al. 1999), the cellular and molecular
mechanisms of ammonia-induced brain swelling and the role of astrocyte volume regulation
mechanisms came into the focus of interest in order to find a target for the development of
treatments for this pathologic condition (Blei et al. 1994).

Ammonium (NH4") is a generated in the course of amino acid degradation has either to be
reintegrated into freshly synthesized substances or needs to be detoxified. Detoxification
usually takes place in the urea cycle in hepatocytes, but if this process is disturbed, as in liver
failure caused for example by alcohol abuse or an infection with hepatitis C, blood levels of
NH4" in Patients with ALF can increase from 0.05-0.1 mM to 0.3—-0.5 mM (hyperammonemia,
Clemmesen et al. 1999). Since NH4" is able to pass the blood-brain-barrier (Ott & Larsen 2004),
this leads to a massive elevation of NHs" in brain tissue. An elevation of NH4" to up to 5 mM
could have been measured in the brain tissue of rats with induced ALF (Swain et al. 1992).
Here, NH4" drastically hampers the ability of the astrocyte for ion homeostasis and volume

regulation (Jayakumar & Norenberg 2010) as well as the glutamate and energy metabolism,

16



Introduction
leading to astrocyte swelling and the development of life threatening brain edema (Jayakumar
et al. 2006, Stephan 2011).

Due to its positive charge, NH4'is not able to diffuse through the lipid bilayer of the plasma
membrane. However, the ion radius of NH4" is similar to that of K*, which allows NH4" to
compete with K" to be imported via channels (Hille 1973, Latorre & Miller 1983,
Allert et al. 1998, Nagaraja & Brookes 1998) and transporters (Yan et al. 2001, Bergeron et al.
2003, Titz et al. 2006, Kelly et al. 2009, Stephan, 2011). Ammonium import into astrocytes is
mainly caused by the activity of the NKCCI1 and the Na"-K*-pump (Kelly & Rose 2010; Fig
1.6), but an entrance via additional cation-chloride cotransport mechanisms, K*-channels and
aquaporins (Holm et al. 2005) or glycoproteins (Huang & Ye 2010) has also be taken into
consideration ( Kelly & Rose 2010).

NH4" causes an increase in extracellular K concentration, due to a loss of intracellular K*
(Alger & Nicoll 1983, Benjamin et al. 1978, Stephan 2011). In addition NH4" evokes an
intracellular acidification in astrocytes caused by the release of H' during the conversion of
NH4" into NHs, as well as an intracellular accumulation of Na® caused by bumetanide-
inhibitable activity (Kelly & Rose 2010). The elevation of [Na]i then means a reduction of the
inward driving force for Na*, which contributes to the impairment of ion homeostasis observed
during HE. As described before, the NKCC1 plays a critical role in the pathology of HE, since
its activation or respectively increase in expression is responsible for the increase in [Na'];,
which contribute to the increase in cell volume of cultured astrocytes after 24h of NH4"
treatment (Jayakumar et al. 2008, Kelly & Rose 2010), but also within minutes (Alvarez-
Leefmans et al. 2006, Reinehr et al. 2007, Kelly & Rose 2010). Even for this rapid volume
increase an increase in [Na']i might be a possible explanation (Dierkes et al. 2006,

Kelly et al. 2009, Kelly & Rose 2010).

Figure 1.6: NH4*/NH3 influx pathways in
astrocytes. Influx is predominantly by NKCCI1
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It has been suggested that astrocytes, as a part of the blood-brain-barrier are responsible for the
import of NH4" (Ott & Larsen 2004). Since their endfeet, which contact the vasculature, contain
NKCCI (Yanet al. 2001), it has been proposed that this transport system is one possible
mechanism for NH4" uptake (Ngarya & Brookes 19989, Ott & Larsen 2004).
It has also been shown that astrocytes are responsible for NH4" detoxification (Cooper et
al. 1979). NH4" is incorporated into previously released glutamate by glutamine synthethase
(GS) after the reuptake by astrocytes, yielding glutamine at the expense of ATP. This reaction
is part of the glutamine-glutamate-cycle, which describes the recycling of glutamate released
into the synaptic cleft upon neuronal activity. Using the Na* gradient as a driving force, excess
glutamate is transported back into the intracellular compartment of neurons, but also into
astrocytes via specific glutamate transporters, where the conversion to glutamine through ATP
consumption and NH4" incorporation takes place. Glutamine is, in first place, transferred back
to the presynaptic terminals of neurons, where the phosphate-activated glutaminase (PAG)
hydrolyzes glutamine into NH4" and glutamate, which is again used for synaptic transmission
(Bak et al. 20006).
Under hyperammonic conditions, the balance of the glutamine-glutamate-cycle is disturbed,
leading to an increase in glutamine and a decrease in glutamate concentrations (Lavoie
et al. 1987, Swain et al. 1992a, Kosenko et al. 1993, Ratnakumari et al. 1994, Blei et al. 1994,
Stephan 2011). Additionally, it has been described, that increased NH4" levels cannot be
detoxified due to an exceedance of the synthesis capacity of GS, which it is already working
near its maximum under physiological conditions (Felipo & Butterworth 2002, Stephan 2011).
Glutamine hydrolysis by PAG also takes place in the mitochondria of astrocytes. The
hypothesis of the “Trojan horse” describes the sequence of events, by which the hydrolyzation
of glutamine results in the production of toxic amounts of NH4" in the mitochondrial matrix,
leading to oxidative and nitrosative stress and the so called mitochondria permeability transition
(MPT, Rama Rao & Norenberg 2014). These processes are supposed to contribute, beside the
increase in [Na'];, and subsequent NKCC1 activation, to the NHs"-induced astrocyte swelling
(Jayakumar et al. 2006, Kelly & Rose 2010, Rama Rao & Norenberg 2014). Although the
exact mechanisms leading to HE-induced brain edema still need to be elucidated, the processes

described above can give an idea, how complex the mechanisms might be.
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1.4 Astrocyte reactivity and the development of astrogliosis

The term reactive astrogliosis describes the ability of astrocytes to perform marked
morphological and physiological changes in reaction to various pathological stimuli
(Eddleston & Mucke 1993, Correa-Cerro & Mandell 2007), i.e. infections, ischemia, traumatic
brain injuries (TBI, Pekny & Nilsson 2005) and neuro-degenerative diseases, such as
Alzheimer’s disease (AD; Sofroniew 2005, Maragakis & Rothstein 2006, Sofroniew 2009,
Verkhratsky et al. 2010).

Reactive astrogliosis can be observed in various model systems in vitro as well as in vivo (Ridet
et al 1997, Sofroniew 2009), showing as major hallmarks a cellular hypertrophy, described as
a significant increase in cell volume at the soma level, as well as a tremendous increase in the
expression of GFAP (Pekny & Nielson 2005, Sofroniew 2009, Middeldorp & Hol 2011,
Schreiner et al. 2013). The more severe the insults become, the more reactive astrogliosis
results in the formation of a glial scar (Ridetet al. 1997, Sofroniew 2009, Kawano, Kimura-
Kuroda et al. 2012, Schreiner et al. 2013). In contrast to the previous opinion of having negative
consequences for cells and tissue, there is now evidence that astrocyte reactivity is in most cases
a protective and reparative response of astrocytes in reaction to injuries and inflammation
within the CNS (Sofroniew 2009).

If insults are less severe, astrocytes exhibit a mild astrogliosis, which is characterized by a
cellular hypertrophy, i.e. an increase in soma size. In addition, changes in the expression and
physiological functions of proteins can be observed, for example the upregulation of structural
components like GFAP, vimentin and nestin (Eddleston & Mucke 1993, Pekny & Nilsson
2005, Sofroniew 2009). Transcriptional factors like NFxB (Brambilla et al. 2005), STAT3
(Herrmann et al. 2008) and the second messenger cAMP are also upregulated (Sofroniew
2009). And changes in AQP4 content and the expression of Na'/K"* transport mechanisms
(Simard & Nedergaard 2004, Zador et al. 2009), responsible for water and ion homeostasis, on
which lies a special interest here, have been reported (Sofroniew 2009).

Also changes in glutamate transporter regulation (Rothstein et al. 1996, Maragakis & Rothstein
2006, Sofroniew 2009, Schreiner et al. 2013), energy supply via lactate (Pellerin et al. 2007,
Sofroniew 2009), gap junction proteins (Retamal et al. 2007, Sofroniew 2009), extracellular
matrix and cell-cell interactions (Silver & Miller 2004, Gris et al. 2007, Wanner et al. 2008,
Hsu et al. 2008, Sofroniew 2009), synapse formation and remodeling (Christopherson et al.

2005, Stevens 2007, Sofroniew 2009), and inflammatory cell regulators (Eddleston & Mucke
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1993, Chen et al. 2001, Gris et al. 2007, Sofroniew 2009) have been reported to occur in the
course of mild astrogliosis. Although these are quite complex processes, most changes are
reversed when the triggering stimulus disappears (Sofroniew 2009).

With increasing severity and duration of the incident, as it is the case of a mechanical lesion,
the development and persistence of a glial scar, in direct proximity of the site of tissue damage
can be observed. This scar consists of proliferated hypertrophic astrocytes with overlapping

cellular domains, and other cell types, bordering along the sites of the tissue damage (Sofroniew

A. Mild to moderate astrogliosis

Mild -
. Moderate
_ Insult
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Figure 1.7: Schematic representations of different gradations of reactive astrogliosis. A) Mild to moderate
insults result in mild to moderate astrogliosis that is characterized by cellular hypertrophy, accompanied by
changes in molecular composition or functional activity. The more severe the insult is, the more severe are these
changes, including a moderate tendency for overlapping of astrocytic domains. When the pathological stimulus
disappears, retrogression to healthy morphology and physiology is possible. B) The more severe the insult is, the
more severe is the reactive gliosis, including hypertrophy, molecular rearrangements and the formation of a dense
glial scar in the direct proximity of the site of the insult. Astrocytes in direct proximity to the lesion tend to exhibit
overlapping processes. Proliferated cells can be found here (red nuclei). Persistent glial scars prevent axon
regeneration, but also serve to protect healthy tissue more distant to the lesion site. [From Sofroniew 2009]
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2009; Fig. 1.7). Then astrocytes not only exhibit an enlargement of cell soma and increased
GFAP expression (Schreiner et al. 2013), amongst other phenomena mentioned above, but also
display a marked morphological and physiological reorganization, accompanied with a partial
reentrance into the cell cycle and proliferation (Sofroniew 2009, Schreiner et al. 2013; Fig. 1.7).
The scar together with the population of reactive astrocytes surrounding the lesion site is
regarded as a protective and regeneration-supporting reaction, although the obviation of axon
growth gives a negative connotation to the function of reactive astrogliosis (Sofroniew 2009).
With increasing distance to the lesion site and the scarred tissue, the less severe are the
hypertrophy and the morphological changes of astrocytes (Schreiner et al. 2013). Several
molecular mediators that are released by neurons and glial cells in reaction to certain types of
pathological stimuli could have been identified as triggers the development of a reactive
astrogliosis. These are cytokines and growth factors, like 116, TGF and TNFa (John 2003, Di
Giorgio 2007, Sofroniew 2009), neurotransmitters like glutamate and noradrenalin (Bekar et al.
2008, Sofroniew 2009), ATP that is released upon cell injury (Neary et al. 2003, Sofroniew
2009), mediators of oxidative stress like NO and reactive oxygen species (Sofroniew 2009),
putative toxic molecules like NHs" (Norenberg et al. 2009, Sofroniew 2009), and also the
Alzheimer’s disease-related amyloid-beta (Maragakis & Rothstein 2006, Simpson et al. 2008,

Sofroniew 2009), both of which play a prominent role, as far as this study is concerned.

1.5 The role of astrocytes in Alzheimer’s disease

Astrocytes play an essential role in various neurodegenerative diseases (Maragakis & Rothstein
2006, Verkhratsky et al. 2010), of which AD is the most prominent one. The increasing number
of diagnosed Alzheimer’s diseases among the more and more aging population in our society
and the severity of degradation of the personalities of the affected persons, due to the destructive
processes taking place in the affected brains, make the understanding of this degenerative
disease one of the biggest challenge of brain research.

In 1910 Alois Alzheimer showed, that neuroglia play an essential role in the pathology of the
disease later named after him, in that he found enlarged numbers of neuroglia surrounding
abnormal extracellular protein deposits, which were named neuritic plaques (Alzheimer 1910).
Later it became obvious that the development of reactive astrogliosis is a typical symptom of
the late stages in an “Alzheimer’s brain” (Meda et al. 2001, Mrak & Griffin 2005). Thus
cellular hypertrophy (Rodriguez et al. 2009), as well as overexpression of GFAP (Beach &
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McGeer 1988) and S1008 (Griffin et al. 1989, Sheng et al. 1996) were found postmortem in
brain tissue of patients, but also after AD induction in animal model systems (Nagele et
al. 2003, 2004, Olabarria et al. 2010, Kashon et al. 2004, Verkhratsky et al. 2010). Furthermore
there exists a correlation between the severity of astrogliosis and the cognitive impairment
observed in patients (Kashon et al. 2004). Reactive astrocytes were found in connection with
neuritic plaques, which have been shown to be extracellular deposited aggregates of the
insoluble fibrillary amyloid beta protein (AB). These plaques represent an AD hallmark
(Simpson et al. 2008, Verkhratsky et al. 2010). AB aggregates were identified, besides signals
from damaged or dying cells, as triggers for reactive astrogliosis. A was found to induce
[Ca?"); oscillations in vitro and in vivo, which play an important role in amyloid neurotoxicity,
due to an impairment of astrocyte’s ability to support neurons (Abramov et al. 2003, 2004,
Kuchibhotla et al. 2009, Verkhratsky et al. 2010).
Also other triggers for the development of astrogliosis, as cytokines, NO and reactive oxygen
species (ROS), and the release of inflammatory and neurotoxic factors by reactive astrocytes
participate in neuro-inflammatory processes in the AD pathology (Heneka et al. 2010,
Verkhratsky et al. 2010). A study that used transgenic animals (3xTg-AD) expressing the three
mutant gene variants: for the swedish familial Alzheimer’s disease amyloid precursor protein
mutation (APPswe), presilin 1PSImisev, and tau ps3oiL found that astrocytes exhibited a
morphological atrophy, i.e. a decrease in the staining pattern for GFAP and a reduction in the
size of cell somata and the number of processes (Oddo et al. 2003, Verkhratsky et al 2010).
This study also revealed, that the presence of senile AR plaques leads to reactive astrogliosis in
the direct proximity, whereas remote astrocytes exhibited the morphological atrophy
(Rodriguez et al. 2009, Olabarria et al. 2010, Verkhratsky et al. 2010).
The presence of reactive astrocytes in the direct neighborhood to A plaques might be due to
the fact, that astrocytes play a role in removing AR protein (Rossner et al. 2005, Guenette 2003,
Nicoll & Weller 2003, Verkratsky et al. 2010). The examination of transgenic animals
expressing the amyloid precursor protein (APP) revealed that reactive astrocytes close to A}
plaques contained an enzyme called neprilsyn, which enables them to degrade AB3. Furthermore
in vitro experiments also demonstrated the ability of astrocytes to phagocytize and degrade A3
aggregates (Apelt et al. 2003, Wyss-Coray 2003, Nagele et al. 2003). Since astrocyte reactivity
has been demonstrated to be linked to AB plaques, the question arose, what exactly is the role
of AB, besides the other putative players APP and tau, in Alzheimer’s pathology. Due to the

high conformational heterogeneity of AR, complicating a functional characterization of specific

22



Introduction
oligomers, it became of interest, to create a mouse, overexpressing an exclusive, homogeneous
and neurotoxic dimer version of AB. In 2011, Miiller-Schiffman and colleagues managed to
synthesize a stable functional dimeric transition state of AB3, called AB-S8C. In a further step
they established a mouse expressing this soluble and highly synaptotoxic AR peptide version in
high amounts, thereby demonstrating the role of dimeric AB in the cognitive impairment
associated with AD (Miiller-Schiffmann et al. 2011). The question arose, what impact this
genetic modification for the tentative development of reactive gliosis in this mouse model

system had.

1.6 Aim of the study

The aims of this study were to develop reliable methods to measure changes in the volume and
morphology of astrocytes in acute hippocampal brain slices over minutes up to hours and in
hippocampal slice-cultures over days to weeks, as well as to detect chronic changes in the
cytoskeleton of the cells.

The first question was, whether the labeling of single astrocytes with fluorescent dyes by using
the patch-clamp technique, as described by Bushong et al. (2002), who successfully revealed
astrocyte morphology in fixed brain slices of rats, could be adopted to label vital cells in acute
hippocampal slices of mice, in order to investigate dynamic changes by confocal laser scanning
fluorescence microscopy.

In a next step, it was tried to adopt the technique of real-time detection of volume changes in
brain slices, a described by Risher et al. (2009), into the model system of SR101-stained acute
hippocampal brain slices of mice. The question was, whether a system for the documentation
of volume changes over a period of one to six hours could be developed in order to investigate
the mechanisms of volume regulation in astrocytes, the NKCC1. Then, the effect of NH4" on
the volume regulation of astrocytes was investigated as an example for the development of
NH4"-induced brain edema at early stages.

Hippocampal slice cultures of GFAP/GFP-expressing transgenic mice were used to induce
reactive gliosis by setting a lesion in the CA1 region of the hippocampus and to investigate
astrocyte morphology in the direct neighborhood and the periphery of the accrued glial scar.
The question was, whether astrocyte reactivity is accompanied by a chronic change in cell
volume over days to weeks in culture.

A final set of experiments addressed to the question, whether overexpression of the AD specific
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human APP751, including the familial Swedish (APPswe) and the AB dimer mutation (AB-S8C),

under the control of the neuron-specific Thyl-promoter alters the number of S1008-positive
astrocytes and the content and expression of GFAP in the hippocampus of aged mice. To answer
these questions, fixed tissue slices of transgenic and wild type mice were immune-

histochemically labeled against GFAP and S1008 and compared to each other.
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2 Materials and Methods

For the present work, several techniques for tissue-preparation, -culture and imaging of
fluorescent labelled cells were used and the deployed animals, applied chemicals and solutions,

as well as methodological approaches are explained in this chapter.

2.1 Ethics statement

All experimental procedures within were executed in consistence with the institutional
guidelines of the Heinrich-Heine-University (HHU) Diisseldorf, the European Community
Council Directive (86/609/EEC) and the approbation of the Animal Welfare Office at the
Animal Care and Use Facility of the HHU (Institutional Act number: 052/05). Following the
recommendation of the FEuropean Commission (Euthanasia of experimental animals,
Luxembourg: Office for Official Publications of the European Communities, 1997; ISBN 92-
827-9694-9), mice were quickly decapitated for the generation of acute tissue slices, tissue slice
cultures and fixed tissue slices. Mice at the age or older than P 14, as used for acute or
immunohistochemical experiments were anesthetized with CO2 before decapitation. As the
decapitation represents a postmortem removal of brain tissue no further formal approval was

necessary.

2.2 Acute tissue slices and solutions

For the preparation of acute hippocampal brain slices, 14 to 16 days old (P14-16) Balb/c mice
(Mus musculus) of both genders where used under application of standard preparation
techniques (Meier et al. 2006, Kafitz et al. 2008). After explantation, brains were embedded in
ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCla,
1 MgClz, 1.25 NaH2POa4, 26 NaHCOs3 and 20 glucose, bubbled with 95% Oz and 5% CO2
(carbogen) and adjusted to pH 7.4. Brain hemispheres were separated, trimmed and sectioned
transversally into slices with 250 pm thickness by using a vibratome (Microm HM650V,
Thermo Fisher Scientific, Walldorf, Germany), including the entorhinal cortex, hippocampus
proper and dentate gyrus. For whole-cell patch-clamp and live-cell confocal imaging

experiments, slices where incubated for 20 min in ACSF (34°C) containing ~2 pM sulfo-
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rhodamine 101 (SR101) for astrocyte specific vital staining and then transferred in SR101-free
ACSF (34°C) for additional 10 min (Kafitz et al. 2008).

The experiments done at an upright fixed-stage confocal laser scanning microscope (Nikon
E600 FN CI1; Nikon Instruments, Diisseldorf, Germany). Slices were kept in a perfusion
chamber and continuously perfused with carbogen-bubbled ACSF. The measured osmolarity of
ACSF was ~316 mOsm.

To induce cell swelling hypoosmolar ACSF with an measured osmolarity of ~222 mOsm
containing (mM) 83.3 NaCl, 1.7 KCl, 1.3 CaClz, 0.7 MgClz, 0.8 NaH2POs4, 17.3 NaHCOs3 and
20 glucose was used.

To induce cell shrinkage a hyperosmolar ACSF with ~450 mOsm (measured) was used
containing (mM) 227 NacCl, 4.5 KClI, 3.6 CaClz, 1.8 MgClz, 2.3 NaH2POs4, 47.3 NaHCO3 and
20 glucose.

NH4" experiments were performed with an ACSF in which 5 mM NaCl was substituted by
NH4Cl, as this represents standard NHs" concentration for experiments to study HE. Similar
NH4" concentrations were found in animals with acute liver failure (Swain et al. 1992). To
compensate for the slightly elevated Cl-concentration in NH4"™-ACSF, due to the addition of
NH4Cl, the regular ACSF for these experiments contained a NaCl concentration of 130 mM. To
investigate the function of the NKCC1, 100 uM Bumetanide (Biotrend AG, Wangen/Zurich,

Switzerland) was added to the respective experimental solutions (Kelly & Rose 2010).

2.3 Cultured tissue slices

For the preparation of organotypic hippocampal slice cultures (OHSC) transgenic mice were
used (FVB/T-Tg[GFAPGFP]14Mes/J; obtained from Jackson Laboratory; Harbor, USA),
which expressed green fluorescent protein (GFP) under the GFAP promoter.

After explantation, brains were embedded in ice-cold ACSF containing (in mM) 125 NaCl, 2.5
KCl, 2 CaClz, 1 MgClz, 1.25 NaH2PO4, 26 NaHCOs3 and 20 glucose, bubbled with 95% O and
5% CO2 (Carbogen) and adjusted to pH 7.4. Hemispheres were separated, trimmed and
sectioned transversally with 200 um thickness, including the entorhinal cortex, hippocampus
proper and dentate gyrus, by using a vibratome (Microm HM650V, Thermo Fisher Scientific,
Walldorf, Germany). OHSCs were produced and cultured as described by Stoppini et al. (1991)
using a slightly modified protocol (Schreiner et al 2013). The tissue slices were placed on a

Millicell interface culture insert (PICM ORG 50, hydrophilized PTFE, pore size 0.4 pm; Merck
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Millipore, Darmstadt, Germany) and incubated with a serum-based, antibiotic-free culture
medium in a humidified incubator (5% CO2, 37°C). The culture medium was made of 40%
Hank s balanced salt solution (HBSS; GIBCO/Life Technologies, Darmstadt, Germany), 30%
Dulbecco’s modified eagle medium (DMEM; Gibco/Life Technologies) and 30% sterile-
filtered normal horse serum (NHS; Gibco/Life Technologies) supplemented with 38 mM
glucose (pH adjusted to 7.3-7.4). Slices were inspected and medium was changed three times a
week, the surfaces of the inserts were washed with medium once a week (Schreiner et al 2013).
Slices were kept in culture for 12 days (days in vitro (DIV) 12) for acclimatization and tissue
flattening. After that time, a mechanical lesion was set by using a sterile scalpel blade. This was
done by cutting through the stratum pyramidale (pyramidal cell layer) in the CAl region,
including the overlying stratum oriens, the subjacent stratum radiatum and stratum lacunosum
moleculare. Afterwards, the slices remained in culture for additional 6-7 days (DIV 17-19).
Untreated control slices were prepared and cultured simultaneously for a similar time period
(Schreiner et al 2013).
A propidium iodide (PI) assay was applied to detect cell death. Therefore slice cultures were
incubated, with PI (0.5 pg/ ml) in ACSF on the surface of the inserts, for 3 hours at 37°C and
5% CO2 and washed with ACSF afterwards. For immunohistochemistry, slice cultures were
fixed in 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS, 0.01 M, pH 7.4) for
30 min at room temperature (RT) and then washed three times with PBS every 30 min.
For documentation, confocal laser scanning microscopes were used (Nikon E600 FN C1; Nikon
Instruments, Diisseldorf, Germany and Olympus Fluoview300; Olympus, Hamburg, Germany;

Schreiner et al 2013).

2.4 Fixed tissue slices

For the preparation of fixed tissue slices, a transgenic mouse line was used (C57BL/6N
background). These mice expressed the human APP751, including the familial Swedish and the
AB dimer mutation (AB-S8C), under the control of the neuron specific Thyl-promoter
(APP751swe-AB-S8C) and were termed “tgDimer” (Miiller-Schiffmann et al. 2014). After
dissection of the brain, tissue was kept in 4% PFA at 4°C for 48 hours, then washed three times
with PBS every 30 min at RT and stored in PBS at 4°C until slices of 30 um thickness were

made. To achieve that, brains were enclosed with 4% agar to stabilize. Sectioning was done in

27



Materials and Methods
cooled PBS (0.01 M, pH 7.4, 4°C) and slices were stored in PBS at 4°C until immune-

histochemical staining.

2.5 Whole-cell patch-clamp

For the staining of single astrocytes dye was injected by using the whole-cell patch-clamp
technique (Stephan et al. 2011). Acute tissue slices were placed in a perfusion-chamber at an
upright fixed-stage microscope (Nikon E600 FN C1, 60x water immersion objective, N.A. 1.00;
Nikon Instruments). An ECP 800 USB patch-clamp amplifier, remote-controlled by
“PatchMaster”-software in combination with an LIH 1600 acquisition interface (HEKA
Elektronik; Lambrecht, Germany) was used. Patch pipettes were produced from borosilicate
glass capillaries (Hilgenberg; Waldkappel, Germany) by pulling them out to a resistance of 2 to
3 MQ in a vertical pipette puller (PP-830, Narishige; Japan). Pipettes were filled with a solution
containing (in mM) 120 K-MeSOs, 24 KCl, 12 NaCl, 4Mg-ATP, 0.4 Na3-GTP and 10 HEPES
(N-(2-Hydroxyehtyl)piperazine-N"-2ethanesulfonic acid), adjusted to pH 7.30 (Stephan et al.
2011).

For immunohistochemistry 100 uM AlexaFluor594-hydrazide and 5 pl Neurobiotin (20%) was
added to the pipette solution, and for time-lapse live-cell imaging experiments 200 uM
AlexaFluor488-hydrazine. To stain single astrocytes, cells were clamped to a membrane
potential (Em) of -85 mV. The liquid potential correction was performed, but neither the
compensation of the series resistance, nor of the slow capacitance was done due to the
insufficient voltage control of mature astrocytes (Zhou et al. 2009, Stephan et al. 2011).
Astrocytes were held for at least 20 min attached to the patch pipette in whole-cell mode for
filling with dye; then the pipette was withdrawn as cautious as possible under visual control to
keep cell soma as intact as possible. Then, the slices either were taken for life-cell imaging
experiments, or were immersion-fixed with 4% PFA for 30 min at RT for

immunohistochemistry, followed by three washes with PBS every 30 min.

2.6 Immunohistochemistry

For immunohistochemistry different treatments were implemented. Patch-filled, immersion-
fixed slices were treated with PBS containing 0.25% triton-X100 (TX) for 90 min at 4°C to

permeabilize cell membranes, followed by three washes for 10 min each with PBS at the same
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temperature. Afterwards, the slices were incubated in 100 pl Avidin Alexa 488 (50 pl/ml) in
PBS for 3 h at RT. Subsequently, the slices were again washed in PBS three times for 10 min
each, and then stored in PBS at 4°C or processed for documentation by placing them on
microscope slides followed by embedding in mowiol/DABCO (Calbiochem, Fluka, distributed
by Sigma-Aldrich Chemical, Munich, Germany).

For organotypic slice culture staining, fixed slices were transferred to PBS containing 0.25%
TX and 2% normal goat serum (NGS; GIBCO/Life Technologies) for 90 min at 4°C to perme-
abilize cell membranes and to block unspecific binding sites. The further immunohistochemical
processing of slice cultures used for the experiments presented in Schreiner et al. (2013) is
described here (2.5 Immunohistochemistry; attachment). For the documentation of GFAP/GFP
fluorescence, slices where subjected to DAPI staining (4°,6-diamino-2-phenylindole; 0.5 uM;
Invitrogen) for 10 to 15 min, washed three times in PBS at RT, placed on microscope slides,
and were embedded in mowiol/DABCO (Calbiochem, Fluka, distributed by Sigma-Aldrich
Chemical).

For immunohistochemical staining of fixed tissue slices of “tgDimer”-mice, specimen were
transferred to PBS containing 0.25% TX and 2% NGS for 90 min at 4°C. For GFAP/S1008
double staining, slices were incubated in a solution containing both primary antibodies, GFAP-
mAb (1:1000, DAKO Cytomation, Glostrup, Denmark) and rabbit-S1008 (1:100, Abcam,
United Kingdom) in PBS containing 0.25% TX and 2% NGS over night at 4°C. In the next step,
slices were washed fife times in 2% NGS/PBS and then incubated with anti-mouse-
AlexaFluor488 and anti-rabbit-AlexaFluor594 (1:100) in blocking solution for 2h at RT. After
an additional DAPI staining and a three times wash, slices were placed on microscope slides
and embedded in mowiol/DABCO prior to documentation.

To ensure reproducibility, tissue processing and immunohistochemical staining protocols were
identical for the respective experiments. Parallel to each staining procedure, negative controls
lacking either one or both primary antibodies were performed to proof specific antibody
labeling. Unless stated otherwise, all chemicals were purchased from Sigma-Aldrich Chemical

(Munich, Germany).
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2.7 Image analysis

Confocal microscopy was used to monitor the fluorescent GFP-expressing and
immunohistochemically labelled cells stained with SR101 by using the whole-cell patch-clamp
technique. For this purpose an upright fixed-stage microscope, based on a Nikon E600 FN
(Nikon), combining transmission (differential interference contrast), epifluorescence and
confocal laser scanning microscopy, coupled to a D-eclipse C1 scan head (Nikon), was used.
The microscope was equipped with an Intensilight fiber lamp (C-HGF1, Nikon Instruments), as
well as a helium-neon (543 nm), an argon (488 nm, both Melles Grillot, Bensheim, Germany)
and a diode laser (407 nm, Coherent LaserSystems, Gottingen, Germany). Images were taken
with either a 10x/0.5 water immersion (Flour), a 20x/0.75 (Plan Apo VC), a 60x/1.00 water
immersion (Flour), or a 60x/1.40 oil immersion objective (Plan ApoVC, all from Nikon). EZ-
C1 3.91 Software (Nikon) was used for image acquisition.

To improve image quality, an average image calculation operation of 2 was used for life cell
imaging, and an average of 4 for the documentation of immunofluorescence. The thickness of
z-plane sections was 0.35 pum; the number of optical sections of the acquired stacks varied
depending on the experimental conditions. Unless stated otherwise, images of z-stack scans
were compressed into maximum intensity projections (MIP), displaying the pixel with the
maximal intensity of every image in the respective stack in a single, two-dimensional image.
For the analysis of GFAP fluorescence in immunohistochemically stained specimen of
tgDimere-mice, a quantitative approach was applied, in which grey values above background
threshold were counted to calculate the percentage of GFAP-positive signals related to GFAP-
negative signals below the threshold value. The values for the background threshold were
obtained by measuring the gray values of line plots that were placed in an area, where no or just
a minor signal of GFAP fluorescence was expected. With respect to the hippocampus formation,
this is the case for the cornu ammonis, where somata of pyramidal neurons are located, as well
as the dentate gyrus, the location of the granule cell bodies. The gray values of these “dark
areas” were measured, and used as background threshold. In a next step, the gray value of every
pixel in an image was calculated, the number of pixels above the threshold value was normalized
to the total pixel number and presented as percentage of GFAP-positive pixels per image
(internal correspondence with Dr. Karl W. Kafitz).

For the analysis of scratch wound experiments an Olympus BX51WI microscope coupled to a
confocal laser scanning system (FV300) and equipped with a multiline argon (488 nm) and a

helium-neon laser (543 nm, both Melles Grillot) came into operation. Images were taken with
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either a 20x/0.5 (UMPlanFl, Olympus), a 40x/0.8 water immersion (LUMPIan, Olympus) or a
60x/1.40 oil immersion objective (Plan ApoVC, Nikon). A Kalman filter 4, i.e. an average
image calculation operation of 4, was used. The thickness of z-plane sections was 1 pum, the
number of sections varied depending on the preparation. For the calculation of astrocyte soma
size, confocally monitored GFP-fluorescence in hippocampi of GFAP/GFP-expressing mice
was analyzed in a semi-quantitative approach in that fluorescence-labelled somata of every
single cell in each stack were marked by hand and the resulting areas were automatically
calculated (Schreiner et al. 2013).
For image processing and analysis, either NIS-Elements (Nikon), or ImageJ software (NIH,
Bethesda, USA) was used. Adobe Photoshop CS2 (Adobe Systems GmbH, Miinchen, Germany)
was applied for further image presentation, data illustrations were done by using Adobe

[lustrator CS2.

2.8 Statistics

Unless otherwise specified, data were calculated with Excel and presented as means = S.E.M..
For statistical analysis one-tailed Student’s #-test was used, in which a p value < 0.05 represents
statistical significance (* p < 0.05, ** p <0.01, *** p <0.001). n displays the number of analy-

zed cells and N the number of slices.
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3 Results

3.1 Astrocyte labeling via whole-cell patch-clamp

The whole-cell patch-clamp technique was used to label astrocytes in the stratum radiatum of
the CA1 region of acute hippocampal slices for confocal recording of volume regulation
processes over time. Additionally, astrocytes can successfully be fixed and processed below for
immunohistochemical purposes. Fig. 3.1 A shows astrocytes labelled with the fluorescent dye
AlexaFluor594 (AF 594). The upper picture on the left shows an immature astrocyte; clearly
visible are the soma and two opposing major, as well as several fine processes. The lower major
process contacts a blood-vessel with its end-feet and participates in the formation of the blood-
brain barrier (BBB). The lower picture on the left in Fig. 3.1 A shows a mature, star shaped
astrocyte of about 35 um in diameter. Several major processes originate from the cell soma and
branch into various finer ones, thus forming the spongiform arrangement typical for a participant
of the astrocyte network in the hippocampus.

In addition to the fluorescent dye, the patch pipette contained neurobiotin, which can pass through
the gap junctions between the overlapping processes of neighboring astrocytes and in that way
tags surrounding astrocytes, which are coupled to the primary labeled cell. After the fixation of
the slice, the fluorescent dye AlexaFluor488-conjugated avidin forms a complex with the injected
neurobiotin in an immunohistochemical step, making the gap junction coupled astrocyte network
detectable for confocal laser scanning microscopy (Fig. 3.1 A, NB-AF488). Furthermore, a
strongly ramified blood vessel system becomes visible. The application of DAPI during
immunohistochemical processing allows for the visualization of the nuclei of the various cells
located in the stratum radiatum (Fig. 3.1 A, DAPI). Recognizable are the nuclei of the primary
and secondary labeled astrocytes as well as the nuclei of endothelial cells, which form the
capillaries of the blood vessel system. Additionally, several nuclei of unlabeled cells can be seen.
Merged together, the different labelling techniques give an impression of single astrocytes and
of the astrocyte network formed by gap junction coupling, which is embedded in the tissue of the
hippocampus formation (Fig. 3.1 A, Merge).

The following experimental step was to label a single astrocyte with AlexaFluor488 by use of
the whole-cell patch-clamp technique to stain one single astrocyte entirely and to perform long-
term imaging in 10 min intervals in regular ACSF after successful “de-patching” (Fig 3.1 B).

While patching cells for immunohistochemistry proved to be a practical method to label astro-
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Figure 3.1: Fluorescent labeling of astrocytes via whole-cell patch-clamp in acute hippocampal sclices
Confocal z-stack maximum intensity projections (MIP) of hippocampal CA1 astrocytes in the stratum radiatum of
the CAl region A) Single cells, an immature astrocyte in the upper and a mature astrocyte in the row below, where
labeled with the fluorescent dye AF594 (AF 594, left), in combination with gap junction-permeable neurobiotin.
Complexed with AF488-conjugated avidin (NB-AF488, middle left) and co-stained with DAPI (DAPI, middle
right) the merge images (Merge, right) show how single astrocytes form a network and participate in the formation
of the blood-brain barrier. B) Single astrocyte, labelled with AF488. Images were acquired at 10 min intervals,
starting at time point to (0 min), the first scan after 20 min attached to the patch-pipette for fluorescent labelling and
subsequent de-patching. Showing a well stained, healthy cell shape in the beginning, the cell disrupts and starts to
disintegrate between time point t4 and ts (30 - 40 min); Scale bars: (A) 20 um, (B) 10 um. [own image, Institute of
Neurobiology, Diisseldorf].

cytes, long-term imaging turned out to be more problematic, because the survival rate of the cells
for the next 50 min after removing of the patch pipette was drastically diminished. As shown in
figure 3.1 B, astrocytes, after appearing well stained and intact at the beginning of the imaging
sequence (0 min to 20 min), tended to disrupt over time, so that the targeted six scans of an
labelled and vital astrocyte in this experimental setup could not be accomplished. This problem
occurred in approximately all of the 33 experiments carried out and Fig. 3.1 B shows the most

successful result for this experimental approach.
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3.2 Detection of volume changes in astrocytes

3.2.1 SR101 labeling and image acquisition

The staining of acute hippocampal tissue slices with SR 101 has been proven to be a practicable
and reliable tool for the specific labeling of vital astrocytes (Kafitz et al. 2008). Here, it was used
for the development of a method for the measurement of volume changes in astrocytes. SR101
can be applied during the preparation process, it provides a bright and stable astrocyte-specific
staining pattern and because other cell types remain unstained, the specificity of the staining can
easily be verified by observing the slice with transmission and epifluorescence microscopy
(Fig. 3.2 A, C). Thus SR101-stained slices were positioned into the perfusion chamber of the
upright fixed-stage microscope and continuously perfused with ACSF. To ensure the vitality of
the slice, its appearance had to be examined. Therefore, the pyramidal cells in the CA1 region
were observed at higher magnification (inset Fig. 3.2 A).

SR101 fluorescence has an excitation maximum at the wavelength of 578 nm and an emission
maximum at 594 nm. A confocal setup with a 543 nm He-Ne laser for excitation and a 603 nm
emission filter with a bandwidth of 75 nm were used for documentation (Fig. 3.2 B).

In case of successful staining, a clear pattern was observed with astrocytes showing bright
fluorescence in all layers of the hippocampus formation, i.e. in the stratum oriens, radiatum,
lacunosum, lacunosum-moleculare of the hippocampus and in the molecular layer of the dentate
gyrus. A lack of stained neurons in the CA regions and in the dentate gyrus connote the specificity
of the SR 101 staining.

Then an area within the stratum radiatum, deeper than at least one cell layer (~50 pm) below the
surface of the slice was chosen, where a sufficient number of bright stained astrocytes with a
vital appearance were found (inset Fig. 3.2 C). Prior to the first scan, several adjustments had to
be carried out, in order to obtain images suitable for later threshold operations: first, gain and
offset parameters of the photomultiplier (PMT) had to be adjusted such that within the centers of
astroglial somata a saturated fluorescence signal was measured, without outshining their
boundary areas, for the correct determination of the cell shape. Next, the depth of the scan along
the z-axis had to be determined, so that the scanned volume contained about two to three cell
layers. After these adjustments had been made, z-scans were taken at respective time points
throughout an experiment, in which to (0 min) represented the first scan at the beginning of each

experiment. Since all experiments at to were carried out in regular ACSF, this initial scan serves
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Figure 3.2: for explanation see next page.
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Figure 3.2: SR 101 staining of astrocytes in acute hippocampal slices. A) Transmitted light image (composition)
of an acute hippocampal tissue slice showing the anatomy of the hippocampus proper: CA1, 3 (cornu ammonis), fi
(fimbria), gecl (granule cell layer), GD (gyrus dentatus), hf (hippocampal fissure), ml (molecular layer), pcl
(pyramidal cell layer), pl (plexus), sl (stratum lacunosum), slm (stratum lacunosum-moleculare), sr (stratum
radiatum), so (stratum oriens), Sub (subiculum); the inset shows the somata of pyramidal cells in CA1 in higher
magnification. B) Spectral properties of SR 101 (excitation/emission maxima ~ 586/605 nm) and used setup devices
for documentation (He-Ne Laser, wavelength 543 nm for excitation and 603 nm emission filter, bandwidth 75 nm)
C) Confocal fluorescence image (composition) of a SR101 stained acute hippocampal slice. Clearly visible are the
hippocampal anatomy and the pattern of stained astrocytes within the slice. The inset shows a 3D-like reconstruction
of a life cell imaging z-stack, as it was used for the documentation of volume changes. Scale bars: 250 pm (A, C),
30 um (A inset). A) and C) own images, Institute of Neurobiology, Diisseldorf, B) obtained and
modified from http://www.lifetechnologies.com/de/de/home/life-science/cell-analysis/labeling-chemistry/fluores-
cence-spectraviewer.html.

as a baseline for all executed experimental procedures. The scan intervals varied from 10 to 30
min, according to experimental requirements. Due to the fact that life cell imaging was
performed, it was sometimes necessary to adjust the starting position of the scans and to perform
corrections of gain and offset, especially if the ACSF osmolarity was changed.

While SR101 staining of astrocytes in acute hippocampal slices of mice represents a well-
established technique (Kafitz et al. 2008), the development of a semi-automated method for the
measurement of volume changes in astrocytes required the formulation of a protocol for handling
parameters and the elaboration of the image-processing and -analysis procedures presented in the

following chapters.

3.2.2 Image processing and analysis

The z-stacks, obtained from confocal laser scanning of SR101-labelled astrocytes, were
compressed into single, two-dimensional maximum intensity projections (MIP) for further
analysis, i.e. the calculation of the soma area (Fig. 3.3 A). This approach assumes that volume
changes of astrocyte somata occur uniformly in all directions, based on viewing along the z-axis.
So, the measurements of changes in x- and y-dimensions were appropriate for the detection of
relative volume changes, but underestimating actual volume alterations with the assumption, that
they are nearly isotropic (Risher et al. 2009).

The detection of volume changes requires long term life cell imaging experiments with multiple
z-scan procedures over time in intervals of several minutes. So, although SR101 is a very light-
stable chromophore, bleaching is inevitable, and a reduction of fluorescence intensity might lead
to false measurement results, because cell borders could not be detected properly. To ensure
correct results, as far as automation of the threshold operation and area calculation is concerned,
the MIPs obtained from z-stack imaging at different time points needed to be transferred into an
8 bit depth gray scale image first in order to process the images with ImagelJ. Then, a bleaching
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Figure 3.3: Workflow for image processing and analysis for semi-automated measurements of astroglial soma
area. A) The first step of image processing is the creation of a maximum intensity projection (MIP), an operation
that compresses all images of a z-stack into one two-dimensional image (see Material and Methods). Additionally,
the pixel/um ratio has to be set, that defines, how many um equal one pixel. In a second step, a median filter (MF)
and background subtraction prepares the image for the MINIMUM-Threshold algorithm, which converts the image
into a binary image, showing all pixels below threshold as black and those above threshold as white. If image
properties had been adjusted adequately, the auto-threshold operation provides a correct delineation of soma
boundaries (M-Thr). B) To ensure that bleaching does not distort the results, the gray value intensity along a defined
line plot of every image of a time lapse sequence was measured and adapted to the first image of the sequence by
performing a color correction. C) Surface plots display the gray value distribution over the whole image. D) The
ImageJ wand tracing tool (yellow) correctly outlines the cell of interest in every image of the time lapse sequence
(to-ts). E) The obtained data of the cross-section soma area in pm? can be displayed as absolute values or as

differences (A) to values at to. Scale bars in A: 20 um. [own image, Institute of Neurobiology, Diisseldorf] 37
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correction with respect to the first scan of each experiment was performed by recording a line

plot across two to three prominent cells in the to (baseline) image, which provided the necessary
information about the distribution of gray values along that particular line (Fig. 3.3 B). These
values were compared to the line plot values in the images of the following time points and, if
necessary, adjusted to those of to by performing a color correction. Note that the gray values
reached the saturation maximum at 255 of the 8 bit gray scale, when crossing the cell somata.
The surface plot in Fig. 3.3 C represents an additional tool for the analysis of gray value
distribution in the respective image.

For the display of spatial dimensions, it was necessary to define the picture properties. For spatial
calibration, the EZ-C1 imaging software provides information about the pixel/um ratio, which is
determined by the objective used and by digital zoom. In case of a 60x objective and a twofold
digital magnification the software displays 0.21 pm per pixel. That equals an edge length of
107.5 um for an image of 512 x 512 pixels, as was used for this study (Fig.3.3 C). This
information enabled the software to calculate the area of the cell somata, as described later.

In order to perform an ImageJ threshold operation within the images, a 2.0 pixel median filter, a
nonlinear digital filtering technique to remove noise and to smooth the image and a background
subtraction with the “rolling ball” algorithm and a rolling ball radius of 50 pixels were applied
(Fig. 3.3 A MF).

These individual operations ensured that the MINIMUM-Threshold algorithm correctly outlined
the somata of appropriate astrocytes by converting the image into a binary image (M-THR). The
previous adjustments at the steps of image acquisition and processing secured a consistent
threshold value within one image sequence and in comparison to all other experiments (data not
shown).

The “wand tracing tool” was used to mark the cell boundaries, so that the analyze function was
able to calculate the areas of a particular cell within a time lapse image sequence (Fig. 3.3 D to-
t4). These values could be displayed as absolute values in pm? of an individual astrocyte over
time, or the change (A) of soma areas with respect to the area at to (Fig. 3.3 E).The results were
occasionally compared to measurements of manually outlined cell somata, what ensured the
correct function of measurement procedure (data not shown).

An additional tool to detect changes in the area of a cell soma is to transfer the MIPs of different
time points into differing color channels of an RGB-image (red-green-blue), whereby in this
study the red channel was always used for the image at to and the green channel for images of
later time points (Fig. 3.4 A and B). This results in yellow coloring of colocalized areas. If the

observed astrocyte did swell, the additional soma area appeared green and if the astrocyte did
38



Results
shrink, the lost area appeared red (Fig. 3.4 C arrowheads).The here represented successful

development of a protocol for the detection of acute volume changes in astrocytes, as it was part

of this study, provided the prerequisite for the experiments described in the following.

MIP t4 i,Green C hanntl?'

Figure 3.4: Overlay image - a visual tool for the detection of volume changes. The direct visual comparison
of cells is another tool for the documentation of changes in astrocyte soma size over time. A) Confocal stacks
taken at different time points were processed into MIPs B) MIP taken at to was inserted into the red channel of
a RGB-channel image and MIP taken at t4 into the green channel. C) The image showing both color channels
at the same time reveals differences in shape and size of the cells. Areas of conformity appear in yellow due to
an additive mixture of red and green. In case of cell swelling at t4 the increased soma parts are recognizable as
green areas, in case of cell shrinkage, the reduced soma parts are recognizable as red areas (arrowheads). [own
image, Institute of Neurobiology, Diisseldorf].
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3.3 Volume changes in astrocytes

3.3.1 Volume changes in short-term control experiments

The documentation of volume regulation of astrocytes under control conditions marks a next step
in the development of methods for the detection of changes in cell size. Acute hippocampal
SR101-stained slices were imaged for about one hour in intervals of 10 min. Three different
experimental procedures were applied: 1) control experiments in isotonic ACSF (Fig. 3.5 A), 2)
application of hypoosmolar ACSF to induce cell swelling (Fig. 3.5 B) and 3) application of
hyperosmolar ACSF to induce cell shrinkage (Fig. 3.5 C).

Imaging of astrocytes in isotonic ACSF revealed a soma area of 34.4 + 1.6 um? at to (n = 50,
N = 8; Fig. 3.6 C). Although the soma area values showed minor variations during the following
60 min, no significant alterations in cross-section soma area were measurable. The visual
observation by regarding the overlay images (to + ti to to+ te) confirmed this finding (Fig. 3.5 A).
The application of hypoosmolar ACSF after taking the image to resulted in a significant increase
in soma area from 39.1 + 2.7 um? at to 46.8 + 3.2 um? after 10 min (n=48, N =7). This
enlargement persisted in the presence of hypoosmolar ACSF, except for a down regulation of the
soma size after 20 min to a value not significantly different from the to value. The return to normal
osmotic conditions, i.e. isotonic ACSF, resulted in a significant decrease of the soma area down
to 35.3 £ 2.4 um? at ts, lightly but not significantly smaller than the area at to (Fig. 3.5 B). Again,
these findings were confirmed by overlay images (Fig. 3.5 B, Overlay). Swollen areas were
clearly visible during osmotic perturbation, but disappeared afterwards.

The application of hyperosmolar ACSF after taking the image to resulted a significant decrease
in cross-section soma area from 36.6 = 2.3 um? to 27.4 + 2.2 um? after 10 min (n =32, N =4).
The soma size remained significantly lowered, even after the ACSF had been turned back to
isotonic osmolarity. No back regulation to baseline area values at to could be observed (ts: 28.2
+ 1.8 um?, te: 27.6 £ 1.9 um?). Here again, the overlay images could confirm this finding.

The comparative presentation of the data obtained in these experiments showing the changes of
soma area in relation to the value at to (A) revealed that astrocyte cell volume remained stable
over one hour under control conditions. Hypoosmolar ACSF increased the soma area
significantly by maximally +25 % and hyperosmolar ACSF decreased the soma area by -25 %.
The return of osmolarity to regular conditions at ts caused a decrease of max. -9 % in the swelling

experiment compared to to, whereas cell volume remained significantly decreased in shrinking
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Figure 3.5: Changes of astrocyte soma size in short-term control experiments. Cells swell or shrink in response
to changes in the osmolarity of the applied ACSFs. Experiments were done over 1h, scans were taken every 10 min.
A) Soma area in isotonic ACSF (130 mM NaCl, ~316 mOsm); left: MIP image of SR101-stained astrocytes in
hippocampal stratum radiatum. The marked cell was taken for overlay illustration (middle) of different time points,
the red channel shows the astrocyte at to, the green channel at t,-ts. Yellow indicates an overlay, green areas cell
swelling and red areas cell shrinking; right: summary of soma area measurements of 50 cells from 8 slices + S.E.M.
(blue); no significant alterations in soma area where detected under control conditions. B) Soma area in hypoosmolar
ACSF (~222 mOsm), slices were kept in isotonic ACSF for the first scan at to, then perfused with hypoosmolar
ACSF after 5 min; left: MIP of SR101- stained astrocytes at to; middle: arrowheads point out to swollen areas (green)
of the marked astrocyte at respective time points compared to to. After ts= 40 min scan was taken, superfusion was
returned to normal ACSF for control volume recovery; right: summary of soma area measurements of 48 cells from
7 slices £ S.E.M. (red); asterisks indicate significant alterations in soma area values compared to ty or next time
point respectively. C) Soma area in hyperosmolar ACSF (~450 mOsm), the experimental setup resembles the
experiment in B); left: MIP of SR101-stained astrocytes at to; middle: arrowheads point out to shrunken areas in red.
After 40 min superfusion was returned to normal ACSF for control volume recovery. Right: Summary of cross-
section soma area measurements of 32 cells from 4 slices + SEM (purple); asterisks indicate significant alterations
in soma area values compared to to. Cells did not return to control morphology. (**p <0.01, *p <0.05; ¢-Test; Scale
bars: MIP: 30 pm, Overlay: 10 pm). [own image, Institute of Neurobiology, Diisseldorf]

experiments (Fig. 3.6 A, C). The comparison of baseline soma areas at to determined in the three

different experiments revealed no significant differences. The data for the following time point
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ti-ts showed significant difference from the control values, when the osmolar conditions were

altered, but not under isotonic conditions (Fig. 3.6 B).

A simple volume calculation, based on the assumption of sphere geometry and a uniform

expansion of the somata of the astrocytes in the x-, y- and z-dimension results in Vo= 184 pm?,

based on an soma area of 39.1 um? at to and Vi1 = 241 um? based on t1 = 46.8 pm? at t2, what

equals an increase by factor 1.31 when ASCF is changed from isotonic to hypotonic conditions,
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Figure 3.6: Short-term changes in astrocyte soma size in control experiments. Further evaluation of the data
presented in Fig. 3.5 A) Alterations in soma area of astrocytes in different ACSFs compared to control values at to.
Hypo- or hyperosmolar ACSF were applied, as indicated between to and t; and replaced with isotonic ACSF after 45
min, between t4 and ts. Cells in regular ACSF maintained their soma size as it was expected for control experiments
(M). The hypoosmolar ACSF caused cell swelling, followed by cell shrinkage below to control values when ACSF has
been changed to isotonic again ( ). Under hyperosmolar conditions cells shrink. After return to the isotonic ACSF,
cells were not able to reestablish control values similar to t, ( ). B) Comparison of soma areas for each time point.
The application of hypo- or hyperosmolar ACSF leads to significant changes in astrocyte soma area. While cells in
experiments providing hypoosmolar conditions were able to return to control values, astrocytes under hyperosmolar
conditions remained significantly shrunken. C) Mean soma area values [pm?] = S.E.M. for all shown experiments.
Percentage changes compared to to control values are shown for each time point (¥***p < 0.001, **p < 0.01, *p <0.05,
t-Test). [own image, Institute of Neurobiology, Diisseldorf]
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with a decrement of the osmolarity from ~316 to ~222 mOsm by the factor 1.42. For the

experiments in hyperosmolar ASCF the similar calculation reveals Vo = 167um? based on 36.6
um? at t0 and V1 = 108 um? based on 27.4 um? at t1, what equals a decrease by factor 0.65 when
ACSF is changed from isotonic to hypertonic conditions, with an increment of the osmolarity by
factor 1.42 (1/1.42 = 0.7). So, astrocytes in this experiment behave like an almost ideal
osmometer, what is consistent with a statement by Pasantes-Morales (1996): “...the volume of
cells exposed to anisosmotic fluids rapidly changes as a consequence of water fluxes tending to
equalize the osmotic forces. Brain cells at the beginning behave as a perfect osmometer gaining

water in a hyposmotic medium and losing water in a hyperosmotic medium”.

3.3.2 Volume changes in long-term control experiments

In order to find out whether astrocytes in acute hippocampal slices can regulate their volume over
a longer period of time, the experimental approach described above was modified: 1. the duration
of the entire procedure was set to six hours; 14 measurements were done with scan intervals of
20 min in the first hour and 30 min between t3 = 60 min and the end of the experiment at ti3 =
360 min. 2. There was no return to regular ACSF after application of hypo- or hyperosmolar
ACSFs to test how astrocytes respond to chronic osmotic perturbations.
In contrast to the short-term essay, cells in isotonic ACSF did, although not significantly, alter
their volume during the first 40 min (to - t2) of the control experiment (Fig. 3.7 A). At time point
t3 = 60 min, cell soma area significantly decreased from initial 38.1 + 1.8 um? to 34.3 + 1.4 um?
and it further dropped to 29.0 = 4.1 um? at ts, but then increased again to 31.8 + 3.3 um? at t7
(180 min), which was not significantly different from the value at to. Subsequently, the soma area
decreased again to 26.1 + 2.7 um? at ti2 = 330 min and then slightly increased to 27.4 + 3.2 um?
at t13 = 360 min, the end of the experiment (n =92, N = 12 for the first 90 min, n =18, N =3 for
the following 270 min, + S.E.M.).
The application of hypoosmolar ACSF induced a significant increase in soma area from 51.5 +
1.5 um? at to to 62.2 + 2.8 um? at ti, followed by a decrease at t3 (60 min) to 55.5 2.6 pm?,
which was not significantly different from the value at to. During the next 60 min cell somata
swelled to a maximum of 67.3 = 5.8 um? at ts = 120 min, and then shrunk again to 60.8 + 5.4
um? at t7 = 180 min. Until the end of the experiment, the soma area stayed elevated, but not
significantly, compared to values measured at to (Fig. 3.7 B). The overlay images also revealed
obvious enlargements of the regarded cell for all time points relative to to (n = 76, N = 10,
+ S.E.M.; Fig. 3.7 B, overlay, arrowheads). Hyperosmolar ACSF caused a rapid and significant
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decrease in soma area from initial 45.6 + 6.6 um? to 26.9 + 5.2 um? at t2 = 40 min. Soma area

was further reduced to 17.1 + 2.6 um? after 180 min and fell, after a slight increase at to (240
min), to an absolute minimum of 14.1 + 2.2 pm? after 330 min (n = 8, N = 1, + S.E.M. Fig. 3.7
C). The red areas (arrowheads) in the overlay images confirm this data.

The changes in soma area with respect to the initial soma area at to under isotonic, hypotonic,
and hypertonic conditions are shown in Fig. 3.8. Under isotonic conditions astrocytes shrunk by
-31 % at the most during 360 min. Cell did not shrink continuously but rather showed an
alternating de- and increase of soma area (Fig. 3.8 A and C). This phenomenon becomes more
obvious when cells in hypoosmolar ACSF are regarded. After swelling significantly by +20 %
as a first reaction, cells showed a RVD down to +7 % after 60 min, not significantly different
from the value at to. Then, soma area values significantly rose again to +30 % at ts = 120 min.
Afterwards, cell volume tended to slowly decrease again, but stayed enlarged with respect to to
(Fig. 3.8 A and C).

Hyperosmolar ACSF caused a massive shrinkage of about -40 % at t1 = 20 min. Cell volume
remained significantly decreased and became even smaller, down to a minimum of -69 % at t11
= 300 min. Here, the cells also showed an alternating de- and increase of soma area, as in the
other experimental procedures (Fig. 3.8 A and C).

Regarding the soma areas in the three experimental setups (Fig. 3.8 B) it was conspicuous that
the soma areas at to differed remarkably from each other, although the slices were kept in almost
the same isotonic ACSF. Thus, astrocytes later exposed to hypoosmolar ACSF had a significantly
greater soma area then astrocytes kept in regular ACSF throughout the experiment. The soma
area of astrocyte later exposed to hypoosmolar ACSF was also larger, but this was not significant.
Hyperosmolar conditions caused a significant decrease in cell volume, but when between to the
data obtained under isotonic and hyperosmolar conditions were compared, a significant
difference could be found not until t7 = 180 min. This might be due to high standard deviations

because of low quantities of analyzed cells in hyperosmolar experiments.
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Figure 3.7: Changes of astrocyte soma area in long-term experiments. Experiments lasted for 6 h, scans were
taken every 20 min over the initial 60 min and every 30 min until the end of the experiment. A) Soma area in isotonic
ACSF (130 mM NacCl, ~316 mOsm); left: MIP image of SR101-stained astrocytes in stratum radiatum. The marked
cell was taken for overlay illustration (middle) of different time points, the red channel shows the astrocyte at to, the
green channel at t,-ts. Yellow indicates an overlay, green areas cell swelling and red areas cell shrinking; right:
summary of soma area measurements (n = 92, N = 12 for the first 90 min, n = 18, N = 3 for the following 270 min
+ S.E.M., blue). B) Soma area in hypoosmolar ACSF (~220 mOsm), slices were kept in isotonic ACSF for the first
scan at to, then perfused with hypoosmolar ACSF after 5 min; left: MIP of SR101-stained astrocytes at to; middle:
arrowheads point out to swollen areas (green) at respective time points compared to to; right: summary of soma area
measurements (n =7, N =10, £ S.E.M., red); asterisks indicate significant changes in measured soma area compared
to to or next time point. C) Soma area in hyperosmolar ACSF (~450 mOsm), the experimental setup resembles the
experiment in B); left: MIP of SR101 stained astrocytes at to; middle: arrowheads point out to shrunken areas in red,
right: Summary of soma area measurements (n = 8, N = 1, £ S.E.M., purple); asterisks indicate significant changes
in soma area compared to to. (***p <0.001, **p <0.01, *p <0.05, ¢-Test; scale bars: MIP: 30 um, Overlay: 10 um).
[own image, Institute of Neurobiology, Diisseldorf] 45
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Figure 3.8: Long-term changes in astrocyte soma size in control experiments. Further evaluation of the data presented
in Fig. 3.7. A) Alterations in soma area of astrocytes in different ACSFs compared to control values at to. B) Comparison
of soma area values of the experiments for each time point. The application of hypo- and hyperosmolar ACSF leads to
significant changes in astrocyte soma area. C) Mean soma area values [um?] + S.E.M. for all shown experiments.
Percentage changes compared to ty control values are shown for each time point (***p < 0.001, **p <0.01, *p <0.05, ¢-
Test). [own image, Institute of Neurobiology, Diisseldorf]
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3.3.3 The role of NKCCI1 in volume changes

After having successfully tested how astrocytes in acute hippocampal slices react to alterations
in extracellular osmolarity, and having shown that even relatively small changes in soma area
could be detected, the next step was to examine the behavior of the cells, when a major
component of the cellular volume regulation mechanism was pharmacologically inhibited.
Therefore, the loop diuretic bumetanide, which blocks the Na"-K*-Cl*-cotransporter 1 (NKCC1),
was added to the ACSF and the soma area was measured over 90 min, with scan intervals of 20
min during the first 60 min and a final 30 min interval. Two experimental approaches were
carried out: 1) the measurement of astrocyte soma area with inhibition of the NKCC1 with
bumetanide while osmotic conditions remain unaltered, 2) the measurement of astrocyte soma

area with inhibition of the NKCC1 with bumetanide when extracellular osmolarity was changed.
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Figure 3.9: Influence of bumetanide on the volume of astrocytes. The function of NKCCI1 was blocked by
addition of 100 M bumetanide to the applied ACSFs. Cells were observed for 90 min with scan intervals of 20 min
over the first 60 min (t; — t3) and 30 min until 90 min (t; — t4). A) MIP, overlay images and soma area values of
astrocytes in isotonic ACSF with bumetanide. Cells shrink significantly within 90 min, compared to to. B) As A),
but in hypoosmolar ACSF with bumetanide. Cell swelling, under hypotone conditions (see Fig. 3.7 B), was
completely abolished. (***p < 0.001, **p < 0.01, *p < 0.05, #-test; scale bars: MIP: 30 um, Overlay: 10 um). [own
image, Institute of Neurobiology, Diisseldorf]
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The first experiment was carried out by adding 100 pM bumetanide to the isotonic ACSF, in the

second experiment, 100 pM bumetanide was added to hypoosmolar ACSF. The results show that
the inhibition of NKCC1 led to significant decrease in astrocyte soma area, from 43.8 + 1.8 pm?
attoto 38.9 £ 1.5 um? at t1 = 20 min (Fig. 3.9 A). This reduction continued in the following: 38.4
+ 1.4 um? at t2 = 40 min, 35.6 = 1.4 pm? at t3 = 60 min, and 35.7 £ 1.3 pm? at t4= 90 min (Fig.
3.9 A). The overlay images for the different time points confirmed this reduction in soma area.

In hypoosmolar ACSF bumetanide completely prevented astrocytes from swelling, as observed

without pharmacological NKCCI inhibition (Fig. 3.9 B). After a small soma increase from 47.5
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(***p <0.001, **p <0.01, *p < 0.05, ¢-Test). [own image, Institute of Neurobiology, Diisseldorf]
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+ 3.3 um? at to to 48.3 = 3.1 um? at t1 = 20 min, the soma area decreased to 45.9+ 3.1 um? at t2,

46.4 £ 3.1 um? at t3 and to 44.1 £+ 3.0 pm? at t4 = 90 min. The overlay images confirmed these
results (Fig. 3.9 B). Regarding the differences in soma area the effect of bumetanide becomes
more obvious (Fig. 3.10 A). Compared to to, the soma area in isotonic ACSF decreased by -5 %,
-9 %, -10 % and -12 % during the 90 min of the experiment. In the presence of bumetanide the
soma area decreased by -11 %, -12 %, -18 % and -18 %. The hypoosmolar ACSF caused an
increase in soma area by +20 %, +15 %, +7 % and +13 % (Fig. 3.10 C), in the presence of
bumetanide the soma area changed by +1 %, -3 %, -2 % and -7 % (Fig. 3.10 C). Comparison of
the soma areas at the beginning of the experiments shows a significant difference between
isotonic ACSF experiments and the other approaches, although the conditions were similar.
Isotonic ACSF soma area (blue) significantly deviates from soma areas, measured in other
experiments, which makes a direct comparison of the results difficult. The obtained results varied
between 38.1 + 1.8 um? (blue), 43.8 £ 1.8 um? (gray), 47.5 = 3.3 um? (red) and 51.5 £ 3.1 pm?
(orange) at to (Fig. 3.10 C). There was no significant difference between the soma areas in
bumetanide experiments at to (gray, orange), but between those measured in isotonic ACSF with
bumetanide (gray) and hypoosmolar ACSF (orange, Fig. 3.10 B). As a consequence, soma areas
measured in isotonic ACSF and isotonic ACSF plus bumetanide cannot be directly compared,
but relative changes and differences from the initial value can be used. In contrast, the direct
comparison of soma areas measured in hypoosmolar ACSF and in hypoosmolar ACSF plus
bumetanide demonstrates the difference in volume regulation behavior, in that bumetanide

significantly prevented cell swelling as a reaction to hypoosmolarity.

3.3.4 The effect of NH4" on volume changes

Since NH4" leads to the swelling of astrocytes and hence brain edema, the time course of this
process is of great interest in order to understand it’s pathophysiology.

To investigate how astrocytes react to pathologic amounts of NH4", as they can be found in the
brain of rats with induced ALF (Swain et al. 1992)., three approaches were used: 1. application
of 5 mM NH4" in ACSF in short term experiments, 2. application of 5 mM NH4" in ACSF in
long term experiments and 3. and application of 5 mM NH4" plus bumetanide in ACSF over 90
min.

The application of 5 mM NHa" (~312 mOsm) had no effect on the soma area of astrocytes during

the first 40 min. Starting with 40.7 + 6.9 um?, cell swelled minimally after transition to NHa"-
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ACSF to 41.34+6.5 um? at t; and 41.4 + 6.6 um? at t2, followed by a slight decrease to 38.3 = 6.0

um? at t3 and 38.3 = 5.9 um? at t4. The return to isotonic ACSF resulted in 37.3 = 5.3 pm? soma
area at ts and 37.2 + 4.8 um? at te at the end of the experiment. These values were not significantly
different from each other (n=36, N=5, Fig. 3.11 A).

In long-term experiments with NH4"-ACSF alternating de- and increases of soma area were
observed, as seen before in long-term experiments (Fig. 3.7 B). Starting with 37.6 = 1.4 um? at
to, after transition to NH4"-ACSF the soma area decreased to 35.5 + 1.1 pm? at t1; this reduction
continued and became significant at t> with 34.4 + 1.1 um? and t3 with 32.9 + 1.1 um? soma area.
Then soma area started to re-increase at t4 = 90 min to 34.3 + 1.1 um? This increase became
maximal at ts with 36.6 + 2.8 um? and t¢ with 36.4 + 2.9 um?. These values were not statistically
different from that at to. During the next 120 min soma area decreased again to 33.0 + 2.6 um? at
ts, followed by another increase to 34.7 2.8 um? at tio. Until t13 at the end of the experiment, the
soma area decreased to 33.7 £ 2.8 um?. Although clearly visible red areas in overlay images
indicate cell shrinkage, soma areas between ts and ti3 were not statistically different from that at
to (Fig. 3.11 B). In this case, n = 107 cells and N = 13 slices for the first 90 min, n= 45 cells and
N = 7 slices for the remaining 270 min of the experiment were evaluated. In the presence of 100
uM bumetanide plus 5 mM NHs" in ACSF (~314 mOsm) the soma area continuously decreased
over 90 min. At the beginning of the experiment, soma area was 35.9 + 1.5 pm?, which dropped
to 34.5 + 1.4 um? at t1 and then further to 32.1 £ 1.4 ym at t,30.9+ 1.3 pm? att; and 31.0 £ 1.4
um? at the end of the experiment (Fig. 3.11 C,n= 110, N = 16). The overlay images verify these
results, in that they show clearly visible red areas.

In long term experiments, the changes in soma areas in isotonic ACSF, NH4"-ACSF, and NH4"-
ACSF plus bumetanide showed an alternating de- and increase of cell volume (Fig. 3.12 A).
During the first 40 min of the experiment the soma area decreased by -9 %, -8 % and -10 %. At
t3= 60 min, the area values started to diverge, showing a reduction of -14 % in NH4"-ACSF plus
bumetanide but of only -10 % in isotonic ACSF, which was significantly smaller.

Treatment with NH4" alone caused a soma area reduction of -12 %, which was not significantly
different from the other two values. Significant differences between NH4+"-ACSF (-9 %) and
NH4"-ACSF plus bumetanide (-13 %) occurred at t4 = 90 min, whereas soma areas in isotonic
ACSF (-12 %) turned out to be not significantly different from the other two soma areas
(Fig. 3.12 B). Divergence between control and NH4" experiments reaches a maximum at ts =
120 min, where control values decreased to -23 % and NH4"-treatment caused an re-increase in
soma area to -2 %. This alternating de- and increase of cell volume continued and soma area

converged and approximated maximal at ts (- 15 % in regular ACSF and -12 % in NH4"-ACSF).
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Then again, soma area values departed and became significantly different at time points ti1 and

ti2, where cells in isotonic ACSF shrunk to -27 % and -31 %, whereas astrocytes in NH4"-ACSF
showed soma values of -8 % and -10 % (Fig. 3.12 A, B, C).
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Figure 3.11: Volume of astrocytes in the presence of NHs" and bumetanide. Cells were exposed to 5 mM NH4"
added to the applied ACSF. Short time experiments (1h, scan interval 10 min), long time experiments (6h, scan
intervals 20 min to 30 min, as described above) and pharmacological inhibition experiments with 100 pm bumetanide
(90 min, scan intervals 20 min to 30 min) were carried out. A) MIP, overlay images and soma areas of astrocytes in
short term experiments. NH4"-ACSF was applied between t; and t4. Cell volume remained constant over 60 min. B)
as A), but in long term experiments. Transition to NH4*-ACSF was executed between to and t;. Soma area decreased
significantly during the first 90 min, then it increased, and exhibited an alternating de- and increase of soma area, but
remained insignificantly different from starting value at to. C) As A), but cells were treated with 100 pM bumetanide
added to the 5 mM NH4"-ACSF that has been applied between tp and t; until the end of the experiment. Cells showed
a continuous and significant decrease in soma area during 90 min experiments. (**p < 0.01, *p < 0.05, #-Test; Scale
bars: MIP: 30 um, Overlay: 10 um). [own image, Institute of Neurobiology, Diisseldorf]
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Figure 3.12: Volume of astrocytes in the presence of 5 mM NH4" and bumetanide. Results of experiments carried
out in isotonic ACSF, NH4"-ACSF and NH4"-ACSF plus bumetanide were presented as A soma area, compared
between the different time points and as mean soma area in [um?], as well as relative changes for each time point. A)
A soma areas show a more or less uniform decrease in all experimental approaches for the first 90 min. then soma areas
showed an alternating de- and increase of the soma area, whereas cells in isotonic and NH4"-ACSF had an antithetic
behavior. In contrast to astrocytes in control experiments, which continuously decreased in soma area, NH4"-treated
cells remained, although slightly decreased not significantly smaller than in the beginning of the experiment. B)
Comparison of soma area values of the experiments for each time point. C) Mean soma area values [um?] + S.E.M.
for all shown experiments. Percentage changes compared to ty control values are shown for each time point (*p < 0.05,
t-Test). [own image, Institute of Neurobiology, Diisseldorf]
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3.4 Lesion-induced changes in astrocyte morphology

3.4.1 Organotypic hippocampal slice cultures of GFP/GFAP-expressing mice

For the examination of chronic volume changes, slice cultures turned out to be an appropriate
model system. The use of cultured mouse hippocampal tissue slices (organotypic hippocampal
slice cultures, OHSC) provides the typical layering and basic cellular organization that can be
found in this brain region and retains these properties over a certain period of time (Stoppini et
al. 1991).

During the first 19 to 25 days in vitro (DIV), slice tissue underwent a reduction of thickness from
200 pm to ~ 50 um, containing three or four cell layers. Propidium iodide assay were taken to
proof the viability of cells and the stability of the culture system (data not shown). They
confirmed that the slice cultures were vital, providing minimal cell death within the regions of
interest. The usage of transgenic mice expressing green fluorescent protein (GFP) under the
control of the glial fibrillary acidic protein (GFAP) promoter (FVB/N-Tg[GFAP/GFP]) served
as potent tool for the visualization of astrocyte specific morphology (Schreiner et al. 2013; Fig.
3.12 A).

The GFP fluorescence pattern of tissue cultures prepared from this GFP/GFAP mice confirmed
that the typical arrangement of astrocytes in the CAl strata pyramidale and radiatum was
preserved in this culture system (Benediktsson et al. 2005, Lushnikova et al. 2009; Fig. 3.13 B).

Examination of slice cultures at higher magnification showed that the morphology of single GFP-

A
GFP/GFAP ‘ i Y ¢ e ol GEP/GFAP ’ StrO

CAl  StrP

StrR

Figure 3.13: Organotypic hippocampal slice culture. A) Overview of an OHSC of GFP/GFAP expressing mice.
Layering and cellular organization of the hippocampal formation are visible. B) Overview of the CA1 region of an
OHSC. Note the typical distribution of fluorescent astrocytes in the strata oriens (StrO) and radiatum (StrR) and
the free spaces in stratum pyramidale (StrP), due to somata of pyramidal neurons. C) Higher magnification of the
CAL region. The morphology of fluorescent astrocytes in the StrR (green) and DAPI-stained nuclei of pyramidal
neurons in the StrP (blue) are visible. Scale bars: (A) 300 um, (B) 100 um, (C) 20 um. [own image, Institute of
Neurobiology, Diisseldorf]
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expressing astrocytes was clearly visible and suited for the examination of changes in shape and

volume of these cells (Fig. 3.13 C).

3.4.2 Astrocyte morphology following mechanical lesion

Reactivity of astrocytes and the development of astrogliosis, as they were to investigate in these
experiments, was induced by setting a mechanical lesion. A sterile scalpel blade was used to cut
through the strata oriens, pyramidale and radiatum at the CA1 region of cultured hippocampal
slices under semisterile conditions (Fig. 3.14 A, B, C). Afterwards, the slices were returned into
culture and cell morphology was observed six to seven days later.

For the characterization of reactive gliosis induced by the lesion, soma areas of fluorescent
astrocytes in control and lesioned slices from GFP/GFAP-expressing mice were analyzed. Slice
cultures were imaged with confocal microscopy and spatial resolution was calculated by
adjusting the pixel/um ratio. Somata were manually encircled and the resulting area was

calculated. Results were discriminated between soma area of cells next to the lesion site (scar),
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Figure 3.14: for explanation see next page.
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Figure 3.14: Scratch wound model for the induction of astrogliosis in organotypic slice cultures of GFP/GPAP-
expressing mice. A) Confocal image of an unlesioned organotypic hippocampal slice culture (OHSC) of a
GFP/GFAP expressing mouse. Distinct layering and clear astrocyte and neuronal organization pattern is visible.
(own image, Institute of Neurobiology, Diisseldorf) B) Schematic illustration of the performed scratch wound within
the hippocampus formation and the region of interest for the measurement of soma areas in direct proximity as well
as in the periphery of the lesion site (from Schreiner et al. 2014). C) Confocal image of a lesioned OHSC. The lesion
site is clearly visible as a prominent gap within the culture tissue. The layering and cellular organization is still
recognizable, as well as the glial scar, indicated by a strong GFP fluorescence (courtesy of Alexandra Schreiner).
D) Confocal images of GFP fluorescence in cultured slices obtained from GFP/GFAP transgenic animals under
control conditions (/eff) and subjected to a lesion (right). Cells surrounded by boxes are shown in the insets at higher
magnification, and the dashed lines around the soma indicate the areas which served to determine their size. E)
Quantification of soma area based on GFAP/GFP fluorescence in control and lesioned slices. The soma size
increased both in astrocytes in the scar region (“scar”) and in astrocytes in the periphery of the lesion (“periphery”,
D) and E) from Schreiner et al. 2014). StrP, stratum pyramidale; StrR, stratum radiatum; StrLM, stratum lacunosum
moleculare. (***p <0.001, *p < 0.05, scale bars: (A), (C): 100 pm, (D): 40 um and 10 um (inset)).

cells in the periphery, in distances of 100 to 350 um to the scratch wound (periphery) and soma
areas of astrocytes in unlesioned slices (control).

Astrocytes in direct proximity to the lesion site showed an increase in soma area of 24 % and
astrocytes in the periphery of the scratch an increase of 18 %, compared to astrocytes in control
slices (control: 163 + 2 um?; n = 945, lesion periphery: 193 + 3 um?, n = 496; scar tissue: 201 +
4 um?, n=439; N =7, control; N = 9 lesioned slices; Fig. 3.14 D, E).

This chronic increase in soma size represents, besides an increase in GFAP and S1008 expression
(Schreiner et al. 2013), a defined characteristic of reactive gliosis after mechanical lesion. The
results confirm that the mechanical lesion model in organotypic hippocampal slice cultures of
GFP/GFAP expressing mice is a practical tool for the examination of the development of a glial
scar accompanied by a strong activation of astrocytes and appearance of astrogliosis (Schreiner

etal. 2013).

3.5 Staining pattern of GFAP and S1008 in AB-S8C dimer expressing mice

In order to investigate whether the overexpression of AB-S8C dimer, which plays a key role in
the pathology of Alzheimer’s disease, causes an activation of astrocytes and hence might be
responsible for the development of astrogliosis in the hippocampus formation of aged mice,
hippocampi of transgenic animals where examined. These mice (C57BL/6N background) express
the human APP751, including the familial Swedish and the AB dimer mutation (AB-S8C), under
the control of the neuron-specific Thy1-promoter and were called “tgDimer”.

PFA-fixed slices of 15 to 16 months old mice were used and immunohistochemical double
staining against astrocyte-specific GFAP and S1008 was carried out, as well as staining with
DAPI. GFAP immunoreactivity was quantified by measuring the distribution of gray values per
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Figure 3.15: GFAP and S1008 immunoreactivity pattern in the hippocampus formation of aged AB-S8C dimer
expressing mice compared to control animals. A) GFAP and S1008 immunofluorescence and DAPI staining
pattern in the hippocampus and the dentate gyrus of fixed tissue slices of AB-S8C dimer expressing mice (aged, 15
months) compared to C57BL/6N control animals (aged, 16 months). Visual examination reveals no difference
between transgenic and control animals. B) Measurement of the percentage of pixel above threshold and S10083-
positive cells in hippocampus and dentate gyrus of tgDimer and C57BL/6N control mice. Scale bars: 150 um, N =

5 for tgDimer and C57BL/6N control mice; + STD. [own image, Institute of Neurobiology, Diisseldorf]
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pixel within the images and subtraction of pixels, whose gray values were below a defined thre-

shold value. The threshold was determined by a line plot, positioned within the “dark™ areas of
every respective image made up by the GFAP negative somata of the pyramidal neurons in the
stratum pyramidale of the CAl region. The fraction of the pixels with a GFAP signal above
threshold in the confocal images of the hippocampus and the dentate gyrus was used to evaluate
the degree of GFAP expression in tissue slices of tgDimer- mice compared to C57BL/6N control
animals. Furthermore, the number of S1008-positive cells within the CA1 region and the dentate
gyrus of the hippocampus formation was counted.

There was no significant difference in the percentage of pixels above threshold in confocal
images of tgDimer mice compared to control animals. tgDimer mice exhibited 34.2 + 5.3 % of
pixel above threshold in the hippocampus and 36.4 + 4.5 % in the dentate gyrus, compared to
34.8 £5.9 % positive signal in the hippocampus and 43.0 + 6.6 % in the dentate gyrus of control
animals. tgDimer mice had an average of 65.6 + 1.2 S100B-positive cells in the hippocampus and
124.4 + 3.7 S100B-positive cells in the dentate gyrus. Control mice exhibited an average of 69.8
+ 1.7 S1008-positive cells in the hippocampus and 114.1 + 2.1 in the dentate gyrus (N = 5 slices
each; = STD, Fig. 3.15 A, B). Taken together, these data show that AB-S8C toxicity does not
promote the activation of astrocytes and the development of astrogliosis in this transgenetic

mouse model for the investigation of Alzheimer’s disease.
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4 Discussion

This study intended to answer the question, how to investigate acute and chronic changes in
astrocyte cell volume and morphology in vital and fixed tissue, and how astrocytes react to
different pathological stimuli. A method that is based on the specific staining of the cells with
SR101 for the investigation of volume changes of astrocytes in acute slices over minutes and
hours has been developed. Anisotonic extracellular solutions were applied. The inhibition of
NKCCI1, describing the role of this cotransporter in volume regulation under anisotonic
conditions and in the presence of NH4", which is responsible for the development of brain edema
following ALF, CLF and FHF were examined with this model system. Slice cultures of
transgenic mice expressing GFAP-coupled GFP were used for the investigation of traumatic
brain injury-induced astrogliosis, simulated through a scratch wound lesion as an example for
chronic volume changes during days or weeks. The effect of a neuronal overexpression of a
putative neurotoxic AB-dimer on astrocytes in the hippocampus of aged transgenic mice was
immunohistochemically examined for a possible role of this AB-dimer in the chronic
development of astrogliosis, which would be indicated by increased GFAP and S1008

expression patterns.

4.1 Staining procedures for astrocytes in acute hippocampal slices

For the understanding of how astrocytes are integrated into the cytoarchitecture of the
hippocampal neuropil, it became necessary to label not only parts of their cytoskeleton as is can
be done by using classical immunohistochemically antibody-labelling against GFAP, for
example, but rather to find methods for the visualization of entire astrocytes and their complex
spongiform morphology. Bushong et al. (2002) described a technique for the intracellular filling
of astrocytes in fixed tissue with fluorescent dye by using sharp electrodes, and thereby was able
to describe spatial relationships between these cells. For the study of morphological changes of
astrocytes in acute hippocampal slices as a reaction to osmotic challenges or pharmacological
stimulation, it was necessary to modify this experimental approach. The whole-cell patch—clamp
technique was used here for the intracellular labeling of astrocytes in acute hippocampal slices.
It has been shown, that astrocytes can successfully be patched, labeled and also visualized in

their entirety, before and after the fixation of the tissue (Fig. 3.1 A,B) what allows for
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experimental approaches of cells in living tissue, as well as immunohistochemical studies
afterwards. The use of gap junction-permeable labeling reagents, such as for the described
avidin-neurobiotin method here, revealed the functional syncytium formed by the astrocytes and
also showed the perivascular endfeet ensheathing capillaries. Additional immunohistochemical
staining methods have also been applied to the slices (Fig. 3.1 A). Taken together, this method
allows for the identification of cells after electrophysiological characterization, for example and
the visualization of gap junction coupled cells (Stephan 2011). The combination of this
technique with further immunohistochemical staining methods provides additional possibilities.
As well, the combination of this labelling technique with confocal scanning microscopy allows
for the visualization of high resolution images and 3D reconstruction, as described by Bushong
et al. (2002). The detection of volume changes over a certain period of time demands, that
astrocytes were kept alive before, during and after having underwent the staining procedure.
However, the modification of the method for the recording of acute volume changes of
astrocytes turned out to be very difficult, in that the loss off cells upon de-patching and the
disruption of cells over time lead to the miscarriage of many experiments. For the detection of
volume changes, it is necessary do withdraw the patch-pipette, because measurements of
volume changes would be falsified by the supply of ions from the solution in the patch-pipette.
During this withdrawal most of the cell-somata were lost. When the de-patching process was
successful, a disruption off the cell lead, as described (Fig. 3.1 B), to a failure of the experiment,
what lead to the decision that this technique should not be pursued further.

In contrast, the labeling of astrocytes with SR101 turned out to be an unproblematic staining
method, which could easily be applied for monitoring volume changes of astrocytes in acute
hippocampal slices. Confocal laser scanning microscopy was used for the real-time imaging of
SR101-stained astrocytes in the stratum radiatum of the CAl region in acute hippocampal
slices. The very light-stable chromophore allows for the scanning of a cubic volume in the slice
tissue up to thirteen times (Fig. 3.7). The SR101 staining marks all astrocytes so that multiple
cells can be measured, but it is not possible to visualize one single cell entirely, as is shown by
Bushong et al. (2002) for the intracellular dye filling, or by using whole-cell patch-clamp, as
shown here. The obtained picture stacks were transferred to maximum intensity projection
images, what compresses the image information of the scanned volume into a two-dimensional
image. This approach circumvents extensive 3D-reconstruction and volume calculation and
allows for the fast and uncomplicated measurement of multiple cells by using a threshold

algorithm for the calculation of cross section soma area. In combination with an overlay method
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for visual verification, as well as occasional validation via manual encirclement it is secured,
that the semi-automated measurements are correct. After having determined the appropriate
parameters, this method approved useful for the analysis of astrocyte volume in the intact tissue.
Several other studies over the past few years used similar techniques: Hirrlinger et al. (2008)
used transgenic mice, whose astrocytes were labelled by expressing enhanced GFP (EGFP)
under the GFAP promoter control together with a two-photon laser scanning microscope. The
z-stacks obtained by this method were also transferred into MIPs and soma area was measured
by counting the number of pixel above a distinct threshold.

Florence et al. (2013) used SR101 labelled, acute hippocampal slices of rats for volume
measurement. Like Hirrlinger et al. (2008), they used two-photon microscopy and they also
transferred obtained stacks into MIPs, which were thresholded, obtained areas calculated and
presented as percent changes.

The study of Risher et al. (2009) then served as basis for the development of the measurement
method presented here. They used two-photon laser scanning microscopy for image acquisition
and also used transgenic mice with EGFP-GFP expressing astrocytes. Soma areas were
measured by employing three different techniques: somata were traced by hand, MIP images
were pseudocolored in green and red and then overlaid, and “control profiles were traced and
filled to create a mask, which revealed peripheral areas of swelling when overlaid upon
experimental images.” (Risher et al. 2009).

The method presented here is a symbiosis of these approaches, which uses confocal laser
scanning microscopy instead of two-photon laser scanning microscopy to avoid its poor axial
resolution (~ 2um, Florencet al. 2013). SR101 labelling for staining of astrocytes was chosen,
because of its reliability and uncomplicated handling (Kafitz et al. 2008), besides its economic
efficiency, compared to the usage of transgenic animals. Although the analysis of MIPs for the
measurement of relative volume changes underestimate actual volume changes, this approach
is considered to adequate therefore (Hirrlinger et al. 2008, Risher et al. 2009, Florence et al.
2012), because it allows the direct measurement, instead of indirect methods. Examples
therefore are the measurement of increases in extracellular resistance (Traynelis & Dingledine
1989), field potential amplitude (Rosen & Andrew 1990) and tissue light transmittance (Andrew
& MacVicar 1994), which were also mentioned by Risher et al. (2009).

The combination of a semi-automated, threshold algorithm based image analysis method,
together with visual comparison of overlay images and occasional validation via manual

encirclement was chosen to secure correct measurements.

60



Discussion
However, due to the fact that SR101 labels all astrocytes within the tissue slice, measurements
of changes of cross section soma area in this study refer to the cell body and major processes
that can be allocated to one accurately defined cell. Nonetheless, developing and using this
technique, high resolution images of astrocytes and reliable measurements of respective cross
section soma areas were obtained. Experimental protocols were developed for short-time
experiments over an hour, to monitor volume under control conditions and upon application of
hypo- or hyperosmolar extracellular solutions. These procedures where adopted to long-time
experiments with a duration of six hours. Pharmacological experiments allowed the examination
of molecular components that are putatively involved in the control of the volume of astrocytes

in acute hippocampal slices.

4.2 Volume regulation in short time experiments

The cross-sectional soma area of astrocyte did not change significantly over 60 min under
control conditions in regular ACSF, although alternating de- and increases in between +3.9%
and -4.0% as referred to the soma area at the beginning of the experiment were detected, what
leads to the assumption, that a constant cell volume under isotonic conditions is a result of cell
swelling tendencies and cell shrinking tendencies, indicating a dynamic volume regulation
around the volume set point (Russel 2000).

There are several other recent studies, in which similar experimental techniques were used to
determine astrocyte volume changes (Hirrlinger et al. 2008, Risher et al. 2009, Florence et al.
2012), but only Hirrlinger et al. (2008) and Florence et al. (2012) studied real time volume
regulation under control conditions. Hirrlinger et al. (2008) reported a decrease of soma area of
about 6% over 32 min and Florence et al. (2012) a decrease by ~1% over 40 min: both groups
did not detect alternating de- and increases of the soma area. Such a dynamic volume regulation
could be the result of the regulation of changes in [K*]o due to neuronal activity, where astocytes
are thought to play a key role in via K" spatial buffering (Kofuji & Newman 2009, Florence et al.
2012).

Reduction of extracellular osmolarity by -90 mOsm resulted in significant increase in soma area
followed by a decrease after 20 min, indicating the activation of a RVD mechanism, and a
significant increase afterwards (Fig. 3.5 B, Fig. 3.6). This is in contrast to results obtained by
Risher et al. (2009), who also found a volume increase after reducing the extracellular

osmolarity by —40 mOsm, but did not observe RVD, probably due to the much shorter
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observation time (one scan after 15 min exposure). An increase in cell volume after application
of hypoosmolare ACSF with an osmolarity of ~206 mOsm was also reported by Hirrlinger et
al. (2008), which turned to a slight, but insignificant decrease after 40 min.

In contrast, cells in our study swelled again at later time points what might indicate, that the
presented hypoosmotic challenge might have been too massive for the volume regulatory
capacity of astrocytes to counteract over longer periods of time.

Return to normosmotic condition resulted in a slight undershoot that might be due to a volume-
regulatory loss of osmolytes (Strange 1992). Increasing the extracellular osmolarity by +140
mOsm resulted in an expected decrease in the soma area of the astrocytes. This decrease
remained irreversible, even after return to normosmotic conditions, indicating a damaging of
the cells.

In summary, the results suggest that the SR101-stained acute hippocampal slice model system
is appropriate for the monitoring of volume changes in astrocytes, because cells in isotonic
ASCF maintained a constant cell volume over 60 min, and we were able to measure volume
changes due to changes of the extracellular osmolarity, together with a return to base line values

after transition to isotonic conditions, at least when hypoosmolar ACSF was applied before.

4.3 Volume regulation in long term experiments

This work is, to our knowledge, the first to investigate volume regulation of astrocytes in
hippocampal slices over an extended time range. Other studies on volume regulation of
astrocytes extended over periods of maximally 60 min (Hirrlinger et al. 2008, Risher et al. 2009,
Florence et al. 2012).

Here, we examined a range of 360 min. With an experimental duration of more than six hours,
this procedure approximated the maximum extent of time for the use of acute hippocampal
slices. It could have been shown that the tissue injury by the vibratome leads to changes in
cellular metabolism and receptor activation, as well as in the expression and location of astrocyte
specific proteins, amongst others (Takano et al. 2014), so that acute slices cannot be kept viable
for more than several hours.

Being almost similar to the results obtained in short term experiments, which gave first hints for
volume regulation of astrocytes, measurements over a prolonged time period revealed that the
soma area decreases over time (Fig. 3.7 B, Fig. 3.8). This decrease was overlaid by a de- and

increase of soma area with periods up to 120 min, which implies that cell volume is regulated
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dynamically, in that alternate volume increase and decrease mechanisms occur (Russel 2000)
that might be according to activity-based changes in ion concentration and osmolarity (Kofuji
& Newman 2009, Florence et al. 2012). The fact that cell volume in general decreases over time
might be explained by the fact that the experiments were carried out ex vivo. It is noted that
water and ion homeostasis in the CNS are tightly controlled via the glymphatic system, “a
paravascular fluid exchange pathway that enables brain interstitial and cerebrospinal fluid
turnover and is facilitated by glial cells” (Thrane et al. 2014) which consists of four separated
fluid compartments: the intracellular fluid (ICF); the interstitial fluid (ISF); the cerebrospinal
fluid (CSF); and vascular compartments. This system regulates the exchange of cerebrospinal
(CSF) and interstitial fluids (ISF), and also influences intracellular fluid homeostasis
(Thrane et al. 2014) and the drainage of excess water via the vascular compartment. Regarding
the experimental conditions, two components of this “brain-wide paravasculare pathway for
cerebrospinal and interstitial fluid exchange”, namely the paravascular CSF-ISF exchange, were
missing (Thrane et al. 2014, Hirrlinger et al. 2008), a fact that might explain the observed
impairment of astrocyte volume maintenance.
Hirrlinger et al. (2008) also reported a significant reduction in astrocyte soma area under control
conditions, which was ascribed to photobleaching of EGFP after 32 min. Photobleaching of
SR101 might be an explanation for the volume decrease observed here, however to a minor
degree, since an adequate bleaching correction procedure has successfully been performed.
Acute hippocampal slices are suitable to examine morphology and physiology over a certain
period of time, it is undeniable that the vitality of the cells decline the longer the time ex vivo
becomes. lon composition and energy supply, mediated by superfusion with ACSF can only
simulate several important necessities essential for a proper physiological functioning. The
isotonic ACSF used here had an osmolarity of ~316 mOsm. Hirrlinger et al. (2008) used an
ACSF with an osmolarity of ~322 mOsm and reported a decrease in soma area of about 6%
during 32 min. Risher et al. (2009) worked with an ACSF of 291-293 mOsm, did not perform
time lapse imaging, but measured soma area once under control conditions, once after having
decreased and increased the extracellular osmolarity and again under control conditions.
Florence et al. (2012) used an ACSF with 295-300 mOsm for experiments with acute brain
slices of Sprague Dawley rats, instead of mice, which were used by Hirrlinger et al. (2008),
Risher et al. (2009) and in the present study. Florence et al. (2012) measured a soma area
decrease of ~ 1% over 40 min. So, Hirrlinger et al. (2008), Risher et al. (2009) and Florence et

al. (2012) inspected volume regulation for a shorter time range, compared to the present study.
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ACSF recipes try to approach physiological conditions. These conditions, to be more precise
ion homeostasis and water balance between intra- and extracellular space need to be strictly
regulated, differences in the osmolarity of the applied isotonic ACSF, although appearing quite
small, may lead to the described cell shrinkage as far as volume regulation over longer periods
of time is concerned.
Other factors, for example hormonal regulation by vasopressin (AVP), atriopeptin (ANP),
angiotensinogen (AGT) and angiotensin (Ang) II, also important for water and ion homeostasis
in astrocytes, are missing(Simard & Nedergaard 2004). The lack of such centrally released
factors that are supposed to regulate cell volume “possibly via intrinsic osmoregulation of glial
cells” (Simard & Nedergaard 2004) might impair the ability of astrocytes to maintain a constant
cell volume over time in acute slices.
The unphysiological room temperature at which the experiments were done may contribute to
the observed decrease in cell volume. This could be explained by the fact that cation-chloride-
cotransporters (CCCs) exhibit a temperature dependence (Hartmann & Nothwang, 2011) and it
has been shown that the transport activity of NKCCI1 is increased at 37°C compared to RT
(Hannemann & Flatman 2011). Also, it has been shown here, that the inhibition of NKCC1 by
bumetanide administration resulted in a significant reduction of the soma area under isotonic
conditions (Fig. 3.9 A). So a decreased NKCCI1 transport activity at RT might also contribute
to the impaired volume maintenance of astrocytes in acute slices. The experiments carried out
by Risher et al. (2009) took place at 32-34°C. Furthermore, Chvétal et al. (2007) reported that a
reduction in extracellular osmolarity of -100 mOsm at room temperature resulted only in a small
RVD. Hirrlinger et al. (2008) also reported a decrease of soma area under isotonic conditions
after 32 min at RT. Although they assume, that this decrease is due to photobleaching, they
argue that volume regulation processes like RVD might be temperature-dependent, since RVD
was found in cell cultures at 37°C, and that experiments carried out at RT might not provide
optimal conditions for a proper function of these regulation processes. However, elevating the
temperature to 37°C would result in a massive decrease in the vitality of the slices and cells,
thus drastically reducing the experimental time and making six hours experiments with acute
hippocampal slices impossible. This problem could possibly be avoided by performing such
experiments with hippocampal slice cultures at 37°.
It was postulated that cells under hypotonic extracellular conditions react with an anisotonic
volume change that is a rapid water flow into the cell (Strange 1992). In contrast to previous

studies in cortical slices (Andrew & MacVicar 1994, Andrew et al. 1997, 2007) a reduction of
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soma area, i.e. an RVD, was detected here, however not before ~50-60 min after exposition to
hypoosmolar ACSF. Risher et al. (2009) measured soma area during 15-20 min of osmotic
challenge with no sign of RVD. The subsequent rise in soma area indicates, that the cells were
not able to maintain the RVD, suggesting that the osmotic challenge was too massive to
withstand for a prolonged time period. After reaching the peak of volume increase after 120 min
(Fig. 3.7 B, Fig. 3.8), soma area stayed elevated. That this elevation was not significant with
respect to the baseline value might reflect the volume decline over time observed under control
conditions.

The exposure to hyperosmolar ACSF resulted in the expected volume decrease, with only a
slight tendency for a postulated RVI (Strange 1992). The finding that cell volume stayed
significantly decreased in short-term and in long-term experiments indicates that astrocytes
cannot compensate a drop in extracellular osmolarity by 30% or more. The lack of the many
other factors responsible for volume regulation in the intact brain might contribute for this

inability.

4.4 Bumetanide inhibits anisotonic volume decrease

Ion and water transport in the brain need to be tightly regulated, due to the placement of this
part of the CNS within an osseous skull (Passantes-Morales 1996). The cellular mechanisms
underlying the sensing of cell volume and the activation of its regulation in the brain are not yet
fully understood. The activity of ion transporters and ion channels serves not only for the
homeostasis of inorganic solutes but also for the maintenance of the cell volume and is
upregulated within seconds upon osmotic perturbations that trigger sensors of the volume set
point. (McManus et al. 1995, Kahle et al. 2009). The significant decrease in soma area in
isotonic ACSF upon bumetanide administration indicates a participation of NKCCI1 in the
volume regulation in astrocytes under isotonic conditions, and not only in RVI. NKCCl is found
in various types of tissue, especially in epithelial cells, where it is involved in ion homeostasis.
In the CNS NKCCI is expressed in neurons and glial cells, where it is assumed to be involved
in volume regulation and ion homeostasis. Thus NKCC1 has been shown to contribute to several
pathogenic states, for example ischemic damage of neurons and development of brain edema
caused by astrocyte swelling and glutamate release (Chen & Sun 2005).

The complete inhibition of osmotically induced volume changes by bumetanide leads to the

conclusion that in contrast to previous assumptions by Risher et al. (2009), cell swelling is not
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a passive, but rather an active process, in which bumetanide-sensitive cotransport through the
NKCCI plays a crucial role. This contradicts the model that water is in thermodynamic
equilibrium across the plasma membrane under and freely permeable through the cell membrane
when a transmembrane osmotic gradient causes a passive water flux. According to this view,
astrocytes should not be able to resist an osmotic challenge, as they are, when NKCCI is
inhibited. It is also assumed that animal cells are not able to counterbalance transmembrane
osmotic gradients by correspondingly generating hydrostatic pressure (McManus 1995, Kahle
et al. 2009) and therefore change their volume. Regarding epithelial barriers, it is known that
cells are able to avert the passage of certain molecules like water, protons and ammonia across
their membranes (Zeidel 1996) and that the transport of such molecules through this membranes
might not be a passive, but rather an active and regulated process.
In the case of water and NHa4", it has been shown that membranes with high amounts of fully
saturated hydrocarbon chains like sphingomyelin and certain amounts of cholesterol sulfate
show a reduced permeability for these substances (Zeidel 1996). H2O and NH4" are important
molecules, as far as astrocyte duties regarding homeostasis are concerned. According to the
results obtained here, volume regulation in the brain is a tightly regulated process, in which
NKCCI contributes permanently to the maintenance of cell volume, not only under isotonic
conditions but also upon osmotic perturbations by upregulation of its activity. Thus NKCC1
inhibition resulted in a significant volume decrease under control conditions, as well as in a lack
of cell swelling under hypotonic conditions. This fits in with several corollaries, which Russel
(2000) postulates, when talking about the role of NKCC in the homeostatic cell volume
regulation: ““...3) Inhibition of the NKCC fluxes under normally isosmotic conditions would
lead to cell shrinkage (assuming normal cell volume is the dynamic result of cell shrinkage
tendencies and cell swelling tendencies) 4) Stimulation of NKCC fluxes ought to cause cell
swelling. 5) Cell swelling might be expected to reduce NKCC fluxes...” (Russel 2000). Here,
Inhibition of NKCCI1 results in a decrease in cell volume under isotonic conditions, but it is not
clear, if hypotonicity induced cell swelling is caused by stimulation of NKCC fluxes or vice
versa. And finally our results show, that reduction of NKCC fluxes (inhibited by bumetanide)
prevent hypotonicity induced cell swelling.
Andrew et al. (2007) proposes that pyramidal neurons are “osmoresistant”, i.e. they maintain
their volume upon osmotic challenge in order to sustain their electrophysiological stability.
Astrocytes are able to alter their volume in reaction to osmotic challenge, because of the

expression of water-permeable aquaporins (Nielsen et al. 1997, Amiry-Moghaddam & Ottersen
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2003, Risher et al. 2009). But when NKCCI is inhibited, astrocytes also seem to be “water-
tight”, because hypotonic conditions then do not lead to cell swelling. Volume changes thus
seem to be activated by some sort of osmosensor, comparing the osmolarity of extracellular and
intracellular compartments, triggering the activation of NKCCI and somehow propagating

water influx, gated via aquaporins for example.

4.5 Ammonium hampers volume decrease in acute slices

NH4" has been shown to induce the swelling of astrocytes, thus leading to severe brain edema,
the most prominent complication in the late phase of HE caused by ALF (Norenberg 1987,
Traber et al. 1987, Swain et al. 1991). Several studies showed that high NH4" levels lead to this
pathological increase in cell volume in vivo and in vitro (Ganz et al. 1989, Takahashi et al. 1991,
Blei et al. 1994, Norenberg et al. 2009). Jayakumar et al. (2008) showed that cultured astrocytes
react upon NH4" treatment with an activation of NKCC1 and subsequent cell swelling, which
could be reduced significantly by bumetanide. That study also found an increase in total NKCC1
protein expression as well as an enhanced oxidation and nitration of NKCC1, and that the
treatment with antioxidants and cyclohexamide (CHX) significantly decreased the NHai'-
induced NKCC1 activity (Jayakumar et al. 2008). Since oxidative and/or nitrosative stress
activates the transcription factor NF-kB, Jayakumar and Norenberg (2010) showed an increased
NF-kB activation (nuclear translocation) upon NH4" treatment, which could be prevented by
treatment with antioxidants and NOS inhibitors as well as by direct inhibitors of NF-kB or
specific siRNA, and these treatments also reduced NKCC1 activation and astrocyte swelling
caused by NH4" (Sinke et al. 2008, Jayakumar & Norenberg 2010). Furthermore, Jayakumar et
al. (2006) described an NH4'-induced activation of MAPK and CaMKII in astrocytes, and
inhibition of these kinases has been shown to decrease NH4"-induced NKCC1 phosphorylation
and subsequent cell swelling (Jayakumar et al. 2006). Since MAPKs and hence NF-kB may be
activated by oxidative and/or nitrosative stress, it could be possible that NHa" causes an increase
in NKCCI1 activity and expression (Jayakumar et al. 2006, Sinke et al. 2008, Jayakumar &
Norenberg 2010). It has also been shown that cultured astrocytes treated with NHs" exhibit an
elevation in bumetanide-sensitive NKCCl1 activity after 18 to 24 hours of exposure and an
elevated, but not significant, increase in NKCCI1 activity between one and six hours. In addition,
exposure of astrocyte cultures to NH4" resulted in an increase in cell volume

(Jayakumar et al. 2008).
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Kelly et al. (2009) then showed that 5 mM NH4" caused significant changes in pHi and [Na'];
during up to 50 min of treatment in 20-34 DIV cultured astrocytes. NH4" caused an acidification
of about 0.2 pH units and an elevation of [Na']; of about 20 mM from an initial steady-state of
19 mM up to 40 mM. Other studies suggested that the acidification is partly caused by NKCCl1-
mediated NH4" inward transport (Nagaraja & Brookes 1998, Titz et al. 2006) and the steady-
state [Na']i is also maintained via NKCC1 activity (Rose & Ransom 1996a, Su et al. 2002b).
Kelly et al. (2009) showed that the changes in pHi and [Na']; could be inhibited by bumetanide.
These findings were confirmed by Kelly & Rose (2010) for hippocampal slices, where NH4"
also resulted in a significant acidification of 0.18 pH units and a [Na']i increase of about 27 mM
after ~30 min. Both pH and [Na']; returned to baseline after NH4" removal. As in culture,
bumetanide completely inhibited increases in steady-state [Na']i and almost halves the
amplitude of the NH4"-induced acidification (Kelly & Rose 2010).
Here it is shown that treatment of acute hippocampal slices with 5 mM NH4Cl resulted in a
measurable increase in cell volume. After 300 to 330 min this increase became significant,
which indicates that NH4" disturbs volume regulation with a time course that may reflect the
development of HE brain edema in an early state. The NH4"-induced swelling of the astrocytes

was significantly reduced by bumetanide after 90 min.

4.6 Induction of reactive gliosis in hippocampal slice cultures

The organotypic hippocampal slice culture has proven to be a reliable model system for the
examination of the function of neurons and glial cells in matters of cellular and tissue specific
characteristics, of developmental processes within neuronal networks (Stoppini et al. 1991,
Gihwiler et al. 1997, Forster et al. 2006) and of the effect of excitotoxicity (Kunkler 1997,
Holopainen 2005). Providing all advantages of cell cultures, like easy handling and the control
of experimental conditions, organotypic cultures preserve the natural cytoarchitecture of the
tissue. In particular, it has been shown that astrocyte morphology and synaptical arrangements
are preserved in organotypic slice cultures (Benediktsson et al. 2005, Haber 2006, Nishida
2007, Lushnikova 2009).

When using animals that expressed fluorescent markers, like GFAP/GFP in this case,
organotypic cultures enable the documentation of astroglial morphology without any staining
procedures. It was found that SR101 staining almost entirely matches with the GFP expression

pattern (Schreiner et al. 2013), confirming that SR101 vital staining is a reliable tool for the
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identification of astrocytes both in acute and cultured tissue slices (Nimmerjahn et al. 2004,
Kafitz et al. 2008) as well as in vivo (Nimmerjahn & Helmchen 2012). Another interesting
finding was that astrocytes in organotypic tissue culture exhibit an up to four times enlarged
soma area, compared to soma areas measured in acute tissue slices (Fig. 3.8 C, Fig. 3.14 E). An
explanation for this enlargement might be the flattening of the culture (Schreiner et al. 2013),
which leads to a less dense tissue structure in contrast to the more compact cytoarchitecture that
can be found in freshly isolated acute slices.
Lesioning the CA1 hippocampal region in organotypic slices nonetheless leads to the
development of a glial scar in proximity to the scratch wound, as indicated by the elevated
content of GFAP and S1008 and the presence of hypertrophic astrocyte somata. More distant
(100-350 um) to the lesion site, the degree of astrocytic reactivity decreased continuously to
moderate or mild, with minor swelling of cell somata and GFAP expression. In addition the
ability of astrocytes for the uptake of SR101 was significantly reduced in closer proximity to
the glial scar, developed after traumatic brain injury (TBI). Taken together, the findings that
features of reactive gliosis as found following injuries of brain tissue (Pekny & Nilsson 2005,
Sofroniew 2009, Buffo et al. 2010) can be reproduced in organotypic cultures, and that the
degree of astrocytes activation is defined by their distance the severity of the injury (Ridet et al.

1997, Pekny & Nilsson 2005).

4.7 AB-S8C dimer expression does not alter GFAP staining pattern

Amyloid- (AB) peptide plaques present a hallmark in the pathology of Alzheimer’s disease
(AD). Being generated by B- and y-secretase proteolysis, the presence of A3 has been associated
with neurotoxicity, causing synaptic degradation and the loss of dendritic spines leading to
morphological abnormalities in the early phase of AD (Haass & Selkoe 1993, 2007,
Takami, et al. 2009, Miiller-Schiffmann et al. 2011). Recently a mouse model, named tgDimer,
expressing high amounts of soluble AB-Dimers, has been generated (Miiller-Schiffmann et al.
2014). It is known that extracellular deposits of A proteins initiate reactive astrocytosis in vitro
(DeWitt et al. 1998), and these activated astrocytes were identified in participating in neuro-
inflammatory processes (Heneka etal. 2010). The question arose if astrocytes in the
hippocampal formation of aged mice over-expressing AB-S8C dimers exhibit cellular

hypertrophy, recognizable by increased expression of GFAP and S100B, which, as discussed in
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the previous chapter, present hallmarks of astrogliosis (Beach et al. 1988, Griffin et al. 1989,
Nagele et al. 2004, Kashon et al 2004, Verkhratsky et al. 2010).
In this study, neither evidence for an upregulation of GFAP content or an increase in the number
of S100B-stained astrocytes, nor any changes of astroglial morphology or signs of hypertrophy
have been detected. These results are in line with the findings that overexpression of the AR

dimer does not lead to neuroinflammation in the hippocampus (Miiller-Schiffmann et al. 2014).

Taken together these results show that the method established here generally is suitable for the
determination of acute, as well as chronic cellular volume changes in brain slices of murine
brains. Furthermore these results indicate that the transporter NKCCI is significantly involved
in acute volume changes in astrocytes. For further experimental approaches for the examination
of the role of NKCC1 in volume regulation, as well as the influence of NH4" on volume
regulation in astrocytes and the early phase of an NHa'-induced cell swelling, it can be taken
into consideration to use OHSCs, obtained from GFAP/GFP expressing mice, or in combination
with SR101-staining. So, the time frame, where experiments with acute brain slices reach their
limits could be supplemented and continued, from several ours up to days or weeks to complete
the observation period and to elucidate further knowledge about the cellular mechanisms
involved here.

The immunohistochemical staining method used here for the examination of AB-S8C induced
astroglial hypertrophy does not directly show chronic volume changes. Nonetheless it provides
areliable tool to study the hallmarks of astrogliosis and the use of this classical technique should

always be taken into consideration.
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Astrocytes express the sodivm-dependent glutamate transporters GLAST and GLT-1, which are critical to maintain low extracelbalar
glutamate concentrations. Here, we analyzed changes in their expression and function following a mechanical lesion in the CAl
area of organotypic hippocampal slices. &-7 days after lesion, a glial scar had fprmed along the injury site, containing strongly
activated astrocytes with increased GFAP and 51005 immunoreactivity, enlasged somata, ard reduoced capability for optake of
SR Astrocytes in the scar's pariphery were swallen as well, bat showed only moderate upregulation of GFAT and 51008 and
etficiently took up SRI0L In the scar, dusters of GLT-1 and GLAST immunoreactivity colocalized with GFA P-positive Ghers. Apart
from these, GLT-] immunoreactivity declined with increasing distance from the scar, whersas GLAST expression appearsd largely
uniform. Sodium imaging in reactive astrocytes indicated that glotamate uptakes was strongly reduced in the scar but maintained
in the periphery. Our results this show that moderately reactive astrocytes in the lesion periphery maintain overall glitamate
transporter expression and function. Strongly reactive astrocytes in the scan howewver, display clusters of GLAST and GLT-1
immunoreactivity together with reduced glutamate transport activity This redwction might contribote to increased extracellular

glitamate concentrations and promote excitotoxic cell damage at the lesion site.

1. Introduction

Glutamate reuptake represents the principal mechanism for
inactivation of synaptically released glutamate [1, 2]. In the
roedent hippocampus, it is mainky accomplished by astrocytic
glutamate transporters {EAATE excitatory amino acid trans-
porters), namely, GLAST (glutamate/aspartate transporter)
and GLT-1 (glutamate-transporter-1; rodent analogues of
EAATI and EAATR, resp.; [3-7]). Glutamate uptake is ener-
gized by the concomitant inward transport of three sodium
tons and a proton, while one potassium ion is transported
outward. Conseguently, its activation 15 accompanied by
an increase in the intracellular sodium concentration of
astrocytes [8. 9).

Under pathological conditions, astrocyvtes undergn a
complex reaction referred to as reactive astrogliosis, which
is seen in diverse preparations and conditions ranging from
primary cell culture to the intact brain [10, 11]. The halimarks

of reactive gliosis are a massive upregulation of the expression
of the intermediate filament Celigl Fibrillary Acidic Prolein
{GFAP) and a cellular hypertrophy [12, 13]. Beactive astro-
cytes display several features of immature astrocytes (2.0,
|14, 15]} and can partially reenter the cell cycle [16, I7]. The
degree of astroglicosis can vary depending on the specific
insult. Following traumatic brain injury, a dense glial scar
forms at the lesion site due to strong astrocytic reorganization
and proliferation [0, 11, 1E]. At some distance to the lesion
and scar, astrocytes usually do not divide, and their mor-
phological reorganization and hypertrophy is less severe. The
cstablishment of a glizl scar around injured tissue is regarded
a5 hindrance for the growth and regeneration of axons [19,
20]. Motwithstanding, reactive astrocytes might also exert a
protective role and support regencration [11, 13, 21].

There is evidence that reactive gliosis is also accompanied
by an alteration in the expression level of glial glutamate
transparters [6]. Most studies performed in the rodent and
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human brain reported an overall downregulation of protein
levels of both GLAST amd GLT-1 andfor a reduction in
functional glutamate uptake in response to brain injury and
astrogliosis, respectively (e.g., [22-27]). The reduction in the
expression of glial glutamate transporters has been suggested
to contribute o the elevation of extracellular glutamate con-
centrations and to glatamate-mediated excitotoxicity which
is observed under many pathological conditions.

Injury-induced changes in the expression of the ghata-
mate transporter subtypes might, however, also depend on
the degree of astrogliosis. This might be especially relevant
and wvisihle upon a mechanical lesion, where reactivity of
astrocytes, as judged for example based on their GFAP
expression and morphology, ranges from severe astroglio-
sis in the scar region to only moderate-mild astrogliosis
distant from the lesion 10, 11]. To sudy this guestion,
we analyzed expression of GLAST and GLT-1 following a
mechanical lesion in organotypic tissee slice cultures of the
mouse hippocampus. Furthermore, we emploved ratiometric
soddium imaging as functional assay for glutamate uptake in
astrocytes. Our results show that mechanical tissue injury
generates subsets of reactive astrocytes depending on the
distance from the lesion site, which differ in both morpholog-
ical fieatures and their ability to take up SE101. Furthermore,
these subsets show discrete changes in ghutamate transporter
expression and glutamate uptake capacity, indicating that gho-
tamate clearance might be Llargely functional in the periphery
of the kesion, but strongly hampered in the scar region.

2. Materlals and Methods

2.1 Ethics Staterneni. This study was carried out in strict
accordance with the institutional guidelines of the Hein-
rich Heine University Duesseldorf, Germany, as well 2= the
Furopean Community Council Directive (88760 EEC). All
expeniments were communicated to and approved by the
Animal Welfare Office at the Animal Care and Use Facility
of the Heinrich Heine University Duesseldorf, Germany
{instihutional act number: 05205} In accordance with the
Gzerman Animal Welfare Act (Tierschutzgeselz, Articles 4
and 7}, no formal additional approval for the postmortem
removal of brain tissue was necessary. For generation of
acute slices, mice were gquickly decapitated (following the
recommendation of the Furopean Commission published in:
Futhanasia of experimental animals, Luxembourg: Office for
(rficial Publications of the Furopean Communities, 1997;
15BN 92-827-2654-9).

2.2, Preparation of Tissue Slice Cultwres. Acute tissue slices
of the hippocampus were prepared from Balbic mice {Mus
musnufus) of both genders at postnatal days 7 to & [F7-8)
using standard procedures. For some experiments, transgenic
animals (FVB/M-Tg]GFAPCGFP]14Mes'T) expressing green
fluorescence protein (GFPF) under the GFAP promaoter were
wied {obtained from Jackson Laboratory; Harbor USAD.
After decapitation of the animals, brains were quickly excised
and hemisected in ice-cold artificizl cerebrospinal fluid
(ACSF) composed of (in mb) 125 NaCl, 2.5 ECL 2 CaCl;,
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1 MgiCl;, L5 NaH; POy, 26 NaHCO,, and 20 glucose, bub-
bled with 95% O, and 5% C0,. and adjusted to a pH of 74.
Hemisections were trimmed, and transverse slices {200 pm)
comprising the entorhinal cortex, hippocampus, fimbria,
and thalamus were prepared wsing a vibratome (Microm
HM&50V, Thermo Fischer Scientific, Walldorf, Germany).
Slices were transferred bo ACSF at 35°C for 30 minutes.

Orrganotypic hippocampal slice cultures were prepared
and cultured according to the protocol introduced by Stop-
pini et al. [28] with minor modifications. To this end, acute
slices were transferred to a Milicell culture insert (PICM
ORG 50, hydrophilized PTFE, pore size 0.4 pm; Merck Mil-
lipore, Darmstadt, Germany) and maintained at the interface
of a serum-based culture medium free of antibiotics in a
humidified incubator atmosphere of 5% CO, at 37C. The
culture medium was composed of 30% serile Alterad normal
horse serum (WHES; GIBCO/Life Technologies, Darmstadt,
Gaermany), 305 Dulbecco’s modified eagle mediom { DMEM;
GIBCOLife Technologies, Darmstadt, Germany), and 40%
Hank’s balanmced =alt solution (HBSS; GIBCO/LifE Tech-
nelogies, Darmstadt, Germany) supplemented with 38 mM
ghucose (pH adjusted 1o 73-74). The medium was changed
three times 2 week, and the insert surface was washed with
medium once a week.

After at least 12 days in cullure, 2 mechanical lesion
was performed using a sterile scalpel blade. The lesion was
positioned in the CAl area perpendicular to the siralam
pvramidale, included the strata oriens, pyramidale, rediatum,
and Iecunesum moleculare, and spanned the entire depth
of the slice (cf. Figure 2). After lesioning, slice cultures
were maintained for another &7 days (designated as &-7
days postlesion). Unlesioned control slices were cultured in
parallel for a comesponding number of days.

For wisnalization of cell death, ACSF containing
0.5 pg'ml propidiovm iodide (P} was applied to the slice
surface and incubated for 3 hours at 37 C and 5% 0.,
followed by a wash with ACSE Documentation was either
accomplished with an epifluorescence microscope {MNikon
Eclipse 90i; Nikon Instruments, Dhisseldorf, Germany) or
at an Obympus Fluoview300 laser scanning microscope
{Olympus, Hamburg, Germany).

Astrocyie soma size in organotypic control and lesioned
slices was calcwlated from images of GFP-fuomescence
derived from GFP/GFAP mice which were obtained at a con-
focal microscope (Ohympus Fluoview300; Olympus, Ham-
burg, Germany; see also below). To this end, a semiguantita-
tive approach was used, in which somata of single cells were
manually encircled (cf Figure 4{b}), and the resulting area
was caloulated using Imagel software (MIH, Bethesda, TSA).

All chemicals were purchased from  Sigma-Aldrich
Chemical {Munich, Germany) wnless stated otherwise,

2.3, Imagivg Experiments. For imaging experiments, organ-
otypic slices were excised from the Millicell inserts and
incubated inm ACSE containing 2.5aB SRI01 for 30min
at 35°C to stain astrocytes (see above). SRI0L is a highly
specific and widely used tool for the identification of mature
astrocytes in mamy brain regions induding the hippocampus
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|29, 30]. It has recently been shown to be taken wp into matwre
hippocampal astrocytes via an active transport mechanism
involving organic anion transport polypeptides [31]. Wide-
field fluorescence imaging was performed wsing a variable
scan digital imaging system (TILL Photonics, Martinsried,
Germany) attached to an upnght microscope (BXSIWI,
Ofympus Furope, Hamburg, Germany) and a COCID camera
(TILL Imago ViGA, Till Photonics, Martinsried, Germany).
Imapes were collected with an Achroplan 40« objective [ water
immersion, NoA L8, feiss, Gottingen, Germany ). SE101 was
excited at 575 nm, and emission was collected above 590 nm.
Excitation wavelength for detection of GFP was 488 nm, and
emission was collected above 510 nm.

For intracellular sodinm imaging, slices were addition-
ally incuhated with the membrane permeable form of the
sodium-sensitive fluorescent dye SBF] (SBFI-AM; sodium-
binding benzofuran isophthalate-acetoxymethyl ester; Mol-
ecular Probes/Life Technologies, Darmstadt, Germany) as
described earlier [32-34)]. Ratiometric sodium imaging was
performed by alternate excitation of SBFI 2t 340 nm {weakly
sodium-sensitive wavelength) and at 380nm  {sodium-
sensitive wavelength) at 4 He Emission {>440nm)} was
collected in defined regions of interest (RO} representing
cell bodies. Standard dynamic background correction was
performed as described earlier |33, 3], After background
correction, the fluorescence ratio (Fy,/Fagy) was calculated
for the individual ROls and analyzed offline using OriginPro
80 Software (Originlab Corporation, Northampton, M,
USAL

Changes in SBFI fluorescence ratio were expressed as
changes in sedium concentration based on in sity calibrations
a5 reported before [32, 33, 35]. To equilibrate extra- and
intracellular Na®-concentrations, SBFl-loaded slices were
perfused with saline containing ionophores (3 ub grami-
cidin I3, 104k u M monensin) and the Ma*/E* -AT Pase blocker
ouahain {100 @M}, as well as different concentrations of Na '

The glutamate transporter agonist [M-zspartate was
applied by a pressure application device (PDES-02D, NPI
Electronic GmbH, Tamm, Germany) coupled to standard
micropipettes {Hilgenberg, Waldkappel, Germany] placed
20-100 gm from cell bodies of selected cells.

2.4 Amtibodies. Antibodies emploved in this study are listed
in Tahlel The following antisera were wtilized, which
represent well-established, commercially available standard
markers: guinea-pig GLT-1 antiserum directed against the
C-terminus of rat GLT-1 (Chemicon International Mdillipore
Corp., Carrigtwohill, Ireland; epg., [36]) and guwinea-pig
GLAST antiserum directed against the C-terminus of rat
GLAST (Chemicon International/Millipore Corp., Carmgt-
wohill, Ireland; e.g.. [37]). Validation and a detailed charac-
terization of both antibodies were provided before [38-40].
For identification of astrocytes, polyclonal rabbit antibodies
against GEAP [(GEAP-pAb; Dake Cytomation, Denmark;
[40, 411} and S100@ (Abcam, United Kingdoms [42]) were
employed. When double staining with the latter antibody was
perfrmed, a moneclonal mowse antibody detecting GFAP
was used [GEAP-mAb; Sigma Aldrich, Germany; [40, 43]).

Standard fluorochrome-conjugated antibodies {Alexa-
Fluor, Invitrogen/Life Technologies, Darmstadt, Germany)
were emploved as secondary antibodies for immuonohisto-
chemistry.

25 Immumohistochemisiry. Prior to immunohistechemical
processing, organotypic slices were immersion fived for
I0min at BT in 4% paraformaldebyde (PFA) in phosphate-
buffered saline (PRS) following three washes every
I0min with PB5S Cell membranes were permeabilized,
and unspecific binding sites were blocked in PBS containing
0.25% triton-X100 (TX) and 2% normal goat serum (MG5;
GIBCO( Life Technologies, Darmstade, Germany} for 90 min
at 4°C followed by incubation with the primary antibody
GFAP-pab (1: 1N, Dako Cytomation, Glostrup, Denmark),
diluted in the same solution over night at 4°C. In case of
SI00A/GFAP double stainings, slices were incubated with
a mixture of the primary antibodies GEAP-mADL (1: 1000,
Dako Cytomation, Glostrup, Denmark) and rabbit-51008
(1100, Abcam, United Kingdom). After five washes in PBS
containing 0.25% TX and 2% NG5S, slices were incubated
cither with guinea pig-anti-GLAST or with guinea pig-anti-
GLT-1 {both 1: 1000, diluted in 0.25% TX/2% MGS/PBRS) for
4 hrs at KT, Excess primary antibedy was removed with five
washes using 2% NGS/PBS. Antirabbit-AlexaFluor594 and
antiguinea pig-AlexaFluor488 or antimouse-AlexaFluor4 58
(1:100 in blocking solution) were uwsed for wvisualization
of antibedy binding and imcubated for 2hrs at BT The
slices were subjected to DAPIL staining (4" 6-diamiding-2-
phenylindode; 0.5 pm; [ovitrogen), washed three times, and
mounted on glass slides with mowiol TARCO (Calbiochem,
Fluka, distributed by Sigma-Aldrich Chemical, Munich,
Germany ).

Identical conditions were applied to all performed stain-
ings regarding tisswe processing and staining procedure.
Negative controls were mun in parallel to each staining by
cither omitting all or just one of the primary antibodies.
Control stainings in which one of the primary antibodies
was omitted showed the identical labeling pattern for the
remaining antibady as in the double stainings. Omitting both
primary antibodies never resulted in 2 staining.

Daocumentation of immunofluorescence was either per-
formed with an epifluorescence microscope (Mikon Eclipse
Qi; Mikon [nstruments, Diisseldort, Germany} or a confocal
Laser scanning microscope { Ohympus Fluoview300; Olympuos,
Hamburg, Germany}. The epiffucrsscence microscope was
oquipped with a standard DMAPL (EX 340-380; DM 400
BA 435-485), FITC (EX 485-495; DM 505 BA 515-555),
and TRITC {EX 540015 DM 365 BA 605/55) filter set.
Numination was provided by an Intensilight fiber lamp
(C-GHFI; Mikon Instruments, Dhisseldorf, Germany), and
emission was detected with 2 monochrome digital cam-
cra {D5-0ilMc; MNikon Instruments, Disseldorf, Germany).
Imapes were collected with either a 200075 {PlanApo¥C,
Mikon Instruments, Disseldorf, Germany) air objective or
a alx/l40 oil immersion objedive (FlandApo¥C, MNikon
Instruments, Diisseldorf, Germany). NI5-Elements software
(MNikon Instruments, Dosseldorf, Germany) was used for

image acguisition. For confocal microscopy, an Olympus
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TaBLE I: List of antibodies used.
Antibody E_:::_IWE::IIH Company Oxder number Species Type Dizhution
GLAST KPYQLIAGDNEPEEPY 3 1 ARITED (Fuinea Pobrckamd 1- 1000
(EAATD) ADSETEM e L Pig lgs e
GLT-1 AANGESADEVEEEPW 3 1 Cuinea 5 ;
(EAATZ) K REE Chemicon/Millipore ARITES —— Folbpclomal  1: 100001 : 2000
n.s. (fall-length protein : Rabhit y :
GEAR R [ako Cytomation Z03uM G Pobpcloral  1: 100001 : 2000
clone GG-A-5
[LQSLTCDVESLRGTNE
SLEROQMEBEEQEERHARE . - Mous= R .
GFAP AASYOQEALTRLEEEGO Sigma-Aldrich CR3803 G Monoconal 1: 100071 : 2000
SLEDEMA RHLOEYQEL
LNVEKLALIMEIATY)
n.5 | recombirant Rakhit :
s1008 Ell-length com protein)  APCAm ahEss e Palycloral 1:100
;’;"" AF428 conjugated Invitrogen (Life Technologies)  ALIOZE Geat - 1:100
EH' AF504 conjugated Invitrogen (Life Technologies)  ALNH2 Goat = 1:100
F‘iE-]EG AF4ER conjugated Inwitrogen (Life Technologies) AlID73 Goat - 1:100

GLAST: ghitamate aspartate transporter; GLT-1: glutamate transporter §; GFAP: glial fibrillary protein; AF: AlexaFluor; appl: application; 1HC: immunchisin.

chemistry; WH: western blot; n.s- pot specified.

*The manufacturer has bately stopped the sale and distribution of the GLAST antibody used here.

BX5IWI microscope coupled to 2 confocal laser scanning
system (FWV300) equipped with 2 multiline argon (488 nm)
and 2 helivm-neon laser (543 nm, both Melles Griot, Ben-
sheim, Germany} was used. Imapes were collected with
either a 20x/0.50 (UMPlanF, (dympus, Hamburg, Cer-
many}, 2 4080 water immersion (LUMPlan, Olympus,
Hamburg, Germany), or 2 &0x/1.40 01l immersion ohjective
{PlanApoVC, Niken Instruments, Dasseldort, Germany). A
Kalman filter 4 was employved at every scan. Simultaneous
or saquential scanning of both fAworophores revealed no
difference in their staining patterns, indicating absence of
cross-excitation or spectral bleed throwgh. The thickness of
z-plane sections was 1 pm, and the number of optical sections
varied depending on the preparation.

Fgures show extended foous images as specified in
the figure legends, which were caloulated from z-stacks
of optical sections using Image] software (MIH, Bethesda,
U5A). Images were owverlaid employing Adobe Photoshop
C52 ( Adobe Systems, Cologne, Germany)

26 Data Presewlation and Stafistics. Unless otherwise spec-
ified, data are expressed as means = 5 E M. Data were statis-
tically analyzed by Student’s ¢ -test employing the procedures
implemented in OriginPro 80 Software (OriginLab Corpo-
ration, Morthampton, MA, USA). A P value of <0.05 was
considered significant. If not stated otherwise, smepresents
the number of analyzed cells and M the number of slices. Each
set of experiments was performed on at least three tissue slices
obtained from different animals.

3. Results

AL ldentification of Astrogptes in Organotypic Slice Crlteres.
The aim of the present study was to analyze changes in
glutamate transporter expression and function in astrocytes
in responss to 8 mechanical injury. To this end, we prepared
organotypic tisswe slice cultures of the mouse hippocampus, a
well-established model system in which the layering and basic
cellular organization of the neural network are maintzined
over time [28]. After 19-25 days in culture, organotypic tissue
slices had flattened to a thickness of 40-50 pm and were
composed of 3 to 4 cell layers. At this stage, propidinm iedide
assays detected onlby few dead cells dispersed throughout
the slices (3 = (L& cells per CAl subfield; 1€ + 3.4 in entire
preparation; N = & data not shown), indicating that the
preparztion was vizble and in a stable condition

To visualize astrocytes in cultured slices, we used hip-
pocampd of transgenic mice in which green fuorescent
protein (GEP) is expressed under the control of the promoter
of the astrocyte-specific intermediate filament glial fibrillary
acidic protein (GEAP; FVB/MN-Ta|GFAPGFP]: "GFR/GFAP
mice”). A visualization of the GFP fluorescence demonstrated
that the peneral distribution and organization of astrocytes
were preserved in the strata pyramidale and rediafurs of
the CAl region of organotypic cultures, confirming earlier
reports (M = 3; Figure 1{a); [44, 45]). The vast majority of
GFP-expressing cells (~95%) also labeled with the astrocyte-
specific vital marker SR101 in organotypic slices (W = %
Figures 1{a) and 1{b)}. Furthermore, immunohistoechemical
stainings for GEAP in slice oultures derived from wildtype
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GFP-GEAP

Shice cubtue (30 )

FIGURE L= Astrocytes in organotypic hippocampal slice coltures. {a} Organaotypic slice coultares at 20 days in colture (d.ic.). Preparztions were
derived from animals in which GFF was expressed under control of the GFAF promoter. Shown is the expression of GFF ({ef2], the labeling
pattern of SR10L (cemter], and the corresponding menged image (GFAF: green, SR10L magenta). Asterisks point out SR101-labeled cells that
do not express GFF; armwheads point out GPP-positive, but SR101-negative cells. Images represent maximum intensity projections of 15
optical sections taken at | gm intervals, (B SR Buorescence of an organotypic slice at 11 d.i.c. Image represents a stack of 20 optical sections
taken at | gm imtervals. (o) Immunchistochemical double staining for GPAT and 51005 as well as DAP] fluorescence and merged fmage of
the Buorescence of GEAF (green) and 51008 {magenta) of part of the CA] region encompassing the strata pyramidale and radiatum of an
coganntypic slice at 20 dic Wote the radially oriented GFEAP-positive thers crossing the pyramidal cell layer Images were aken 2t 2 wide-
field micrascope. ({al-{c)}k Dashed nes indicate the approrimate boundaries of the sfratem pyremidele. Ser0), stratum oriens S0P, stratum
pyramidale; Stel, stratum radiatum; Stelb, stratum leoenesm meleadars and StoM, strofum moleculene. Scale bane (2) 50 gpm, (k] 100 gm,
and () 50 gm.

animals showed that the majority of GEAP-positive cells were
also positive for 51008 (N = 12; Figure 1ic)), a marker for
mature astrocytes [46].

Taken together, the nearly complete overlap in the cellular
staining pattern for the vital dye 5R101 with the expression
of GFP in GEPGEAT mice, as well as the overlap in the
immunafinorescence for GFAP and 51002 in organotypic
slices indicates that these markers are well suited to identify
astrocytes in this preparation.

32 Astrocyle Markers and Astrogete Morphology following
Mechanmical Lesion. To induce astrogliosis in organotypic
slice cultures, we wsed a scalpel blade and performed

a scratch under semisterile conditions through the entire
CAl region oriented perpendicular to the stratim prramidaie
{Figure 2(2) 1. 6-7 days after the lesion, 2 general enhance-
ment of GEAP immunoreactivity was observed, indicating
astroglinsis {Figure 2{h}). The greatest enhancement of GFAP
immunoreactivity ocourred within a distance of less than
100 pem along the besion (& = 26; Figures 2{h) and 2{c)}. Here,
a dense meshwork of thick, GFAP-positive labels was present,
indicative of the formation of a ghal scar. Furthermore, the
region chose to the lesion site exhibited a discernible increase
in 51002 immunoreactivity (N = 1Z; Figure 2{c}). Both the
prominent expressions of GEAP and 31002 are characteristics
of strongly reactive astrocytes, which represent the magor
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FicuRE X Lesion-induced reactive gliosis in organotypic slice cultures. (2] Schematic overview of the hippocampus indicating the position
of the scratch wound. The bax delineates the area primarily analyzed. (h) GFAP immunofluprescence and AP staining of the CAlarea ina
control (2] and a lestoned {right] slice. The bozes indicate the areas enlarged below:. The dashed Ere in the lower right indicates the lesion.
{c) Double staining for GFAP (fop) and 51008 (bottom) adjacent to the lesion site. Mote the gradual increase in GFAF and 51008 expression
towards the Lesion. (b} widekeld microscopy; (e} confocal microscopy (optical sections ken at | pm intervals). 5tr0), stratum oriens; 5toF,
siratum pyramidale; Siol, stratem radiatens and 510, stratum lacumosum moleculore. Scale bars (b)) 200 gm (lop) and 50 gem (Betiom]); (c)
I0gm.
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FrunE 3: 5R101 labeling in lesioned slices. (a) SR101 fluprescence in the CAl area in a slice 7 days afier lesion. The delineated area comprises
the stratum pyremidale, and the box indicates the area enlarged on the right side. Righe: 5SRO0 fluorescence at the lesion site, Slostrating that
SHIH labeling is reduced along the lesion. The dotted line indicates the trarsition between the scar area and the adjacent. moderately reactive
tisswe. The boxed area is further eclarged at the bottom. (k] Image series abtained at 2 wide-feld fluorescence microscope. The slice was
prepared from a transgenic GEF/GFAF mouse, and the lesion sits is indicated by the dotted line. Lef: Image of SR10L fluorescence, cemter:
CGFF fluorescence indicating GFAF expression: and right: SBF] fuorescence. SR101 laheling is only weak in GFF/SBFI-positive cells in the scar
region (s== arrowheads). Serd), stratum oriens SuE, strofum pyramidale; S0E., stretum rodictum, and; StrlM, stratum (eomesum-moleculare.

Scale bars: 100 gm ({a), upper [gft) and 20gem (othar images].

cellular component of the glial scar forming after mechanical
tissue injury [10]. More distal to the lesion (>100-350um), a
less dramatic rearrangement of G FAF immunoreactivity was
observed.

A dear difference in astrocyte properties between the
scar region and its periphery was also seen following SR101
labeling. In the periphery of the scar (100-350 um distance
from the lesion), SRI0 resulted in a reliable and bright
cellular staining, similar to what had been observed in
control, unlesioned slices (M = 12; Figure 3(2), of. Figure 1.

In contrast to this, celiular SR10] staining was detectable bt
only faint within a distance of less than 100 um on both sides
of the lesion { Figure 3(a}; mean width of SE100-free area 111 =
Jpm; M = 5). In slices from GFPYGEAP transgenic animals
(W = 5 Figure 3(b]}, GFAP-positive, weakly SR101-positive
scar cells also stained with the sodium-sensitive fluorescence
indicator SBFI-AM [acetoxymethyl ester of sodium binding
benzofuran isophthalate; see below; N = 3. indicating
that they were able to take wp and de-esterify this dye
(Figure 3(b)).
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FiGURE 4: Leson-indoced changes in somatic area. (a) Chantification of somatic area based on GEAP/GEP fluosescence in contrel and
lesioned slices. The soma size increased both in astrocyies in the scar region (Mscar”™) and in astrocyies in the periphery of the lesion
{“periphery™; "*'F < 0001; " F < 0.05). (b) Confocal images of GFP Bucrescence in cultured dices obtained from GFP/GFAP transgenic
animals under contral conditions (lgf) and subjected to 2 lesion (right). Cells surrounded by boxes are shown at higher magnihcation in the
insets, and the dashed lines around the soma illustrate the areas which served to determine their size. StoF, stradum pyramidale; Secll, stratum
radiaturs; Strl.M, smatum laomosun maleoulars; and scale bars: 40 pm and 10 pm (inset).

In addition to GEAP-positive cells, the scar region hosted
microglial cells, identified by their vital staining with Texas
Red-coupled lectin from fpcopersicon esculentum {tomato
lectin: M = 4; not shown). Tomato lectin-positive microglia,
however, did not take up SBEL-AM (N = 4; not shown), con-
firming earlier reports that microglial cells do not incorporate
AM-ester dyes in siti [47].

T further characterize reactive gliosis in response to the
scratch wound, we determined the area of astrocyle somata
in confocal images of the GFP fluorescence in controd and
lesioned slices obtained from GEPAGFAP transgenic animals.
These measurements revealed that, compared to astrocytes in

control slices, the soma area of astrocytes in the periphery of
a lesion was increased by 18% and that of asmocoytes in the
5CAr region was increased by 24% (control: 163+ 2 um®; lesion
periphery: 19313 pm®; scar tissue 201+4 um?; P « 00010 =
945, 496, and 439 in 7 control and 9 lesioned slices; Figures
4(a) and 4{b}). Thus, astrocytes show a second hallmark of
reactive gliosis after lesion, namely, a hypertrophy of their cell
bodies, which is observed both in the scar tissue as well as in
the peniphery of the lesion.

Taken topether, these data show that -7 days after the
mechanical lesion, a ghal scar has formed along the lesion
site. This scar encompasses strongly activated astrocytes,
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characterized by a robust increase in GEAP and 51008
cxpression. These proximal reactive astrocytes, located within
a distance of less than 100 ym from the lesion, exhibit long
GFAP-positive processes, have significantly swollen somata,
and only weakly stain with SR10. Astrocytes in the periphery
of the scar (100350 pm from the lesion) display swollen cell
bodies as well, but show only moderate upregulation of GFAP
and maintain their ability to efficiently take up SRA0L

33 Expresion Levels ang Spatial Distribation of GLT-! and
GLAST. To determine the spatial distribution of the gluta-
mate transporters GLAST and GLT-1 in organotypic slices
and changes therein in response to the lesion, immunohisto-
chemistry was employved. In controd slices, GLAST (W = 15
Figure 5{a)) as well a= GLT-1 immunoreactivity (M = 11;
Figure 5{b}) appeared as punciate labeling throughowut the
entire CAl area. The staining patterns for both transporters
in the tissue shice culbures were thus similar to those reported
from acute tissue slice preparations of the hippocampus [ 36,
48, 49].

The relatively homogeneous distribution of immunore-
activity throughout the preparation found in control slice
cultures was abandoned following a lesion. Here, distinct
accumudations of GLAST (M = 17; Figure 5(a)} and GLT-1
immunareactivity (M = 12; Figure 5b)} were found in the
scar region. In both cases, these preferentially colocalized
with thick GFAP-positive bundles munning in parallel to the
lesion {Figure 5). Apart from the marked accumulation of
GLAST reactivity in parallel to the scar, GLAST immunore-
activity appeared generally increased in some lesionad slice
preparations (Figure 5(a)) but unaltered in others both within
the scar as well as in its periphery. For GLT-1, a decling in the
intensity of immunareactivity was ohserved with increasing
distance from the lesion (Figure S{b}).

In summary, these resulls reveal distinct alterations in
the immunoreactraty of GLAST and GLT-1 following a
mechanical lesion. In the scar region, clusters of GLT-1 and
GLAST immunoreactivity are present, primarily colocalized
with strongly GEAP-positive fibers. Apart from these distinct
clusters, GLT-1 immunoreactivity appears to decline with
distance from the scan whereas GLAST immunoreactivity
seems largely uniform throwghout the preparation.

34 Sedivm Tramsients Induced by Activation of Clulamate
Upfake. Glutamate uptake is accompanied by the inward
flux of sodium, resulting in increase in the intracellular
sodium concentration of astrocytes. To monitor its function,
we assayed sedium increases induced by [D-aspartate, a
nonmetabolized substrate of sodum-dependent glotamate
uptake which is also transported [1] in astrocytes in the
strafumr radiafum of organotypic slices. To this end, SR101-
stained shices were additionally loaded with the sodium-
senaitive fluorophore SBFL-AM (Figure &{a), cf. Figure 3{b}).
Ini sitn calibrations of the 5BF] fluorescence revealed a linear
increase in its fluorescence ratio at intracellular sodium
concentrations between 10 and $0mM {n = 107; Figure 6(b}]
as reparted before [33].

Repetitive pressure application of [-aspartate for 500 ms
indwced reliable increases in the intracellular sodium con-
centration in astrocytes, indicating activation of sodiom-
dependent glutamate uptake (v = 4488; Figure &(c]). The
cxperiments were performed in the presence of the sodinm-
channel blocker TTX (tetrodotoxin, 0.5uM) to suppress
action potential generation. The amplitode of D-aspariate-
induced sodimm increases was dependent on the concen-
tration applied {Figure &(c)) and saturated at about 2 mbd
(s = 1% Figure 6{d}), as reported before for mouse cortical
astrocytes in culture [50). At 2 concentration of 1 mbd, the
ampliude of D-aspartate-induced sedium transients was
near madmum and amounted to 3.8 £ 0.ZmM (=
161; Figures &{c) and &6(d}). a value comparable to that in
astrocytes in acute slices obtained in owr lab [33].

T probe for changes in glutamate uptake, we compared
sodinm signals indwced by 1 mM D-aspartate between control
and lesioned slices (Figure 7). In lesioned slices, astrocytes
becated in the periphery of the lesion (100-350 gm distance])
responded with a sodium transient to application of | mb -
aspartate {zee cell 2 in Figures 7ia) and 7{b}). The amplitude
of D-aspartate-induced sodium signals in cells in the lesion
periphery was similar to that oheerved in control slices (3.8 =
0.3mbL; n = 111; see cell 1 in Figures 7(a}. 7{b), and 7{c}).
Application of D-aspartate also evoked sodium transients
in weakly SRI0L-positive, SBFI-filled astrocytes located in
the glial scar area (<100 ym from the lesion; see cells 3-5
in Figures 7ia) and 7{b)}. These cells, however, displayed
significantly smaller peak amplitudes {1.6 + 0.2l mM, # =
I6; F o« 0.1; Figures 7(b) and 7ic)) than astrocvtes in
the periphery and in control slices.

The kinetics of D-aspartate-induced sodium transients
differed between all three groups. This was true for the
slope of the sodium increase {10%-%0% change), which was
significantly reduced in astrocytes from lesioned shices versas
astrocytes from control slices (0.9 = 0,05 mM's in control
versus 0.6 £ 006 mMi's in the periphery and 0.2 + 0004 mM/s
in the scar region; m = 161, 110, and 26, resp; P « 0.004;
Figures 7y and F{c}). Inaddition, the decay back to baseline
was significantly slower following lesion {Figures 7{b} and
Fic)). The time needed for the signal to decay by 67% was
approximately doubled (decay time v was 44 = 2 5 in control,
7 = Bl £ 45 in periphery of the lesion, and v = 95 £ 10s1n
scar cells; Figures 7(b) and 7{c)).

These results show that mechanical injury results in
distinct alterations in the kinetics and’or amplitudes of
[r-aspartate-induced intracellular sodium transients in reac-
tive astrocytes, depending on their distance to the lesion.

4. Dlscussion

(rur resulls show that within 67 days after setting a scratch
wound in organotypic hippocampal slices, a dense glial scar
had formed along the lesion site. Up to approximately 100 um
distance from the lesion, the scar tisswe was characterized by
a substantial elevation of GFAP expression, a pronounced cel-
hular hypertrophy, and reduced uptake of SRI0 by astrocyies.
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FIGURE 5: GLAST and GLT-1 immunoreactivity after mechanical injury (a} Fluorescence images of immunohistiochemical skainings detecting
the ghitamate transporters GLAST {lgf), GPAF [cemter) as counterstaining, and the corresponding merged image (GFAF: green, GLAST:
magenta) in contre] (fop row) and lesioned slice cultures (bottom rowl. (k) GLT-1 (igfi), GFAF (cemter) double labeling of a contmol (dop
row) and a mechanically lesicned dice (bottom row). The corresponding merge (GFAF: green, GLT-1: magenta) is found on the right. Mot
that afier lesion. glstamate transporier immuneneactive chusters are accumulated in the direct vicinity of the lesion site (armowheads) GEAR
ghial fbsillary acidic protein; GLAST, glutamate aspartate transporter; GLT-1, glutamate-transparter-1; Strl, stralum oriems Seel, strafum
prramidale; SR, stratum rediatues; SirlM, seitem lacumasum-moleoudare; and scale bars: (2) 20 gm, (b) 40 gm.

While prominent chusters of GLAST and GLT-1 immunore-
activity were ohserved along GFAP-positive structures in scar
cells, [F-aspartate-induced intracellular sodium signals were
strongly dampened, indicating a significant reduction in glu-
tamate uptake capacity close to the lesion. In the periphery of
the lesion (100-350 pm), astrocytes showed less pronounced

reactivity, maintained their ability to efficiently take up SR101,
and displayed only minor changes in glutamate transporter
immunoreactivity and function. Thus, depending on their
distance from the lesion, astrocytes showed different grades
of reactivity and displayed discrete changes in glutamate
transporter immunoreactivity and uptake capacity.
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Left- calihration of SBF] Buorescence in an astrocyte, [hepicted is the change in intracellular SEFI fluprescence ratio in the calibration solutions
contzining ionophores and in response to gepwise changes in the sodiom concentration. Right: mean values = 5.EM. of the normalized
changes in S3BFI Ruorescence at different sodium concentrations. The black line represents a linear £t of the data points ketween 10 and
40 mM sodium, dlestrating that a 10% change in 5BF] fluprescence represents o change in the sodiam concentration by 5.5mbM. () Sodium
transéents in a single astrocyte induced by 300 ms applications of D-aspartate at diferent concentrations. {d) Mean valuss + 5. E. M. {n = 18]
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41 Characleristics of Lesion-Induced Resctive Gliosis in
Orpanolypic Cullnres. Organotypic tissue slice oultures of
the hippocampus represent 2 well-established model system,
in which the basic tissue architecture is mainfained, but
which =till hosts the major advantages of cell cultures such
a5 good accessibility and control of experimentzl conditions.
They have been wsed extensively for the analysis of neuronal

properties and developing neuronzal networks [28, 51, 52]
or the study of excitetoxic neuronal damage (eg., [53. 534]).
Recent studies also demonstrated that basic morphobogical
characteristics of astrocytes and the typical ghia-synapse
organization are well preserved in organotypic slice cultures
{e.g, [44, 45,55, 56]). Inaddition, we found 2 nearfy complete
overlap of SH10 staining with the expression of GFP in slice
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FIGURE 7: D-aspartate-induced astrocyie sodiom transients following lesion. {a) CAl amea of a control {Jeft) and 2 lesioned {right) slice
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analyzed in the experiment depicted in (bl StrP, stratum pyramidele Stelt, strefum radiatuss; and scale bar- 40 pm. (b) Sodium transients
induced by pressure application of 1 mM D-aspartate (I3-asp) for 500 ms in the different cells in the control and lesioned dice as indicated in
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sodium transients in astrocytes in control slices ik = 161) as well as in cells in the scar regicn and its periphesy (2 = 111 and & = 26, resp.).
P2 001 TP < 0,001, SioF, srmtum pyrandidale SR, stratum radictens and scale barc 40 pm

cultures obtained from GFMYGEAF mice, demonstrating that
SHI0Y is well suited to identify astrocytes in this prepara-
tion as described before for acute tissue slices and in vive
129, 30].

Performing a scratch through the CAL region of organ-
otypic slices resulted in the formation of a glial scar along the
lesion site, as judged by the prominent increase in expression
of GFAP and 51005. [n addition, astrocyte cell bodies showed

a significant hyperirophy. Furthermose, astrocytes in the
periphery of the scar (100-350 pm from the lesion) showed
mild o moderate reactivity, displaying swollen cell bodies,
and only moderate upregulation of GFAP. These changes
are hallmarks of rezctive gliosis observed after tissue injury
[10, 13, 57]. Generally, the degree of injury and the distance of
the astrocytes from the site of injury define the degree of their
activation [11, 13].
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Cnur study also revealed that strongly reactive astrocytes
in the scar region ondy weakly stain with SE100. The reduced
ahility of strongly activated astrocytes to accumuolate SR101
indicates that strong glial activation 15 accompanied by a
downregulation of the organic anion transporter responsi-
ble for uptake of SR100. This 1= reminiscent of immature
astrocytes in the early postnatal hippocampus, which are
SHI0-megative [30] and in line with a wealth of experimental
evidence suggesting that reactive gliosis represents a process
comprising & dedifferentiation of astrocytes [17].

4.2, Changes in Glutamate Transporfer Expression folowing
Lesion. Glutamate uptake in the hippocampus 1= mainky
achieved by the glial glutamate transporters GLT-1 and
GLAST 1, 2]. A central factor in many brain pathobogics,
including traumatic brain infury, is an increase in extracellu-
lar glutamate and excitotoodcity; it has been suggested that a
change in the expression levels of ghal ghotamate transporters
might play a critical role in the fallure of glutamate dearance
|&. 58-60]. Earlier work has found an overall downregulation
of protein levels of both GLAST and GLT-1 following astro-
cyte activation [22-27], indicating that this is causal to the
clevation of extracellular glutamate. In contrast to this notion,
other studies reported increased glutamate transport capacity
of reactive astrocytes and sugpested a2 protective influence
|61, 62].

To visualize possible differences in the spatial expression
profile of GLT-1 and GLAST in strongly reactive astrocytes
along the scar as compared to moderately reactive astro-
cvies in its periphery, we performed immunohistochemical
stainings. These revealed an acoumulation of GLT-1 and
GLAST immunoreactivity along thick GFAP-positive fibers,
which was particularly pronounced for GLAST. Besides these
clusters, overall GLAST immunoreactivity seemed unaltered
as compared to unbesioned slices, whereas GLT-1 immunore-
activity seemed weaker and declined with increasing distance
from the scar. Clustering of ghitamate transporters has been
described by several reports [48, 63, 64]. In developing
hippecampal astrocytes, chaster formation was preferentially
found in branches opposed to synapses and was increased
with increased neurenal activity, indicating that it is neces-
sary to cope with synaptic release of glutamate | 36]. Along the
same lines, it was observed that sustained astroglial activation
by ciliary meuarotrophic factor (CWNTF) in the rat striatum
induced 2 concentration of GLAST and GLT-1 into raft
micredomains and improved glutamate clearance, indicating
that cluster formation increased the cellular capacity for glu-
tamate uptake [61]. However, another study found ghotamate-
induced clustering of 1.T-1 that induced its endocytosis and
intracellular trafficking without changing the total expression
levels as detected by western blots, arguing for a decrease in
functional glial glutamate uptake capacity [49]. Inthe present
study, antibedies against GLT-1 and GLAST were employed
for immunohistechemistry after permeszbilization of the
plasma membrane. The clusters of GLAST and GLT-1 along
GFAP-positive fibers in the scar region {as GLAST and GLT-1
immunaereaciivity in general) could thus represent glutamate
transporiers in the plasma membrane or in intracellukar com-
partments or both. Consequently, the observed dustering
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dies nit allow & prediction about possible functional changes
in glutamate uptake.

43 Lesion-Indwced Changes in Finciional Glutamate Uptake
Capacity. We probed for the functional activation of glata-
mate transport by application of the transportable agonist
I¥-aspartate, which results in an increase in the intracellular
sodiom concentration of astrocytes [8, 9], The amplitudes
of [1-aspartate-induced sodium transients in astrocyies in
control organotvpic slices were similar to those reported
from astrocytes in acute slices obtained in our lab [33],
indicating similar cellular ghotamate transport capacity in
both preparations.

Following a lesion, D-aspartate-induced intracellular
sodinm signals were clearly dampened in scar cells. Moreover,
the slope of the increase in sodiom was significantly reduced,
and the decay back to baseline was slowed Because [D-
aspartate was applied at nearly saturating concentration,
the reduction in peak amplitudes suggests 2 reduction in
functional glutamate uptake capacity in cells cose to the
lesion, which might be mediated by a decrease in the overall
number of ghitamate transporters available at the plasma
membrane. [n contrast, the alteration in the kinetics of the
I¥-aspartate-induced sodium signals can be explained by the
cellular hvpertrophy that was observed in reactive astrocytes.
At an egual transport-mediated sodium influx across the
membrane, the slope of resulting changes in the sodiom
concentration will be decreased in cells with a larger volume.

Furthermore, the decay of intracellular sodium transients
back to baseline is mainly governed by the activity of the
Ma* /K*-ATPase a5 well as by diffusion [8]. The slower recov-
ery i in line with earlier studies reporting a downregulation
of the sodinvm pump following reactive gliosis |65, &&).
Moreover, sodium is not buffered in the cell and travels soledy
by means of diffusion in the cytoplasm. Hindered diffusion,
resulting from increased cytoplasmic protein content or
impaired gap unction coupling which both ocour upon
astrocytic activation, might thus also partially contribute to
delayed sodium recowvery [12, 34, 67].

In contrast to scar cells, the amplitude of D-aspartate-
induced intracellular sodium signals was not significantly
altered in moderately activated astrocytes in the periphery of
the lesion, indicating that the overall number of functional
glutamate transporters was nod significantly altered. Becanse
these cells showed hypertrophy as well, the slowed kinetics of
the sedinm transients are in line with an increased cellular
volume as well as a possible downregulation of Ma*/K*-
ATPase and/or a slowed diffusion as argued above.

Taken together, our resulis indicate a significant reduc-
tion in glutamate uptake capacity in strongly activated astro-
cyies in the scar region. Thus, the prominent chostering of
GLAST and GLT-1 immunoreactivity along GFEAP-positive
structures close to the lesion 15 likely to reflect a loss of
glutamate transporters from the plasma membrane wpon
transporter internalization as reported by Nakagawa et al
[49]. The authors of the latter study speculated that large and
projonged increases in glutamate concentrations are neces-
sary to induce such duster formation and endocytosis in the
tissue, as they would possibly onby ocour under pathobegical
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conditions. Indeed, ambient glutamate concentrations wete
shown to be significantly increased after traumatic brain
injury [68-T0]. Along these lines, it can be assumed that
in our medel system, extracellular ghitamate concentrations
rose less severely in the periphery of the lesion, preventing
a comparable clustering and loss of functional glutamate
transport activity in moderately activated astrocytes.

5. Conclusions

(ur results show complex changes In glutamate transporier
expression and function dunng astrocyte activation following
mechanical imjury. They confirm that the degres of astrocyte
activation depends on the distance from the insult and com-
prizes different endpoints regarding cellular morphology and
physiology. Furthermore, our results highlight that astrocytes.
which show different grades of reactivity also display discrete
changes in glutamate transporter expression and function.
While immunohistochemistry revealed a prominent clus-
tering of GLT-1 and GLAST immunoreactivity in the scar
region, our functional assay clearly showed that glotamate
uptake capacity is strongly reduced in scar cells, while it
is largely maintained in moderzstely activated astrocytes in
the periphery. Thus, mild-to-moderate astrogliosis in the
periphery of 2 mechanical lesion does not necessarily seem
to be accompanied by a significant change in glial ghotamate
uptake capacity. At the glial scar itself, in strongly reactive
astrocytes, a clustering of glutamate transporters is observed
that apparently goes along with a severe functional reduction
in astroglial glotamate wptake, which may contribute to
glutamate-mediated excitotoaicaty in this region
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