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1 Abstract 

Excitatory amino acid transporters called EAATs are dual function proteins, they are secondary 

active glutamate transporters as well as anion channels. While the altered anion channel 

function of glial EAATs is associated with severe human diseases, nothing is known about their 

physiological role in proper brain function. Glial cells are known to actively accumulate 

chloride. These cells exhibit a stable negative resting potential, so that anion channels may 

lower [Cl-]int via passive chloride effluxes. Here the role of the glial EAAT isoforms, 

EAAT1/GLAST and EAAT2/GLT1, for regulating intracellular chloride concentrations in 

Bergmann glia in the cerebellar cortex was studied using fluorescent lifetime imaging 

microscopy (FLIM) with the chloride-sensitive fluorescent dye MQAE in acute cerebellar slices. 

In WT mice and EAAT1/GLAST knock-out (Slc1a3-/-), intracellular chloride concentrations differ 

significantly (WT = 34.2 mM, Slc1a3-/- 40.9 mM). A comparable increase in [Cl-]int was 

measured in WT glial cells after isoform-specific blocking of EAAT1/GLAST using UCPH-101. 

Since, glial EAATs are developmentally upregulated, the age dependence of [Cl-]int in Bergmann 

glia of wild type and Slc1a3-/- was investigated, and the glial chloride switch was newly-

discovered. Starting with high [Cl-]int of around 50 mM in young animals, the [Cl-]int decreased 

to the adult level, corresponding to the upregulation of cerebellar EAAT1/GLAST and 

EAAT2/GLT1 expression. Upon substrate application as well as electrical stimulation dynamic 

changes in the [Cl-]int in Bergmann glia due to glial EAATs could be observed. Changes in the 

glial [Cl-]int may affect secondary active transport over the glial plasma membrane, such as in 

case of GABA uptake mediated by GAT. Hence, changes in [Cl-]int can stimulate the GABA 

uptake and affect synaptic transmission. Bergmann glia and cerebellar neurons are tightly 

functional coupled, thus glial EAATs may modulate cell migration during cerebellar maturation 

and influence synaptic transmission. This work characterized for the first time the cellular 

function of anion channels associated with EAAT1 and EAAT2. Furthermore, the developmental 

glial chloride switch in cerebellar Bergmann glia was discovered and characterized.  
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2 Zusammenfassung 

Excitatory Amino Acid Transporter (EAATs) sind sowohl sekundär-aktive Glutamat-Transporter, 

als auch Anionen Kanäle. Während eine Veränderung der Anionen-Kanal-Funktion bereits mit 

schwerwiegenden humanen Krankheiten in Verbindung gebracht werden konnte, ist ihre 

physiologische Rolle im gesunden Gehirn noch nicht aufgeklärt. Es ist bekannt, dass Glia aktiv 

Chlorid akkumulieren und gleichzeitig ein stabiles, negatives Ruhemembranpotential 

ausbilden, so dass das Öffnen von Anionen Kanälen zu einem passiven Chlorid-Ausstrom 

führen würde. Im Folgenden wurde die Rolle der glialen EAATs, EAAT1/GLAST und EAAT2/GLT1 

auf die intrazelluläre Chloridkonzentration von zerebellären Bergmann Glia mit Hilfe von 

Fluoreszenz-Lebenszeit-Messungen und dem Chlorid sensitiven Fluorophore MQAE in 

lebenden cerebellären Schnitten analysiert. Die [Cl-]int in WT und EAAT1/GLAST knock-out 

(Slc1a3-/-) unterscheiden sich signifikant (WT= 34.2 mM, Slc1a3-/- 40.9 mM). Desweiteren 

stiegen nach Applikation des EAAT1/GLAST spezifischen Blocker UCPH-101 die [Cl-]int auf 

signifikant höhere Werte an. Da bereits gezeigt werden konnte, dass EAAT1/GLAST und 

EAAT2/GLT1 altersabhängig hochreguliert werden, wurden die [Cl-]int in lebenden, zerebellaren 

Schnitten von Tieren unterschiedlichen Alters bestimmt und dabei der gliale Chlorid-Switch in 

Bergmann glia neu entdeckt. Beginnend mit einer hohen Chloridkonzentration von etwa 50 

mM, sinkt diese mit zunehmendem Alter in Korrelation mit einer Zunahme der Expression von 

EAAT1/GLAST und EAAT2/GLT1. Sowohl nach Substrat Applikation, als auch nach elektrischer 

Stimulation wurden dynamische Veränderungen der [Cl-]int gemessen. Gliale Zellen nehmen 

GABA über den GABA-Transporter (GAT) auf, der entlang des Natrium- und des Chlorid-

Gradienten transportiert. Veränderte [Cl-]int könnten die GABA Aufnahme und somit die 

synaptische Transmission beeinflussen. Bergmann glia und Neurone sind funktional eng 

miteinander verbunden, zum einen während der Zellmigration in Jungtieren und zum anderen 

funktional während der synaptischen Transmission, gliale EAATs können somit beide 

Funktionen beeinflussen. In dieser Arbeit wird der glialen EAAT-Anionen-Leitfähigkeit zum 

ersten Mal eine physiologische Rolle zugeordnet und der gliale Chlorid-Switch in zerebellären 

Bergmann glia zum ersten Mal beschrieben und charakterisiert. 

  



 

3 

 

3 Introduction 

3.1 Excitatory amino acid transporters (EAATs) 

Excitatory amino acid transporters belong to the solute carrier family SLC1 and function as 

transporter and anion channels. So far, five different mammalian EAAT isoforms have been 

identified, EAAT1 (GLAST), EAAT2 (GLT1), EAAT3 (EAAC1), EAAT4 and EAAT5 (SLC1A3, SLC1A2, 

SLC1A1, SCL1A6 and SLC1A7, respectively). They are to 90% identical to the equivalent protein 

of the other mammalian species (Danbolt, 2001). EAAT1/GLAST and EAAT2/GLT1 are the glial 

isoforms. Whereas EAAT1 is exclusively expressed in glial cells (Lehre and Danbolt, 1998), 

EAAT2/GLT1 can be found in some neurons as well (Lehre and Danbolt, 1998, Schmitt et al., 

1996). The neuronal isoforms EAAT3 and EAAT4 are located in dendrites and spines. EAAT4 is 

the major glutamate transporter in neurons (Dehnes et al., 1998) and EAAT5 is mainly found in 

the retina, where it is expressed in photoreceptors and bipolar cells (Lee et al., 2013).  

EAATs are high-affinity, secondary-active glutamate transporters, which mediate 

stoichiometrically coupled cotransport of one glutamate, one proton and three sodium ions 

against one potassium ion (Levy et al., 1998, Zerangue and Kavanaugh, 1996). Furthermore, 

EAATs also function as anion-selective channels (Fairman et al., 1995). The anion selective 

conduction pathway is formed during an intermediate state of the glutamate transport cycle 

(Machtens et al., 2015). The major role of these dual function proteins is to clear the excitatory 

neurotransmitter glutamate from the synaptic cleft and terminate glutamatergic synaptic 

transmission. They help sustain a high signal to noise ratio and simultaneously EAATs keep the 

extracellular glutamate concentration below a neurotoxic level (Danbolt, 2001).  

The five mammalian EAATs differ in their glutamate transport rates and their anion currents. 

EAAT1/GLAST and EAAT2/GLT1 are described as efficient transporters with small macroscopic 

anion currents (Mim et al., 2005), consequently, it was shown that the glial EAAT isoforms are 

responsible for the major part of glutamate uptake (Bergles et al., 1997, Danbolt, 2001). 

EAAT3, 4 and 5 predominantly conduct anions and are low capacity transporters (Mim et al., 

2005).  

The glutamate transport function of all isoforms has already been extensively studied (Danbolt, 

2001), while the physiological role of the EAAT anion channel function is still not fully 
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understood. For neuronal EAATs a role as negative feedback on presynaptic excitability at 

glutamatergic synapses was proposed (Wersinger et al., 2006, Veruki et al., 2006), whereas in 

glia their role remains unknown. Many physiological tasks of glia are linked to transmembrane 

ion gradients, therefore, intra- or extracellular ion concentrations are important determinants 

of these properties, and can be influenced by EAAT anion channel function.  

 

Figure 3.1: Excitatory amino acid transporters located at a glutamatergic synapse. A: The isoforms EAAT1/GLAST 

and EAAT2/GLT1 are located in the glial plasma membrane and transport glutamate upon synaptic release. The 

isoforms EAAT3 and EAAT4 are located in the neuronal membrane at the dendritic spine. Modified from Danbolt, 

2001. 

 

EAAT2/GLT1 is most abundant in all regions of the mammalian central nervous system (CNS) 

except for regions where EAAT1/GLAST is mainly expressed (Lehre and Danbolt, 1998). Both 

isoforms are described to be evenly distributed over the astrocytic plasma membrane, with the 
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exception of glial to glial membranes, where less transporters are located (Chaudhry et al., 

1995). 

3.2 The role of glial EAAT isoforms in diseases 

The isoforms EAAT1/GLAST and EAAT2/GLT1 were discovered to play a role in pathological 

conditions leading to severe symptoms. Recently, a missense mutation in EAAT1/GLAST was 

associated to the human disease episodic ataxia 6 (EA6). While the malfunction of the mutated 

protein has been described (Winter et al., 2012) the pathomechanism remains unknown. In the 

case of EAAT2/GLT1 the genetic ablation of the protein leads to lethal spontaneous seizures 

and increased susceptibility to acute cortical injury (Tanaka et al., 1997). 

3.2.1 Altered EAAT1/GLAST anion conduction is associated with episodic ataxia and epilepsy 

A patient showing episodes of ataxia, epileptic seizures, headache, and brain oedema is 

heterozygous for the substitution of the highly conserved proline at position 290 by an arginine 

in EAAT1/GLAST (Jen et al., 2005). Episodic ataxia (EA) is a human genetic disease characterized 

by paroxysmal cerebellar incoordination. EA6 is one of seven different forms of episodic ataxia 

that have been described so far (Jen et al., 2007). The effect of the mutation P290R in 

EAAT1/GLAST was studied in heterologous expression systems, gain of function in anion 

conductance and reduction of glutamate transport-rates were identified (Winter et al., 2012). 

In presence, as well as in absence of glutamate, anion currents are significantly increased 

(Winter et al., 2012). Surprisingly the EAAT1/GLAST knock-out (Slc1a3-/-) mouse shows neither 

epileptic seizures nor episodes of ataxia. Extracellular glutamate concentrations are within the 

physiological range and motor coordination is just slightly impaired (Watase et al., 1998). Thus, 

the severe symptoms described in the EA6 patient are not linked to reduced glutamate 

transport rates. It appears to be the increased anion conductance which leads to episodes of 

ataxia and is involved in triggering epileptic seizures. 

3.2.2 The loss of glial EAAT2/GLT1 leads to lethal spontaneous seizures in mice  

Deletion of EAAT2/GLT1 eliminates around 95% of the glutamate uptake activity and leads to 

premature death due to intractable seizures (Tanaka et al., 1997). Recently, two conditional 
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EAAT2/GLT1 knock-out mice were generated in which EAAT2/GLT1 expression is inactivated in 

astrocytes or in neurons, respectively (Petr et al., 2015). This study revealed for the glial 

specific knock-out only slightly, insignificant increases in extracellular glutamate levels, albeit 

the animals suffered from seizures, lower body weight and increased mortality. In contrast the 

neuron specific knockout mouse showed no seizures, normal survival and weight gain, but the 

glutamate uptake capacity was significantly decreased by around 40% (Petr et al., 2015). Thus, 

the severe phenotype in the glial EAAT2/GLT1 knock-out appears not to be due to the missing 

glutamate transport. Rather it could be the missing EAAT2/GLT1 anion channel function which 

contributes to the origin of the described symptoms. 

3.3 Working hypothesis 

The involvement of glial EAAT anion channel function in severe diseases gives the hind that 

EAAT anion channels play an important role in brain function. They may affect the intracellular 

chloride concentration and thereby change electrochemical gradients. This work investigates 

the cellular role of glial EAAT anion channel function and their effects on intracellular chloride 

concentrations. In animals of different ages and under different physiological conditions the 

effect of glial EAAT anion channel function was characterized. Furthermore, the role of other 

chloride channels and transporters on intracellular chloride of glial cells was analyzed to 

classify the contribution of glial EAATs on chloride homeostasis.   
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3.4 The cerebellum is the predominant expression side of EAAT1/GLAST 

EAAT1/GLAST is predominantly expressed in the cerebellum, whereas EAAT2/GLT1 expression 

is much lower (Lehre and Danbolt, 1998). The cerebellum is involved in movement, long term 

learning and cognitive functions such as language. It plays a central role in motor control and 

contributes to coordination, precision and accurate timing of movement. Cerebellar 

dysfunction leads to disorders in fine movement, posture, equilibrium, and motor learning. 

Furthermore, it causes symptoms such as ataxia, tremor, nystagmus or imbalance (Sultan, 

2014, Glickstein et al., 2011). 

3.4.1 Cerebellar morphology 

The cerebellum is composed of white matter, containing the deep cerebellar nucleus, and the 

cerebellar cortex. The cerebellar cortex consists of three different cell layers, the molecular, 

Purkinje cell, and the granule cell layer. The granule cell layer harbours the granule cells and a 

second type of neurons, the Golgi cells. The Purkinje cells are the output neurons of the 

cerebellum and are located in the Purkinje cell layer, on top of the granule cell layer. In 

between, the Bergmann glial cells are located, the major expression site of EAAT1/GLAST. 

Purkinje cells and Bergmann glial fibres spread outwards through the molecular layer, which 

contains neuronal basket cells and stellate cells as well as parallel fibres, outgrowing from the 

granule cells (Braitenberg and Atwood, 1958, Glickstein et al., 2009, Sultan, 2014). 
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Figure 3.2: Schematic illustration of the cerebellar cortex. A: Sagittal plane of the mouse cerebellum. The white 

matter harbours the deep cerebellar nucleus (DCN) and the cortex consists of three layers: granule cell layer, 

Purkinje cell layer and molecular layer. B: Sagittal plane of the cerebellar cortex with the granule cell layer, 

containing granule cells; the Purkinje cell layer, containing Purkinje neurons and Bergmann glia; and the molecular 

layer, harbouring parallel fibres, Bergmann glia and Purkinje cell fibres. C: Illustration of the signal input coming 

from granule cells through parallel fibres, the following glutamate release at a parallel fibre Purkinje neuron 

synapse and signal output through the Purkinje neuron. The synapse is sheathed with Bergmann glia. Modified 

from Tanaka et al., 2008, Tzingounis and Wadiche, 2007.  

3.4.2 Cerebellar signalling circuit 

The cerebellum receives input from the outside via mossy fibres and climbing fibres. Both 

signal directly to the deep cerebellar nucleus (DCN), the output region of the cerebellum, as 

well as to the neurons of the cerebellar cortex (Shinoda et al., 2000). Purkinje cells receive 

input from one climbing fibre, and several inputs from granule cells via their parallel fibres, 

which obtain input from mossy fibres and spread through the molecular layer to build synapses 

with the Purkinje cells (Shinoda et al., 2000). These synapses between Purkinje cells and 

climbing fibres as well as parallel fibres are sheathed by Bergmann glial microdomains 

(Grosche et al., 1999). The output signal is generated by the Purkinje cells which spread their 

axon down to the white matter onto deep cerebellar neurons (Ito et al., 1970). 

3.5 Chloride homeostasis of Bergmann glia 

The intracellular chloride concentration of Bergmann glia seems to be a crucial property for 

accurate function in the cerebellar network. Cerebellar Bergmann glia exhibits a stable 
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negative resting potential which is generated by a predominant resting potassium conductance 

and assumes values close to the potassium reversal potential (Bergles et al., 1997). It was 

shown that glial cells have higher intracellular chloride concentrations (Bekar and Walz, 2002), 

as expected in case of passive diffusion. Thus Bergmann glia are supposed to actively 

accumulate chloride. Changes in intracellular chloride concentrations will modify regulatory 

volume decreases and increases, a crucial condition during cell migration in the immature 

brain (Schwab et al., 2012, Habela et al., 2009). Furthermore, changed intracellular chloride 

concentrations modify the driving force for secondary-active transporters utilizing 

transmembrane chloride gradients. For example, GABA uptake by Bergmann glia via GAT (Zhou 

and Danbolt, 2013), is driven by sodium and chloride gradients. This can change the 

extracellular GABA concentration, which may affect synaptic transmission and has been 

reported to influence cell migration (Luhmann et al., 2015). 

3.5.1 Chloride accumulation in Bergmann glia 

Electroneutral cation-chloride cotransporters belonging to the solute carrier family SLC12 are 

involved in adjusting intracellular chloride in different cell types (Gagnon, Payne). The 

Na+-K+-Cl- cotransporters (NKCCs) depend on the transmembrane gradient of Na+ and K+, and 

are inwardly directed. K-Cl cotransporters (KCCs) are K+ dependent Cl- transporters and 

outwardly directed. In the central nervous system, the gene family of cation chloride 

cotransporters (CCCs) is represented by KCC1-3 and NKCC1. The balance between Cl- extruding 

KCCs and Cl- accumulating NKCCs may take part in regulating intracellular chloride 

concentration of glial cells. Bergmann glia express transporters of both types, NKCC1, KCC1, 

and KCC3 (Yan et al., 2001, Mount et al., 1999, Mikawa et al., 2002, Kanaka et al., 2001, 

Hubner et al., 2001). 

3.5.2 Anion channels in Bergmann glia 

Next to EAAT1/GLAST and EAAT2/GLT1 Bergmann glia express further types of chloride 

channels. These consist of voltage-gated ClC-2 channels, which are a member of the CLC family 

(Hoegg-Beiler et al., 2014); and the volume activated anion channels, VRAC and VSOC 

(Hyzinski-Garcia et al., 2014). Since Bergmann glia exhibit a stable negative resting potential, in 
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presence of active chloride accumulation, the opening of chloride channels can lower [Cl-]int via 

passive chloride effluxes. The EAATs anion conductance is increased in presence of glutamate; 

thus, chloride efflux could be increased during glutamatergic synaptic transmission. For glial 

EAAT isoforms 1 and 2, an age-dependent increase in expression levels has been described in 

hippocampal and somatosensory astrocytes as well as in the rat cerebellum (Regan et al., 

2007, Schreiner et al., 2014, Voutsinos-Porche et al., 2003, Ullensvang et al., 1997, Holmseth et 

al., 2012). ClC-2 was found to be expressed in astrocytes (Sik et al., 2000, Nobile et al., 2000). It 

is activated below the resting membrane potential, during cell swelling and extracellular 

acidification (Jordt and Jentsch, 1997). This channel appears to be suited for chloride 

regulation (Staley et al., 1996). The ClC-2 knock-out (Clcn2-/-) mouse shows a retinal 

degeneration and homozygous males are infertile (Bosl et al., 2001). In addition, a brain 

vacuolation phenotype was observed in older animals (Blanz et al., 2007), however, no ataxic 

or epileptic phenotype has been described.  

3.6 Chloride imaging 

3.6.1 Fluorescence lifetime imaging microscopy 

Fluorescence lifetime imaging microscopy with two-photon excitation is a suitable tool to 

determine chloride concentrations of living cells in tissue slices. It is non-invasive, independent 

of the dyes fluorescent intensity and works at a high spatial resolution. Thus, this optical 

method is uniquely suited for measuring intracellular chloride concentrations (Kaneko et al., 

2004, Gilbert et al., 2007, Gensch et al., 2015).  

Fluorescence is a form of luminescence and results from the emission of light by an excited 

fluorophore. In the excitation process, photon absorption transfers the fluorophore from the 

ground (S0) to an excited state (e.g. S1). The average time a fluorophore stays in S1, before 

returning to S0, defines the fluorescence lifetime (τ). The emission rate of fluorophores is 

usually between 10-8 to 10-9 s-1, resulting in general in a fluorescence lifetime of around 1-10 

ns. The fluorescence lifetime can be measured by time-correlated single photon counting 

(TCSPC) (Becker, 2005). 
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Figure 3.3: Jablonski diagram illustrating two photon excitation and collisional quenching. A fluorophore can be 

excited either by one photon or by two or more photons, which impinge on the fluorophore at the same time and 

provide the same energy, as the photon in the case of one photon excitation. The fluorophore stays in the excited 

state (S1) for the characteristic fluorescence lifetime (τ) until it returns to the ground state (S0) either by emission 

of light (kf) or by non-radiative decay (knr). In case of collisional quenching the fluorophore can collide with the 

quencher (here chloride) and return to the ground state without emission of light (kq). 
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3.6.2 Measuring fluorescence lifetimes using time correlated single photon counting 

In the technique of TCSPC the probe is excited with a sequence of photon pulses (length: 50 fs 

– 200 ps). The photon pulses are typically generated by pulsed lasers with defined wavelength, 

pulse length and pulse repetition frequency. The latency between excitation and detection of 

single photons is measured. These so-called arrival times are registered in a histogram to 

determine the average fluorescence lifetime. The plotted fluorescence lifetimes usually result 

in an exponential distribution.  

 

Figure 3.4: Illustration of the TCSPC underlying mechanism. The average fluorescence lifetime is measured by 

counting single photons and measuring the time it takes them to excite the fluorophore and to be detected after 

emission. In total 10
5
 to 10

8
 photons are collected and stored in a histogram to calculate the average fluorescence 

lifetime. Modified from Becker, 2005.  

3.6.3 The chloride sensitive fluorescent dye MQAE 

MQAE (1-(Ethoxycarbonylmethyl)-6-methoxyquinolinuim bromide) is a quinolinium-derivate 

with chloride concentration sensitive fluorescence properties. This dye is collisional quenched 

by chloride, if the excited fluorophore collides with chloride it returns to the ground state 

without emission of light (see the chloride dependent deactivation pathway of S1 in figure 3.3). 

Due to this property, the fluorescence lifetime of MQAE is inversely proportional to the 

chloride concentration. The same is true for the fluorescence intensity of MQAE, however the 

fluorescence lifetime is still the preferred readout parameter, since the fluorescence intensity 

depends on the amount of MQAE in the cell and the excitation light intensity. KSV and τ0 
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(fluorescence lifetime at zero quencher concentration) are parameters specific for MQAE 

depending on the surrounding environment because MQAE is not only quenched by chloride 

but by other anions as well. Due to the very high KSV, different chloride concentrations result in 

detectable changes in the average fluorescence lifetime, which makes MQAE a well-suited 

fluorescent dye for FLIM studies.  

 

Figure 3.5: Chemical structure of the chloride sensitive fluorescent dye MQAE. MQAE is an AM-ester that can 

penetrate the cellular membrane by diffusion. Intracellular esterases hydrolyze MQAE, which then becomes 

membrane impermeable and intracellular trapped. MQAE is collisionally quenched by chloride.  

3.6.4 Two photon microscopy 

In the case of one photon excitation a fluorophore is excited by one photon of light of a certain 

energy and a specific wavelength �� � 	 �∗�� 		. The energy, which is needed to excite the 

fluorophore, can be provided by more than one photon as well. As long as the total energy 

absorbed by the fluorophore yields the same energy and the photons impinge on the 

fluorophore within a very short time period (10-16 s). This leads to spatial limitation of 

excitation, which occurs only in the focus area and, thus, leads to less background fluorescence 

and reduced photo-toxicity. No excitation occurs in out-of-focal plane layers in contrast to 

conventional one-photon excitation as in popular confocal scanning microscopy. For two-

photon excitation, in general, photons at a wavelength of approximately half the energy are 

used. Light of a longer wavelength is less scattered and causes less photo damage toxicity. 

Scattering is the main limitation for tissue imaging. The less scatter occurs, the deeper the light 

enters the tissue, and imaging of deeper cell layer can be achieved.  
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4 Materials & Methods 

4.1 Chemicals and materials 

All chemicals and solutions were at least purity p.a. and obtained from different companies, 

which are listed in chapter 9. For all solutions and buffers bi distilled water was used.   

4.2 Cell culture 

4.2.1 Primary cultured astrocytes (pc-astrocytes) 

For in vitro analysis of the role of EAAT1/GLAST anion channel function, primary culture of 

EAAT1/GLAST expressing astrocytes was produced from whole brain preparation.  

4.2.1.1 Isolation and cell maintenance 

Mice of the wild type strain C57bl6 were anesthetized with isoflurane and decapitated. The 

whole brain was removed quickly and astrocytes were isolated by magnetic-beads and an anti-

GLAST antibody as described elsewhere (Jungblut et al., 2012) using the Anti-GLAST MicroBead 

Kit (130-095-825, MACS Milteny Biotec). These cells – from now on named pc-astrocytes – 

were cultured in serum-free media supplemented with heparin-binding epidermal growth 

factor (HBEGF) on glass cover slips (Foo et al., 2011). Every second day the medium was 

renewed. 

4.2.1.2 Imaging 

Between 5 and 26 days in vitro (DIV), cells were washed with phosphate buffered saline (PBS) 

and incubated with 5 mM MQAE, dissolved in extracellular solution (ES), for 30 min at 37° C in 

the incubator. Afterwards, the cells were rinsed with PBS again and imaged in 3 cm plastic 

dishes containing ES. 
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4.3 Animals 

4.3.1 Mice maintenance 

Mice were housed under standard conditions in the animal facility of the Forschungszentrum 

Jülich (FZJ) according to institutional guidelines and kept on a 12 h light/dark cycle. All 

experiments were approved and in compliance with the German Law for Protection of 

Animals, the FZJ and the Landesamt für Natur, Umwelt und Verbraucherschutz (LANUV) of 

North-Rhine Westphalia (Reference number 84-02.04.2014.A334). 

4.3.2 EAAT1/GLAST knock out (Slc1a3-/-) mouse model 

Heterozygous EAAT1/GLAST+/- (Slc1a3+/-) were obtained from Dr. Niels Danbolt (Institute of 

Basic Medical Science, University of Oslo) and generated as described before (Watase et al., 

1998) in a C57black6 (B6.129P2) background. Heterozygous animals were bred since 

homozygous knock-out animals show poor nesting behaviour. For genotyping, the primers 

GLAST-KO-A, GLAST-KO-B, GLAST-KO-C and GLAST-KO-D were used (table 4.1).  

4.3.3 ClC-2 knock out (Clcn2-/-) mouse model 

Pregnant homozygous ClC-2-/- (Clcn2-/-) females were obtained from Dr. Holger Lerche 

(Zentrum für Neurologie, Hertie Institut für klinische Hirnforschung, Tübingen, Germany). The 

females were mated with heterozygous males, since homozygous males are infertile. For 

genotyping the primer combinations ClC2KO-F, ClC2-NeoKO-F and ClC2KO-R were used (table 

4.1).  

4.3.4 Genotyping 

Genotypes were determined by polymerase chain reaction (PCR) from DNA obtained from tail 

biopsies using the KAPA Mouse Genotyping hot start kit (Peqlab) and primers as referenced in 

table 4.1. Amplified PCR products were analyzed on a 1.5% agarose gel, 25 min, 80 V, 200 mA 

and their size (compare to table 4.2) compared to a 100 bp gene ruler (Thermo Scientific, 

SM0241). 
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Table 4.1: Primers used for genotyping (All primers were manufactured by Eurofins Genomics). 

Primer Sequence 

GLAST-KO-A AAGTGCCTATCCAGTCCAACGA 

GLAST-KO-B  AAGAACTCTCTCAGCGCTTGCC 

GLAST-KO-C AATGGAAGGATTGGAGCTACGG 

GLAST-KO-D TTCCAGTTGAAGGCTCCTGTGG 

ClC2KO-F ATGTATGGCCGGTACACTCAGGAACTC 

ClC2-NeoKO-F CCTGGAAGGTGCCACTCCCACTGTCC 

ClC2KO-R ACACCCAGGTCCCTGCCCCAATCTGG 

 

Table 4.2: Size of amplified PCR products of the different genotypes using the corresponding primers (table 1). 

Genotype PCR fragment 

Slc1a3-/- 383 bp 

EAAT1/GLAST WT 214 bp 

Clcn2-/- ~300 bp 

ClC-2 WT ~200 bp 

 

4.3.5 Animals used for measurements 

Slice preparation was performed with animals of either sex. Exclusively homozygous Slc1a3-/-, 

Clcn-2-/- and wild type animals were used for measurements. All experiments were performed 

with animals at the age of P20-P30, if not noted differently. Details are indicated in the 

respective experimental chapters. 

4.3.6 Preparation of acute cerebellar slices 

Acute cerebellar slices were prepared as described earlier (Edwards et al., 1989). After 

anesthetizing the mouse with isoflurane, and decapitation, the brain was rapidly removed 

from the skull and placed in ice-cold Preparation-Ringer’s solution. Sagittal cerebellar slices of 

250 µm thicknesses were cut at 4° C with a Microm (HM650V, Thermo Scientific, frequency 60, 

amplitude 1, drive 10 P18-P100, drive 8-9 P5-P13) and transferred to a gaze slice holder basket 
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arranged in oxygenated Preparation-Ringer’s solution at 37°C. After 30 min, slices were 

transferred to oxygenated Normal-Ringer’s solution at room temperature (20 – 22° C) and 

stored for at least 90 min (Meier et al., 2006) until usage. During all experiments, solutions 

were constantly oxygenated with carbogen (5% CO2 in O2). After 90 min of regeneration time 

in Normal-Ringer’s solution, slices were transferred in Normal-Ringer’s solution containing 5 

mM MQAE (1-(Ethoxycarbonylmethyl)-6-methoxyquinolinuim bromide, Sigma, (Verkman et al., 

1989)) and incubated for 30 min at room temperature. The loaded slices were rinsed with 

MQAE free Normal-Ringer’s solution before imaging. 

4.4 Fluorescence lifetime imaging microscopy 

4.4.1 Two-photon fluorescence microscope set-up 

MQAE loaded slices were transferred to an imaging chamber placed on the stage of an upright 

scanning fluorescence microscope (A1 MP; Nikon Instruments Europe) equipped with a 25 × 

water-immersion objective (NA 1.1 and working distance 2.0 mm; Nikon). Fluorescence was 

excited by 100 fs light pulses (λexc = 750 nm (Marandi et al., 2002)) by two-photon excitation. 

Laser pulses were generated at a frequency of 80 MHz by a mode-locked Titan-Sapphire laser 

(MaiTai DeepSee; output power 2.3 W at 750 nm; Newport Spectra Physics). The laser light 

was directed onto the cerebellar slice through the lens with reduced power of around 5 mW. 

The focal spot is scanned over the sample to generate a 512 x 512 pixel raster-image (pixel 

size: 0.33 µm). Fluorescence was filtered by a filter separating MQAE fluorescence (em: 460 

nm) from autofluorescence (short pass filter, 500 nm, λobs < 510 nm; Omega Optical) and 

recorded by a GaAsP hybrid photodetector (HPM-100-40; Becker & Hickl).  

4.4.2 Time-correlated single photon counting 

For fluorescence lifetime imaging, time-correlated single photon counting electronics (SPC152; 

Becker & Hickl) and acquisition software (SPCM 9.67; Becker & Hickl) were used (Gilbert et al., 

2007, Kaneko et al., 2004). Lifetime images were analyzed using SPCImage 4.8 (Becker & Hickl) 

by fitting a bi-exponential model equation to the fluorescence decay in every pixel (bin five) of 

the image. 
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4.5 Characterization of the chloride sensitive fluorescent dye MQAE 

4.5.1 MQAE concentration determination 

To measure the absorption spectra of MQAE, a UV-2450 absorption spectrophotometer 

(Shimadzu) was used. The absorption spectrum is plotted in figure 4.1 in black and shows two 

maxima at 320 nm and 350 nm. The MQAE concentration was determined using the Lambert-

Beer law. A sample of the stock solution was filled into a quartz cuvette (0.2 cm x 1 cm x 4 cm) 

to measure the absorption profile. The exact concentration was calculated by comparison of 

the absorption maximum of the diluted dye, with the absorption of pure solution under 

identical conditions:  


 � � ∗ � ∗ 
 (1) 

�[�] � 	
�����
� − ��������� − 
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[��] ∗ 	�	[�������]  

(2) 

with d being the optical path in the cuvette (1 cm), and ε the extinction coefficient (2800 M-

1cm-1 at 350 nm (Verkman et al., 1989)). 

4.5.2 Emission spectrum determination 

Fluorescence spectra were recorded using a Quanta-Master 40 fluorescence 

spectrophotometer (Photon Technology International). The wavelength of MQAEs absorption 

at 380 nm was applied, the resulting spectra were recorded and plotted using the software 

FeliX32 (Photon Technology International). The emitted light is described by the grey curve in 

figure 4.1, which shows one broad maximum at 460 nm. 
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Figure 4.1: Absorption and emission spectra of MQAE in Intracellular solution (IS). The absorption spectrum of 

MQAE is shown in black with the corresponding y-axis scale bar on the left, while the emission spectrum is plotted 

in grey with the y-axis scale bar on the right (ex: 380 nm).  

4.5.3 MQAE fluorescence lifetime measurements in aqueous solution 

MQAE is collisionally quenched by chloride, and this property causes a dependence of the 

fluorescence lifetime on the surrounding chloride concentration (equation 3).  

 !
 � 1 # $%&['��] (3) 

KSV (Stern-Volmer constant) and τ0 (fluorescence lifetime at the absence of Cl-) are parameters 

specific for MQAE depending on the surrounding environment. If possible, both parameters 

should be determined in the particular environment. The time-resolved detection of the 

fluorescence intensity decay of MQAE in presence of different chloride concentrations was 

performed using a Fluotime100 fluorescence spectrophotometer (Picoquant) based on a 

picoHarp300 TCSPC unit by using a pulsed LED (Laser Picoquant PLS 370, emission 381 nm; 

pulse width: 450 ps; repetition frequency: 20 MHz) as an excitation source. Fluorescence decay 

curves as a function of time, I(t), were measured by time-correlated single-photon counting 

(TCSPC). That enables the determination of fluorescence decay components with fluorescence 

lifetimes greater than 100 ps (Geiger et al., 2012, Becker, 2005). The fluorescence lifetime was 

determined for the same probes by collecting fluorescence intensity decays with 10000 counts 

in the maximum (exc: 380 nm; obs: 460 nm). The internal response function (IRF) was 
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measured by illuminating water at a wavelength of 380 nm and detecting scattered photons at 

a wavelength of 379 nm. 

 

 

Figure 4.2: Fluorescence lifetime of MQAE in dependence of different chloride concentrations. The fluorescence 

intensity decay of MQAE in the presence of different chloride concentrations (0, 20, and 100 mM), indicated by 

different colors is plotted.  

Decay curves were analyzed by iterative re-convolution of the instrument response function, 

IRF(t), with an exponential model function, M(t), using the FluoFit software (version 4.5.3.0; 

Picoquant) applying equations (4) and (5):  

(��� � ()*��� ∗ ����               (4) 
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 τi is the characteristic lifetime and ai is the respective intensity; n (= 1 or 2) is the number of 

decay functions. Usually one decay function is applied per fluorophore, but in the case of 

MQAE a bi-exponential decay fits the decays best. Especially in cells, a bi-exponential fit has 

significantly lower residuals. There are different reasons for the more complex decay 

behaviour of MQAE, one being the different conformations of the fluorophore, and another 

being that in cells the hydrolysed as well as the non-hydrolysed form of MQAE can be found, 

both showing different decay properties.  
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The average fluorescence lifetime, τfl,ave, was calculated using equation (6). 

 67,9:; � 	∑ �93∗23�=3>?
∑ 93=3>?

                                                                             (6) 

4.6 Determination of chloride concentrations 

4.6.1 Calibration of MQAE in pc-astrocytes and Bergmann glia of acute cerebellar slices 

Due to the fact that MQAE is not only quenched by chloride, the average fluorescence lifetime 

measured in different cells cannot be directly compared. To calculate chloride concentrations 

from the measured fluorescence lifetimes, the cell specific Stern-Volmer constants must be 

determined. For MQAE calibration cells were first washed in HEPES-buffered KCl and K-gluc 

solution containing different chloride concentrations (0 to 140 mM). Afterwards, the solution 

was supplemented with 10 µM Nigericin (Nigericin sodium salt, Sigma) and 10 µM Tributyltin 

(Tributyltin chloride, Sigma) to equalize inner and outer chloride concentrations (Kovalchuk 

and Garaschuk, 2012), since Nigericin exchanges K+ and H+, and Tributyltin antiports Cl- and 

OH-. If the intra- and extracellular K+ concentration are the same, the cytosolic chloride 

concentration equals to that of the corresponding extracellular calibration solution (Krapf et 

al., 1988, Marandi et al., 2002). Accordingly, the fluorescence lifetime of MQAE was calibrated 

in pc-astrocytes and in Bergmann glia of acute cerebellar slices. 

4.6.2 Calculation of chloride concentration from MQAE fluorescence lifetimes 

A linear regression, using a least square fit, of the Stern-Volmer analysis of average fluorescent 

lifetimes for different chloride concentrations (0, 20, 40, 60, 80 and 140 mM) provided the 

Stern-Volmer constant (KSV) of MQAE in Bergmann glia (17 M-1). To determine the KSV for 

MQAE in pc-astrocytes the fluorescence lifetimes were plotted as 1/τ (t = 4, 20, 40, 60, 80, and 

100 mM). The data were fitted, using a nonlinear least square fit and τ0 was calculated. KSV was 

then determined as described for Bergmann glia before (6.6 M-1). The fluorescence lifetime of 

all cells was determined by setting a region of interest (ROI) around the soma in SPCImage 4.8 

and calculating the mean value of the average fluorescence lifetime of all pixels in the ROI 
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(usually representing a single cell). This value was then used to calculate the corresponding 

chloride concentration by equation (7).  

['��]-41 � 	
 ! − 1
$%&

 

 

(7) 

with τ0 being the fluorescence lifetime at a chloride concentration of 0 mM chloride, τ the 

average fluorescence lifetime of the ROI, and KSV the corresponding Stern-Volmer constant. 

The coefficient of determination is notated by R2. This value indicates how well the data fit the 

regression model and can range from 0 to 1, while 1 means a perfect fit and 0 that the 

regression is not suitable at all.  

4.6.3 Criteria for analyzed cells 

During slice preparation the tissue is cut with a blade, thus, cells in close proximity to the 

cutting edge will be damaged. Per measurement several cells are imaged at the same time, 

which were loaded via passive diffusion in a solution containing the fluorescent dye. To make 

sure that during all different experimental conditions just healthy, efficiently loaded cells were 

considered for analysis, the following criteria were used. Slices were prepared using the whole 

cerebellum of a mouse. Each measurement took around 15 minutes and 3 to 4 images were 

taken per slice in the depth of the third to fifth Bergmann glial cell layer from the upper cutting 

edge. All cells that could be identified as Bergmann glial cells, due to their characteristic 

morphology (cell size and position between Purkinje cells in the Purkinje cell layer) and were 

sufficiently loaded with MQAE (determined by the fluorescence intensity level at excitation 

with constant laser power), were analyzed. Recordings during which the slices moved in x, y or 

z direction were excluded from the analysis, as well as slices that lay askew, with respect to the 

imaging plane of the microscope. In the case of electrical stimulation, only cells that could be 

identified before and after the stimulation were analyzed. 



24 

 

4.7 Blocker experiments 

To emphasize the specific roles of different transporter types and ion channels in the 

regulation of [Cl-]int in Bergmann glia, different blocker compositions were applied. All blocker 

experiments were initiated with control recordings (n = 2 - 3) under physiological conditions. 

Slices were incubated in blocker containing Normal-Ringer’s solution prior to measurements 

and constantly perfused with the same solution during the measurement. Blocker reagents 

were diluted in Normal-ringer’s solution, and incubation and perfusion occurred under 

permanent oxygenation. Blocking experiments were performed with adult animals at the age 

of P20 - P30. In the case of UCPH-101 slices were incubated with this blocker for 10 minutes 

before use and perfused with Normal-Ringer’s solution without additional blocker during 

chloride imaging. UCPH-101 exhibits very slow unblocking kinetics (Abrahamsen et al., 2013) 

and is not washed out within the measurements that lasted around 15 minutes. The detailed 

concentrations and measurement protocols for all blockers are listed below (table 4.3). 

Table 4.3: Incubation time and concentration of compounds used during the blocker experiments. 

Blocker Concentration Incubation [min] 

L-glutamate (Sigma Aldrich) 500 µM 60 

R-(+)-DIOA (Santa Cruz biotechnology) 80 µM 20 

DL-TBOA (TOCRIS) 100 µM 15 

UCPH-101 (Abcam) 10 µM 10 

Bumetanide (Sigma Aldrich) 40 µM 10 

D-aspartate (Sigma Aldrich) 1 mM 5-30 

4.8 Electrical stimulation 

For electrical stimulation a bipolar electrode was applied and parallel fibre activity was 

mimicked by characteristic electrical pulses (van Beugen et al., 2013). Every stimulation 

experiment was initiated with control recordings (n = 2 - 3) under physiological conditions. 

Electrical stimulation of parallel fibres (PF) was performed by square pulses (150 µs duration, 

10 mA) delivered at 200 Hz via a bipolar electrode (PI2CEA3 concentric bipolar electrode, tip 

diameter 2-3 µm platinum/iridium, Science Products GmbH) via a stimulus isolation unit 
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(SIU202, Warner Instruments) with a fibre optic converter (SIU202, 5V input, Warner 

Instruments) generated using a digitizer (Digidata 1440 series) and the clampex software 

(10.5.09, Molecular Devices LLC). The bipolar electrode was placed in the molecular layer of 

the cerebellum. Trains of 20 pulses were applied every 10 seconds over a time period of 60 

seconds. After electrical stimulation, the same region of the acute slice with the same cells was 

recorded again. 

4.9 Determination of protein expression levels 

To quantify relative protein expression levels, western blots were performed from cerebellar 

lysates. 

4.9.1 Protein extraction 

For protein extraction, 5 animals per genotype of the same age were used. The brains were 

prepared as described before for slice preparation (chapter 4.2.6). The whole cerebelli were 

separated from the brain and frozen in liquid nitrogen.   

Cerebelli were homogenized using a homogenizer containing ice cold lysis buffer in a cold 

room at 4° C until all pieces of tissue were in solution. The homogenate was centrifuged at 

3000 g for 5 min, at 4° C to get rid of the debris. The supernatant was centrifuged at 100,000 g 

for 45 min, at 4° C. The supernatant containing the cytosolic protein was collected; the pellet 

containing the total crude membrane was resuspended in solubilizing buffer.   

4.9.2 Determination of protein concentration 

The protein concentration was determined with a BCA assay (high range). The extinction of a 

1:10 dilution of the raw protein lysate in comparison to a BSA protein standard (0, 0.5, 1, 1.5, 2 

µg/µl) was measured on a NanoDrop 2000 (Thermo Scientific, Absorption at 280 nm) using the 

software version 1.4.2. Dilution of raw protein lysate was performed in the corresponding 

buffer, supplemented with Pierce BCA Protein Reagent (Thermo Scientific) and incubated for 5 

min at 60° C before measurement.  
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4.9.3 SDS-PAGE 

Western blots were performed using the BioRad gel system with a 12% separation gel and a 

4% stacking gel. The cytosolic protein (40 µg) and the membrane protein (60 µg) were loaded 

with 5 x SDS sample buffer onto the SDS gel, as well as 4 µl of the dual color marker (BioRad 

104-0374). The gel ran for 70 min and 200 V at room temperature. Afterwards, the gel was 

adjusted to the transfer buffer together with the membrane (GE Healthcare AmershamTM 

HybondTM ECL) for 10 min at room temperature.  

4.9.4 Western blot 

The gel was placed on the membrane and wet plotted for 16 hours with 30 V in the cool room 

at 4°C with transfer buffer of pH 9.9 for EAAT1/GLAST and EAAT2/GLT1, and pH 8.0 for actin 

controls (using the BioRad wet blot system). 

4.9.5 Immunodetection of proteins 

The membrane was blocked for 1 h with 3% BSA (TBS) at room temperature under gentle 

shaking. Under permanent shaking at room temperature the membrane was incubated with 

the primary antibody for 1 h. Afterwards, the membrane was washed three times for 10 

minutes with PBS buffer containing 0.1% Triton X-100, before the secondary antibody was 

applied for 1 h at room temperature. The membrane was washed again three times for 10 min 

with PBS/0.1% Triton X-100 and one time with PBS. Until chemiluminescence imaging the 

membrane was kept in PBS. 

Table 4.4: Antibodies used for immunodetection of EAAT1/GLAST, EAAT2/GLT1 and actin. 

antibodies Dilution 

anti GLAST (ms) (MACS) 1:1000  

anti GLT1 (gp) (Chemicon) 1:2000 

anti actin (rb) (Sigma Aldrich) 1:2000  

Rabbit α mouse IgG secondary AB HRP conjugate (Pierce Thermo Scientific) 1:25000  

Rabbit α guinea pig IgG secondary AB HRP conjugate (Pierce Thermo Scientific) 1:25000  

Goat α rabbit IgG secondary AB HRP conjugate (Pierce Thermo Scientific) 1:25000  
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4.9.6 Chemiluminescence imaging 

Chemiluminescence imaging was performed using the GeneGnome and the software GeneSys 

(Syngene). The membrane was gently dried and covered with 800 µl SuperSignalTM (Thermo 

Scientific).  

Table 4.5: Size and isoelectric point of proteins of interest. 

Protein Size Isoelectric point 

GLAST 58 kDa 8.52 

GLT1 62 kDa 6.09 

Actin 42 kDa 4.8 

 

4.9.7 Blot analysis 

To quantify the protein expression by western blot the software ImageJ (1.49d, Wayne 

Rasband, National Institutes of Health, USA) was used for band intensity analysis. The relative 

expression of EAAT1/GLAST and EAAT1/GLT1 was estimated by calculating the ratio between 

the amount of target protein and the corresponding control band of actin.  

4.10 Statistical analysis 

The protein expression ratios were compared using a two tailed-students t-test. All chloride 

concentrations are given as mean values of all cells measured under the same conditions ± 

95% confidence intervals. All different experimental conditions were performed on slices of at 

least three animals. Statistical analysis was performed by a two tailed student’s t-test, or, if the 

values were not normally distributed, by using the Mann-Whitney Rank Sum Test. Asterisks 

indicate the level of significance (***, p < 0.001; **, p < 0.01; *, p < 0.05). A normal distribution 

of datasets was verified by Shapiro-Wilk tests. All determined values and test results are listed 

in table 5.1-5.6.  
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4.11 Buffer 

4.11.1 MQAE characterization 

Intracellular solution (IS, high chloride) 

140 mM KCl 

2 mM MgCl2 

20 mM HEPES 

2 mM Mg-ATP 

pH adjusted to 7.3 with KOH. 

Intracellular solution (IS, chloride free) 

140 mM Gluconic acid potassium salt 

2 mM MgCl2 

20 mM HEPES 

2 mM Mg-ATP 

pH adjusted to 7.3 with KOH. 

4.11.2 Primary cultured astrocytes (pc-astrocytes) 

IP-astrocytes base media 

50% Neurobasal medium (Gibco) 

50% DMEM (Invitrogen) 

100 units Penicillin 

100 µg/ml Streptomycin 

1 mM Sodium Pyruvate 

292 µg/ml l-glutamine 

1x SATO 

5 µg/ml N-acetyl-L-cysteine 
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SATO (100x) 

100 µg/ml Transferrin  

100 µg/ml Bovine serum albumin 

16 µg/ml Putrescine  

0.2 µM Progesterone  

add Neurobasal medium 

MD-astrocytes growth media 

86% DMEM 

10% Fetal calf serum 

5 ml Penicillin-streptomycin 

2 mM Glutamine 

1 mM Sodium pyruvate 

5 µg/ml Insulin 

5 µg/ml N-acetyl-L-cysteine 

10 µM Hydrocortisone 

4.11.3 Acute cerebellar slices 

Ringer‘s solution (10x) 

1250 mM NaCl 

25 mM KCl 

12,5 mM NaH2PO4 

260 mM NaHCO3 

Filtered and stored at 4°C. 

Normal Ringer‘s solution 

2 mM CaCl2 

1 mM MgCl2 

10 v/v 10 x Ringer‘s solution 
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10 mM D-glucose 

 

Preparation Ringer‘s solution 

0.5 mM CaCl2 

5 mM MgCl2 

10 v/v 10 x Ringer‘s solution 

25 mM D-glucose 

 

KCl-buffer 

140 mM KCl 

10 mM HEPES 

10 mM Gluconic acid sodium salt 

Osmolarity adjusted to 310 mOsm, pH adjusted to 7.4 with KOH and stored at 4 °C. 

K-gluc-buffer 

140 mM Gluconic acid potassium salt 

10 mM HEPES 

10 mM Gluconic acid sodium salt 

Osmolarity adjusted to 310 mOsm, pH adjusted to 7.4 with KOH and stored at 4 °C. 

4.11.4 Protein quantification 

Separation gel (12%) 

0.375 M Tris-HCl, pH 8.8 

0.1% Sodium dodecyl sulfate (SDS) 

12% Acrylamide bis solution 

0.1% Ammonium persulfate (APS) 

0.1% TEMED 
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Stacking gel (4%) 

0.25 M Tris-HCl, pH 6.8 

0.1% SDS 

4% Acrylamide bis solution 

0.05% APS 

0.1% TEMED 

Phosphate buffered saline (PBS) 

140 mM NaCl 

2.7 mM KCl 

10 mM NaH2PO4 

1.8 mM KH2PO4 

Tris buffered saline (TBS) 

10 mM Tris 

150 mM NaCl 

Transfer buffer 

10 mM NaHCO3 

3 mM Na2CO3 

pH adjusted to 9.9 or 8.0 with NaOH, respectively. 

SDS sample buffer (5x) 

300 mM  Tris 

10% SDS 

50% Glycerol 

50 mM DTT 

0.05% Bromophenol blue 
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SDS running buffer, pH 8.3 

25 mM Tris 

192 mM Glycine 

0.1% SDS 

Lysis buffer 

1 mM EDTA 

10 mM Tris-Cl, pH 7.4 

0.1 mM DTT 

2 µl/ml Protease inhibitor cocktail 

Solubilizing buffer 

1 mM EDTA 

50 mM Tris-Cl, pH 7.4 

1% (v/v) Triton X-100 

0.5% (w/v) SDS 

2 µl/ml Protease inhibitor cocktail 
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5 Results 

5.1 Determination of [Cl
-
]int in primary astrocytic cell culture 

Primary culture of EAAT1/GLAST expressing astrocytes as a model for cerebellar Bergmann glia 

was used for in vitro calibration of MQAE with the two-ionophore method. After 5 to 26 days in 

vitro (DIV), glial cells appear in different shapes, and one example for fluorescence intensity and 

the corresponding fluorescence lifetime image of pc-astrocytes is shown in figure 5.1. The 

intensity image demonstrates that the soma and thin fibres are efficiently loaded with MQAE. 

The corresponding fluorescence lifetime image shows the average fluorescence lifetime for 

these cells, represented by a colour code.  
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Figure 5.1: Fluorescent intensity and fluorescence lifetime image of MQAE loaded pc-astrocytes. A: Fluorescent 

intensity image of MQAE loaded pc-astrocytes. B: Corresponding fluorescence lifetime image showing the average 

fluorescence lifetime, represented through a colour code (2 – 3.5 ns). C: Distribution of the average fluorescence 

lifetimes of the pixels in B. D: The fluorescence decay of the pixel shown in B (white cross), the red curve represents 

the bi-exponential fit curve, the average fluorescence lifetime for this pixel is 3.34 ns. 

 

The chloride dependence of MQAE fluorescence lifetime in pc-astrocytes was determined by 

calibration using the two-ionophore method. For each different chloride concentration (4, 20, 

40, 60, 80 and, 100 mM) around ten cells were calibrated and the average fluorescence lifetime 
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of the soma was determined. The existence of subpopulations among pc-astrocytes, as 

indicated by differences in size or shape, was neglected for the calibration. During calibration, 

when chloride concentrations were clamped from 100 to 4 mM, the fluorescence lifetime 

changes from 2 to 3.5 ns. This change is indicated in figure 5.2 by a colour switch from red to 

orange and blue.  

 

Figure 5.2: Calibration and determination of the [Cl
-
]int of pc-astrocytes. By use of the two-ionophore method the 

fluorescence lifetime of MQAE was calibrated for different chloride concentrations. A: Fluorescence lifetime images 

of different pc-astrocytes during the calibration of fluorescence lifetime of MQAE for chloride. The different 

intracellular chloride concentrations applied, result in different average fluorescence lifetimes, represented by 

different colours (2 - 3.5 ns). B: The fluorescence lifetime of MQAE for 4 to 100 mM [Cl
-
]int was measured and the 

Stern-Volmer plot was generated, the KSV is 6.6 M
-1

 (R
2 

= 0.89). C: Distribution of the [Cl
-
]int of 89 pc-astrocytes after 

5 to 26 (DIV). The mean value is 22.8 ± 16.7 mM (SD). 

To calculate the Stern-Volmer constant, the inverse fluorescence lifetime normalized to the 

inverse fluorescence lifetime at 4 mM, was plotted and a linear regression curve was calculated. 

The resulting KSV is 6.6 M-1 (R2 = 0.98). This calibration curve was used to determine the average 
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[Cl-]int of pc-astrocytes of all different shapes. The distribution in figure 5.2 shows the [Cl-]int of 

89 pc-astrocytes after 5 to 26 (DIV) and is asymmetrically shaped and not normally distributed 

(W = 0.765, p < 0.001). Most cells show lower, whereas only a few cells show higher chloride 

concentrations. The mean value is 22.8 ± 16.7 mM (SD), and the median is 17.4 mM. The [Cl-]int 

of 80% of the cells, which have [Cl-]int in the central region symmetrically around the median, fall 

into the range of 9.7 to 44.4 mM. The distribution of the intracellular chloride concentration 

shows a broad range, however, the values are consistent with chloride concentrations 

determined with other methods before, ranging from 20 to 55 mM (Bekar and Walz, 2002, 

Kimelberg, 1981, Kimelberg et al., 1979, Walz and Hertz, 1983, Kettenmann et al., 1987). The 

calculated calibration curve shows a high determination coefficient (R2 = 0.98) indicating, that 

EAAT1/GLAST expressing glial cells can be calibrated using the two-ionophore method. 

 

5.2 Determination of the [Cl
-
]int in Bergmann glia of acute cerebellar slices 

5.2.1 FLIM imaging in Bergmann glia of acute cerebellar slices 

To investigate the function and properties of Bergmann glia in their physiological environment, 

FLIM experiments of MQAE-loaded acute cerebellar slices from mice were used to monitor the 

[Cl-]int of Bergmann glia at rest and different stimuli as well as pharmacological treatment. A 

representative FLIM measurement of a MQAE loaded acute cerebellar slice is shown in figure 

5.3. The image on the left shows the fluorescence intensity of MQAE. The structure of the 

cerebellar cortex, consisting of three layers is recognisable. These layers are the granule cell 

layer, the Purkinje cell layer, harbouring Purkinje neurons as well as Bergmann glia, and the 

molecular layer. Due to their characteristic morphology, size, and location, the somata of 

Bergmann glia can be identified in the Purkinje cell layer between the Purkinje neurons. Their 

fibres, reaching outwards through the molecular layer towards the pia mater, are visible as well. 

Bergmann glia somata are sufficiently loaded with MQAE, and show higher fluorescence 

intensity compared to the surrounding cells, which show much lower MQAE accumulation. The 
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corresponding FLIM image on the right (Fig. 5.3 B) shows the calculated average fluorescence 

lifetime represented through the colour code (3.5 – 5 ns). 

 

Figure 5.3: Fluorescence intensity and fluorescence lifetime image of a MQAE loaded acute cerebellar slice. A: 

Fluorescence intensity image of a MQAE loaded acute cerebellar slice. B: Corresponding fluorescence intensity 

image showing the average fluorescence lifetime, represented by a colour code (3.5 - 5 ns). In both images, the 

structure of the cerebellar cortex is recognisable. Bergmann glial cells are located in the Purkinje cell layer and one 

representative cell is indicated by an arrow. 

 

The fluorescence lifetime of MQAE in Bergmann glial cells of acute cerebellar slices was 

calibrated as described before for pc-astrocytes (chapter 4.6.1). The fluorescence lifetime for 

different chloride concentrations in Bergmann glia was determined and the Stern-Volmer plot 

was generated (Fig. 5.4) by plotting the inverse fluorescence lifetime against the chloride 

concentration and fitting a linear regression curve (R2 =  0.94). The resulting Stern-Volmer 

constant in Bergmann glial cells is 17 M-1 and thus, significantly different from pc-astrocytes. 
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Figure 5.4: Calibration of the fluorescence lifetime of MQAE and determination of the [Cl
-
]int in Bergmann glia of 

acute cerebellar slices. A: Using the two ionophore method different chloride concentrations were calibrated and 

the corresponding Stern-Volmer plot was generated, the resulting KSV is 17 M
-1

 (R
2 

= 0.935). B: Distribution of [Cl
-
]int 

of 1355 Bergmann glia measured in 84 acute cerebellar slices from 33 animals (P20 - P100). The mean value is 34.2 

± 5.8 mM (SD) and the median is 33.9 mM.  

 

Figure 5.4 represents the distribution of 1355 Bergmann glial cells measured in 84 acute 

cerebellar slices from 33 animals P20-100. The distribution is not normal distributed (W = 0.992, 

p < 0.001) with a mean value of 34.2 ± 5.8 mM (SD) while the median amounts to 33.9 mM. Glial 

[Cl-]int is well above the diffusion equilibrium indicating that Bergmann glia actively accumulate 

chloride. The intracellular chloride concentrations of pc-astrocytes and Bergmann glia in acute 

cerebellar slices are significantly different (p < 0.001, Mann-Whitney Rank Sum Test). This could 

be an effect of changes on properties of pc-astrocytes.  

5.2.2 The role of cation chloride cotransporters in chloride homeostasis of Bergmann glia 

If chloride were to be passively distributed in glia, [Cl-]int values close to the potassium reversal 

potential of around 8 mM would be expected. For Bergmann glia it was demonstrated in the 

previous chapter, that the [Cl-]int is much higher than the diffusion equilibrium. To obtain [Cl-]int 

of around 34 mM, Bergmann glia need to actively accumulate chloride. Cation chloride 

cotransporters are chloride im- or exporters, known to set [Cl-]int in neurons (Rivera et al., 1999). 
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Three of them are expressed in Bergmann glia as well. These are the chloride importer NKCC1, 

and the chloride exporter KCC1 and KCC3. To test the influence of NKCC1 on the [Cl-]int of 

Bergmann glia, acute cerebellar slices were incubated with 40 µM Bumetanide, which 

specifically blocks NKCC1 (Payne et al., 2003), and [Cl-]int was measured using FLIM. Figure 5.5 

shows an example for a MQAE loaded slice incubated with Bumetanide. In this close up of the 

Purkinje cell layer, Bergmann glia somata (an example is marked by a white arrow) become 

visible. Their fibres reach outwards, here upwards through the molecular layer, while the 

granule cell layer is located below. The fluorescence lifetime represented through a colour code 

(3.5 – 5 ns) shows a darker blue in Bergmann glia somata representing longer fluorescence 

lifetimes compared to measurements under physiological conditions. 

 

Figure 5.5: Fluorescence lifetime image of an acute cerebellar slice incubated with Bumetanide or DIOA, 

respectively. FLIM image of an acute cerebellar slice 10 min after the application of 40 µM Bumetanide to 

specifically block NKCC1 (left), under physiological conditions (middle) and 20 min after the application of 80 µM 

DIOA to block KCC1 and 3 (right), respectively. One Bergmann glia soma is marked by an arrow in every close up of 

the Purkinje cell layer. 

The effect of Bumetanide was measured for 221 cells in 9 acute cerebellar slices from 3 animals 

(P20) and is shown in figure 5.6. 10 min after the application of Bumetanide, the [Cl-]int amounts 

to 28.5 ± 5.6 mM (mean ± SD), the median is 28.2 mM. This significant decrease in intracellular 

chloride concentrations shows that NKCC1 plays a role in chloride accumulation in Bergmann 

glia. The value is still above the diffusion equilibrium, indicating that other proteins are involved 

in chloride accumulation. A corresponding effect on intracellular sodium concentrations upon 

Bumetanide application were observed by Niklas J. Gerkau and Christine R. Rose, Institute of 

Neurobiology, Düsseldorf (Untiet et al., 2016). A similar decrease in [Na+]int of around 6 mM was 

measured (Untiet et al., 2016). 
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Figure 5.6: The [Cl
-
]int in acute cerebellar slices incubated with Bumetanide or DIOA, respectively. A: Distribution 

of the [Cl
-
]int of 221 Bergmann glia measured in 9 acute cerebellar slices from 3 animals (P20) 10 min after the 

application of 40 µM Bumetanide. The mean value is 28.5 ± 5.6 mM (SD), and the median 28.2 mM. The population 

is not normally distributed (W = 0.976, p < 0.001, Shapiro-Wilk). B: Distribution of the [Cl
-
]int of 114 Bergmann glia 

measured in 5 acute cerebellar slices from 3 animals (P20) 20 min after the application of 80 µM DIOA. The mean 

value is 32.7 ± 4.1 mM (SD), the median is 32.7 mM, too. 

 

To investigate on the role of KCC1 and KCC3, another blocker was used. Both KCCs can be 

blocked at comparable efficiency using DIOA (Mercado et al., 2000). An example for a MQAE 

loaded acute cerebellar slice, after the incubation with 80 µM DIOA for 20 min, is shown in 

figure 5.5. The slice shows the same orientation as described before, however, the fluorescence 

lifetime of Bergmann glia somata is represented in lighter blue, and hereby in the same range as 

under physiological conditions. In total, 114 Bergmann glia in 5 slices from 3 animals (P20) were 

measured 20 min after the application of 80 µM DIOA and plotted in figure 5.6. The [Cl-]int are 

normally distributed with a mean of 32.7 ± 4.1 mM (SD) while the median is 32.7 mM. In 

Bergmann glia KCCs do not play a central role in chloride homeostasis, in contrast to NKCC1 (Fig. 

5.7). KCC1 and KCC3 have been described to be inactive under physiological conditions (Kahle et 

al., 2010) thus these chloride exporter are not expected to be active and specific blocking is 

unlikely to have any effect as it was demonstrated here. 
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Figure 5.7: The effect of cation-chloride-cotransporter blocker Bumetanide and DIOA on the [Cl
-
]int in acute 

cerebellar slices. Due to the application of Bumetanide and thereby blocking NKCC1, intracellular chloride 

concentrations are significantly decreased (28.5 ± 0.7 mM; p < 0.001, two tailed t-test), while the application of 

DIOA, blocking KCC1 and KCC3, leaves [Cl
-
]int unaffected (32.7 ± 0.8 mM, p = 0.010, Mann-Whitney Rank Sum Test). 

Bergmann glia of slices incubated with Bumetanide have significantly lower chloride concentrations compared to 

cells of slices incubated with DIOA (p < 0.001, Mann-Whitney Rank Sum Test). All data are given as mean values ± 

95% confidence intervals.  
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5.2.3 The effect of chloride channel on the [Cl
-
]int of Bergmann glial cells 

Bergmann glial cells express different types of chloride channels. These include the voltage 

gated chloride channel ClC-2, the excitatory amino acid transporters EAAT1/GLAST and 

EAAT2/GLT, and the volume-activated chloride channel VRAC and VSOC. VRAC and VSOC are 

activated mostly under pathological conditions (Hyzinski-Garcia et al., 2014) and for this reason 

not further investigated in this work. 

5.2.3.1 The voltage gated chloride channel ClC-2 does not affect the intracellular chloride in 

Bergmann glia  

The voltage dependent chloride channel ClC-2 (ClCn2) opens below the negative resting 

potential, and is activated during cell swelling and extracellular acidification (Jordt and Jentsch, 

1997). Since no specific blocker for ClC-2 is available (Zifarelli and Pusch, 2012), the ClC-2 knock-

out mouse was used to investigate the influence of ClC-2 on the [Cl-]int of Bergmann glia. For 

determination of the [Cl-]int of Bergmann glia, cells of 10 acute cerebellar slices from 3 animals 

(P20) were measured, under physiological conditions. Since ClC-2 animals show a vacuolation 

phenotype in older animals (Blanz et al., 2007) the measurements were restricted on animals at 

the age of P20. The [Cl-]int of 148 cells were plotted in figure 5.8. The histogram is normally 

distributed (W = 0.989, p = 0.324, Shapiro-Wilk) with a mean of 33.2 ± 3.7 mM (SD), the median 

is 32.5 mM. Due to its properties and its severe phenotype it is surprising that the deletion of 

ClC-2 leaves the intracellular chloride concentration of Bergmann glia unaffected. An 

explanation may be that due to some other channel activating processes in Bergmann glia, the 

channel has no effect under physiological conditions. At the same time these results explain 

why next to retinal degeneration and male infertility the Clcn2-/- do not have an astrocytic 

phenotype. 
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Figure 5.8: The [Cl
-
]int in Bergmann glia of acute cerebellar slices of Clcn2-/- and Slc1a3-/- mice. A: Distribution of 

the [Cl
-
]int of 148 Bergmann glia measured in 10 acute cerebellar slices from 3 animals (P20) of Clcn2-/- mice under 

physiological conditions. The mean value is 33.2 ± 3.7 mM (SD) the median is 32.5 mM. The population is not 

normally distributed (W = 0.989, p = 0.324, Shapiro-Wilk). B: Distribution of the [Cl
-
]int of 418 Bergmann glia 

measured in 40 acute cerebellar slices from 17 animals (P20-100) of Slc1a3-/- mice under physiological conditions. 

The population is not normally distributed (W = 0.988, p = 0.002, Shapiro-Wilk). The mean [Cl
-
]int is 38.8 ± 6.5 mM 

(SD), the median is 39.1 mM. 

5.2.3.2 EAAT1/GLAST directly affects intracellular the chloride concentrations in Bergmann 

glia 

Another class of glial chloride channels belongs to the solute carrier 1 family. Mouse Bergmann 

glia express two members of this family, EAAT1/GLAST (Slc1a3) and EAAT2/GLT1 (Slc1a2) 

(Grewer et al., 2014). EAATs are dual function proteins, besides their glutamate transport 

function, they are anion channels as well. Considering the properties of glial cells in 

accumulation of intracellular chloride, the opening of EAAT anion channels will lead to chloride 

effluxes. To investigate the influence of EAATs on the [Cl-]int of glial cells, chloride concentrations 

in EAAT1/GLAST knock-out animals (Slc1a3-/-) (Watase et al., 1998) were studied. The [Cl-]int of 

418 Bergmann glia in 40 slices from 17 Slc1a3-/-  mice were measured and plotted in figure 5.8. 

These values are not normally distributed (W = 0.988, p = 0.002, Shapiro-Wilk). They show an 

average [Cl-]int of 40.9 ± 6.9 mM (SD) and a median of 40.8 mM. The [Cl-]int in Bergmann glia of 

Slc1a3-/- are higher compared to wild type (p < 0.001, Mann-Whitney Test). These results show, 

that the function of the EAAT1/GLAST anion channel effects the [Cl-]int. The missing effect on 
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[Cl-]int in Clcn2-/- underlines the importance of EAAT1/GLAST anion channels which significantly 

change the [Cl-]int in Bergmann glia. 

5.3.2.3 Pharmacological blocking revealed a cellular role of EAAT1/GLAST and EAAT2/GLT1 on 

the [Cl
-
]int of Bergmann glia 

To confirm that the increase in [Cl-]int is due to EAAT1/GLAST and not caused by changes in 

protein expression levels, specific blockers were applied on acute cerebellar slices from wild 

type and Slc1a3-/- animals. UCPH-101 is a highly specific EAAT1/GLAST blocker, and incubation 

of acute cerebellar slices resulted in an increase of the [Cl-]int to a value of 43.1 ± 1.0 mM 

(95% CI), while no notable changes could be determined in Slc1a3-/- upon application of 

UCPH-101. Chloride concentrations are increasing even above the value determined in Slc1a3-/- 

Bergmann glia. To investigate if EAAT2/GLT1 influences the [Cl-]int as well, and if it is upregulated 

in Slc1a3-/-, EAAT1/GLAST and EAAT2/GLT1 were simultaneously blocked using 100 µM 

DL-TBOA. DL-TBOA is a general EAAT blocker, with a higher affinity for EAAT2/GLT1 than for 

EAAT1/GLAST (Shimamoto et al., 1998). Intracellular chloride concentration of wild type and 

Slc1a3-/- were measured while simultaneously blocking of EAAT1/GLAST and EAAT2/GLT1. In 

the case of wild type, as well as in the case of Slc1a3-/-, the [Cl-]int are increased to the same 

level of 50.1 ± 2.1 mM (95% CI) for WT, and 51.4 ± 1.5 mM (95% CI) for Slc1a3-/- (Fig. 5.9). 
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Figure 5.9: Blocking EAAT1/GLAST and EAAT2/GLT1 directly affects the [Cl
-
]int of Bergmann glia in acute cerebellar 

slices. The [Cl
-
]int in Slc1a3-/- is significantly higher compared to WT (p < 0.001, Mann-Whitney Rank Sum Test), 

blocking EAAT1/GLAST using UCPH-101 results in a significant increase of [Cl
-
]int compared to WT (p < 0.001, Mann-

Whitney Rank Sum Test) as well as Slc1a3-/- (p < 0.001, Mann-Whitney Rank Sum Test), whereas application of 

UCPH-101 leaves the [Cl
-
]int in Slc1a3-/- unaffected (p = 0.250, Mann-Whitney Rank Sum Test). Simultaneously 

blocking of EAAT1/GLAST using UCPH-101 and EAAT2/GLT1 using DL-TBOA leads to the same significant increase in 

wild type (p < 0.001, Mann-Whitney Rank Sum Test) and Slc1a3-/- (p < 0.001, Mann-Whitney Rank Sum Test) 

compared to measurements under physiological conditions. All data are given as mean values ± 95% confidence 

intervals. 

The expression rate of EAAT1/GLAST in the cerebellum of adult mice is six times higher 

compared to EAAT2/GLT1 expression (Lehre and Danbolt, 1998). [Cl-]int in Bergmann glia of 

Slc1a3-/- is significantly lower compared to wild type after application of UCPH-101. This 

difference could be caused by an upregulation of EAAT2/GLT1 expression levels in the 

EAAT1/GLAST knock-out animals, to compensate the loss of EAAT1/GLAST anion channels. The 

expression of EAAT1/GLAST and EAAT2/GLT1 was determined in wild type and Slc1a3-/- by 

western blotting and evaluated in comparison to actin expression. Figure 5.10 shows an 

example for one out of 5 western blots that were performed for each genotype, the bar graph 

demonstrates the pooled values for all 5 animals, respectively. 
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Figure 5.10: Quantification of EAAT1/GLAST and EAAT2/GLT1 expression in the cerebellum of WT and Slc1a3-/- 

mice. The inlay shows a representative image of a Western blot cerebellar lysate of WT and Slc1a3-/- incubated 

with αGLAST, αGLT1 and αactin antibodies respectively. The ratio of EAAT1/GLAST to actin and EAAT2/GLT1 to 

actin expression is plotted, for wild type and Slc1a3-/-, respectively. The ratios are: WT (GLT1/actin) = 2.43; 

Slc1a3-/- (GLT1/actin) = 5.74. 

The results reveal a higher value for EAAT2/GLT1 expression in the Slc1a3-/- compared to wild 

type. However this difference is not significant. Thus EAAT2/GLT1 appears not to be upregulated 

in EAAT1/GLAST knock-out animals.  

5.2.4 The [Cl
-
]int in Bergmann glia changes during cerebellar development 

In the rat cerebellum, as well as in other neuronal tissue, EAAT1/GLAST and EAAT2/GLT1 

expression is upregulated during development (Regan et al., 2007, Schreiner et al., 2014, 

Ullensvang et al., 1997, Voutsinos-Porche et al., 2003, Holmseth et al., 2012). Since both glial 

EAATs affect the [Cl-]int of Bergmann glia it was further investigated if these chloride channels 

regulate the [Cl-]int in an age dependent manner. During cerebellar maturation Bergmann glia 

and Purkinje neurons migrate from the ventricular neuroepithelium towards the prospective 

cerebellar cortex. Both cell types move in two distinct layers, while Bergmann glia never 

overtake the Purkinje neurons. At the end of the second postnatal week, Bergmann glia form an 

epithelium like layer around the Purkinje neurons, which align to a monolayer. To investigate 
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the age-dependence of [Cl-]int in glial cells, animals from P5 to P100 were measured. Figure 5.11 

shows representative FLIM images of wild type acute cerebellar slices of 5, 8 and 13 days after 

birth. It becomes clear that at P5 Bergmann glia and Purkinje neurons appear in two distinct 

layers, before they terminate their migration and build a shared layer near P13. At this point in 

time, migratory processes are complete (Komuro et al., 2001), and the outgrowth of fibres and 

dendrite trees proceeds (Yamada and Watanabe, 2002). 

 

 

Figure 5.11: FLIM images of acute cerebellar slices of young animals of different ages. FLIM images of acute 

cerebellar slices of animals of the age of 5, 8 and 13 days after birth represent the immature structure of the 

cerebellar cortex, and the different chloride concentrations in Bergmann glia are shown in these states of 

maturation. The average fluorescence lifetime is represented through a colour code (3.5 to 5 ns). Examples of 

Bergmann glia are marked by white arrows.  

 

Wild type animals of P5 and P6 show [Cl-]int of around 50 mM and a decrease upon maturation 

until the adult level of [Cl-]int is reached at around P13. Intracellular chloride concentrations of 

Slc1a3-/- animals from P5 to P8 are indistinguishable from wild type at P5-P6. While [Cl-]int 

decreases in wild type, [Cl-]int stay around 50 mM in Slc1a3-/- Bergmann glia at P8-9. Upon P10 

[Cl-]int decrease in Slc1a3-/- until they reach adult level, which is still significantly higher 

compared to wild type (Fig. 5.12). The decrease in Slc1a3-/- demonstrates that the chloride 

switch in wild type is not only caused by EAAT1/GLAST. Therefore, another chloride efflux 

mechanism must be involved. The dashed lines are representing the [Cl-]int upon blocking 

EAAT1/GLAST and EAAT2/GLT1 simultaneously in animals of age P20, which is around 50 mM. 

Blocker application restores the [Cl-]int of young animals (P5-6). This indicates an involvement of 
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both EAAT1/GLAST and EAAT2/GLT1 in the age dependent chloride switch in Bergmann glia 

during cerebellar maturation. To exclude the possibility that the age dependent changes in 

[Cl-]int are due to different properties of the fluorescence lifetime of MQAE in young animals 

Bergmann glia, different chloride concentrations were calibrated in younger Slc1a3-/- (P13) and 

wild type (P11), respectively (Fig. 5.12). Both values perfectly fit the calibration curve 

determined for wild type before.  

 

Figure 5.12: Calibration and determination of the [Cl
-
]int in young animals of wild type and Slc1a3-/-. A: 

Calibration of 30 mM chloride on Bergmann glia from Slc1a3-/- P13 and 40 mM in Bergmann glia from wild type 

P11 result in values that are in close proximity to the calibration curve determined for wild type before (chapter 

5.2.1). B: The age-dependence of [Cl
-
]int was measured in animals at the age of 5 to 100 days after birth. Dashed 

lines indicate the average [Cl
-
]int in adult animals, and the [Cl

-
]int that is reached after blocking EAAT1/GLAST and 

EAAT2/GLT in animals of both genotypes. All data are given as mean values ± 95 % confidence intervals. (WT values 

are represented in blue and Slc1a3-/- values are shown in green). 

 

This glial chloride switch was observed for the first time. It correlates well with the upregulation 

of EAAT1/GLAST and EAAT2/GLT1 expression. The neuronal chloride switch, which establishes 

inhibitory synaptic transmission, appears simultaneously (Rivera et al., 1999). By increasing the 

chloride gradient, which drives the secondary active GABA transporter, GAT, in glial cells, GABA 

uptake could be improved. As this glial chloride switch, glia will support inhibitory synaptic 

transmission to be more efficient and increase the signal to noise ratio. Furthermore, 

extracellular GABA levels are correlated with cell migration during cerebral maturation. The 
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observed glial chloride switch appears at the end of cerebellar cell migration and is correlated 

with the end of the developmental process.  

5.2.5 Effects of glutamate and aspartate application on the [Cl
-
]int 

It has been shown in heterologous expression systems that the EAAT anion current increases 

with increasing extracellular glutamate concentrations (Wadiche et al., 1995b). Thus, a dynamic 

adjustment of the [Cl-]int is possible as well. In order to investigate, if due to this property 

dynamic changes of the [Cl-]int in acute cerebellar slices are possible, high glutamate 

concentrations of 0.5 mM were applied on wild type and Slc1a3-/- slices. After 50 min of 

incubation with high glutamate, the [Cl-]int was decreased significantly compared to wild type 

under physiological conditions (p < 0.001, two tailed t-test). The average [Cl-]int decreased upon 

glutamate application in wild type and results in 27.7 ± 0.8 mM (95% CI) whereas Slc1a3-/- show 

a much lower, non-significant decrease (p = 0.073, Mann-Whitney Rank Sum Test) to a mean 

value of 37.4 ± 2.1 mM (95% CI) under the same conditions (Fig. 5.13).  

 

Figure 5.13: Application of high glutamate and aspartate increase the [Cl
-
]int of Bergmann glia. Application of high 

glutamate results in a significant decrease in the [Cl
-
]int of Bergmann glia of wild type (p < 0.001, Mann-Whitney 

Rank Sum Test). The same effect was observed after the application of aspartate (p < 0.001, Mann-Whitney Rank 

Sum Test). Application of glutamate on acute cerebellar slices from Slc1a3-/- did not change the [Cl
-
]int significantly 

(p=0.292 Mann-Whitney Rank Sum Test). All data are given as mean values ± 95% confidence intervals. 
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To confirm that these changes in the [Cl-]int are due to glutamate binding to EAATs, resulting in a 

higher EAAT anion channel conductance, another substrate was applied. D-aspartate is 

transported by EAATs as well (Storck et al., 1992). Changing the extracellular solution to 1 mM 

aspartate (Bennay et al., 2008) leads to a comparable decrease of the [Cl-]int, as described above 

for glutamate. In total 36 cells measured in 5 slices from 3 animals showed a decreased [Cl-]int 

after 5 - 30 min of application, the average [Cl-]int being 25.72 ± 1.3 mM (95% CI) (Fig. 5.13). 

Thus, it can be concluded that in the presence of a high substrate concentration, as tested here 

for glutamate and aspartate, the glial EAAT anion currents are increased and lead to a decrease 

of the [Cl-]int.  

5.2.6 Synaptically released glutamate leads to decreased the [Cl
-
]int 

Cerebellar Purkinje neurons receive excitatory input from climbing and parallel fibres, and 

activation of these synapses is known to activate glutamate transporters in Bergmann glia 

(Bergles et al., 1997, Clark and Barbour, 1997). Since high concentrations of glutamate and 

aspartate, as applied in chapter 5.2.5, are neurotoxic, parallel fibres were stimulated with a 

pulse protocol resembling physiological parallel fibre activity (van Beugen et al., 2013) to 

provoke synaptic release of glutamate. Electrical stimulation experiments were performed with 

wild type, Slc1a3-/-, and Clcn2-/-animals. Upon electrical stimulation, the [Cl-]int in wild type 

Bergmann glia decreased significantly. At the end of one series of stimuli the [Cl-]int was 25 ± 1.3 

mM (95% CI), and the same measurements in Clcn2-/- resulted in 25.2 ± 3.4 mM (95% CI), 

indistinguishable from wild type. In Slc1a3-/- the [Cl-]int was on average 39 ± 2.3 mM (95% CI) 

after electrical stimulation. There is no detectable difference in the [Cl-]int of Slc1a3-/- after 

electrical stimulation in comparison to the same cells under physiological conditions (p = 0.458, 

two tailed t-test; Fig. 5.15). Glial cells express GABAA receptors (MacVicar et al., 1989) and 

chloride currents due to GABA release were measured in young animals Bergmann glia (Muller 

et al., 1994). To confirm that the decrease in the [Cl-]int was caused by GLAST/EAAT1 and not by 

GABAA receptor evoked currents, the GABAA receptor blocker Bicuculline, Sigma Aldrich (Curtis 

et al., 1971) was applied during electrical stimulations, while the stimulation protocol remained 

unchanged (Bennay et al., 2008). The time responses of three single cells, of wild type with and 
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without Bicuculline, are shown in figure 5.14. Determinations of a higher temporal resolution 

were not possible in this approach, since every concentration determination took around 80 

seconds. 

 

Figure 5.14: Time dependence of the [Cl
-
]int upon electrical stimulation of parallel fibres. The [Cl

-
]int of the same 

single cells before and after electrical stimulation (represented by the red line). The inlay shows a schematic 

illustration of the electrical stimulation protocol. Series of 20 pulses of 10 mA (150 μs duration) at 200 Hz, via a 

bipolar electrode positioned within the molecular cell layer were applied. Such pulse series were repeated at a 

frequency of 0.1 Hz, and changes in [Cl
-
]int were determined by fluorescence lifetime measurements. 

 

Measurements of 8 Bergmann glia in 4 acute cerebellar slices of 3 different animals show that 

[Cl-]int decreases even stronger upon electrical stimulation (Fig. 5.15). The reduction of [Cl-]int 

results in an average value of 24.53 ± 1.75 mM (95% CI), and a median of 24.5 mM. This is 

significantly lower compared to values obtained before electrical stimulation in the same cells.  
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Figure 5.15: Effect of electrical stimulation on the [Cl
-
]int of Bergmann glia. A: The [Cl

-
]int of wild type with and 

without Bicuculline before and after the electrical stimulation was measured. B: The [Cl
-
]int of Clcn2-/- and Slc1a3-/-, 

before and after the electrical stimulation. All data are given as mean values ± 95% confidence interval. 



 

 

 

5.3 DATA 

Table 5.1: Differences between the [Cl
-
]int determined in different experiments and their levels of significance (***, p < 0.001; ** p < 0.01; *, p < 0.05). 

Compared populations  n Level of 

significance  

Test 

WT pc-astrocytes 1355/89 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT WT + Bumetanide 993/221 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT WT + DIOA 993/114 p = 0.010 * Mann-Whitney Rank Sum Test 

WT + Bumetanide WT + DIOA 221/114 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT Clcn2-/- 993/148 p = 0.077 ns Mann-Whitney Rank Sum Test 

WT Slc1a3-/- 993/182 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT WT + UCPH 993/181 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT WT + UCPH + TBOA 993/63 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT + UCPH WT + UCPH + TBOA 181/63 p < 0.001 *** Mann-Whitney Rank Sum Test 

Slc1a3-/- Slc1a3-/- + TBOA 182/93 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT + UCPH Slc1a3-/- + TBOA 181/93 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT + UCPH + TBOA Slc1a3-/- + TBOA 63/93 p = 0.331 ns Two tailed Student’s t-test 

WT + UCPH Slc1a3-/- 181/182 p < 0.001 *** Mann-Whitney Rank Sum Test 

Slc1a3-/- Slc1a3-/- + UCPH 182/61 p = 0.250 ns Mann-Whitney Rank Sum Test 

WT P5-6 Slc1a3-/- P5-6 33/17 p = 0.306 ns Mann-Whitney Rank Sum Test 5
3

 



 

 

 

WT P8-9 Slc1a3-/- P8-9 45/65 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT P13 Slc1a3-/- P13 41/21 p < 0.001 *** Two tailed Student’s t-test 

WT before stimulation WT after stimulation 24/24 p < 0.001 *** Two tailed Student’s t-test 

WT + Bicuculline before 

stimulation 

WT + Bicuculline after stimulation 8/8 p < 0.001 *** Two tailed Student’s t-test 

Slc1a3-/- before stimulation Slc1a3-/- after stimulation 12/12 p = 0.458 ns Two tailed Student’s t-test 

Clcn2-/- before stimulation Clcn2-/- after stimulation 7/7 p = 0.017 * Two tailed Student’s t-test 

WT after stimulation WT + Bicuculline after stimulation 24/8 p = 0.673 ns Two tailed Student’s t-test 

WT after stimulation Clcn2-/- after stimulation 24/7 p = 0.884 ns Two tailed Student’s t-test 

WT WT + glutamate 993/68 p < 0.001 *** Mann-Whitney Rank Sum Test 

WT WT + aspartate 993/36 p < 0.001 *** Mann-Whitney Rank Sum Test 

Slc1a3-/- Slc1a3-/- + glutamate 182/44 p = 0.292 ns Mann-Whitney Rank Sum Test 

Expression ratio WT Expression ratio Slc1a3-/- 5/5 p = 0.114 Mann-Whitney Rank Sum Test 

Table 5.2: Stern-Volmer constants (KSV) and determination coefficient (R
2
). 

Cells KSV R2 

pc-astrocytes 6.6 M-1 0.98 

Bergmann glia 17 M-1 0.94 
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Table 5.3: Values determined for cell populations after blocker application. 
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pc-astrocytes DIV 5-26 89 - - 22.8 14.7 (SD) 17.4 failed W=0.765 p < 0.001 

WT P20-100 1355 84 33 34.2 5.8 (SD) 33.9 failed W=0.991 p < 0.001 

WT + Bumetanide P20 221 9 3 28.5 5.6 (SD) 28.2 failed W=0.976 p < 0.001 

WT + DIOA P20 114 5 3 32.7 4.1 (SD) 32.7 failed W=0.905 p < 0.001 

Clcn2-/- P20 148 10 3 33.2 3.7 (SD) 32.5 passed W=0.989 p = 0.324 

Slc1a3-/- P20-100 418 40 17 40.9 6.9 (SD) 40.8 failed W=0.988 p = 0.002 

WT + UCPH P20 181 15 5 43.1 1.0 (95% CI) 42.2 failed W=0.959 p < 0.001 

WT + UCPH + TBOA P20 63 7 2 50.1 2.1 (95% CI) 50.0 passed W=0.981 p = 0.433 

Slc1a3-/- + UCPH P20 61 4 3 39.7 1.3 (95% CI) 39.8 passed W=0.979 p = 0.365 

Slc1a3-/- + TBOA P20 93 13 3 51.4 1.5 (95% CI) 50.8 passed W=0.984 p = 0.324 
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Table 5.4: Values determined for different cells of animals of different ages. 
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WT P5-6 33 7 3 51.6 2.1 (95% CI) 49.5 passed W=0.945 p = 0.095 

WT P8-9 45 5 2 49.3 1.5 (95% CI) 49.7 failed W=0.922 p = 0.005 

WT P11 41 3 1 45.8 1.7 (95% CI) 46.3 passed W=0.988 p = 9.945 

WT P13 41 2 1 33.9 1.0 (95% CI) 34.0 passed W=0.964 p = 0.214 

WT P20 993 65 25 33.8 0.3 (95% CI)  33.8 failed W=0.995 p = 0.002 

WT P50 303 13 5 35.1 0.7 (95% CI) 34.4 failed W=0.985 p = 0.002 

WT P100 59 6 3 35.6 1.5 (95% CI) 36.1 passed W=0.979 p = 0.415 

Slc1a3-/- P5-6 17 4 2 54.8 4.5 (95% CI) 52.1 passed W=0.905 p = 0.082 

Slc1a3-/- P8-9 65 7 2 55.1 1.4 (95% CI) 54.2 passed W=0.967 p = 0.079 

Slc1a3-/- P13 6 3 1 42.1 9.8 (95% CI) 42.2 passed W=0.964 p = 0.603 

Slc1a3-/- P20 182 18 8 38.8 1.0 (95% CI)  39.1 failed W=0,972 p = 0.001 

Slc1a3-/- P50 144 12 4 41.8 0.9 (95% CI) 41.6 passed W=0.990 p = 0.411 

Slc1a3-/- P100 403 10 5 40.8 0.7 (95% CI) 43.1 passed W=0.977 p = 0.171 
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Table 5.5: Values determined for cells upon substrate application or electrical stimulation, respectively. 

Cells 

a
g

e
 

n
u

m
b

e
r 

o
f 

ce
ll

s 

n
u

m
b

e
r 

o
f 

sl
ic

e
s 

n
u

m
b

e
r 

o
f 

a
n

im
a

ls
 

M
e

a
n

 

e
rr

o
r 

M
e

d
ia

n
 

N
o

rm
a

ll
y

 

d
is

tr
ib

u
te

d
 

W
 v

a
lu

e
 

P
 v

a
lu

e
 

WT + glutamate P20 68 3 3 27.4 0.8 (95% CI) 27.3 passed W=0.989 p = 0.833 

WT + aspartate P20 36 5 3 25.72 1.3 (95% CI) 25.6 passed W=0.953 p = 0.131 

Slc1a3-/- +glutamate P20 44 3 2 38.2 2.1 (95% CI) 36.9 failed W=0.850 p < 0.001 

WT before stimu P20 24 6 4 32.8 1.7 (95% CI) 32.7 passed W=0.969 p = 0.654 

WT after stimu  24 6 4 25 1.3 (95% CI) 25.9 passed W=0.938 p = 0.146 

WT + Bicuculline before 

stimu 

P20 8 4 3 30.3 1.9 (95% CI) 30.6 passed W=0.907 p = 0.334 

WT + Bicuculline after stimu  8 4 3 24.53 1.75 (95% CI) 24.5 passed W=0.963 p = 0.836 

Slc1a3-/- + stimu before P20  12 6 3 40.1 2.2 (95% CI) 39.7 passed W=0.932 p = 0.404 

after  12 6 3 39 2.3 (95% CI) 38.5 failed W=0.848 p = 0.034 

Clcn2-/- before stimu P20 7 1 1 30.2 2.9 (95% CI) 29.2 passed W=0.899 p = 0.326 

Clcn2-/- after stimu  7 1 1 25.2 3.4 (95% CI) 23.9 passed W=0.865 p = 0.166 
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Table 5.6: Relative protein expression levels. 

Genotype Expression ratio EAAT2/GLT1 vs. actin SD 95% CI 

WT 2.43 1.3 2.0 

Slc1a3-/- 5.74 4.0 6.2 
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6 Discussion 

6.1 Intracellular chloride concentrations in cultured astrocytes 

Different studies determined intracellular chloride concentrations of astrocytes. 

Electrophysiological approaches, for example, revealed an average [Cl-]int of 29 mM, ranging 

from 22 - 55 mM (Bekar and Walz, 2002). In accordance with this, radioactive chloride 

efflux experiments showed [Cl-]int from 31 - 50 mM (Kimelberg, 1981, Kimelberg et al., 

1979, Walz and Hertz, 1983) and using Cl- sensitive microelectrodes values between 20 - 40 

mM were determined (Kettenmann et al., 1987). The [Cl-]int measured in this work in 

EAAT1/GLAST expressing, pc-astrocytes from whole mouse brain using FLIM and MQAE are 

similar to the values determined before. The average [Cl-]int is 22.8 ± 16.7 mM (SD) and 

ranges from 14.8 to 28.5 mM. The values determined here are on the lower edge of the 

range of [Cl-]int described in astrocytes before, however this can be explained by the 

different types of astrocyte cultures used for determination. In contrast to the other 

studies, which used primary cultured hippocampal astrocytes (Bekar and Walz, 2002) or 

astrocyte cultures from the whole brain (Kettenmann et al., 1987, Kimelberg, 1981), this 

study used EAAT1/GLAST expressing astrocytes which were isolated and cultured. The 

highest [Cl-]int was determined in hippocampal astrocytes and these cells express the least 

amount of EAAT1/GLAST (Lehre and Danbolt, 1998). Astrocytes isolated from the whole 

brain, which include cerebellar astrocytes, the predominant expression site of 

EAAT1/GLAST, have a [Cl-]int range from 20 – 40 mM. To prepare the primary culture of 

EAAT1/GLAST positive astrocytes a method was used which allows only very few other cell 

types to be present (< 2%), for example other astrocytes or cells that do not express 

EAAT1/GLAST such as neurons (Foo et al., 2011). However, the chloride concentrations 

determined here in primary cultured astrocytes are significantly lower compared to the 

[Cl-]int determined in Bergmann glia from acute cerebellar slices. It is known, that glial cells 

are further differentiating in vitro, meaning they divide rapidly and continuously (Foo et al., 

2011) and show significantly different gene expression levels (Cahoy et al., 2008, Doyle et 

al., 2008). Upregulation of volume regulating anion channel such as VRAC could affect 

[Cl-]int in cultured astrocytes (Abdullaev et al., 2006). 
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6.2 Intracellular chloride concentrations in Bergmann glia of acute cerebellar slices 

Bergmann glia are the major expression site of EAAT1/GLAST and therefore FLIM was used 

in acute cerebellar slices to investigate the influence of EAAT1/GLAST anion channel 

function on the [Cl-]int. The average [Cl-]int determined in Bergmann glia is 34.2 ± 5.8 mM 

(95%CI). This value is significantly higher compared to the value in pc-astrocytes. However, 

the value of the Bergmann glia population lies within the range of values determined for 

[Cl-]int of astrocytes before. The [Cl-]int of 34.2 mM lies well above the diffusion equilibrium 

and indicate that Bergmann glia actively accumulate chloride. Blocking experiments in this 

work demonstrated that the cation chloride cotransporter (CCC) NKCC1, plays a role in 

chloride accumulation in Bergmann glia, while KCC1 and KCC3 leave the [Cl-]int unaffected 

(Fig. 5.7). These findings are in line with the notion that KCC1 and KCC3 are not active under 

isosmotic conditions (Kahle et al., 2010). It has been shown that NKCC1 is constitutively 

active and mediates constant influx of sodium into astrocytes, as blocking NKCC1 caused a 

decrease in the [Na+]int in hippocampal as well as cortical astrocytes (Kelly et al., 2009, Rose 

and Ransom, 1996, Su et al., 2002). This effect of NKCC1 was also shown in Bergmann glia 

by measuring the corresponding decrease in [Na+]int by Niklas J. Gerkau and Christine R. 

Rose, Institute for Neuroscience, Düsseldorf (Untiet et al., 2016). Upon Bumetanide 

application the [Na+]int as well as the [Cl-]int decreased by around 6 mM. Due to the 

stoichiometric of NKCC1 transport a two times higher decrease in chloride compared to 

sodium is expected. In the case of chloride, the average [Cl-]int after blocker application is 

measured, not the time response of single cells. This allows a bigger difference to be 

averaged out. Furthermore, after blocking NKCC1 the [Cl-]int still lies above the diffusion 

equilibrium referring to other proteins that can be involved in chloride accumulation in 

Bergmann glia, which were not identified so far. 

A combination of measuring knock-out animals and blocking experiments in WT 

demonstrated that EAAT1/GLAST and EAAT2/GLT1 directly affect [Cl-]int of Bergmann glia, 

while the ablation of the voltage sensitive chloride channel ClC-2 did not reveal any 

changes in [Cl-]int (Fig. 5.8). ClC-2 currents can be recorded from Bergmann glia in acute 

slices, however, these currents differ in time and voltage dependence from results obtained 

in other glia or heterologous expression systems (Hoegg-Beiler et al., 2014). This indicates 

that additional factors are present in Bergmann glia, which keep ClC-2 closed under 

physiological conditions.  
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6.3 EAAT1/GLAST and EAAT2/GLT1 regulate intracellular chloride in Bergmann glia 

and allow dynamic adjustments during glutamatergic synaptic transmission 

6.3.1 Glial EAAT anion channel function affects [Cl
-
]int 

EAATs function as anion selective channels and as secondary active glutamate transporters. 

The deletion of the major EAAT in Bergmann glia, EAAT1/GLAST, leads to an increase in 

[Cl-]int (Fig. 5.9). Additional blocking experiments revealed that EAAT1/GLAST and 

EAAT2/GLT1 affect [Cl-]int. Blocking as well as deletion of these proteins affect both the 

transporting and anion channelling function. However, the obtained results can be 

explained by assuming that blocking or activation of EAAT results in changes in the chloride 

conductance, hence, altering the [Cl-]int. Furthermore, it was shown that blocking glial 

EAATs leaves the [Na+]int in astrocytes unaffected (Karus et al., 2015, Langer and Rose, 

2009). The same was observed by Niklas J. Gerkau and Christine R. Rose, Institute for 

Neuroscience, Düsseldorf (Untiet et al., 2016) in Bergmann glia, thus changes in [Cl-]int are 

not due to a disruption of the glial sodium gradient. Glial EAATs have been described to be 

efficient glutamate transporters with small macroscopic anion currents, albeit studies from 

Niels Christian Danbolt revealed a very high amount of this protein (1.8 mg per g brain 

tissue) in the cerebellum (Lehre and Danbolt, 1998). Even if the anion current of every 

channel rather small, in total, the global deletion results in a significant increase of [Cl-]int of 

Bergmann glia, as shown here. 

6.3.2 EAAT2/GLT1 appears not to be upregulated in Slc1a3-/- mice 

Genetic ablation of EAAT1/GLAST and pharmacologically blocking of EAAT1/GLAST using 

the subtype specific blocker UCPH-101, showed a significant difference in the [Cl-]int. The 

increase in the [Cl-]int upon UCPH-101 application, above Slc1a3-/- levels indicated an 

upregulation of the expression of EAAT2/GLT1. A relative quantification of the expression 

levels did show a higher expression level for EAAT2/GLT1 in the EAAT1/GLAST knock-out 

animals, however, this difference is not significant (Fig. 5.10).  Thus, EAAT2/GLT1 appears 

not to be upregulated in Slc1a3-/-. To further investigate this contradiction another method 

to quantify the exact amount of protein should be applied. The most exact information can 

be obtained by counting single proteins using electron microscopy as performed earlier in 

wild type (Lehre and Danbolt, 1998). 
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6.3.3 EAAT1/GLAST and EAAT2/GLT1 determine the [Cl
-
]int during cerebellar maturation 

The glial EAATs, EAAT1/GLAST and EAAT2/GLT1, not only contribute to set the [Cl-]int, but 

also mediate a developmental glial chloride switch (Fig. 5.12). Within the second postnatal 

week, the [Cl-]int in Bergmann glia drops from 50 to 34 mM. A similar decrease with a later 

onset (P > 9) and a significant higher adult value of 41 mM could be observed in Slc1a3 -/-. 

This glial chloride switch correlates with the upregulation of EAAT1/GLAST and EAAT2/GLT1 

expression in the cerebellum (Holmseth et al., 2012, Ullensvang et al., 1997, Regan et al., 

2007). The high [Cl-]int at early developmental stages may support dynamic volume 

adjustments during cell migration by allowing effective chloride effluxes through volume 

activated anion channels and via activation of KCC1 and KCC3 (Kahle et al., 2010). It is in 

this time period that Bergmann glia migrate together with Purkinje neurons from the 

ventricular zone towards the cortex (Yuasa, 1996). At the end of the first postnatal week 

(P7) these migrations are finalized and Bergmann glia sheath Purkinje neurons, which start 

the outgrowth of their dendritic trees (Yamada and Watanabe, 2002). At the same time, 

during the first postnatal week, Bergmann glia guide the way of granule cells along their 

fibres from the outer granule layer to the inner granule layer (Xu et al., 2013, Rakic, 1971). 

Thus, volume adjustments may support the migratory processes, which last until the end of 

the second postnatal week (Buffo and Rossi, 2013), when the [Cl-]int of Bergmann glia 

decreased to the adult value. Furthermore, Bergmann glia mediate GABA uptake by GABA 

transporters (GAT1, GAT3) from the extracellular space (Zhou and Danbolt, 2013). These 

transporters couple GABA uptake to sodium and chloride gradients and their function 

depends on the electrical gradient. Thus, changes in the [Cl-]int can lead to a modification of 

the GABA transport rates. While it is impossible to predict GABA transport rates from the 

[Cl-]int, it is possible to calculate the minimum [GABA]ext of the thermodynamic equilibrium 

of this transport process with the following equation (8): 

[@
A
]BC1 �
[D,E]-4F ['��]-4[@
A
]-4

[D,E]BC1F ['��]BC1 	.GH
IJ  

(8) 

 

Using standard internal and external sodium and GABA concentrations, with [Na+]int of 14.6 

mM and [GABA]int of 2.3 mM, respectively (Zomot et al., 2007, Lee et al., 2011, Rose and 

Ransom, 1996), the [GABA]ext at equilibrium results in 0.21 µM in adult WT animals. During 
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cerebellar maturation, considering the glial chloride switch from 52 to 34 mM, the 

[GABA]ext is predicted to change from 0.34 to 0.21 µM. These developmental changes can 

contribute to neuronal migration, since immature neurons exhibit tonic GABAergic currents 

that modulates their movement (Demarque et al., 2002), and terminates at P15. 

Furthermore, external GABA concentrations have been reported to affect cell migration 

(Luhmann et al., 2015). During cerebellar maturation Bergmann glia and granule cells are 

tightly connected, since Bergmann glia guide the granule cells through the molecular layer 

(Yamada and Watanabe, 2002). In the adult cerebellum Bergmann glia are functional 

closely connected to neurons (Grosche et al., 1999), and changes in extracellular GABA 

levels could affect inhibitory synaptic transmission. Furthermore, changes in [Cl-]int may 

affects GABAA-receptor mediated currents. As it was described before, that those currents 

are detectable in Bergmann glia of young animals while they are decreasing with age 

(Muller et al., 1994). 

6.3.4 The glial chloride switch in cerebellar Bergmann glia 

In neurons the upregulation of KCC2 during the first postnatal week decreases chloride and 

permits neuronal inhibition by opening ligand-gated channels via GABA or glycine release at 

mature inhibitory synapses (Rivera et al., 1999, Ganguly et al., 2001). This neuronal chloride 

switch occurs between postnatal day 5 and 14, with different timing for different parts of 

the brain (Delpire, 2000). No developmental alterations or changes in glial chloride 

concentrations have been reported before. In this work the glial chloride switch in 

Bergmann glia was newly-discovered (chapter 5.2.4), which occurs at the same time as the 

neuronal chloride switch. The glial chloride switch will possibly improve the GABAergic 

synaptic transmission by increasing glial GABA uptake rates due to decreasing the [Cl-]int 

and providing better signal to noise ratios in synaptic transmission.  

6.3.5 Dynamic adjustment of [Cl
-
]int performed via glial EAATs during excitatory synaptic 

transmission 

Substrate application as well as measurements after electrical stimulation demonstrated a 

functional coupling of extracellular glutamate and a decreased [Cl-]int. Purkinje neurons 

receive input from parallel fibres via glutamatergic signals. This activation of EAAT anion 

channels causes a decrease of the [Cl-]int. Perfusion with Bicuculline during the electrical 
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stimulation lead to the same decrease in [Cl-]int, indicating, that these changes are not due 

to GABAA receptor opening.  

The decrease of the [Cl-]int determined in wild type upon electrical stimulation results in 

predicted changes of [GABA]ext down to 0.15 µM. With this loop, glutamatergic synaptic 

transmission directly affects tonic inhibitory GABA currents in the cerebellar cortex. 

Purkinje neurons and granule cells express GABAA receptors with an EC50 of 0.27 µM 

(Saxena and Macdonald, 1996). Under physiological conditions these receptors show a high 

open probability and provide tonic GABAergic currents (Brickley et al., 1996). This crosstalk 

between inhibitory und excitatory synaptic transmissions depends on a damageable 

equilibrium. During pathological processes as upon neuronal cell death or during brain 

ischemia, increased extracellular glutamate concentrations will activate EAAT anion 

channels and decrease the [Cl-]int in glial cells, to values even below determined values 

during electrical stimulation measurements or substrate application. This change in the 

[Cl-]int can then reinforce the GABA uptake and reduce inhibitory synaptic transmission, and 

finally promote glutamate excitotoxicity and neuronal cell death (Danbolt, 2001). A model 

for this scenario is the gain of function mutation in EAAT1/GLAST, P290R. The increase in 

anion conductance mimics the permanently activated EAAT1/GLAST anion channel, this can 

lead to changes in the [Cl-]int followed by a modified neurotransmitter homeostasis and 

eventually may result in ataxia and epilepsy. The inverse process of a lost EAAT anion 

conductance appears less severe, as the milder phenotype of the Slc1a3-/- demonstrates. 

Nevertheless, it shows a slight motor incoordination, without increased mortality (Watase 

et al., 1998). EAAT1/GLAST is predominantly expressed in the cerebellum, a part of the 

brain which is not crucial for mammal’s survival. This can be the difference compared to the 

glial EAAT2/GLT1 knock-out (Slc1a2-/-) mouse, since EAAT2/GLT1 is expressed in nearly 

every brain region. In the glial knock-out model no significant changes in extracellular 

glutamate levels were observed, thus it needs to be evaluated if this is due to an unsuitable 

method to measure glutamate uptake, as the authors discuss or if the missing anion 

channel plays a major role in the pathomechanism. A global knock-out of all EAAT2/GLT1 

will heavily change the equilibrium due to the missing anion channel and can have a severe 

impact on the individual. 
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7 Conclusion 

 

Glial excitatory amino acid transporters are described as efficient glutamate transporters 

with small macroscopic anion currents (Wadiche et al., 1995a), accordingly, it was shown 

that these proteins provide the major glutamate uptake, but the physiological role of their 

anion channel function remained completely unclear. My thesis identified, for the first 

time, a cellular role for the anion channel function of EAAT1/GLAST and EAAT2/GLT1 in glial 

cells. These EAAT anion channels are the central player in setting the [Cl-]int in Bergmann 

glia during cerebellar maturation and they dynamically adjust the [Cl-]int during neuronal 

synaptic transmission. Synaptically released glutamate increases the open probability of 

glial EAATs and decreases the [Cl-]int, which then stimulates the GABA uptake. During 

maturation the upregulation of EAAT1/GLAST and EAAT2/GLT1 expression leads to a glial 

chloride switch, which terminates neuronal migration by decreased [GABA]ext via 

decreasing [Cl-]int. This glial chloride switch furthermore appears at the same time as the 

neuronal chloride switch and is likely to further improve inhibitory synaptic transmission. 

The data retrieved during my thesis reveals for the first time a crucial role of glial EAAT 

anion channels in brain function, reasoning that functional changes, such as in the gain of 

function mutation P290R, can lead to severe symptoms as ataxia and epilepsy. 

Furthermore, these findings provide the basic knowledge that will lead to new therapeutic 

approaches to treat these symptoms.  
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9 Manufacturers 

Abcam, Cambridge, UK 

AppliChem, Darmstadt, Germany 

Becker & Hickl, Berlin, Germany 

BioRad, München, Germany 

Chemicon, Temecula, CA, USA 

Enzo, Lörrach, Germany 

Eurofins Genomics, Ebersberg, Germany 

GE Healthcare, Solingen, Germany 

Life Technologies, Darmstadt, Germany 

MACS Milteny Biotec, Bergisch Gladbach, Germany 

Merck, Darmstadt, Germany 

Molecular Devices LLC, Sunnyvale, CA, USA 

Newport Spectra Physics, Irvine, CA, USA 

Nikon Instruments Europe, Amsterdam, the Netherlands 

Omega Optical, Brattleboro, VT, USA 

Peqlab, Erlangen, Germany 

Photon Technology International, Birmingham, NJ, USA 

Picoquant, Berlin, Germany 

Santa Cruz Biotechnology, Heidelberg, Germany 

Science Products GmbH, Hofheim, Germany 

Serva Electrophoresis, Heidelberg, Germany 

Shimadzu Europa GmbH, Duisburg, Germany 

Sigma-Aldrich, Munich, Germany 
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Syngene, Cambridge, UK 

Thermo Fischer, Darmstadt, Germany 

Thermo Scientific, Braunschweig, Germany 

Tocris, Bristol, UK 

Warner Instruments, Hamden, CT, USA  
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10 Abbreviations 

AB Antibody 

AM-ester Aceto-methyl 

BG Bergmann glia 

Bic Bicuculline 

bp Base pairs 

BSA bovine sermon albumin 

CCC Cation chloride cotransporter 

CI Confidence interval  

Cl- Chloride 

[Cl-]int Intracellular chloride concentration 

ClC Chloride channel 

CNS Central nervous system 

DCN Deep cerebellar nucleus 

DIV Days in vitro 

E Energy 

EA Episodic ataxia 

EAAT Excitatory amino acid transporter 

ES Extracellular solution 

FZJ Forschungszentrum Jülich 

GABA Gamma amino isobutyric acid 

GAT GABA transporter 

GC Granule cell 

Clcn2-/- ClC-2 (Clcn2) knock-out 

GLAST Mammalian EAAT1 

GLT1 Mammalian EAAT2 

Gp Guinea pig 

h Planck constant 

HBEGF Heparin binding epidermal growth factor 

HRP Horseradish peroxidase 

IRF Internal response function 
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IS Intracellular solution 

K+ Potassium 

Kf Rate of spontaneous emission 

Knr Non-radiative decay 

Kq Decay in dependence of quencher  

KSV Stern-Volmer constant 

KCC Potassium Chloride cotransporter  

KO Knock-out 

λ Wavelength 

MQAE 1-(Ethoxycarbonylmethyl)-6-methoxyquinolinuim bromide 

ms Mouse 

Na+ Sodium 

NKCC Sodium Potassium Chloride Cotransporter 

p Level of significance 

P Postnatal day 

P290R Proline at position 290 substituted by arginine 

PBS Phosphate buffered saline 

PC Purkinje cell 

PCR Polymerase Chain Reaction 

PF Parallel fibre 

R2 Determination coefficient 

rb Rabbit 

RT Room temperature 

S0 Ground state 

S1 Excited state 

SD Standard deviation 

SDS Sodium dodecyl sulfate 

SLC Solute carrier family 

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

Slc1a2-/- EAAT2/GLT1 (Slc1a2) knock-out 

SP Short pass 

Stimu Stimulation 
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τ Fluorescence lifetime  

TBS Tris buffered saline  

TCSPC Time Correlated Single Photon Counting 

ν Wave frequency 

V Volt 

VRAC Volume-regulated anion channel 

VSOC Volume-sensitive organic anion channel 

WM White matter 

WT Wild type 
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