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Abstract 

Glial cells represent a major cell population in the central nervous system (CNS). They supply 

nutrients and signalling molecules to adjacent neurons and regulate extracellular 

neurotransmitter and  potassium concentrations ([K+]ext) (Deitmer and Rose 2010). High water 

permeability enables glial cells to rapidly change their cell volume. Pathological conditions, 

such as epilepsy, hepatic failure, hyponatremia, stroke, and traumatic brain injuries can result 

in glial cell swelling and cerebral edema (Feustel et al. 2004, Deng et al. 2014, Stokum et al. 

2016, Gankam Kengne and Decaux 2018, Wilson and Mongin 2019). Chloride concentrations 

and their gradients are significant factors in volume regulation (McManus et al. 1995, Mongin 

2016), initiation of apoptosis and the regulation of cell proliferation (Elorza-Vidal et al. 2019, 

Wilson and Mongin 2019), thereby making glial chloride homeostasis an important 

determinant of normal brain function.    

Thus far, glial intracellular chloride concentrations ([Cl-]int) describing a range between  

20 – 46 mM were mainly analysed in cultured cells and determined with different techniques 

and methods, (Kimelberg 1981, Kettenmann et al. 1987, Walz and Mukerji 1988, Bevensee et 

al. 1997, Bekar and Walz 2002). However, cultured glial cells are pulled out of their 

physiological environment and exhibit various differentiation phases. Measurements in acute 

brain slices (Marandi et al. 2002, Kaneko et al. 2004, Untiet et al. 2016, Untiet et al. 2017), 

appear to be better suited to describe glial chloride homeostasis under physiological 

conditions, because the natural environment of glial cells and specific neuron-glia interactions 

are preserved in this preparation. 

The non-invasive fluorescence lifetime imaging microscopy (FLIM) with the chloride-

sensitive dye MQAE (Gensch et al. 2015) is used to study various glial cell types in acute mouse 

brain slices. These experiments show a variety of [Cl-]int, which are substantially lower than  

[Cl-]int in cerebellar Bergmann glial cells, estimated with the same method (Untiet et al. 2017). 

Moreover, the results demonstrate [Cl-]int dynamics under pathophysiological conditions, 

known to disturb chloride homeostasis, like artificial evoked ischemia (present study: Engels 

et al., submitted) and episodic ataxia type 6 (present study: Kovermann et al. 2020; Kolobkova 

et al., in preparation).   

This work demonstrates glial cell-specific regulations of [Cl-]int, which appear to be 

essential for cellular functions within the brain. Furthermore, it describes the functions of glial 

chloride transporters and channels in these processes. 
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Zusammenfassung 

Gliazellen umfassen eine große Population an Zellen im zentralen Nervensystem. Sie 

versorgen benachbarte Neuronen mit Nährstoffen und Signalmolekülen und regulieren die 

extrazellulären Konzentrationen von Neurotransmittern und Kalium ([K+]ext) (Deitmer and 

Rose 2010). Eine erhöhte Wasserpermeabilität ermöglicht Gliazellen schnelle 

Zellvolumenänderungen. Pathologische Bedingungen, wie beispielsweise Epilepsie, 

Leberinsuffizienz, Hyponatriämie, Schlaganfälle, Schädel-Hirn-Trauma, Rückenmarks-

verletzungen oder auch Hypoglykämie, stehen in einem Zusammenhang mit glialer 

Zellschwellung und Hirnödemen (Feustel et al. 2004, Deng et al. 2014, Stokum et al. 2016, 

Gankam Kengne and Decaux 2018, Wilson and Mongin 2019). Chloridkonzentrationen und 

deren Gradienten sind wichtige Faktoren für die Volumenregulation (McManus et al. 1995, 

Mongin 2016), Auslösung der Apoptose und die Regulation der Zellproliferation (Elorza-Vidal 

et al. 2019, Wilson and Mongin 2019) und machen demnach die gliale Chloridhomöostase zu 

einem bedeutenden Determinanten für eine normale Hirnfunktion.   

Bis jetzt wurden gliale intrazelluläre Chloridkonzentrationen ([Cl-]int), die zwischen 20 

und 46 mM variieren, weitestgehend in Zellkultur bestimmt und mit Hilfe unterschiedlicher 

Techniken und Methoden ermittelt (Kimelberg 1981, Kettenmann et al. 1987, Walz and 

Mukerji 1988, Bevensee et al. 1997, Bekar and Walz 2002). Kultivierte Gliazellen befinden sich 

jedoch nicht in ihrem natürlichen, zellulären Umfeld und bestehen aus unterschiedlichen 

Differenzierungsstadien. Messungen in akuten Gewebeschnitten (Marandi et al. 2002, Kaneko 

et al. 2004, Untiet et al. 2016, Untiet et al. 2017) erscheinen geeigneter zu sein, um die gliale 

Chlorid-Homöostase unter physiologischen Bedingung zu beschreiben, da hier die natürliche 

Umgebung von Gliazellen und Interaktionen zwischen Gliazellen und Neuronen erhalten 

bleiben.  

Die nicht-invasive Fluoreszenzlebenszeit-Mikroskopie (FLIM) in Kombination mit dem 

chloridsensitiven Fluoreszenzfarbstoff MQAE (Gensch et al. 2015) ist zur Bestimmung 

unterschiedlicher glialer Zelltypen in akuten Mausgehirn-Gewebeschnitten verwendet 

worden. Die Experimente zeigen unterschiedliche [Cl-]int auf, die deutlich geringer sind als  

[Cl-]int in zerebellären Bergmann Gliazellen und mit der gleichen Methode ermittelt worden 

sind (Untiet et al. 2017). Die Ergebnisse ermöglichen eine Beschreibung der [Cl-]int-Dynamik 

unter pathophysiologischen Bedingungen, bei denen die Chloridhomöostase gestört ist, wie 

der artifiziell erzeugten Ischämie (Vorliegende Publikation: Engels et al., eingereicht) und der 
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Episodischen Ataxie Typ 6 (Vorliegende Publikationen: Kovermann et al. 2020; Kolobkova  

et al., in Vorbereitung).   

Diese Arbeit weist glia-zellspezifische Regulationen der [Cl-]int auf, die essentiell für 

zelluläre Aufgaben im Gehirn sind und beleuchtet die Funktionen von glialen 

Chloridtransportern und – Kanälen bei diesen Prozessen. 
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1 Introduction 

1.1. Anatomy, functions and connections of the studied brain regions  

1.1.1. Morphology of the hippocampus  

The hippocampus is a highly conserved brain region, which shows similarities in 

developmental and connectivity characteristics in all vertebrates with a similar evolutionary 

origin. As a part of the limbic system, the hippocampus is also involved in processing of 

emotions and storage of new memory contents as well as transfer of memory compartments 

from short-term memory to long-term memory.   

Due to the bilateral symmetry of the mammalian brain, the hippocampus is located in 

the medial temporal lobe of each cerebral hemisphere. Its appearance can be described as 

two U-shapes rotated into each other, the dentate gyrus (DG) and the hippocampus proper, 

subdivided into three fields, namely cornu ammonis (CA; CA1-3). Within the hippocampus, 

single unidirectional axons are involved in information processing. The major input of 

information comes from the entorhinal cortex via the performant path. Axons entering the 

hippocampus innervate DG granule cells, which are connected via their axons – mossy fibers 

– with pyramidal cells of the CA3 region. The CA3 pyramidal cells innervate the CA1 region via 

Schaffer collaterals. Finally, the output via CA1 pyramidal cells reaches the subiculum and the 

entorhinal cortex (Amaral and Witter 1989, Braak et al. 1996, Amaral et al. 2007).  

The DG consists of an upper (suprapyramidal) and lower (infrapyramidal) blade of 

granule cells that are generated sequentially after birth. Morphologically, DG is structured in 

three layers. The outer molecular layer, located next to the entorhinal cortex, the granule cell 

layer, mostly composed of granule cells, and the polymorphic layer, located at the inner part 

of the granule cell layer and containing different neuronal and glial cell types. The CA regions 

consist of five different layers. The outer layer – alveus – contains axons of pyramidal cells and 

is separated from the stratum pyramidale by the thinner stratum oriens. The pyramidal layer 

or stratum pyramidale contains the cell bodies of pyramidal neurons and can be divided into 

four regions (CA1-3, CA4/hilus) according to different pyramidal cell morphologies, described 

by Lorente de Nó in 1934 (Lorente De Nó 1934, Amaral 1978). The CA2 region occupies a small 

area between CA1 and CA3 region. It is not just an extension of the CA3 region, and its role 

has not yet been fully clarified (Leroy et al. 2019). The stratum radiatum is located between 

the stratum pyramidale and the stratum moleculare. Stratum lucidum is only present in CA3 
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and is located between the stratum pyramidale and the stratum moleculare (O'Keefe and 

Nadel 1978).  

Hippocampal neurotransmission is tightly controlled by various glial cells. In this study, 

the [Cl-]int is determined for astrocytes of the stratum radiatum in CA1 and the polymorphic 

layer of the DG (yellow stars Figure 3.1) as well as radial glia-like cells (RGL), which are located 

in the subgranular zone of the DG layer (purple cells Figure 3.1). The aforementioned cells are 

primarily important in episodic ataxia 6 (EA6) since these cells express the excitatory amino 

acid transporter 1 (EAAT1), the gene product of SLC1A3, which is mutated in this disease (as 

shown in the present study: Kolobkova et al., in preparation).  

 

 
 

Figure 3.1: Schematic illustration of the hippocampus and its different morphological layers. 
The unidirectional network of the hippocampus starts with the input from the entorhinal cortex, which 
forms connections to granule cells (contrasting green) in the dentate gyrus (DG) and pyramidal neurons 
in the cornu ammonis (CA) 3 subfield (contrasting orange), which send axons (Schaffer collateral) to 
pyramidal neurons (contrasting red) in CA1. Latter neurons project back to the entorhinal cortex. 
Astrocytes (yellow stars) of interest are located in the stratum (Str.) radiatum of CA1 and polymorphic 
layer of the DG as well at the inner edge of the granule cell layer– radial glia-like cells (RGL; purple 
cells). 
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1.1.2. Morphology of the cortex – neocortex   

The cerebral cortex is the outer cell layer of the cerebrum. It consists of the grey matter 

hosting neuronal cell bodies and covers the white matter, which mostly hosts nerve fibers. 

90% of the cerebral cortex consists of the neocortex, with the allocortex (olfactory system and 

hippocampus) representing the remaining 10% (Strominger N.L. 2012, Lee 2019). The folding 

complexity of the cortex, obtained by gyri and sulci, enlarges the cerebral surface while 

keeping the brain volume constant. Different, interconnected areas of the cortex are 

specialized to various functions, such as language and communication, receiving and 

processing sensory information, generating motoric commandos as well as learning and 

memory. The entire cortex can be divided into four lobes: lobus temporalis, lobus frontalis, 

lobus parietalis and lobus occipitalis (Sadava et al. 2011). 

The differentiated mammalian cortex consists of six layers (Shepherd 2011) – from the 

outer to the inner: I molecular layer, II external granular layer, III external pyramidal layer, 

IV internal granular layer, V internal pyramidal layer and VI multiform layer. The molecular 

layer is the outermost cortical layer and develops first. It hosts a relatively low amount of cells 

and consists mainly of interneurons, stellate cells and basket cells. The multiform layer forms 

the innermost cortical layer and contains various nerve cells – the corticothalamic efferents. 

Layer II – V build the main core of the cortex and are irregular and variable layers throughout 

the development of mammals. The external granular layer consists of small granule cells that 

are connected to the granule cells of the internal granular layer. These cells innervate the 

molecular layer. Several pyramidal cells are also located in layer II. The external pyramidal 

layer mainly consists of pyramidal cells as well as the basket and stellate cells. Layers II and 

III are closely connected and it is nearly impossible to visually distinguish where layer II ends 

and layer III begins. The internal granular layer, like the external granular layer, consists only 

of basket and stellate cells that form cortical connections. The internal pyramidal layer is 

composed of big pyramidal cells that build subcortical connections to central areas of the brain 

and the spinal cord. Underneath these six layers lies the white matter with all its pathways 

and nerve fibers (Vogt 1903, Brodmann 1909, Nieuwenhuys 2013).  

This thesis focuses on astrocytes of the neocortex layer II/III. Astrocytes in this layer 

can be distinguished from other groups by their orientation and broader branching, with 

branches oriented towards the cortical surface. In comparison to other astrocytes, they 
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occupy a greater volume and therefore allow more interactions with neighbouring synapses 

(Lanjakornsiripan et al. 2018).   

 
Figure 3.2: Schematic overview of cerebral cortex.  
The diagram shows the cortical six-layer structure, starting with the molecular layer at the top 
downwards the following layers that can be differentiated from each other by their neuronal (light 
grey) cell types – granular cells, pyramidal cells, basket and stellate cells (layers labelled with Roman 
numerals). The [Cl-]int is determined for astrocytes (dark grey) in layer II/III, highlighted by a blue box. 
This schematic overview is based on images from earlier publications (Vogt 1903, Brodmann 1909, 
Nieuwenhuys 2013).  
 
 
 

1.1.3. Morphology of the cerebellum 

The cerebellum is located in the posterior cranium and controls the fine adjustment and 

coordination of motion sequences.  It is involved in implicit learning processes, such as 

language or movement. Cerebellar dysfunctions can lead to movement disorders, like ataxia 

and impaired motor coordination. 

The cerebellum can be divided into two hemispheres, which are connected by the 

vermis. The grey matter is folded very tightly and form three lobes – anterior, posterior and 

the flocculonodular. These three lobes can be subdivided into ten lobes: anterior lobe in 

lobules I to V; posterior lobe in lobules VI to IX and flocculonodular lobe, in lobule X. The 

cerebellum hosts four principle neuron classes: granule cells, Purkinje cells, interneurons and 



13 
 

deep cerebellar cells. The lobes build a trilaminar structure composed of the Purkinje cell layer, 

hosting Purkinje neurons and Bergmann glia (BG) cells, located between the internal granule 

layer and the outer molecular layer. The last one consist of parallel and Purkinje cell fibers as 

well as processes of Bergmann glia (see Figure 3.4). The information circuity starts at the 

precerebellar system, where a group of surrounding nuclei sends projections (mossy fibers) to 

granule neurons. Purkinje cells receive inputs from parallel fibers of granule cells and from 

climbing fibers of inferior brainstem nuclei, which both form strong contacts with the 

dendrites of Purkinje cells. Finally, deep cerebellar cells are innervated by the axons of Purkinje 

cells and provide primary output from the cerebellar cortex (Chizhikov and Millen 2003, 

Tanaka et al. 2008, Sultan 2014). 

 

1.2. Glial cell morphologies and their role in the CNS 

The number of glial cells outnumbers the number of neurons (von Bartheld et al. 2016). 

Whereas glial cells were believed to mainly support and protect adjacent neurons (Ndubaku 

and de Bellard 2008), recent works have identified important active roles of glial cells in 

development, metabolic support for neurons, neuronal survival and differentiation, neuronal 

guidance, as well as in ion and neurotransmitter homeostasis (Ndubaku and de Bellard 2008, 

Jäkel and Dimou 2017). There are various subtypes of glial cells, including microglia, 

oligodendrocytes and astrocytes, all of which have different morphologies and specialised 

functions in the central nervous system (CNS).   

The microglia act as immune system in the CNS by protecting the neuronal network 

against damaged or dying neurons and synapses as well as infections or injuries (Arcuri et al. 

2017). They remove dead cells from biological tissue via phagocytosis, similarly to 

macrophages. 

Oligodendrocytes wrap their processes around neuronal axons and thus provide 

electrical isolation of neuronal axons in the CNS, enabling fast saltatory transfer of action 

potentials along the sheathed axons.  

Astrocytes have received their name because of their star-like structure. Their 

membranes contain various transporters, receptors and channels to maintain a healthy status 

of the neuronal environment. Furthermore, astrocytes are closely located to neurons and are 

of particular importance for the regulation of the neuronal environment. Due to their high 

potassium conductivity (Walz et al. 1984, Walz 2000, Kofuji and Newman 2004), they are 
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involved in buffering the extracellular potassium concentration, which increases during 

synaptic activity around neurons. Astrocytes express EAATs (Excitatory Amino Acid 

Transporters) and GATs (GABA Transporters) to take up glutamate or GABA (-aminobutyric 

acid) (Sattler and Rothstein 2006, Seifert et al. 2006, Eulenburg and Gomeza 2010). This 

ensures a rapid removal of neurotransmitters from the synaptic cleft to terminate synaptic 

transmission.  

Glial cells in a living environment can be studied in a transgenic mouse line that 

expresses the enhanced green fluorescent protein (EGFP) under the control of the human glial 

fibrillary acid protein (GFAP) promotor (Nolte et al. 2001). However, in this animal, only a 

subset of glial cells in the CNS is marked (Lee et al. 2006, Kafitz et al. 2008). Within the glial 

cells expressing EGFP, there are subtypes with different expression levels of GFAP (Matthias 

et al. 2003, Kimelberg 2004). One subtype of glial cells exhibits bright EGFP fluorescence and 

expression of glutamate transporters (GluT), like EAAT1/GLAST and EAAT2/GLT-1 – GluT glial 

cells. The other subtype shows weak EGFP fluorescence and expresses glutamate receptors 

(GluR), such as AMPA receptors – GluR glial cells (Matthias et al. 2003, Jabs et al. 2005). 

 Another glial marker is the red fluorescent dye sulforhodamine 101 (SR101). This 

marker sufficiently stains astrocytes, which show typical electrophysiological properties of 

classical passive astrocytes (Nimmerjahn et al. 2004, Kafitz et al. 2008, Meier et al. 2008). The 

here used acute brain slices are stained with SR101 via bath loading (Kafitz et al. 2008) and 

only SR101 positive glial cells were analysed in this work.  

 

1.2.1. Radial glia-like (RGL) cells in the hippocampus 

Neurogenesis is defined as a process generating neurons from precursor cells and happens 

during embryonic development. However, further studies have shown that neurogenesis also 

occurs in the adult brain, in the subventricular zone of the lateral ventricles or in the 

subgranular zone of the DG (Kuhn et al. 1996, Eriksson et al. 1998, Bond et al. 2015). RGL cells 

are proliferating neuronal stem cells in the adult hippocampus, which is known to generate 

new astrocytes and granule neurons throughout the lifecycle of mammals.  RGL cells express 

both astrocytic markers, such as EAAT1/GLAST and GFAP (Liour and Yu 2003, Jungblut et al. 

2012), as well as embryonic neuronal stem cell markers, like BLBP (Brain lipid binding protein), 

Nestin and the transcription factor Sox2 (Eriksson et al. 1998, Berg et al. 2018).  
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RGL cells exhibit a single primary process that extensively branches within the granule 

cell layer and the molecular layer of the DG (Figure 3.3) (Gebara et al. 2016, Moss et al. 2016). 

Two populations of RGL cells – type α and type β, can be distinguished based on the length of 

their single primary processes (Gebara et al. 2016). For analysis, RGL cells can be visualized by 

staining with SR101 in acute brain slices. Although, SR101 stains RGL processes, distinguishing 

between primary processes was not possible in our experiments, and α- and β- RGL cell types 

were thus not investigated separately.   

 

Figure 3.3: Schematic illustration of radial glia-like cells located in the subgranular zone (SGZ) of the 
DG.  
RGL cells (purple) are proliferating progenitor cells and capable of generating new astrocytes (yellow) 

and neurons (green) in the DG. They exhibits single primary process extending through the granule cell 

layer (GCL) till the molecular layer (ML), where it branches and enwraps synapses, formed on the 

granule cell dendrites. 

 

 

1.2.2. Bergmann glia (BG) in the cerebellar cortex 

The cerebellar cortex consists of three different layers, the molecular layer (ML), the Purkinje 

cell layer (PCL) and the granule cell layer (GCL), exhibiting a notable heterogeneity of astroglia 

and oligodendroglia. The most well-known cells in the cerebellum are the unipolar BG, located 

next to Purkinje neurons in the PCL. Their highly branched processes extend radially along the 

ML and form tight contacts to Purkinje cell dendrites. In addition, their extensions are 

guidelines for granule cell migration in the developing cerebellum (see Figure 3.4) (Rakic 1971, 

Hatten et al. 1984, Yamada and Watanabe 2002). Like as with the hippocampus, neurogenesis 

takes place in the ventricular zone of the cerebellum that hosts radial glia, a precursor form of 

BG cells (Leung and Li 2018).  
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Figure 3.4: Structure of the cerebellum. 
The scheme visualizes a parasagittal view of all ten lobes (I – X) and the three different cell layers of 

the cerebellum – molecular layer (ML), Purkinje cell layer (PCL) and the granule cell layer (GCL), which 

surrounds the inner white matter (black). Bergmann glial cells (orange) surround Purkinje neurons 

(green) and extend radial extensions, which enwrap synapses on Purkinje cell dendrites. The 

extensions of both cell types branch along the ML (Yamada and Watanabe 2002, Tanaka et al. 2008). 

 

1.3. Physiological role of glial chloride concentrations  

Chloride, the most abundant biological anion, can move across the cell membrane as well as 

membranes from intracellular compartments either via anion-selective channels or via passive 

or secondary-active transporters (Delpire and Staley 2014, Jentsch and Pusch 2018). [Cl-]int 

contributes to the control of membrane potentials, to cell volume homeostasis as well as to 

initiation of apoptosis and the regulation of cell proliferation (McManus et al. 1995, Mongin 

2016, Elorza-Vidal et al. 2019, Wilson and Mongin 2019).   

During development, neurons and glial cells undergo a chloride switch from higher to 

lower [Cl-]int (Delpire and Staley 2014, Untiet et al. 2017). The chloride switch correlates with 

the starting expression of EAAT1 and EAAT2 proteins in glial cells, (Schreiner et al. 2014). In 

neurons, it show a relationship with the GABA switch, which timely correlates with the 

functional change from an excitatory to an inhibitory GABA response of the postsynapse 

(Owens et al. 1996, Blaesse et al. 2009). In glial cells, [Cl-]int is in a dynamic equilibrium between 

a coupled potassium-chloride efflux via KCC (Ringel and Plesnila 2008) and a chloride efflux via 

EAAT associated anion channels (Machtens et al. 2015, Fahlke et al. 2016), as well as chloride 

accumulation by the electroneutral NKCC1 (as shown in the present study Engels et al., 

submitted).   
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The distribution of water over plasma membranes is in equilibrium if intra- and 

extracellular solute concentrations (sodium, potassium, chloride and small organic molecules) 

are equally distributed, whereas osmotic gradients cause water influx or efflux. Changes in 

volume cause an activation of the following transporters and channels: Na+/K+/2Cl- 

cotransporter (NKCC1), K+/2Cl- cotransporter (KCCs), Na+/H+ and 2Cl-/HCO3
- exchangers, 

aquaporin and volume regulated anion channel (VRAC) as well as Na+ and Cl- channels (see 

Figure 3.5).  Acute cell swelling activates the KCCs that mediate the efflux of K+ and Cl- out of 

the cell with a corresponding water efflux to decrease cellular size. In case of cell shrinkage, 

the NKCC1 cotransporter, pumps Na+/K+/2Cl- into the cell. Additionally, the Na+/H+ and  

2Cl-/HCO3
- exchangers as well as the Na+ and Cl- channels are activated to increase the 

intracellular solute concentration, which results in a water influx and increase in cell size 

(McManus et al. 1995, Kahle et al. 2015, Mongin 2016).  

 

Figure 3.5: Schematic illustration of volume regulatory transporters in glial cells.  
(Left) The cell volume can increase by activation of the bumetanide sensitive NKCC1 cotransporter 
(purple), which transports K+, Na+ and 2 Cl- into the cell, facilitating water influx. Other transporters, 
following the same principle of water influx, are the Na+/H+ exchanger and Cl-/HCO3 exchanger (grey). 
(Right) Cell swelling is corrected via controlled loss of K+ and Cl- via activated KCC cotransporters 
(orange), VRAC (light blue) as well as potassium (blue) and chloride (red) channels. The water flux is 
enabled by aquaporins (green circles) according to the direction of volume regulation. The scheme is 
made according to (McManus et al. 1995, Kahle et al. 2015, Mongin 2016).  
 

The Gibbs-Donnan effect describes the unequal distribution of solute ions that can 

cross semipermeable membranes according to their concentrations. This distribution is 

influenced by impermeable charged ions/molecules. Each solution tries to establish an 

electrically neutral environment on each side of the membrane via an equal distribution of 

diffusible ions. However, the unequal distribution of impermeable charged ions/molecules 
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and the activity of the Na+/K+-ATPase create an electrochemical gradient over the membrane, 

so that one side of the membrane exhibits a stronger osmotic pressure. This leads to the 

prediction that the [Cl-]int could be locally affected by impermeable anions, like negatively 

charged DNA/RNA under physiological pH or proteins.  

 

1.4. Solute carrier family (SLC) transporter in the CNS 

The Solute Carrier (SLC) group of membrane transporter proteins embraces 60 families of 

approximately 400 members that function as passive transporters, ion transporters or 

exchangers. They are involved in the transport of inorganic ions, amino acids, 

neurotransmitters, sugars, purine, fatty acids and other compounds across the cell membrane 

(Fredriksson et al. 2008). For chloride homeostasis the SLC transporters, NKCC1, KCC1-3, 

EAAT1/2 and GABA transporter type 1, seemed to be of special importance. 

1.4.1. Cation coupled chloride cotransporter – NKCC and KCC 

A characteristic of cation coupled chloride cotransport is the cotransport of Cl- along with at 

least one of the two cations, either Na+ and/or K+ in electroneutral manner. 

The SLC12 family members KCC1-3 (Ringel and Plesnila 2008) and the NKCC1 are 

expressed in astrocytes of the cortex, hippocampus and cerebellum (Yan et al. 2001a), while 

NKCC2 is kidney-specific (Russell 2000) and not relevant for this work. As mentioned above, 

KCCs are activated by cell swelling while NKCC1 is activated by cell shrinkage. Both processes 

introduce an osmotic imbalance and regulate the cell size via water efflux or influx. To achieve 

rapid changes in transporter activity as a fast response to changes in [Cl-]int, the activities of 

KCCs and NKCC1 are present in opposite phosphorylation states. Another difference between 

the transporters is that an increase in [Cl-]int inhibits NKCC1 transport, while it activates KCCs 

transport (Russell 2000, Payne et al. 2003).  

According to the following concentrations of a “typical” mammalian cell: intracellular  

[Na+] = 15 mM and [K+] = 150 mM; extracellular [Na+] = 140 mM, [K+] = 5 mM and  

[Cl-] = 130 mM, the membrane transport of the electroneutral NKCCs and KCCs can be 

calculated using the chemical component of the electrochemical gradients of each ion: 

[1.1]     𝛥𝐺 = 𝑅𝑇 ln
𝑐1

𝑐2
 , 
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𝑅 is the universal gas constant, 𝑇 the temperature and 𝑐1 and 𝑐2 are the ion 

concentrations. NKCC1 transports Na+, K+ and Cl- with a stoichiometry of 1Na+:1K+:2Cl- (Russell 

2000), so that the electrochemical gradient for this transport process is represented as the 

following sum [1.2](with the following abbreviations: intracellular [Na+] = [Na+]int; intracellular 

[K+] = [K+]int; intracellular [Cl-] = [Cl-]int and extracellular [Na+] = [Na+]ext; extracellular [K+] = 

[K+]ext; extracellular [Cl-] = [Cl-]ext) 

[1.2]     𝛥𝐺 = (𝑅𝑇 ln
[𝑁𝑎+]𝑖𝑛𝑡

[𝑁𝑎+]𝑒𝑥𝑡
) + (𝑅𝑇 ln

[𝐾+]𝑖𝑛𝑡

[𝐾+]𝑒𝑥𝑡
) + 2 (𝑅𝑇 ln

[𝐶𝑙−]𝑖𝑛𝑡

[𝐶𝑙−]𝑒𝑥𝑡
)  

The energetics of a transport can be described after mathematical conversion and 

simplification by the next equation [1.3] under equilibrium conditions, 𝛥𝐺 = 0. 

[1.3]   [𝐶𝑙−]𝑖𝑛𝑡 = [𝐶𝑙
−

]
𝑒𝑥𝑡

√
[𝑁𝑎

+
]𝑒𝑥𝑡 × [𝐾

+
]𝑒𝑥𝑡 

[𝑁𝑎
+

]𝑖𝑛𝑡 × [𝐾
+

]𝑖𝑛𝑡

 

Subsequently, the NKCC1 would constantly accumulate ions into the cell under 

physiological conditions until [Cl-]int is ≈ 72.5 mM and a thermodynamic equilibrium is 

established. On the other hand, KCCs transport 1K+:1Cl- (Russell 2000) in the opposite 

direction until [Cl-]int drops down to ≈ 4.3 mM (calculated accordingly to the KCC 

stoichiometry). Due to their dependence on [Na+] and [K+], the activities of both 

cotransporters depend on the activity of the Na+/K+-ATPase, which will be reduced upon 

energy restriction. 

 

1.4.2. Excitatory amino acid transporters (EAATs) 

The SLC1 family includes the EAAT glutamate transporters that transport one glutamate, one 

H+ and three Na+ against one K+ ion across the membrane (Zerangue and Kavanaugh 1996, 

Levy et al. 1998). The transporters are comprised of two domains, one stable localized domain, 

which establishes the multimerization of the trimeric proteins, and a dynamic region, which 

permits the substrate transport, by an elevator-like mechanism (Reyes et al. 2009). 

Additionally, the transporters function as anion-selective channels. These channels are 

opened during an intermediate state of the glutamate transport cycle so that chloride is 

released from cells due to the negative glial membrane potential (Machtens et al. 2015, Fahlke 

et al. 2016). In the mammalian brain, five different subtypes have been identified, EAAT1 
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(GLAST), EAAT2 (GLT-1), EAAT3 (EAAC1) EAAT4 and EAAT5 (Danbolt 2001). In mammals, these 

five proteins share 90% identity to comparative proteins of other mammalian species (Danbolt 

2001). EAAT1 and EAAT2 are both expressed in glial cells but their expression levels vary 

between brain regions (Rothstein et al. 1994, Lehre and Danbolt 1998, Danbolt 2001). Analysis 

of EAAT expression levels as well as blocker experiments in RGL cells have proven that these 

cells also express EAAT1 and EAAT2 (Regan et al. 2007, Jungblut et al. 2012). The isoforms 

EAAT3 and EAAT4 are expressed in neuronal cell bodies and spines, respectively (Rothstein et 

al. 1994, Danbolt 2001). EAAT5 is restricted to retinal photoreceptors and bipolar cells (Lee et 

al. 2016). 

Regan et al. (2007) showed that the majority of glial cells in the brain express a higher 

amount of EAAT1 if EAAT2 is not expressed in these cells. On the other hand, the expression 

of EAAT1 is suppressed, if EAAT2 is highly expressed in the same cell. Further studies have 

shown that the transcription of both, EAAT1 and EAAT2, undergoes developmental changes 

(Regan et al. 2007). Interestingly, the expression of EAAT1 and EAAT2 seems to be linked to 

the chloride switch in glial cells in CA1 and DG (Schreiner et al. 2014) and in cerebellar BG 

(Untiet et al. 2017).    

 

1.4.3. GABA transporters (GATs) 

GABA transporters (GATs) mediate the uptake of the inhibitory neurotransmitter GABA out of 

the synaptic cleft using Na+ and Cl- gradient (Guastella et al. 1990, Cammack et al. 1994, 

Hilgemann and Lu 1999). They terminate inhibitory synaptic transmission and prevent the spill 

over of extracellular GABA to neighbouring synapses (Borden 1996). To this date, four 

different forms of GATs have been described – GAT-1, GAT-2, GAT-3 and BGT-1 (Betaine/GABA 

transporter 1) and all belong to the SLC6 family. Northern blot and PCR analyses indicated that 

GAT-2 is expressed in the brain and the retina as well as in the liver, in which it is particularly 

abundant. BGT-1 was first identified in the kidney cells as a betaine transporter (Nakanishi et 

al. 1988). It was later shown that it also functions in GABA transport in the brain (Yamauchi et 

al. 1992, Borden 1996), although, its function is still under debate. GAT-1 is predominantly 

localized in neurons and GAT-3 in glial cells (Jin et al. 2011). The uptake of GABA is energetically 

linked to the gradients of Na+ and Cl- (Jiang et al. 2005, Eulenburg and Gomeza 2010). Willford 

et al. (2015) has suggested that the stoichiometry for all GABA transporter isoforms is 
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3Na+:1Cl−:1GABA and that forward and reverse transport modes of GABA are possible  

(Willford et al. 2015).  

The predominantly inhibitory neurotransmitter GABA modulates the excitability of 

neurons according to the variations of chloride gradients, either via phasic or tonic inhibition. 

The phasic inhibition is triggered by the release of GABA from the presynapse that specifically 

binds at postsynaptically and perisynaptically located GABAA and GABAB receptors. In contrast, 

tonic inhibition is due to activation of extrasynaptic GABA receptors. This illustrates the 

modulatory role of GABA in synaptic transmission. The majority of extrasynaptic GABAA 

receptors contain α5-, α4- or δ-subunits and can detect micromolar concentrations of 

extracellular GABA ([GABA]ext) (Glykys and Mody 2007, Belelli et al. 2009, Bryson et al. 2020). 

This work focuses on GABAA receptors since GABAB receptors are metabotropic receptors, 

which modulate the inhibition only indirectly.  

 

1.5. Changes in [Cl-]int can have adverse consequences for glial cells 

1.5.1. Apoptotic cell death  

Apoptosis is an active, programmed and tightly regulated cell death, which is activated 

through mitochondrial dysfunction (intrinsic pathway) or by the activation of cysteine-aspartic 

acid proteases, like caspase 3 (extrinsic pathway). Therefore, apoptosis can be precisely 

separated from necrosis, an unregulated and injury-induced cell death resulting in a cell 

volume increase. Changes in the ion homeostasis can cause cell shrinkage and apoptotic 

volume decrease (AVD). AVD is comprised of two phases: early-phase mitochondrial 

dysfunction and caspase-independent AVD and late-phase caspase-dependent apoptotic cell 

shrinkage, followed by loss of cell contacts and cell shape (Maeno et al. 2012).  

Volume regulated K+ and Cl- channels can cause cell shrinkage (Maeno et al. 2000) and 

consequently could induce apoptosis. In thymocytes, it has been shown that the [K+]int is 

reduced in apoptotic cells (Hughes et al. 1997). This indicates that the [Na+]int could be higher 

than under physiological conditions (Bortner and Cidlowski 2003). These findings imply, that 

increased [Na+]int and reduced [K+]int are involved in cell volume regulations and signalling 

pathway to induce apoptosis. In addition, upregulated Cl- efflux was described as basis of AVD 

in human endothelial cells (ECV304) (Porcelli et al. 2004). Further observations demonstrated 

that DIDS inhibition (Cl- transport inhibitor) prevents AVD, as well as activation of caspase 3 

and DNA fragmentation. This indicates that volume decrease trough Cl- efflux is a trigger for 
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apoptosis (Ernest et al. 2008). Accordingly, all processes activated by cell shrinkage could 

induce a destabilization of the cell homeostasis, causing a collapse of the cells – apoptosis.  

 

1.5.2. Episodic ataxia type 6 (EA6) 

SLC1A3 encodes for the glial glutamate transporter EAAT1, which is responsible for the 

glutamate uptake from the synaptic cleft to avoid neurotoxicity (Harris et al. 2014). A missense 

mutation in SLC1A3 causes EA6, which is characterized by epileptic seizures, ataxia and 

hemiplegia. The mutation predicts a substitution of proline by arginine at position 290 (P290R; 

p.Pro290Arg, 1047C>G; NP_004163) and was found in a 10-year-old boy. He showed 

developmental anomalies, such as a delay of the crawling and walking phase, the occurrence 

of periods with ataxia and slurred speech (Jen et al. 2005). The mutation P290R causes 

functional changes in EAAT1. It reduces the speed of conformational changes of the 

transporter associated with Na+-binding and thereby decreases the glutamate transport rate, 

while increasing the open probability of the anion channel (Winter et al. 2012, Hotzy et al. 

2013). Meanwhile, additional missense mutations in the SLC1A3 gene were associated with 

EA6 (de Vries et al. 2009, Pyle et al. 2015, Choi et al. 2017a, Choi et al. 2017b, Iwama et al. 

2018). 

To understand how functional alterations of P290R EAAT1 cause the phenotype of EA6, 

a knock-in mouse model (Slc1a3P290R/+) was generated. Mutant mice exhibit impaired motor 

coordination and epileptic seizures ((Kovermann et al. 2020) find this work attached to this 

thesis). 

 

1.5.3. Ischemia 

Brain ischemia is a frequent vascular complication and represents one of the main causes of 

disability and death in our aging population (Katan and Luft 2018). Ischemia is caused by a 

reduced blood supply and decreased oxygen availability. An ischemic lesion consists of a core 

region, with profound reduction of blood flow and irreversible cell death, surrounded by the 

peri-infarct zone, also referred to as penumbra. The penumbra is of main interest in research 

and therapy of ischemia. Cells in this area are exposed to a partially reduced blood flow over 

the ischemic threshold. When surrounded by healthy tissue, damaged cells can recover 

spontaneously if the cerebral blood flow returns after a certain timeframe. These mechanisms 

allow cells to recover and to rebuild physiological ion and glutamate distributions.   
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Reduced cerebral blood flow decreases the oxygen and glucose supply, which leads to 

disturbances in cellular metabolism and reduction of the ATP level. The Na+/K+-ATPase is a 

major consumer of ATP. Reduced ATP levels decrease Na+ and K+ gradients across neuronal 

and glial membranes and impair the activities of various secondary active transporters. This 

leads to an increase of [K+]ext and decrease of [Na+]ext causing membrane depolarization. 

Increased glutamate release and impaired uptake results in higher extracellular glutamate 

concentrations ([glutamate]ext).  

Anoxic depolarization describes a uncontrollable depolarization, induced by an 

increase of [K+]ext (Hertz et al. 2015) and [glutamate]ext (Belov Kirdajova et al. 2020) as well as 

[Na+]int (Gerkau et al. 2018) and [Cl-]int, which potentially results in glutamate-induced 

apoptosis or necrosis of neuronal cells (Zhang and Bhavnani 2006, Kritis et al. 2015).   

NKCC1 was shown to be upregulated in neurons in the ischemic penumbra (Bhuiyan et 

al. 2017). Other experiments with cultured neurons demonstrated that the NKCC1 is 

stimulated by high [K+]ext and [glutamate]ext (Yan et al. 2001b). This could indicate that the 

NKCC1 plays a key role in ischemia and that the fluxes of Na+, K+ and Cl-, as well as water, are 

involved cell damage.  

 

1.6. Chloride Imaging  

1.6.1. Fluorescence lifetime imaging microscopy (FLIM) 

To measure intracellular ion concentrations in living cells, various fluorescent indicators have  

been developed in recent years. The dynamics of the Cl- homeostasis on cellular and 

subcellular levels can be studied by using the fluorescence lifetime imaging microscopy (FLIM) 

with the chloride sensitive quinolinium dye MQAE (1-(Ethoxycarbonylmethyl)-6-methoxy-

quinolium bromide) (Gensch et al. 2015).  

Fluorescence microscopy is based on the excitation of a fluorophore with light of 

defined energy (wavelength) from the ultraviolet, visible and near-infrared light spectrum (hv, 

where h is the Planck constant and v the frequency of the photon) and the detection of the 

emitted photons of longer wavelengths (Stokes-shift).  

In the last twenty years, FLIM has been established to examine absolute ion 

concentrations in cells (Marcu et al. 2014, Gensch et al. 2015). To measure [Cl-]int the 

fluorescence lifetime () is a more suitable parameter compared to fluorescence intensity, 

because the fluorescence lifetime determined for a fluorophore – here MQAE – is 
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independent of the amount of fluorophore molecules in one cell and the excitation light 

intensity. The fluorescence intensity of a fluorophore is directly proportional to the amount of 

fluorophore molecules. In cells, the amount of fluorophores cannot be controlled and is 

influenced by many factors. Therefore, it is unsuitable to determine the absolute [Cl-]int from 

the fluorescence intensity of MQAE.  

The fluorescence lifetime of a fluorophore  is the time a fluorophore stays in the 

excited state (S1) before it returns to its ground state (S0) (Figure 3.6). The fluorescence 

lifetime equals ([1.4]) the reciprocal of the sum of rate constants of the deactivation processes 

of the excited electron, namely the non-radiative rate constant (internal conversion and 

vibrational relaxation; 𝑘𝑛𝑟), the rate of dynamic (or collisional) quenching (𝑘𝑞) and the 

radiative rate constant (the rate of emitting photons;  𝑘𝑓):  

 

[1.4]     𝜏 =
1

 𝑘𝑛𝑟+ 𝑘𝑞+  𝑘𝑓
 . 

 

 

Figure 3.6: Jablonski diagram illustrating the two-photon excitation and possible relaxation ways of 
the fluorophore. 
A fluorophore is excited via two-photon excitation (hv) from the ground state (S0) to the excited state 

(S1). In the S1, the fluorophore stays for a specific time – the fluorescence lifetime ( – until it returns 

to S0 either by non-radiative decay (𝑘𝑛𝑟) or by the emission of light (𝑘𝑓). In the presence of quencher 

molecules, the excited fluorophore can collide with a quencher molecule (in this dissertation chloride). 
It then forms a short-lived collisional complex and the excited electron returns to the ground state S0 

without emission of a photon (𝑘𝑞). 
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Fluorescence microscopy using two-photon excitation of chloride-sensitive dyes by 

femtosecond pulsed near-infrared light is a harmless and non-invasive technique to study 

chloride concentrations in acute brain slices. The two-photon excitation is based on 

simultaneous absorption of two low-energy photons by the molecule of interest (Zipfel et al. 

2003, Berezin and Achilefu 2010) and enables the detection of glial cells at depths that are 

unreachable with one-photon excitation or confocal microscopy.   

FLIM in combination with MQAE proves to be a more convenient tool to study [Cl-]int 

in living cells of acute brain slices than chloride imaging with genetically encoded fluorescent 

sensors for chloride, like “Clomeleon” (Kuner and Augustine 2000). This Cl- sensor has some 

disadvantages, as it suffers from divergent light scattering due to different wavelengths, tissue 

deepness and age dependency (Oheim et al. 2001) as well as the sensitivity of the fluorescent 

protein towards pH changes (Kuner and Augustine 2000). 

 

1.6.2. Measuring fluorescence lifetimes with the time-correlated single photon 
counting technique  

To determine the fluorescence lifetime in the time-domain, the technique of time-correlated 

single-photon counting (TCSPC, Simple-Tau 152; Becker&Hickl) is applied. With this technique, 

fluorophores of a probe – solution, cell or tissue – are excited with short pulses (typical: 50-

200 fs) of photons of defined energy (wavelength) impinging on the sample at high repetition 

frequency (typical: 80 MHz). The photon detector works in single photon counting mode and 

registers a photon with very accurate timing. Excitation power is dimmed so that less than one 

photon per excitation pulse is detected. The time between excitation and detection of the 

emitted photon is measured and plotted in a histogram. This step is repeated 105 – 108 times 

to achieve a sufficient amount of detected photons in the photon arrival time histogram. This 

histogram can be described by the best fit of a sum of exponential functions, from which the 

average fluorescence lifetime (ave; [1.5] with x = lifetime of the exponential component;  

𝑎𝑥= respective amplitude) can be calculated (as shown in the present study Engels et al., 

submitted; section: Fluorescence lifetime imaging microscopy (FLIM); Figure 3.7).   

 

[1.5]     ave =  
𝑎1∗1+ 𝑎2∗2

𝑎1+ 𝑎2
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The fluorescence lifetime was measured with an upright scanning fluorescence 

microscope and averaged over a total scanning time of 40 s or 80 s (as shown in the present 

study Engels et al., submitted; section: Fluorescence lifetime imaging microscopy (FLIM)). 

Using scanning fluorescence microscopes, the arrival time of one single photon and a focused 

laser beam scanning a defined area are used to create a 3-dimensional matrix, in which for 

each pixel of the scanned area the fluorescence signal and the fluorescence decay is stored. 

 

 

Figure 3.7: Schematics of the time-correlated single photon counting mechanism.  
Using a pulsed laser, the fluorophore is excited and starts the detection of the fluorescence lifetime 
(START tpulse) which is stopped by the detection of the emitted photon (STOP tphoton). During the time 
of measurements, this process is repeated 105 – 108 and all detected photons (> 2000 counts/pixel) 

are collected in a histogram to calculate the ave. Scheme was drawn according to (Becker 2005).

  
 

1.6.3. The chloride-sensitive fluorescent dye MQAE 

Chloride accumulation or deprivation in cells can be studied by using fluorescent quinolinium-

derivatives, like the chloride-sensitive dye MQAE, in combination with two-photon excitation 

FLIM microscopy. The dye is a well-suited Cl- sensor to determine cytoplasmic chloride 

concentrations (Verkman et al. 1989, Biwersi and Verkman 1991, Kaneko et al. 2004, Untiet 

et al. 2017) because of its chloride sensitivity, which is based on dynamic collisional quenching.

 MQAE, like all quinolinium-derivates, has a specific Stern-Volmer constant (KSV) and 

fluorescence lifetime in the absence of chloride (0) which depends on the surrounding 

environment, i.e. the abundance of other molecules that quench the fluorescence of MQAE. 
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In the various glial cells, different amounts of other negatively charged atoms and molecules 

are present, which can contribute as additional quenchers. The majority of chloride transport 

blockers are fluorescent in the ultraviolet range and are negatively charged under 

physiological pH. Therefore, they could contribute to the measured fluorescence with a 

different fluorescence lifetime or could quench the fluorescence of MQAE by themselves, 

which both impair the accuracy of this approach (Figure 3.8a). Furthermore, dimethylsulfoxid 

(DMSO) - a commonly used solvent for many organic chemical substances including the four 

blocker molecules used in this work – can also act as a quencher of MQAE fluorescence.  

Time-resolved detection of the fluorescence lifetime decays of MQAE (3 mM) in 

presence of varying DMSO concentrations (0 – 0.2% v/v) were determined in cuvette 

measurements using fluorescence spectrophotometer with time-resolved detection 

(Fluotime100, Picoquant, Berlin, Germany) based on a picoHarp300 unit by utilizing a pulsed 

diode laser (Laser Picoquant LDH- P-C-375; emission: 375 nm; pulse width: <40 ps; used 

repetition frequency: 20 MHz) as an excitation source. Fluorescence decay curves as a function 

of time (t) were measured by time-correlated single-photon counting that enables the 

determination of fluorescence decay components with fluorescence lifetimes greater than 

100 ps. Decay curves were analysed by iterative reconvolution of the instrument response 

function, IRF(t), with an exponential model function, M(t), using the FluoFit software (version 

4.5.3.0; Picoquant). Cuvette experiments demonstrated that DMSO indeed acts as a quencher 

with increasing concentrations. Its Stern-Volmer plot yields a straight line and the Stern-

Volmer constant of DMSO is estimated as 8.73 M-1 (Figure 3.8 b). Further cuvette experiments 

have shown, that the blocker Bumetanide, R-(+)-DIOA and DL-TBOA (Figure 3.8a) influences 

the MQAE fluorescence lifetime (faster decay) while no emission from the blockers with 

spectra different from MQAE was detected.  

Since in FLIM measurements of acute brain slices under the microscope the 

intracellular concentration of DMSO and the various blockers cannot be determined nor 

controlled I decided to test the influence of blocker and DMSO for every single blocker in the 

acute brain slice and for every glial cell type. The blocker UCPH-101 comprises no COOH group 

and does not quench the MQAE lifetime (Figure 3.8c). Further MQAE calibrations in the 

presence and absence of UCPH-101 were performed in neocortical astrocytes. The 

physiological calibration with or without UCPH-101 point out similar results for the observed 

[Cl-]int and confirm that UCPH-101 dissolved in DMSO does not additional effect MQAE 
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lifetime. To determine accurate [Cl-]int further calibrations in the presence of Bumetanide,  

R-(+)-DIOA and DL-TBOA have to carried out (as shown in the present study Engels et al., 

submitted; section: Fluorescence lifetime imaging microscopy (FLIM) Figure 4). The 

fluorescence lifetime of MQAE is inversely proportional to the chloride concentration 

(Verkman 1990, Kaneko et al. 2002, Gensch et al. 2015) and enables determination of [Cl-]int 

over a broad range. To achieve this, MQAE fluorescence lifetime changes need to be 

accurately calibrated within the cells or brain region of interest.  

Altogether, MQAE allows measurements of [Cl−]int after a cell specific calibration in 

acute brain slices, because of the following properties: high Cl− affinity, independent from 

dye/fluorophore concentration, insensitive to HCO3
− concentration, very little photobleaching 

and insensitivity to changes of the pH (Verkman et al. 1989, Koncz and Daugirdas 1994, Kaneko 

et al. 2002, Kovalchuk and Garaschuk 2012, Arosio and Ratto 2014). 

 

Figure 3.8: Potential, additional quencher of MQAE lifetime. (a) Chemical structure of Bumetanide,  
R-(+)-DIOA, UCPH-101 and DL-TBOA. (b) Stern-Volmer analysis of 3 mM MQAE dissolved in 0 mM Cl- in 
the presence of different DMSO concentrations (0 – 0.2% v/v; 0 – 28.16 mM; KSV = 8.73 M-1 and  
τ0 = 7.23 ns). The fluorescence lifetime was determined by collecting fluorescence intensity decays 
with 10000 counts in the maximum (excitation: 380 nm; emission: 460 nm). (c) MQAE calibration in 
neocortical astrocytes in presence (grey; KSV = 17.59 M-1 and τ0 = 5.90 ns) and absence (black;  
KSV = 15.7 M-1 and τ0 = 5.81 ns) of UCPH-101 (for comparability experiments were performed in the 
same animal).  
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1.7. Aim of this dissertation 

Chloride is the main compensatory ion for the movement of cations, like K+ and Na+ in living 

cells. [Cl-]int is an important determinant of many cellular functions, like volume regulating 

processes, neurotransmitter uptake, maturation of glial cells and excitability of neurons, but 

[Cl-]int is still barely investigated. A number of transporters, such as the NKCC1, KCCs and 

EAATs, are involved in chloride fluxes over the plasma membrane. The differences in function 

and expression level of these chloride channels/transporters result in a high variability in  

[Cl-]int. This is the reason why mechanisms underlying intracellular Cl- homeostasis are 

insufficiently understood.  

In literature, chloride concentrations in glial cells had been mainly determined in cell 

culture (Kimelberg 1981, Kettenmann et al. 1987, Walz and Mukerji 1988, Bevensee et al. 

1997, Bekar and Walz 2002). The first measurements of chloride concentrations in glial cells 

in an intact natural environment, acute brain slices, have been done recently in our lab (Untiet 

et al. 2017).  

The goal of this work was to determine further physiological [Cl-]int of glial cells in the 

hippocampus (CA1, DG and RGL cells) and neocortex (layer II/III). Furthermore, the [Cl-]int of 

glial cells was measured after chloride channel/transporter inhibition/blocking to determine 

the function of different channels/transporters in the intracellular Cl- homeostasis. In addition, 

the influence of pathophysiological conditions, like chemical ischemia and episodic ataxia 

were examined in acute tissue slices.  

To determine [Cl-]int the fluorescence lifetime imaging microscopy and the chloride 

sensitive dye MQAE was used. This technique served as main component, as well as a support 

to electrophysiological recordings, immunohistochemistry or protein expression results, 

respectively, of the mentioned publications. 
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Contribution:  I was involved in the planning and the practical implementation of all chloride 

measurements. For the following figures, I calibrated, measured and determined [Cl−]int, 

examined statistical analysis, created imaging pictures and prepared the figures: Chloride 

imaging in acute hippocampal and neocortical slices (Fig. 2 and 3), modification of glial resting 

[Cl−]int and chloride dependence of MQAE fluorescence lifetimes by chemical blocker (Fig. 4), 

modification of glial resting [Cl−]int after energy restriction (Fig. 6) and its modification by 

specific chloride- and EAAT-transport blocker under energy restriction (Fig. 7 and 8). I 

rearranged to the text structure the figures illustrating minimum photon numbers for the 

determination of fluorescence (Fig. 1), ATP levels under chemical ischemia (Fig.5), astrocytic 

cell swelling (Fig. 9) and mathematical modelling results (Fig. 10). I was involved in the 

interpretation of the data and the writing of the first manuscript draft. 
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2.2.2. Manuscript in preparation 

Impaired granule cell inhibition causes epilepsy in episodic ataxia 6  

Yulia Kolobkova, Miriam Engels, Sabrina Behuet, Sebastian Bludau, Thomas Gensch,  

Christoph Fahlke*, Peter Kovermann*  

* These authors contributed equally 

 

Pages: 96 – 125 

 

Status:  in preparation  

 

Contribution:  I planned and did FLIM measurements of glial cells in hippocampal acute tissue 

slices (CA1 and RGL cells). For the figure 3 (B, D, E-F), I calibrated, measured and determined 

chloride concentrations, created imaging pictures and was involved in illustrating chloride 

measurement results. I was involved in the interpretation of the data and correction of the 

manuscript draft. 
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3 Summary of results and conclusion 

Two types of cells perform most CNS functions: neurons and glial cells, with glial cells 

outnumbering neurons. Glial cells support neurons, maintain their environment and regulate 

[K+]ext and ambient neurotransmitter concentrations (Deitmer and Rose 2010). Chloride 

concentrations and their gradients are important determinants for volume regulation 

processes (McManus et al. 1995, Mongin 2016), initiation of apoptosis, the regulation of cell 

proliferation (Elorza-Vidal et al. 2019, Wilson and Mongin 2019) and neurotransmitter uptake 

(Zerangue and Kavanaugh 1996, Levy et al. 1998, Jiang et al. 2005, Eulenburg and Gomeza 

2010). Defective volume regulation leads to glial cell swelling and cerebral edema in 

pathological conditions, such as epilepsy, hepatic failure, hyponatremia, stroke, and traumatic 

brain injuries (Feustel et al. 2004, Deng et al. 2014, Stokum et al. 2016, Gankam Kengne and 

Decaux 2018, Wilson and Mongin 2019), making glial chloride homeostasis an important 

determinant of normal brain function.  

My thesis focuses on glial chloride homeostasis under normal conditions as well as in 

two different diseases, in a genetic human condition, EA6, and in early phases of brain 

ischemia, a vascular complication that frequently occurs in elderly patients and represents a 

major reason of disability or even death in our society. 

FLIM measurements were used to determine [Cl-]int of hippocampal astrocytes in the 

CA1 region (20.6 ± 2.5 mM) and the DG (28.4 ± 3.0 mM) in acute murine tissue slices, which 

are both higher than the value of neocortical astrocytes (14.0 ± 2.0 mM). [Cl-]int in RGL cells 

(20.3 ± 0.7 mM) was comparable to those in CA1 astrocytes (as shown in the present study: 

Engels et al., submitted), but lower compared to other radial glial-like cells – BG (35.3 ± 0.3 

mM) – in the cerebellum (Untiet et al. 2017). The results demonstrate that glial [Cl-]int vary 

between different brain regions. These variations in [Cl-]int might result in different volume 

regulation capacities and predict lower [GABA]ext at rest around neocortical glial cells 

compared to DG astrocytes or BG. The functional aspect of these variations in chloride 

homeostasis/[Cl-]int is still unknown.   

For a better understanding of the pathophysiology of EA6, a constitutive heterozygous 

knock-in mouse model (Slc1a3P290R/+) was analysed (as shown in the present study: Kovermann 

et al., 2020). This mouse carries the same mutation as a reported patient with EA6, the P290R 

mutation of EAAT1 (Jen et al. 2005). In heterologous expressions systems, this mutation 

causes an increase in anion channel activity, a reduced glutamate transport and a reduction 
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of EAAT1 in the membrane by < 50% (Winter et al. 2012). Slc1a3P290R/+ mice exhibit motor 

discoordination and spontaneous seizures similarly to human EA6 phenotype and thus 

represents a convincing animal model for this disease. Cl- channels associated with 

EAAT1/GLAST are important determinants of the [Cl-]int of BG (Untiet et al. 2017). FLIM 

experiments on BG of Slc1a3P290R/+ show lower [Cl-]int than in WT mice (as shown in the present 

study: Kovermann et al., 2020). The reduced concentration is related to an increase in Cl- efflux 

in Slc1a3P290R/+ mice, which can be associated with water efflux and volume decrease. 

Excessive Cl- and water efflux leads to AVD (Porcelli et al. 2004, Ernest et al. 2008), which is 

accompanied with a detectable increase of the apoptosis indicator caspase 3 in cerebellar BG 

of Slc1a3P290R/+ mice (as shown in the present study: Kovermann et al., 2020). The Slc1a3P290R/+ 

mice suffer from a loss of BG in the cerebellum (as shown in the present study: Kovermann et 

al., 2020). Cerebella of juvenile Slc1a3P290R/+ mice show a reduced amount of BG, which 

changes the activity of Purkinje neurons and leads to cerebellar degeneration and ataxia (as 

shown in the present study: Kovermann et al., 2020).  

Until now, the seizures rising from the cerebellum could only be associated to 

tumorous lesions (Watase et al. 1998, Dagcinar et al. 2007, Martins et al. 2016). A few results 

in the literature describe the hippocampus and not the cerebellum as a brain region where 

epileptic seizures originate (Heinemann et al. 1992), which stresses the importance to study 

the hippocampus in our institute.  

The DG is the first step in information processing and controls the excitability of the 

hippocampal network. Consequently, the tonic inhibition of the DG granule cells has an impact 

on the excitability within the hippocampal network. The inhibitory neurotransmitter GABA 

exerts a strong inhibitory signal influenced by extrasynaptic GABAA receptors (tonic 

inhibition), which leads to a reduction of the excitability of neurons. Pyramidal dendrites and 

granule cells of the hippocampus express high amounts of the GABAA receptor (Wisden et al. 

1992, Sperk et al. 1997, Wainwright et al. 2000). Animal models of temporal lobe epilepsy 

show synaptic and extrasynaptic GABAA dysregulation, which may contribute to the 

hippocampal hyperexcitability, a hallmark of this disorder (Coulter and Carlson 2007). 

Furthermore, mutations in the GABAA receptor δ-subunit are associated with epilepsy in 

humans. Decreased channel open durations and changes expression amounts can effect 

seizure susceptibility (Dibbens et al. 2004, Feng et al. 2006, Coulter and Carlson 2007). In 

addition, the important role of tonic inhibitory currents for epilepsy is demonstrated by the 
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genetic ablation of δ-subunit knock-out animals (Spigelman et al. 2002). Measurements of 

GABAergic currents in granule cells of the DG show decreased currents in Slc1a3P290R/+ mice 

compared to WT mice, although the protein level of the δ-subunit is unchanged in Slc1a3P290R/+ 

mice. However, reduced GABA concentration in the extrasynaptic space results in 

hippocampal hyperexcitability (as shown in the present study: Kolobkova et al., in 

preparation). This leads to the assumption that the reduced tonic inhibition is caused by 

functional changes of Slc1a3P290R/+ glial cells.   

In the Slc1a3P290R/+ mouse model seizures do not start before the third postnatal week. 

Before seizure onset, the expression level of EAAT1/GLAST in the hippocampus was lower 

compared to adult values (as shown in the present study: Kolobkova et al., in 

preparation)(Schreiner et al. 2014). The P290R-mediated reduced glutamate uptake (Winter 

et al. 2012) cannot fully explain epilepsy, since Slc1a3-/- mice completely lacking EAAT1/GLAST 

and hence EAAT1/GLAST-mediated glutamate uptake show no epileptic phenotype at juvenile 

ages (Watase et al. 1998, Stoffel et al. 2004). An important aspect here is that RGL cells express 

EAAT1/GLAST in a higher amount than astrocytes in the polymorphic layer of the DG (as shown 

in the present study: Kolobkova et al., in preparation or see attached supplementary results 

Figure 4.1) (Mori et al. 2006, Brunne et al. 2010, Jungblut et al. 2012).  

Chloride measurements in WT and Slc1a3P290R/+ mice showed lower [Cl-]int in RGL cells 

of Slc1a3P290R/+ mice than in CA1 and DG astrocytes (as shown in the present study: Kolobkova 

et al., in preparation; see attached supplementary results Figure 4.1). The results in astrocytic  

[Cl-]int of CA1 and DG between WT and Slc1a3P290R/+ mice showed no significant differences 

(see attached supplementary results Figure 4.1). Further experiments blocking EAAT1/GLAST 

with UCPH-101 described an increase in [Cl-]int of RGL cells in Slc1a3P290R/+ mice, while the  

[Cl-]int of CA1 and DG astrocytes showed no detectable effect (as shown in the present study: 

Kolobkova et al., in preparation; see attached supplementary results Figure 4.1). A possible 

explanation for the lower hippocampal vulnerability in EA6 could be the negligible impact of 

the P290R mutation on CA1 and DG astrocytic [Cl-]int, since inhibition of EAAT1/GLAST Cl- 

currents with UCPH-101 demonstrates no strong effect on the [Cl-]int  of Slc1a3P290R/+ 

astrocytes. Taken together, these experiments demonstrate that the reduced [Cl-]int in RGL 

cells of Slc1a3P290R/+ mice is caused by the P290R mutation of EAAT1/GLAST (as shown in the 

present study: Kolobkova et al., in preparation).   
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The altered [Cl-]int of RGL cells from Slc1a3P290R/+ mice will affect the secondary active 

chloride-dependent GABA uptake (Eulenburg and Gomeza 2010) by increasing driving force of 

the GABA transporter resulting in reduced [GABA]ext. A further reduction of the [GABA]ext is 

achieved by increased expression levels of GAT-3 in Slc1a3P290R/+ RGL cells as demonstrated by 

immunohistochemistry experiments (as shown in the present study: Kolobkova et al., in 

preparation). A possible explanation for the increased GAT-3 expression is that lower [Cl-]int of 

Slc1a3P290R/+ RGL cells may lead to higher [Na+]int, that activates the Na+/ Ca2+ exchanger. 

Consequently, elevation of the resting Ca2+ levels  (Doengi et al. 2009)  was shown to increase 

expression of GAT-3  (Shigetomi et al. 2011). Reduced [GABA]ext around DG granule cells 

explain the observed reduction in GABAergic tonic currents in Slc1a3P290R/+ mice before seizure 

onset, which leads to DG hyperexcitability and epilepsy, as observed in the mouse model. 

Seizure activity at later stages are caused by enhanced AMPA receptor-mediated transmission 

as measured with autoradiography of radioactive neurotransmitters (as shown in the present 

study: Kolobkova et al., in preparation). Lastly, the P290R mutation causes a loss of RGL cells 

after seizure onset as well as spine retraction of neurons in the DG (as shown in the present 

study: Kolobkova et al., in preparation). These results help to understand the complex 

appearance of EA6. Whereas the increased chloride efflux leads to Slc1a3P290R/+ BG apoptosis 

and cerebellar degeneration (as shown in the present study: Kovermann et al. 2020), 

Slc1a3P290R/+ RGL cells show only moderate degeneration, (as shown in the present study: 

Kolobkova et al., in preparation), likely because of the lower [Cl-]int in RGL cells. 

[Cl-]int thus turns out to be a main determinant of clinical symptoms in EA6. To study 

the role of [Cl-]int in brain ischemia, I studied the effect of energy restriction on glial chloride 

homeostasis (Engels et al., (submitted)). [Cl-]int was determined in different glial cell types, 

revealing marked differences in chloride homeostasis among each other.  

Blocking the NKCC1 with bumetanide decreased [Cl-]int in hippocampal CA1 and DG 

astrocytes, but without any striking effect in neocortical astrocytes and RGL cells. Inhibiting 

KCCs, the antagonists of NKCC1, with R-(+)-DIOA in hippocampal astrocytes show only minor 

changes in the [Cl-]int, but had clearly effects in neocortical astrocytes and RGL cells. The 

inhibition of EAAT1/GLAST with UCPH-101 increased the [Cl-]int in RGL cells and hippocampal 

CA1 astrocytes. In addition, DG astrocytes showed a slight increase compared to the 

significant increase in neocortical astrocytes. DL-TBOA leads only in RGL cells and neocortical 

glial cells to a further increase of the [Cl-]int (as shown in the present study: Engels et al., 
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submitted). The distinct effects of chloride transporter/channel blockers in different brain 

regions suggested region-specific variability of chloride transporter/channel expression.

 Chloride transporters/channels utilize driving forces that are influenced by metabolic 

stress. The ischemic penumbra can be mimicked by removing glucose from standard ringer 

solutions, blocking oxidative phosphorylation with sodium azide and glycolysis with 2-deoxy-

D-glucose (Gerkau et al. 2018), to study modifications of glial [Cl-]int. We demonstrated that 

chemical ischemia reduce cellular ATP levels (as shown in the present study: Engels et al., 

submitted), and thus [Na+]ext and [K+]int. These changes will modify the activity of the major 

glial chloride transporters, NKCC1 and the KCCs, as well as the open probability of EAAT anion 

channels changes. However, the glial [Cl-]int was only slightly affected (as shown in the present 

study: Engels et al., submitted). 

Since cell swelling will result in changes in [Cl-]int, our result indicates that there is little 

glial cell swelling under chemical ischemia. This notion was supported by glial volume 

measurements under chemical ischemia (10 min) (as shown in the present study: Engels et al., 

submitted).  

These unexpected results guided further experiments to study the activity of different 

chloride transporter/channel during transient energy restriction. If neocortical astrocytes are 

treated with bumetanide the [Cl-]int decreases further under ischemia conditions. Blocking 

KCCs after energy restriction results in dramatically higher and variable [Cl-]int. These two 

results indicate that the altered cation gradient due to ischemia activates the NKCC1 

transporter, whose activity is compensated by ischemia-activated KCC transporters. Autopsy 

analysis of human brains shows that stroke or metabolic stress are possible explanations for 

upregulation of NKCC1 located in neurons (Bhuiyan et al. 2017). Blocking EAAT1/GLAST and 

EAAT2/GLT-1 anion channels under ischemic conditions did not result in substantial changes 

in [Cl-]int, demonstrating that these transporters and their anion channels have only a slight 

impact on the chloride homeostasis under ischemia (as shown in the present study: Engels et 

al., submitted).   

A mathematical model established by Kalia et al. (Kalia et al. 2021) describes the 

distribution of Na+, K+, Cl-, Ca2+ and glutamate, and volume changes at the tripartite synapse 

under metabolic stress. The model combined ion transport by several ion channels and 

transporters. Model parameters were chosen to account for experimental results in Engels et 

al. (submitted) and Na+ measurements (Gerkau et al. 2018). The model of the tripartite 
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synapse under metabolic stress also includes the possibility to swell and contract in proportion 

to the osmolarity on both sides of the membrane. We focused on neocortical and DG 

astrocytes, as these two groups exhibit either a strong chloride accumulation in neocortical 

astrocytes or a weaker NKCC1 activity in DG astrocytes, as well as different impacts of KCC 

transporters. Simultaneously blocking neuronal and astrocyte Na+/K+-ATPase to 50% of 

baseline pumping capacity, mimicking the chemical ischemia protocol. Simulated astrocytes 

were exposed to a previous blocker incubation time of 20 min (as in the experiments 

presented in Engels et al., submitted) of bumetanide (blocks NKCC1), R-(+)-DIOA (blocks 

astrocyte KCCs) and DL-TBOA (blocks neuronal and astrocyte EAAT) and the chemical ischemia 

protocol plus a still active blockade of the transporter and channels. The results of the 

simulations nicely reproduced the observed experimental data (as shown in the present study: 

Engels et al., submitted). They demonstrate that the lower [Cl-]int in neocortical astrocytes 

compared to astrocytes in the DG is caused by higher numbers of NKCC1 and KCCs. The effect 

of DL-TBOA during energy restriction was very small and similar to results under energy 

restriction, which only indicates a minor influence of EAAT1/2 anion channels on chloride 

homeostasis under transient ischemia. The results indicate that ischemia activates NKCC1-

mediated inward transport, which is compensated by an increased KCC-mediated outward 

transport. As a result, astrocytes regulate their [Cl−]int under metabolic stress and 

consequently attain cell volume stability under transient energy deprivation. 

This dissertation demonstrates that glial chloride is not passively distributed, but 

rather actively established via transporters and channels and that [Cl−]int varies among in 

different glial cell types and brain regions. Changes in chloride concentration due to a gain of 

function mutation of the glial EAAT1/GLAST can have a dramatic impact on ion homeostasis, 

cell volume and apoptosis, modifying extrasynaptic GABA concentrations and triggering 

seizures. In contrast, experiments on chloride homeostasis under transient energy restriction 

revealed that glial cells can control [Cl−]int and support cell volume stability under such 

conditions. 
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4 Supplementary information 

 

Figure 4.1: EAAT1/GLAST dependence of [Cl−]int in RGLs and hippocampal glial cells – CA1 and DG in 
WT and Slc1a3P290R/+ animals (P20-P30).  
[Cl−]int of hippocampal astrocytes in RGL cells (A) as well as hippocampal astrocytes in CA1 (B) and DG 
(C) under physiological conditions and after application of EAAT1/GLAST-specific antagonist UCPH-101 
in WT (grey) and Slc1a3P290R/+ mice (red). (A) The [Cl−]int in RGL cells from Slc1a3P290R/+  animals (17.5±0.5 
mM, n=588 cells from N=5 animals) is significantly lower compared to the [Cl−]int from WT animals 
(20.3±0.7 mM, n=596, N=5 animals). Application of UCPH-101 increases [Cl−]int in WT and Slc1a3P290R/+ 
RGL cells (24.4±2.5/21.3±1.2 mM, n=393/242, N=7/5, WT/Mut). (B) Mean [Cl−]int is not different in CA1 
astrocytes from WT and Slc1a3P290R/+ animals (20.6±2.0/20.3±2.1 mM, n=192/248, N=8/6, WT/Mut). 
Note, that the UCPH-101 application does cause [Cl−]int rise in WT astrocytes (25.5±1.4 mM, n=120, 
N=4) but not in Slc1a3P290R/+ astrocytes (20.6±3.2 mM, n=91, N=3) as observed in Slc1a3P290R/+ RGL cells. 
(C) So far [Cl−]int of DG astrocytes show no difference between WT and Slc1a3P290R/+ animals 
(28.7±3.1/28.6±3.4 mM, n=199/90, N=7/4, WT/Mut). Only in WT animals the [Cl−]int increases due to 
UCPH-101 application (32.0±3.0 mM, n=126, N=4) and not in Slc1a3P290R/+ animals (28.5±X mM, n=36, 
N=1). Box plots depict mean [Cl−]int (mean ± 1.5 Interquartile range) from individual animals as black 
points and results from individual cells as grey (WT) or red (P290R) points. In the figure legend, [Cl−]int 
are given as the mean ± standard deviation values from animals. A and B discussed results in Engels et 
al., submitted (WT) and Kolobkova et al., in preparation (WT + P290R). For statistical analysis, one-way 
ANOVA tests with Holm–Sidak post hoc testing were used to determine p-values. *p ≤ 0.05, **p ≤ 0.01 
and ***p ≤ 0.001; all p-values for this figure are provided in the following Supplementary Table 1. 
Abbreviations: RGL – Radial glial-like cells; CA1 – cornu ammonis region 1; DG – dentate gyrus;  
UCPH –  UCPH-101; WT – WT animals; P290R – Slc1a3P290R/+  animals  
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5 Abbreviations 

 

AVD Apoptotic volume decrease 

BGT-1  Betaine/GABA transporter 1 

BLBP Brain lipid-binding protein 

CA Cornu ammonis  

CA1-3 Cornu ammonis region 1-3 

Cl- Chloride 

[Cl-]ext Extracellular chloride concentration 

[Cl-]int Intracellular chloride concentration 

DG Dentate gyrus 

DMSO  Dimethylsulfoxid 

EAAC 1  Excitatory amino acid carrier 1 

EAAT 1-5 Excitatory Amino Acid Transporter 1-5 

EA6 Episodic ataxia type 6 

EGFP Enhanced green fluorescent protein 

FLIM Fluorescence lifetime imaging microscopy 

GABA Gamma amino isobutyric acid/ -aminobutyric acid 

[GABA]ext Extracellular GABA concentration 

GAT-1/GAT-3 GABA transporter 1/3 

GFAP Glial fibrillary acid protein 

GLAST Glutamate–aspartate transporter Mammalian EAAT1 

GLT-1 Glutamate transporter Mammalian EAAT2 

GluR Glutamate receptor 

GluT Glutamate transporter 

[glutamate]ext Extracellular glutamate concentration 

HCO-
3 Bicarbonate 

hv h is the Planck constant; v the frequency of the photon 

K+ Potassium 

[K+]ext Extracellular potassium concentration 

[K+]int Intracellular potassium concentration 
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kf Rate of spontaneous emission 

knr Constant to describe the non-radiative energy transition 

kq Constant to describe the non-radiative energy transition in presence of a 
quencher (chloride) 

KCC 1-3 Potassium chloride cotransporter 1-3 

KSV Stern-Volmer constant  

λ Wavelength 

mM Millimolar 

MQAE 1-(Ethoxycarbonylmethyl)-6-methoxy-quinolium bromide 

Na+ Sodium 

[Na+]ext Extracellular sodium concentration 

[Na+]int
 Intracellular sodium concentration 

NKCC1 Sodium Potassium Chloride Cotransporter 1 

nm Nanometer 

n.s. Not significant 

P290R Substitution of Proline in the transmembrane domain 5 at position 290 by 
arginine 

P Status of significance  

PX Postnatal day X 

S0 Ground state 

S1 Excited state 

SLC Solute carrier family  

Slc1a3P290R/+ EAAT1/GLAST (Slc1a3) heterozygous knock-in 

Slc1a3-/- EAAT1/GLAST (Slc1a3) knock-out 

SR101 Sulforhodamine 101  

τ Fluorescence lifetime 

TCSPC Time Correlated Single Photon Counting 

VRAC Volume regulated anion channels 

WT Wildtype 
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