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Abbreviations  
 

A. dest.  Distilled water 

ATP   adenosine triphosphate 

BSA   Bovine serum albumin  

CNS   Central nervous system  

DMEM  Dulbecco’s modified Eagle’s medium  

DMSO  Dimethylsulfoxide  

DNA   Deoxyribonucleic acids  

E. coli   Escherichia coli 

EDTA    ethylenediamine tetraacetic acid 

EGFP   Enhanced Green Fluorescent Protein 

FeCl3   Ferric chloride 

FCS   Fetal calf serum  

GABA   γ-amino butyric acid 

Gly   Glycine 

HEK 293 cells Human embryonic kidney 293 cells 

HEPES  4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid  

hGABAAR  human GABAA receptor 

hGlyR human glycine receptor 

IGE   idiopathic generalized seizure 

IPSCs   Inhibitory postsynaptic currents 

K-acetic acid  Potassium acetic acid 

LB   Luria-Bertani 

M Molar concentration or molarity, the amount of solute per unit 

volume of solution (c=N/(NA x V), N is the number of molecules 

present in the volume V, NA is the Avogadro constant, 

approximately 6.022×1023 mol−1) 

mosm   Milliosmol 

MOPS   3-(N-Morpholino) propan sulphonic acid 

Na2ATP  Di-Sodium adenosine triphosphate 

OD   Optical density 

P/S    Penicillin/Streptomycin  

PBS    Phosphate buffered saline  
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RT   Room temperature  

SDS    Sodium dodecyl sulphate  

SEM    Standard error of the mean  

TBPS   t-[(35)S] butylbicyclophosphorothionate 

TPMPA  1,2,5,6-Tetrahydropyridin-4-yl methylphosphinic acid 

TRIS    2-Amino-2-(hydroxymethyl)-1,3-propanediol  

v/v    volume per volume  

w/v    weight per volume 
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1. Introduction 

1.1. Epilepsy 
 

Epilepsy affects up to 1 % of the population all over the world. It is a neurologic 

disorder that is characterized by recurrent unprovoked seizures. The clinical signs of 

epilepsy are triggered by intermittent, excessively synchronized activity of groups of 

neurons that can be induced by structural lesions (e.g. tumours, stroke) or by genetic 

alterations.  

 

This complex disorder of a network of excitable elements can arise biomolecularly 

from, firstly, changes in the excitability of individual elements (e.g. ion channels) or, 

secondly, alterations in the properties of the connection between cells or, finally, 

alterations in the anatomic or functional connections between cell.  

 

Epilepsy is normally controlled with medication but, over 30 % of patients do not have 

seizure control even with the best available medications. 

 

Three main classification groups of epilepsy are based on their origin within the brain: 

(1) the partial seizures, (2) generalized seizures and (3) the unclassified epileptic 

seizures.  

 

This thesis is focused on generalized seizures, particularly on idiopathic generalized 

seizures (IGE). IGE is a neurologic disorder with a significant hereditary component 

and affects about 0.4 % of the world's population. It is known that inherited disorders 

of membrane repolarization lead to hyperexcitability and repetitive firing of nerve and 

muscle. The four most common subtypes of the IGE are: childhood and juvenile 

absence epilepsy, juvenile myoclonic epilepsy (JME) and epilepsy with Grand-Mal 

seizures on awakening. 

 

The genetic component plays an important role in the development of epilepsy. A 

striking insight in the understanding of familial idiopathic epilepsies and many 

inherited symptomatic epilepsies was the discovery that several genetic syndromes 

of epilepsy result from single gene mutations affecting ion channels in the neuronal 

cell membrane. As ion channels like GABAA receptors, play a fundamental role in 
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membrane excitability they have a strong impact on the pathogenesis of epilepsy 

(Jones-Davis et al., 2003; Kaneko et al., 2002; Lerche et al., 2005; Meldrum, 1995; 

Meldrum, 2001; Mulley et al., 2003; Noebels, 2003; Wong et al., 2003). 

 

Mutations in ten genes causing distinct forms of idiopathic epilepsy have been 

identified so far: 

Mutations in genes encoding the neuronal nicotinic acetylcholine receptor α4 and β2 

subunits have been detected in families with autosomal dominant nocturnal frontal 

lobe epilepsy. Mutations of potassium channel genes turned out to be responsible for 

the development of benign familial neonatal convulsions. Investigations of mutant α1, 

α2 and β1 subunits of the voltage-gated sodium channel (SCN1B, SCN1A and 

SCN2A) showed that they might be involved in the pathogenesis of generalized 

epilepsy with febrile seizure and myoclonic epilepsy of infancy. Mutations of Calcium 

channel can cause some forms of JME and IGE. Eventually, several mutations in the 

GABAA receptor γ2 subunit gene (gabrg2) and α1 subunit gene (gabra1) were 

reported to be associated with febrile seizures and JME (Baulac et al., 2001; Catterall 

et al., 2008; Cossette et al., 2002; Kaneko et al., 2002; Wallace et al., 2001). 

 

The following pharmacological approaches represent possible protection mechanism 

against seizures and their consequences (Meldrum, 2001): 

• Suppression of seizure by use of antiepileptic drugs acting on:  

o Na+- channels (e.g. phenytoin, lamotrigine) 

o Ca2+- channels (e.g. phenytoin, lamotrigine, oxcarbazepine) 

o K+- channels (e.g. retigabine) 

o GABA-channels (e.g. benzodiazepine, tiagabine, vigabatrin, barbiturates) 

• Block of excitotoxicity via  

o glutamate receptor antagonists (pyrazine derivates, adamantane 

derivatives) 

o nitric oxide synthase inhibitors 

o free radical scavengers 

o cyclooxygenase 2 antagonists 

• Interruption/Prevention of apoptotic cascade via  

o caspase inhibitors (e.g. tetrapeptides) 

o protein kinase inhibitors 

   9



 Introduction  

• Further possible starting points are 

o non-steroidal anti-inflammatory drugs 

o anti-inflammatory drugs 

 

1.2. Ligand-gated ion channels 
 

Ion channels are key molecules for signal transduction across biological membranes. 

Ligand-gated ion channels act as fast signal transducers, converting chemical signals 

(in the form of neurotransmitters) into electrical signals in the postsynaptic neuron. 

This is realized by the recognition of neurotransmitter at its specific-binding sites, 

which subsequently activates the opening of an ion channel, also known as gating 

(Kash et al., 2004, Niemeyer et al., 2001). 

 

The amino acids glycine and gamma-aminobutyric acid (GABA) are the major 

inhibitory neurotransmitters in the central nervous system (CNS) of vertebrates and 

mediate fast synaptic inhibition by activation of ligand-gated chloride channels. 

Receptors for these neurotransmitters belong to the same superfamily of ligand-

gated ion channels, the Cys-loop family. The latter build membrane-spanning 

pentamers composed of different subunits which form a central pore selectively 

permeable to anions (glycine and GABAA receptors) or cations (nicotinic 

acetylcholine and serotonin receptors). All members of the Cys-loop family show 

structural similarities and are considered homologous (Betz and Laube 2006; Cascio 

2006; Gready et al., 1997; Karlin and Akabas, 1995; Mohler et al. 1996).  

 

Each subunit contains a large N-terminal extracellular domain, a transmembrane 

domain with four membrane spanning α- helices (TM1 to TM4) and a large 

cytoplasmic domain. Furthermore, it is known that the extracellular domain forms the 

agonist binding site. The transmembrane segments (TM1-TM4) are connected by 

two intracellular regions and an extracellular TM2-TM3 linker, which is important for 

receptor gating. Furthermore, the TM2 forms the major part of the lining of the ion 

channels. The cytoplasmic domain is involved in trafficking, localization, and 

modulation by cytoplasmic second messenger systems but its role in channel 

assembly and function is poorly understood (Lester et al., 2004; Unwin, 2005). 

   10
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Despite broad functional homology there are specific differences in the physiology 

and pharmacology of glycine and GABAA receptors (Cascio 2006; Pistis et al. 1997; 

Weir et al. 2004). 

1.2.1. GABAA receptors 
 

As mentioned above, GABAA receptors mediate fast inhibitory synaptic transmission 

in the brain. Thus, after binding of an agonist the chloride channel opens allowing 

chloride and bicarbonate to enter the cell. The chloride influx finally leads to a 

hyperpolarization of the membrane and therefore reduces the neuronal excitability. 

 

GABAA receptors are transmembrane multi-subunit receptor combinations and 

sequences of six α, three β, three γ, one δ, one ε, one π and one θ GABAA receptor 

subunits have been reported up to now. Many GABAA receptor subtypes contain α, β 

and γ subunits with the stoichiometry two α, two β, one γ (Fritschy and Brunig, 2003; 

Korpi et al., 2002). The α1β2γ2 heterooligomer constitutes the largest population of 

GABAA receptors in human brain and plays an important role in idiopathic 

generalized epilepsy, IGE (Barnard et al., 1998; Kash et al., 2004; Lerche et al., 

2005; Macdonald et al., 2004; Maljevic et al., 2006; Mohler et al., 1996; Moss and 

Smart, 2001; Sieghart et al., 1999). 

 

phospholipid bilayer

α1 

intracellular 

β2 

γ2 

β2 
α1

αextracellular 

 
Figure 1: Scheme of the most abundant α1β2γ2 GABAA receptor in the human brain (Müller, 
2005) 
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The activity of the GABA chloride receptor-ionophore complex is modulated by 

distinct binding sites associated with its multiple subunits.  

The GABA binding site involves α and β subunits (Amin and Weiss, 1993; Sigel et 

al., 1990). Two independent binding sites for pentobarbital on human GABAA 

receptor channels were described. Binding of pentobarbital at the agonistic site or a 

binding site for block phenomena are established. Enhancement of GABA-evoked 

currents caused by barbiturates appears not to be dependent on GABAA receptor 

subtypes. However, the direct action of barbiturates is dependent on both, α and β 

subunits (Krampfl et al., 2002; Pritchett et al., 1989; Sigel et al., 1990; Thompson et 

al., 1996; Thompson et al., 1999). Furthermore, substances belonging to the group of 

benzodiazepines interact at the γ and appropriate α subunits of GABAA receptor 

channels. Presence of the γ subunit is required for the potentiation of GABA-induced 

chloride currents (Bianchi et al., 2002; Rogawski and Porter, 1990; Sugimoto et al., 

2000; Wafford et al., 1996). The loreclezole (a broad-spectrum anticonvulsant 

compound) site is provided by the β subunit (Wafford et al., 1994; Wingrove et al., 

1994). Ethanol selectively enhances GABA responses on α4β3δ and α6β3δ GABAA 

receptor channels (Wallner et al., 2003). Endogenous and synthetic neuroactive 

steroids have been shown to act by enhancing the GABA-induced chloride currents 

(Peters et al., 1988; Puia et al., 1990).  

 

Thus, GABAA receptors are influenced by benzodiazepines, barbiturates, alcohol, 

and other important centrally acting drugs. These substances are used as 

antiepileptic agents, anxiolytics, muscle relaxants, sedatives, and hypnotics (Burt and 

Kamatchi, 1991).  

 

GABAA receptors are inhibited by the selective antagonists bicuculline and gabazine 

interacting with the GABA site of the receptor. Published data propose that 

bicuculline can only inhibit the channel if it is open but unbound by GABA (Bianchi 

and Macdonald, 2001; Ueno et al., 1997).  
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Bicuculline 

Molecular Formula: C20H17NO6 

Molecular Weight: 367.35 

 
Figure 2: Chemical structure of bicuculline 

 

However, the channel blockers, picrotoxin and TBPS act at an allosteric site within 

the chloride channel pore and thus negatively regulate channel activity (Yoon et al., 

1993). 

 

+ 

Picrotoxin (also Cocculin) 

 

Molecular complex (1:1) of picrotin 

C15H18O7 and picrotoxinin C15H16O6 

Molecular Formula: C30H34O13 

Molecular Weight: 602.58 

 
 
Figure 3: Chemical structure of picrotin (left) and picrotoxinin (right) 

 

Finally GABAC receptors have to be mentioned. GABAC receptors contain ρ1-3 

subunits and were recently published as a sub-class of GABAA receptors. They are 

bicuculline insensitive and mediate fast inhibitory synaptic transmission within the 

retina. Thus, after binding of an agonist the chloride channel opens and chloride 

flows into the cell leading to a hyperpolarisation. Additionally, GABAC are insensitive 

to barbiturates and benzodiazepines but are selectively inhibited by TPMPA (Barnard 

et al., 1998; Olsen and Sieghart, 2009; Zhang et al., 2001). 
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GABAA receptor α1 subunit mutation associated with JME 
 

In a large French Canadian family a mutation in the α1 subunit of the GABAA receptor 

has been identified which is associated with JME. This mutation of the gene gabra1 

leads to a replacement of alanine by an aspartate at position 322 (A322D) in the third 

transmembrane domain of the receptor (Cossette et al., 2002). The investigation of 

the mechanisms resulting from these genetic disorders may lead to a more precise 

treatment and understanding of inherited forms of epilepsy. In electrophysiological 

experiments it was previously shown that the mutation A322D leads to a severe loss-

of-function of the human GABAA receptor by reduced surface expression, reduced 

GABA-sensitivity, and accelerated deactivation. Furthermore, the trafficking of the 

mutant α1-A322D subunit is altered between translation and oligomerization within the 

endoplasmic reticulum and thus, before receptor assembly (Bradley et al., 2008; 

Fisher, 2004; Gallagher et al., 2004; Gallagher et al., 2005; Krampfl et al., 2005b).  

 

The hill coefficient was nH = 0.80 (EC50= 485 ± 40 µM) for mutant GABAA receptor 

channels compared to nH = 1.35 (EC50= 11.2 ± 0.6 µM) for the wild type GABAA 

receptor channels if GABA was applied. The hill coefficient expresses the minimum 

number of agonist molecules binding to the receptor. Furthermore, a hill coefficient 

>1 signifies the binding of at least two agonist molecules to open the channel (Amin 

and Weiss, 1993).  

 

This is the first known naturally occurring point mutation that reduces expression of a 

ligand-gated ion channel subunit. The reduction in subunit expression is the 

predominant mechanism by which this mutation causes disinhibition and epilepsy, 

whereas GABAA receptor current kinetics seems not to be altered (Gallagher et al., 

2005). 

1.2.2. Glycine receptors 
 

Glycine receptors are found in spinal cord, brain stem, thalamus and other regions of 

the CNS and are mainly concentrated at postsynaptic synapses. They are involved in 

the control of motor rhythm generation, the coordination of spinal nociceptive signals 

and the processing of sensory signals (Laube et al., 2002; Triller et al., 1985; Young 

et al., 1974). 

   14

http://dict.leo.org/ende?lp=ende&p=thMx..&search=endoplasmic
http://dict.leo.org/ende?lp=ende&p=thMx..&search=reticulum


 Introduction  

As already pointed out the glycine receptor is a member of the Cys-loop superfamily. 

Glycine receptors are important for neuronal excitability in the developing and the 

mature CNS. Thus glycine gating of the glycine receptor channel inhibits neuronal 

activity by increasing chloride influx through that channel, resulting in 

hyperpolarization. 

 

Four different isoforms of the α subunit (α1 to α4) and one variant of the β subunit 

have been identified so far.  

Glycine receptor α subunits can form functional homopentamers because the agonist 

glycine and the competitive antagonist strychnine bind to the N-terminal but distinct 

domain of α subunits (Vandenberg et al. 1992). Addition of the β subunit in the 

pentameric glycine receptors reduces channel conductance and alters pharmacology 

(Mohammadi et al., 2003). 

 

Native glycine receptors are found to be either α1 homomeric glycine receptors and 

α2β heteromeric glycine receptors (immature form, extrasynaptic subtype) or α1β and 

α3β heteromeric glycine receptors (mature form, synaptic subtype) (Becker et al. 

1988; Betz 1991; Betz and Laube 2006; Kungel and Friauf 1997; Malosio et al. 

1991). So far, the α4 subunit has been only detected in mice. The heteromeric 

glycine receptor channels are built up of either three α and two β subunits or the 

stoichiometry might be two α and three β subunits (Betz 1991; Grudzinska et al. 

2005; Langosch et al. 1988).  

 

The glycine receptor is not characterized as detailed as the GABAA receptor. 

However, it is widely accepted that the function of these receptors can be enhanced 

by a variety of agents, including alcohols, general anesthetics (e.g. minaxolone, 

propofol, pentobarbital) and neurosteroids, but their exact binding sites remain 

controversial.  

 

Distinct binding sites are also described for Zn2+. The effect of Zn2+ is dependent on 

its concentration: an allosterical increase of channel functions can be observed at low 

Zn2+ concentrations (<10 µM), while higher concentrations lead to blocking effects 

(Miller et al., 2005; Wu et al., 1993; Wu et al., 1997).  

   15
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1.2.3. Electrophysiological characteristics 
 

Three different effects on ligand-gated ion channels have been discovered until now: 

direct activation, coactivation and block.  

• A process is called “direct activation” if a ligand directly binds to a channel and 

opens the central pore, leading to an influx of anions or cations. In the patch 

clamp experiment this becomes apparent by an increase of the maximal peak 

current amplitude (Evans, 1979; Krampfl et al., 2002).  

• “Co-activation” describes an increase of the ion influx which is induced by the 

binding of a second ligand additionally to the main agonist (Franks and Lieb, 

1994; Krampfl et al., 2002; Macdonald et al., 1989; Robertson, 1989). 

• If a ligand leads to a “blocking effect” a rebound current after the end of ligand 

pulses can be observed (Krampfl et al., 2002; Peters et al., 1988; Robertson, 

1989). 

 

Terminology for the description of currents induced by, e.g., glycine: 

 

Electrophysiological terms to describe characteristics of ligands- induced currents of 

ligand-gated ion channels are explained in the following by use of a glycine elicited 

current response as an example (figure 4). Glycine was applied with a saturating 

concentration of 1 mM to α1β glycine receptors. The resulting current trace was 

recorded with the patch clamp technique. Immediately after the application of glycine 

is started, the current transient shows a fast increase of the current amplitude within 

milliseconds. The duration of this increase is named “rise time”. As it is difficult to 

identify precisely the beginning of the current rise the rise time is often defined as 

duration between the time point when 10 % of the maximum amplitude is reached 

and the time point when 90 % is reached. By use of this 10 to 90 definition the rise 

time results get more comparable.  

The highest reached current value is named “maximum peak current amplitude” 

(Pmax). The maximum peak current amplitude is followed by a current decline in 

presence of the agonist. This phenomenon is called “desensitization”, its course can 

be described by time constants (τdes).  

   16
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Desensitization finally reaches a “steady-state” current amplitude. The “steady-state” 

describes an equilibration between open state of receptor and desensitizised state of 

receptors. 

Removal of the agonist results in a current decay to the zero level due to deactivation 

(also describable by time constants τdeact).  

 

 
 
Figure 4: The electrophysiological characteristics of glycine receptor currents 
 

Published data suggest that the fast phase of GABAA receptor desensitization 

prolongs the duration of IPSCs by trapping GABA on the receptor, and thus, allowing 

additional channel openings to occur before GABA finally unbinds (Bianchi and 

Macdonald, 2001; Jones and Westbrook, 1995). 

In general, a slower desensitization rate may be caused by increased gating efficacy 

(Bianchi and Macdonald, 2001). 

The impact of faster deactivation on synaptic transmission would be a shorter 

duration of IPSCs (Buhr et al., 2002). 
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1.3. Nongenomic rapid actions of steroid hormones 
 

Classical steroid hormones act on intracellular steroid receptors that regulate 

transcriptionally directed changes in protein synthesis. Action of steroid hormones at 

the genome requires a time period from minutes to hours, well-known as genomic 

effect (McEwen, 1990; Wehling, 1997; Yamamoto, 1985). However, some steroids 

rapidly alter neuronal excitability via a direct interaction with ligand-gated ion 

channels, e.g. GABAA receptors (Falkenstein et al., 2000; Rupprecht et al., 1999). 

These steroids, called neuroactive steroids, promote modulatory non-genomic effects 

within milliseconds up to 1-2 minutes (Paul and Purdy, 1992; Selye, 1941). Non-

genomic effects may occur either by interaction of steroids with specific receptors or 

by interaction of steroids with nonspecific receptors or membrane lipids (Wehling, 

1997).  

 

The mechanism of rapid steroid signalling is not uniform. Furthermore, different 

modes of action have been depicted and are shown in figure 5: 

 
 
Figure 5: Classification of nongenomic steroid actions. Dotted arrows indicate hypothetical 
groups and lined arrows specify groups with given examples (Falkenstein et al., 2000). 
 

In this paragraph a few classification points will be explained in more detail: 

First, steroids can have direct effects in which no receptor is involved (classification 

AI, figure 5). These effects may be provoked at high concentrations. It was 
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suggested that steroids might insert into the membrane bilayer and, thus, change the 

fluidity of the membrane. 

Published data suggest that progesterone reduces the fluidity of membranes if high 

concentrations are used. This might be steroid specific because estradiol and 

testosterone used in the same concentration range did not show this effect (Willmer, 

1961).  

 

Second, the classical steroid receptor is directly activated by steroids but mediate 

some rapid responses (classification AII-a, figure 5), e.g. the estrogen receptor α 

(Lantin-Hermoso et al., 1997). 

 

Third, the majority of rapid effects appears to be transmitted by membrane receptors 

(classification AII-b, figure 5) and thus is clearly distinct from classical intracellular 

steroid receptors. This has been described for all classes of steroids. Aldosterone, for 

example, mediates rapid action in vitro and in vivo (Wehling et al., 1992). 

 

Eventually, indirect modulation of nonclassical steroid receptors has been described 

for neuroactive steroids (classification BII-b, figure 5). However, these steroids act as 

coagonists. Thus, rapid alteration of neuron excitability was shown in GABA 

receptors if GABA was bound (Paul and Purdy; 1992). 

 

Membrane and intracellular effects of steroids act sometimes together to produce 

short- and long-term modulation of cellular functions, especially within the peripheral 

and central nervous system. 

 

1.4. Neuroactive steroids and neurosteroids 
 

Neuroactive steroid are synthetic and naturally occurring steroids that have an effect 

on neurotransmitter-gated ion channels, and thus, on neural function. They are not 

produced in the brain.  

 

Neurosteroids belong to the group of neuroactive steroids, but are synthesized de 

novo within the nervous system and play an important role in development, growth, 

maturation and differentiation of the brain (Baulieu 1997; Charalampopoulos et al. 
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2006; Langosch et al. 1988; Stoffel-Wagner 2001; Tapia et al. 2000; Tsutsui 2006). 

Depending on dosage, neurosteroids can induce analgesic, anticonvulsant, 

anxioloytic, hypnotic or sedative effects by interacting with ligand-gated ion channels 

(Belelli et al. 2006; Eser et al. 2006; Frye and Duncan, 1994). 

 

Furthermore, neurosteroids have been known to influence ictal activity and may gain 

a therapeutic role in epilepsy (Rhodes et al. 2004). 

1.4.1. Androsterone  
 

Androsterone 

3α-Hydroxy-5α-androstan-17-one 

Molecular Formula: C19H30O2 

Molecular Weight: 290.44 

 
 
Figure 6: Chemical structure of androsterone 

 

Male sex steroid hormones, androgens, were recognized in the beginning of the last 

century. The sex hormone androsterone is a neuroactive steroid and one of the 

major excreted metabolites of testosterone. It is built in the liver. Androsterone has a 

weak androgenic activity and, nevertheless, it is a reliable marker of the androgen 

pool in men and even in women (Kaminski et al., 2005; Labrie et al. 1997). 

 

Independently of gender, androsterone is endogenously present in serum and brain 

at concentrations of 2-8 nM. However, the circulating levels of the metabolite 

decrease with increasing age (Labrie et al. 1997; Stoffel-Wagner 2001). 

 

Men with temporal lobe epilepsy often show sexual or reproductive abnormalities like 

impaired sexual functions (Herzog et al. 1986). These sexual disturbances are 

associated with alterations in androgen levels. Recently it could be shown that 

androgen levels are reduced in men with epilepsy and could therefore be a cause of 

increased seizure susceptibility (Herzog et al. 2005).  

   20

http://upload.wikimedia.org/wikipedia/commons/1/10/Androsterone.png�
http://en.wikipedia.org/wiki/Neurotransmitter
http://en.wikipedia.org/wiki/Ligand-gated_ion_channel
http://en.wikipedia.org/wiki/Testosterone
http://en.wikipedia.org/wiki/Liver
http://en.wikipedia.org/wiki/Androgenic


 Introduction  

The anti-epileptic effects of androgens are confirmed for one of their most important 

metabolites, androsterone. The protective activity of androsterone was demonstrated 

by application this hormone in mouse seizure models, e.g. the 6-Hz electrical 

stimulation model and the pentylenetetrazol model. The antiepileptic effects were 

predominantly mediated by interaction with GABAA receptors (Kaminski et al. 2005; 

Peters et al., 1988).  

1.4.2. Progesterone 
 

Progesterone 

4-Pregnene-3,20-dione 

Molecular Formula: C21H30O2 

Molecular Weight: 314.46 

 
 
Figure 7: Chemical structure of progesterone 

 

Progesterone is originally a gonadosteroid hormone known to be produced by the 

corpus luteum, to be secreted by the cumulus oophorus (ovarian follicular cells) and 

thus, to surround the ovulated egg. It belongs further to the class of hormones named 

progestogens. In the brain, progesterone is produced in astrocytes and 

oligodendrocytes (Schumacher et al., 2004; Zwain and Yen, 1999). 

 

It is believed that natural fluctuations in endogenous progesterone levels within the 

reproductive cycles, pregnancy or the aging process can affect seizure susceptibility 

in woman with epilepsy and in animal models of epilepsy. In woman, the level of 

progesterone is depending on the menstrual cycle and reaches concentrations up to 

60 nM (Soldin et al., 2005). As already mentioned progesterone is produced in the 

brain and its level there is further increased by freely circulating progesterone in the 

blood (Schumacher et al., 2004; Zwain and Yen, 1999). In humans, hypnotic and 

anticonvulsant properties have been shown (Backstrom et al. 1984; Herzog 1999). 

Potential anxiolytic effects of progesterone might be gender specific and are possibly 

related to GABAA receptor functioning (Rhodes et al., 2004; Rupprecht et al., 1999). 
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Furthermore, GABA-induced chloride currents of neuronal GABAA receptor channels 

can be enhanced by several progestins (synthetically produced progestogens) 

including progesterone and 3α- OH steroids metabolites of progesterone (Frye and 

Duncan, 1994; Lan et al., 1991; Wu et al., 1990). 

 

1.5. Phenobarbital 
 

Phenobarbital 

5-Ethyl-5-phenyl-2,4,6-pyrimidinetrione 

Molecular Formula: C12H12N2O3 

Molecular Weight: 232.24 

 
 
Figure 8: Chemical structure of phenobarbital 

 

Barbiturates generate a reversible decline of excitability in the human CNS and have 

anticonvulsive activity within the brain. This depression can range from mild sedation 

to anaesthesia.  

Barbiturates, like phenobarbital, possess anti-seizure activity at doses below the 

dose range which leads to significant sedative or hypnotic effects. Phenobarbital is 

particulary suited as chronical treatment because of its relative long half-life. Thus, 

the therapeutic plasma level of phenobarbital remains stable during a longer 

treatment. In consequence, phenobarbital is an useful tool for epilepsy therapy 

(Brandt et al., 2004; Löscher und Hönack, 1989; Rogawski and Porter, 1990). 

 

Phenobarbital is a very effective treatment in established status epilepticus. A status 

epilepticus is a dangerous condition as it persists and may lead to death. It is difficult 

to treat but application of phenobarbital interrupts the status epileptics in 60 to 70 %. 

Phenobarbital is used less commonly as a first line treatment because of its side 

effects (sedation, respiratory depression, hypotension and rash). However, 

randomized controlled trials suggest that side effects with phenobarbital are not 
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severer than those induced by other medications, e.g. lorazepam, a benzodiazepine 

(Shaner et al., 1988; Treiman et al., 1998). 

 

The depressant action of barbiturates is supposed to result from their ability to 

modulate GABAA receptors. As known GABAA receptors reduce neuronal excitability 

in the CNS. Electrophysiological studies have shown that barbiturates can have three 

mechanisms of action on GABAA receptor channels:  

• potentiation of the GABA response (Evans, 1979; Krampfl et al., 2002; Rho et 

al., 1996) 

• direct activation of the GABAA receptor (Krampfl et al., 2002; Macdonald et al., 

1988; Thompson et al., 1996) 

• block of the GABA chloride channels at millimolar concentrations (Rho et al., 

1996; Robertson, 1989). This “off-effect” phenomenon is removed after a 

washing-off (Dalziel et al., 1999). 

 

Furthermore, barbiturates increase the mean open time of GABA-activated single 

channel currents without affecting the open frequency or the conductance of the main 

open states. Thus, barbiturates increase the relative proportion of longer openings, 

thereby increasing the mean open duration at clinically relevant concentrations 

(Macdonalds et al., 1989). 

 

1.6. Aim of the project 
 

Epilepsy affects up to 1 % of the population all over the world and the genetic 

component plays an important role in its development. A single amino acid 

substitution A322D in the α1-subunit of the GABAA receptor was found to be linked to 

JME, an idiopathic generalized epilepsy. It was previously shown that the A322D 

mutation leads to an altered physiology with a severe loss-of-function of the human 

GABAA receptor because of a reduced surface expression, a reduced GABA-

sensitivity and an accelerated deactivation.  

 

In this study we investigated the functional alterations of the mutant channel protein 

of GABAA receptor channels by use of the GABAA receptor agonist phenobarbital 

and, further, by the antagonists bicuculline and picrotoxin. Binding of phenobarbital 
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requires α as well as β GABAA receptor subunits. Its binding site is distinct from the 

binding site of GABA. Further examinations of the mutant GABAA receptor channel 

were done by bicuculline, a competitive antagonist on the GABA binding site, and 

picrotoxin, a GABA antagonist binding within the channel pore.  

 

Neuroactive hormones also influence GABAA receptor function being of great 

importance in the balance between inhibitory and excitatory transmission in the 

neural network. Despite broad functional homology between the inhibitory ligand-

gated ion channels, GABAA and glycine receptors, there are specific physiological 

and pharmacological differences between them. Thus we investigated the effects of 

the neuroactive hormones androsterone and progesterone on recombinant α1, α1β 

glycine and α1β2γ2 GABAA receptors.  

 

For this purpose and due to the fact that inhibitory synaptic transmission occurs in 

the millisecond time range we did electrophysiological investigations using tools for 

ultra-fast solution exchange in combination with the patch clamp technique. Thus 

direct measurement of molecular interactions between ligands and receptors were 

examined and further rapid kinetic properties such as activation, potentiation, 

deactivation and blockage were detected. 
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2. Materials and methods 

2.1. Chemicals reagents and materials 
 

All used chemicals are suited for cell culture, and further molecular biologically 

tested. They were ordered at Sigma-Aldrich (Seelze), Biochrom AG (Berlin) and 

Gibco (Karlsruhe). 

 

Chemical reagents 

α-D-Glucose 

γ-amino butyric acid 

Acetic acid 

Ampicillin 

Androsterone 

Bicuculline 

CaCl2 

Collagen 

DMEM  containing D-glucose, L-glutamine and sodium pyruvate 

DMSO 

Ethanol 

FCS 

FeCl3 

Glycine 

HAM’s F12 Medium 

Hepes buffered medium 

K-Acetate 

Kanamycin 

KOH 

LB-Agar (Lennox) 

Na2ATP 

Na EDTA 

Penicillin (10000 units/ml)  

Phenobarbital  

Picrotoxin  
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Poly-L-Lysine (0.01 % solution)  

Progesterone  

QIAGEN Plasmid Maxi Kit Qiagen (Hilden) 

Streptomycin (10 mg/ml)  

Titriplex Merck (Darmstadt) 

TrisHCl  

 

Materials 

24-well plates Greiner bio-one (Frickenhausen) 

Falcon tubes (15, 50 ml) Greiner bio-one (Frickenhausen) 

Cryo-tubes Greiner bio-one (Frickenhausen) 

Electroporation cuvettes peqLab (Erlangen) 

Eppendorf tubes (1,5 ml) Eppendorf (Hamburg) 

Glass capillary (GC 150 TF – 10) Harvard Apparatus GmbH (March-Hugstetten) 

Glass cover slips (12 mm diameter) Marienfeld GmbH (Lauda-Königshofen) 

Glass cover slips (40x50 mm) Menzel GmbH (Braunschweig) 

Silver wire (AG – 8W) Science Products GmbH (Hofheim) 

Tissue culture polystyrene flasks 
(75 cm2) 

Greiner bio-one (Frickenhausen) 

 

Instruments 

A/D transducer  
(DigiData 1200 series) 

Axon Instruments (Ismaning/München) 

Balance (MC 1 Analytic AC 210P) Sartorius AG (Göttingen) 

Centrifuge  Megafuge 1.0 R 
  Megafuge 2.0 R 

Heraeus Instruments (München) 

Data acquisition device Self-made 

DMZ universal puller Zeitz Instruments GmbH (München) 

Electromagnetic shielded cage 
(Faraday) 

Self-made 

Electroporator (EasyjecT Optima) peqLab (Erlangen) 

Fluorescence microscope 

 

Zeiss Instruments (Jena) 

Gear pump (MS-Z) ISMATEC sa (Glattbrugg/Zürich) 

Microbiological work bench Clean Air Deutschland GmbH (Hilden) 

Micromanipulator Narishige (Japan) 

Oscilloscope HAMEG Instruments (Mainhausen) 
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Patch Clamp Amplifier  
(Axopatch 200B) 

Axon Instruments (Ismaning/München) 

Patch Clamp Amplifier  
(LVPZT E-501 00) 

Physik Instrumente (Karlsruhe) 

Ultra-centrifuge (5415 D) Eppendorf (Hamburg) 

UV/VIS Photometer Jasco V-560 (Gross-Umstadt) 
tissue culture incubator Heraeus Instruments (München) 

 

2.2. Vectors 
 

The following vectors were used: 

a) pCis   Invitrogen (Karlsruhe) 

b) pcDNA3.1   Invitrogen (Karlsruhe) 

 

The following constructs were inserted in the following vectors:  

a) in pCis 

hGly α1 wt 

hGly β wt subunits of human glycine receptors (We thank Prof. H. Betz 

(Johann Wolfgang Goethe University Frankfurt) for the kind gift of 

plasmids.) 

 

b) in pcDNA3.1 

hGABAA α1 wt 

hGABAA β2 wt 

hGABAA γ2 wt subunits of human GABAA receptors (We kindly thank Prof. Dr. 

H. Lerche (University Ulm) for the gift.)  

hGABAA α1-A322D mutant human GABAA receptor subunit; due to a C → A 

substitution, which is predicted to change a GCC (alanine) to a 

GAC (aspartic acid) codon at position 322 of the GABRA1 cDNA 

(a kind gift of G.A. Rouleau, PhD, de l’Université de Montréal, 

Canada) 
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2.3. Prokaryotic cells 

2.3.1. Media and solutions 
 

All applied media were autoclaved before usage.  

 

LB- hydraulic fluid 

100 mM NaCl  

1 % (w/v) Peptone 140 (Trypton) 

1 % (w/v) yeast extract 

pH 7.0 

 

LB-agar 

100 mM NaCl  

1 % (w/v) Peptone 140 (Trypton) 

1 % (w/v) yeast extract 

1.5 % (w/v) agar 

pH 7.0 

The LB-agar was cooled of to 40-50 °C after autoclaving. Subsequently 100 µg/ml 

ampicillin was added. Then the plates were prepared. 

 

TFB1-solution 

 30 mM K-acetic acid 

 100 mM RbCl 

 50 mM CaCl2 

15 % (v/v) Glycerine 

pH 5.8 

 

TFB2-solution 

 10 mM MOPS 

10 mM RbCl 

75 mM CaCl2 

15 % (v/v) Glycerine 

pH 5.8 
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2.3.2. Cultivation of E.coli 
 

E.coli bacteria of the microbial strain Top 10 F (Invitrogen, Karlsruhe) were utilized 

for proliferation of the following plasmids: pcDNA3.1/Amp, pCis/Amp and all 

consequentially resulting plasmids. Recombinant deficient microbial strains for stable 

replication of high-copy-number plasmids are used as E.coli. It is recognized as K12- 

security microbial strain. 

 

For proliferation: recombinant bacteria were grown either in LB-hydraulic fluid in a 

shaking bath or on LB-agar at 37 °C over night. If 100 µg/ml ampicillin were added in 

the LB-hydraulic fluid, transformed cells were selected. Microbial strain culture was 

mixed with 25 % glycerine and stored at -80 °C for longer periods. 

 

2.4. Eukaryotic cells 
 

The used human embryonic kidney (HEK) 293 cells originate from the DSMZ 

(Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig). We 

kindly thank for the present Prof. Dr. H. Lerche (University Ulm). 

2.4.1. Media and solutions 
 

All used media and solutions were ordered from Biochrom AG (Berlin) und Gibco 

(Karlsruhe). The employed DMEM medium contained 1 g/l glucose, 2 mM glutamine 

und 110 mg/l Na- pyruvate. 

HEK-293 medium, 1 x PBS and the electroporation buffer were autoclaved at 121 °C, 

20 min for usage. However, Tris-EDTA was filtered with a 0.22 µm filter before it was 

applied. 

 

HEK-293 medium 

½ HAM’s F12 Medium 

½ DMEM 

10 % (v/v) FCS 

1 % (v/v) Penicillin/Streptomycin 
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Cryo-medium 

 70 % (v/v) HEK-293 medium 

 10 % (v/v) DMSO 

 20 % (v/v) FCS 

 

10 x PBS 

 137 mM NaCl 

 2.7 mM KCl 

100 mM Na2HPO4 x 2H2O 

20 mM KH2PO4 

 pH 7.3 – 7.4 

 

Tris-EDTA 

 10 mM TrisHCl 

 1 mM Na EDTA 

 pH 8.0 – 8.5 

 

Electroporation buffer 

 50 mM K2PO4 

 20 mM K-acetic acid 

 pH 7.35 (adjusting with acetic acid) 

2.4.2. Cell culture 
 

All working steps connected with the cell culture were performed in a sterile work 

bench. The applied media and solutions were heated to 37 °C before usage. 

 

The HEK 293 cell line was cultured in HEK-293 medium in 75 cm²- tissue culture 

polystyrene flasks. The incubation of the cells took place under sterile conditions in a 

CO2 incubator. Temperature was kept at 37 °C with constant flow of 5 % CO2.  

Every two or three days medium was refreshed and cells were used or splited when 

they were 80 -90 % confluent. 

HEK 293 cells were removed from the ground of the flask with the help of trypsine. 

Trypsine dissolve the cell-cell connection, thus the cells can be easily lifted from the 

bottom after 5 min. This reaction was stopped adding HEK-293 medium. 
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Subsequently the cell suspension was transformed to a falcon flask and spined 

[210 g, 5 min, RT, Megafuge 2.0R]. Then the cells were resuspended in a defined 

amount of HEK-293 medium to define the cell count.  

A cell concentration of 5x104 cells/ml was used for cell culture.  

 

A NEUBAUER- counting chamber was used to count the cells. For this purpose 

trypan blue (50%) was applied to estimate the viability of cells. Trypan blue was not 

able to stain intact cells, thus the cytoplasma of non-intact cells was coloured blue. 

The ratio of viable cells was measured by dividing the number of living cells to the 

total number of cells. 

2.4.3. Storage of cells  
 

HEK 293 cells were stored in liquid nitrogen. Each cryotube filled with 1x107 cells per 

one ml cryo-medium. In order to freeze cells, viability of more than 90 % was 

considered. 

2.4.4. Transient transfection 
 

Transfection is known as the transfer of strange-DNA into cells. Therefore 

electroporation was used in this work. Electroporation is characterized by a permable 

cell membrane which occurred by electric shock and, thus, strange-DNA can move 

into the cell. 

 

The principle of electroporation is the following: 

The cytoplasm of a cell is electroconductive, however the lipid bilayer of a cell, the 

cell membrane, describes a confining layer. If a voltage is connected the membrane 

polarizes and, thus, the membrane integrity is locally destroyed. Hence, hydrophobic 

pores are generated within the membrane. These pores spontaneously build relative 

stable hydrophobic pores with a radius of 0.5 to 1 nm. The conductance of cells is 

dramatically increased by these pores (Sugar et al., 1984). Negative charged DNA 

move through the electric field towards the anode. Thus, the DNA can move into the 

cell. The built pores have a life time of 10 µs-10 ms (Neumann et al., 1989) and close 

subsequently. In this manner the intact status of the cell membrane is reconstructed 

(Kinosita et al., 1977). 
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In our investigations on GABAA receptor channels, transformed human embryonic 

kidney (HEK) 293 cells were co-transfected with human α1, β2 and γ2 or α1-A322D, β2 

and γ2 GABAA receptor subunits respectively. Transient cotransfections were 

performed in a ratio of 1:1:2 for α1:β2:γ2 or α1-A322D:β2:γ2. 

In examinations on glycine receptor channels, cDNA of either human α1 or human α1 

and β  glycine receptor subunits (ratio 1:10 in case of coexpression of α1 with β 

subunits) were added to the suspension of HEK 293 cells. 

 

Furthermore, HEK 293 cells were additionally cotransfected with cDNA of the 

enhanced green fluorescent protein (EGFP) to make non-transfected and transfected 

cells distinguishable. Subsequently they were transiently transfected by 

electroporation. Transfected cells were replated on glass cover slips in DMEM 

containing 10 % fetal calf serum and used for experiments 15-18 hours later.  

 

2.5. Biomolecular methods 

2.5.1. Production of competent E.coli 
 

2.5 ml of an over night culture were incubated in 250 ml LB-Medium with 20 mM 

MgSO4 and further put on a shaker at 37 °C and 220 U/min. If the cultures have 

reached the onset of a logarithmic growth stage (optical density OD600 of 0.4 to 0.6) 

the culture was sedimented [4500 g, 5 min, 4 °C, Megafuge 1.0R]. The pellet was 

suspended in 100 ml ice cold TFB1-solution. Subsequently the suspension was 

again incubated at 4 °C for 5 min and further centrifuged [4500 g, 5 min, 4 °C, 

Megafuge 1.0R]. Then the cells were resuspended in 5 ml ice cold TFB2-solution and 

further incubated on ice for 45 min. Finally the cell suspension (100 µl Aliquots) was 

frozen and stored in liquid nitrogen. Thus the cells stay competent for one year. 

2.5.2. Transformation of competent E.coli 
 

100 µl of competent cells were thawed on ice and subsequently mixed with 1 µl 

plasmid-DNA. After a time period of 30 min incubation, the cells were warmed up 

(42 °C) for 2 min. Then, 1 ml LB-Medium was added and the bacteria were incubated 

at 37 °C for one hour. 250 µl of this suspension was streaked on LB-agar and the 

plates were incubated over night. 
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2.5.3. Isolation of plasmid-DNA 
 

To produce a huge amount of ultrapure plasmid-DNA E.coli bacteria were purified 

with the help of a „QIAGEN Plasmid Maxi Kit“.  

 

Firstly in general, a cleared bacteria lysat was produced and given on the QIA-Filter. 

The QIA-Filter is an anion-exchanger which binds plasmid-DNA under a defined pH 

and additionally slight salt content. RNA, proteins, metabolites and other low-

molecular substances were eliminated by a saline buffer. Eventually, the pure 

plasmid-DNA was eluted by a buffer containing a high salt content. 

 

Isopropanol desalinated the DNA. The DNA was concentrated by final centrifugation 

[6238 g, 30 min, 4 °C, Megafuge 1.0R]. The isolated DNA was suspended in Tris-

EDTA or for DNA sequencing in A.dest respectively. 

2.5.4. Analytical determination of nucleic acid concentrations 
 

The isolated DNA was diluted to 1:100 and 1:200 respectively. Subsequently the 

DNA concentration was photometrically analyzed using an UV/VIS Photometer and 

the software Spectra Manager. The absorption was measured at 260 nm and 280 nm 

respectively.  

 

An optical density of 1 is consistent with a concentration of 50 µg/ml of double-

stranded DNA. Calculation of the ratio of 260 nm to 280 nm demonstrated the purity 

of the sample. Thus, the ratio of 260 nm to 280 nm should ideally be from 1.8 to 2.0 

(Sambrook et al., 1989).  
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2.6. Electrophysiological methods 

2.6.1. Solutions 
 

Intracellular solution 

 140 mM KCl 

 11 mM EGTA 

 2 mM MgCl2 

10 mM Hepes 

5 mM α-D-Glucose  

pH 7.3 (using KOH) 

The osmolarity was adjusted to 340 mosm/ml using mannitol. Finally the solution was 

filtered with a 0.2 µm sterile filter.  

 

Extracellular solution 

142 mM NaCl 

5.3 mM KCl 

0.67 mM Na2HPO4 

0.22 mM KH2PO4 

15 mM Hepes 

5.6 mM α-D-Glucose 

2 mM CaCl2 

pH 7.4 adjusted with NaOH 

The osmolarity was adjusted to 340 mosm/ml using mannitol.  

 

Using intra- and extracellular solution with relatively high osmolarity in experiments 

with HEK 293 cells, stable recording conditions were observed that did allow for 

whole cell experiments lasting longer than 30 min (Krampfl et al., 2002). No junction 

potentials were detected and, further, both solutions should not influence the 

analyzed parameters of the recorded ionic currents through GABAA and glycine 

receptor channels that were investigated in our experiments. 
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2.6.2. Patch clamp technique 
 

The patch clamp technique is a further development of the voltage clamp technique. 

It is one important neurophysiological approach to investigate function and properties 

of ion channels. 

 

This method was developed from Erwin Neher and Bert Sakmann and published n 

1976. Single ion channels can be measured by the patch clamp technique in the 

membrane of vital cells. Thus, the idea of E. Neher und B. Sakmann was to detect 

single channel currents while a small sector of the cell membrane (a patch) was 

isolated from its surroundings.  

 

For this reason, a very fine glass capillary was attached on the cell surface and, 

further, low pressure was applied to receive a very dense connection (seal) between 

cell membrane and pipette border. Thus, very stable mechanical and electric 

connections were produced, named seal resistance reaching up to 100 GΩ. Hence a 

low-noise entry was built to the inner cell and consequently small ion channel 

currents can be detected.  

 

To date the following cell configurations can be investigated (fig. 9):  

(1) cell-attached configuration 

The pipette is attached to the cell membrane but membrane is intact.  

(2) whole-cell configuration 

The pipette is attached to the cell membrane but the membrane is interrupted. 

Thus, there is an entry to the cytoplasm. 

(3) inside-out configuration 

A part of the membrane is measured, whereas, the cytoplasm is pointed to the 

extracellular solution. 

(4) outside-out configuration 

A part of the membrane is measured, whereas, the extracellular membrane is 

pointed to the extracellular solution. 
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Figure 9: The pattern shows the four configurations of patch clamp technique: (a) cell-
attached, (b) whole-cell, (c) inside-out and (d) outside-out (Numberger and Draguhn, 1996). 
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2.6.3. Experimental setup of the patch clamp technique 
 

The experimental setup is composed of the following main components (fig. 10): 

The experiments were performed on a vibration isolated table. The vibration isolated 

table is surrounded by an electromagnetic shielded cage (Faraday). Thus mechanical 

stability was generated and unrequested movements of cells were avoided. Further 

noise sources were minimized by earthing and shielding of the equipment. On the 

table a fluorescence equipped microscope with amplification up to 40-fold, a water-

immersion-objective, a hydraulic micromanipulator for precise attaching of the pipette 

and a pre-amplifier with pipette-holder and pipette are placed.  

 

1

2

34

5

6 7

8

9

10

11 11
12

13

14

15

16

17

 
 
Figure 10: The pattern shows the patch clamp setup: (1) electromagnetic shielded cage 
(Faraday cage), (2) vibration isolation table (3) microscope, (4) micromanipulator with 
preamplifier and pipette-holder, (5) stage with bath perfusion system and fast application 
system, (6) control of the micromanipulator, (7) first outlet of fast perfusion system, (8) 
second outlet of fast perfusion system, (9) hydraulic pump for the drainage and overflow of 
bath solution, (10) Analogue- Digital- converter, (11) video camera, (12) power supply for 
lamp of microscope (13,14) Oscilloscope, (15) patch clamp amplifier, (16) ticker amplifier 
and (17) computer for signal recording and data analysis. 
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The metering chamber is situated on the stage of the microscope (fig. 11) which is 

fixed on a small air suspension table, thereby, vibrations are diminished. A 

characteristic of the patch clamp technique is the huge amplification. Therefore very 

small electrical currents can be detected. Thus important equipment of the setup is 

the pre-amplifier and the amplifier. The signal can be measured and the voltage can 

be searched by the pre-amplifier. The amplifier increases and filters the signal. The 

pre-amplifier is a component of the pipette holder. The latter is moved by a hydraulic 

system. A computer with database is finally important for detection. 

 

 
 
Figure 11: Stage with metering chamber: (1) metering chamber, (2) silver chloride reference 
electrode, (3) solution supply controlled with compressed air, (4) piezo crystal, fixation of the 
glass capillary on the piezo-driven application system, (5) glass capillary, (6) bath perfusion 
system, (7) drainage system of extracellular solution, (8) link for spreading low pressure or 
over pressure, (9) pipette-holder, (10) objective, (11) patch pipette, (12) second bath perfusion 
system, (13) capillary for the fast application and (14) stage. 
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2.6.4. Patch clamp method in practice and fast application technique 
 

Transfected HEK 293 cells were transferred on glass cover slips in the metering 

chamber. A continuous perfusion of the chamber was guaranteed by perfusion and 

drainage systems. The usage of a micromanipulator with its driving accuracy of 

<1 µm allows precise attachment of the pipette tip on the cell surface. 

The attachment of the pipette tip on the cell surface is visible via an enhancement of 

the pipette resistance up to 30 MΩ. If the pipette is attaching the cell surface the cell 

is separated into two parts: (1) an isolated area (patch area) and (2) the remnant of 

the cell. This patch configuration is called cell attached and is starting point for all 

other patch clamp configurations (fig. 12). 

Seal mit geringem Widerstand (50 MΩ)

Ansaugen

Ziehen der Pipette
Ziehen 
der Pipette

Ziehen 
der Pipette

Seal im GΩ Bereichcell attached

Ziehen der Pipette

Whole cell Outside-out Inside-out

kleine Zellen 
verwenden

10µm

kurzzeitige Luft-Exposition des Vesikels an 
Luft-Wasser Phasengrenze o. Luftblase

 
Figure 12: Schematic illustration of the formation of the different patch clamp configurations 
(pattern modified, Hamill et al., 1981). 
 

After attachment, low pressure can be applied to receive a giga-seal between cell 

membrane and pipette border. Thus, very stable mechanical and electric connections 

are received. Thus the patch is hermetically isolated from its surroundings and 

background noises. Consequently resistances of several giga ohms can be 

produced.  
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Cells were patched in the metering chamber using an ultra-fast application system 

(fig. 11). The ultra-fast application system is a method that changes the application 

and de-application times of well-defined agonist concentrations of <100 µs and 

0.5 ms, respectively (Krampfl et al., 2002). For this reason the ultra-fast application 

system can simulate the transmitter release in the chemical synaptic cleft. The ultra-

fast solution exchange is reached by the piezo-driven element and occurs locally 

limited near the patch. The filament of the tested solution is coloured by brilliant 

green (E142; food colouring) (fig. 13). The holding potential was kept at  

-40 mV. 

 

All measurements in this study were prepared in whole cell configuration. 

 

 

 

 

 

 

 

 

Figure 13: The photos present the position of the patch pipette compared to the filament 
before (left) and during (right) the application.  
 
 

2.6.5. Patch clamp pipettes  
 

Patch pipettes are glass capillaries which are produced from medium-hard 

borosilicate glass with a melting point of 700-850 °C. The pipettes are directly 

produced before each measurement. The pulling is done in two stages using a 

horizontal microelectrode puller. Firstly the pipette is pulled under heat. Subsequently 

the finest location of the pipette is automatically centred by the heating element. 

Then the pipette is again pulled and divided into two parts. Finally the pipettes are 

fire-polished at the pipette tip.  

 

Pipette resistance was 8-12 MΩ when filled with intracellular solution. Subsequently 

they were clamped on a pipette holder. The holder serves two important functions: 
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(1) providing electrical connection between the patch pipette solution and a 

connector of the amplifier head stage which is mounted on the hydraulic manipulator 

and (2) over pressure can be applied to the pipette interior. Thus, intracellular 

solution is continuously flowing from the interior whereby the tip of the pipette is not 

able to close. 

2.6.6. Data acquisition 
 

Data were recorded with an Axopatch 200B patch clamp amplifier. Whole cell 

recordings were performed with the low-pass filter set at 2 kHz and a sampling rate 

of 5 kHz using a Digidata 1200 Interface and pCLAMP6 software.  

 

2.7. Statistics 
 

ANOVA and independent Student’s t-test of ORIGIN 7G software (OriginLab 

Corporation, Northhampton, MA, USA) was used for statistical analysis and graphs. 

Statistical differences were considered significant at the p< 0.05 and higher levels. All 

data were given as means ± s.e.m.  
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3. Results 
 

3.1. Pharmacological characterization of the A322D mutation in α1 
GABAA receptor subunits 
 

The A322D mutation of the α1 GABAA receptor subunits is closely linked to the 

development of epilepsy (Cossette et al., 2002). We examined the effects of this 

mutation in the α1 subunit (A322D) on the sensitivity of the GABAA receptor towards 

phenobarbital, bicuculline and picrotoxin.  

3.1.1. Agonistic effect of phenobarbital 
 

In the present study, the effect of application of 0.1 mM to 30 mM phenobarbital to 

whole cells expressing human wild type α1β2γ2 GABAA receptors and human mutant 

α1-A322Dβ2γ2 GABAA receptors was analyzed. The peak current response (Pmax) 

evoked by phenobarbital was then related to the current response induced by GABA 

at its most effective concentration (in wild type α1β2γ2 GABAA receptors: 1 mM GABA, 

in mutant α1-A322Dβ2γ2 GABAA receptors: 30 mM GABA) (Krampfl et al., 2005b). The 

resulting relative peak current responses were plotted against the different 

concentrations of phenobarbital. 

 

Our investigations showed a tent-shaped dose-response relationship with a 

maximum peak after application of 3 mM phenobarbital for wild type α1β2γ2 and 

mutant α1-A322Dβ2γ2 GABAA receptor channels respectively (fig. 14). There were slight 

relative peak current amplitudes of either 2 % (n=21) on wild type α1β2γ2 GABAA 

receptors or 16 % (n=8) on mutant α1-A322Dβ2γ2 GABAA receptors after application of 

0.1 mM phenobarbital. Application of 1 mM phenobarbital presented an increase of 

the relative peak current amplitudes in both receptor types and reached 13 % (n=20) 

of the 1 mM GABA control in the α1β2γ2 GABAA receptor channels and 40 % (n=10) 

of the 30 mM GABA control in the mutant α1-A322Dβ2γ2 GABAA receptor channels. The 

maximum peak current amplitudes were obtained by application of 3 mM 

phenobarbital. Application of 3 mM phenobarbital showed a marked increase of the 

relative peak current amplitude to 33 % (n=13) in α1β2γ2 (p< 0.001) and to 146 % 
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(n=6) in α1-A322Dβ2γ2 GABAA receptor channels (p< 0.01). Subsequently, the relative 

peak current amplitude declined after the application of 10 mM or rather 30 mM 

phenobarbital. This decrease of the relative peak current amplitude (39%, n=6) was 

significant in mutant GABAA receptors (p< 0.05). However, in wild type GABAA 

receptors the decrease of the relative peak current amplitude was not more than a 

tendency (11%, n=5).  

 

 
 
Figure 14: Dose-response curves of increasing phenobarbital concentrations (0.1 mM up to 
30 mM) on wild type α1β2γ2 (■) and mutant α1-A322Dβ2γ2 (●) GABAA receptor channels. 
Amplitudes at each point were expressed as per cent of the maximal amplitude under 
application of the control concentration of GABA: 1 mM for wild type α1β2γ2 GABAA 
receptor channels and 30 mM for mutant α1-A322Dβ2γ2 GABAA receptor channels. Every point 
represents the average of values from at least six experiments. Data are given as mean ± 
s.e.m. 
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Furthermore, relative peak current amplitudes were normalized to its maximal current 

amplitude (induced by 3 mM phenobarbital). The normalization led to a very similar 

phenobarbital response in α1β2γ2 and in α1-A322Dβ2γ2 GABAA receptor channels 

(Fig. 15). Thus, the difference of the maximum relative peak current amplitude seems 

to be induced by a diminished GABA sensitivity of the mutant α1-A322Dβ2γ2 GABAA 

receptor channels.  

 

 
 
Figure 15: The normalization was done by relating the relative peak current amplitudes to the 
maximum relative peak current amplitude induced by phenobarbital (at 3 mM). Every point 
represents the average of values from at least six experiments. Data are given as mean ± 
s.e.m. 
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The absolute peak current amplitudes of phenobarbital-activated currents were at 

least two fold reduced in α1-A322Dβ2γ2 GABAA receptors under all phenobarbital 

conditions (Fig. 16). This observation can be interpreted as a result of the reduced 

current density of the mutant α1-A322Dβ2γ2 GABAA receptor channels. 

 

 
 
Figure 16: Presentation of absolute peak current amplitudes induced by application of 
increasing phenobarbital concentrations (0.1 mM up to 30 mM) on wild type α1β2γ2 (■) and 
on mutant α1-A322Dβ2γ2 (●) GABAA receptor channels respectively. The A322D mutation 
reduced the absolute peak current amplitude at least two fold after application of different 
phenobarbital concentrations on α1-A322Dβ2γ2 GABAA receptor channels. Data are given as 
mean ± s.e.m. 

 
The rise time (10-90 %) increased with increasing phenobarbital concentration up to 

1 mM for wild type α1β2γ2 and 3 mM for mutant α1-A322Dβ2γ2 GABAA receptor 

channels. Application of 0.1 mM phenobarbital led to a rise time of 77 ± 9 ms (n=9) 

on α1β2γ2 GABAA receptor channels and of 87 ± 8 ms (n=5) on α1-A322Dβ2γ2 GABAA 

receptor channels. The maximum rise time of 141 ± 16 ms (n=14) was reached after 

application of 1 mM phenobarbital on wild type GABAA receptor channels and after 

application of 3 mM phenobarbital on mutant GABAA receptor channels (229 ± 

43 ms, n=5).  
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After reaching its maximal value the rise time decreased subsequently in both 

receptor types. After application of 30 mM phenobarbital it reached a value of 37 ± 

4 ms (n=5) in wild type GABAA receptor and of 84 ± 36 ms (n=4) in mutant GABAA 

receptor channels (Fig. 17). Differences of the 10-90 % rise time under different 

phenobarbital concentration conditions (0.1 - 30 mM) were not significant in mutant 

α1-A322Dβ2γ2 GABAA receptor channels. However, on wild type α1β2γ2 GABAA receptor 

channels, the 10-90 % rise time declined significantly to 37 ± 4 ms after application of 

30 mM phenobarbital (p< 0.01). 

 

 
 
Figure 17: Phenobarbital concentration dependence of the rise time (10 -90 %) on α1β2γ2 (■) 
and α1-A322Dβ2γ2 (●) GABAA receptor channels. For each point at least six recordings were 
performed on whole cell patches. Data are given as mean ± s.e.m. 

 

   46



 Results  

A monoexponential current decay of deactivation was observed after application of 

0.1 mM phenobarbital in both receptor types. A second time constant of deactivation 

occurred if more than 0.1 mM phenobarbital was applied. The slow and the fast time 

constants of deactivation decelerated with increasing phenobarbital concentrations in 

both receptor types. The α1-A322Dβ2γ2 GABAA receptors showed a faster biexponential 

deactivation at all phenobarbital concentrations (not significant). The fast time 

constant of deactivation (τfast-deact) showed a significant slowdown (p< 0.01) in α1β2γ2 

GABAA receptors, but not in α1-A322Dβ2γ2 GABAA receptor channels. In α1β2γ2 GABAA 

receptors, application of 1 mM phenobarbital revealed a τfast-deact of 67 ± 7 ms (n=11) 

and at application of 30 mM phenobarbital a τfast-deact of 136 ± 25 ms (n=6). However, 

the slow time constant of deactivation (τslow-deact) did not change significantly under 

different phenobarbital conditions in α1β2γ2 GABAA receptors.  

 

Regarding relative amplitudes (Fig. 18), 49 % (n=6) of the current decay due to 

deactivation was carried by the fast component of a biexponential fit after application 

of 1 mM phenobarbital in α1β2γ2 GABAA receptors, and 64 % (n=5) after application 

of 1 mM phenobarbital in α1-A322Dβ2γ2 GABAA receptor channels. This ratio decreased 

significantly to 18 % (n=6) when 30 mM phenobarbital was applied in α1β2γ2 GABAA 

receptors (p< 0.01). In contrast, this ratio remained stable in α1-A322Dβ2γ2 GABAA 

receptor channels. 
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Figure 18: Agonist response diagram of the amplitude of the fast time constant of 
deactivation on α1β2γ2 ( ) and α1-A322Dβ2γ2 ( ) GABAA receptor channels. This 
amplitude is standardized to the sum of the amplitudes of the fast + slow time constants of 
deactivation. With increasing phenobarbital concentrations the proportion of the amplitude of 
the fast time constant was significantly decreased (p< 0.001) on α1β2γ2 GABAA receptor 
channels, whereas on α1-A322Dβ2γ2 GABAA receptor channels, the amplitude remained stable. 
Data were obtained from at least six experiments for each point. Data are given as mean ± 
s.e.m. 

 

After withdrawal of phenobarbital application a rebound current occurred in both 

receptor types if more than 0.1 mM phenobarbital was applied. The rebound current 

rose significantly with increasing phenobarbital concentrations in wild type α1β2γ2 and 

mutant α1-A322Dβ2γ2 GABAA receptors and reached its maximum after application of 

30 mM phenobarbital (p< 0.01). In α1β2γ2 GABAA receptors, the relative rebound 

peak current amplitudes were 33 ± 8 % (n=6) of the maximum peak current 

amplitude after application of 1 mM phenobarbital, 76 ± 10 % (n=12) after application 

of 3 mM phenobarbital, 201 ± 42 % (n=12) after application of 10 mM phenobarbital 

and 411 ± 100 % (n=6) after application of 30 mM phenobarbital. We obtained 

comparable results on α1-A322Dβ2γ2 GABAA receptor channels. The relative rebound 

peak current amplitudes were 67 ± 17 % (after application of 1 mM phenobarbital, 
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n=4), 37 ± 14 % (3 mM phenobarbital, n=6), 108 ± 15 % (10 mM phenobarbital, n=8) 

and 221 ± 62 % (30 mM phenobarbital, n=6) (Fig. 19). 

 

 
 
Figure 19: Dose-response curves of the relative rebound current amplitude of phenobarbital 
activated currents on α1β2γ2 (■) and α1-A322Dβ2γ2 (●) GABAA receptor channels. Rebound 
current amplitudes occurred firstly after application of at least 1 mM phenobarbital on both 
GABAA receptor types. The relative rebound current amplitude is a ratio of the rebound 
current amplitude to the maximal peak current amplitude obtained on the same cell. At least 
six experiments were performed for each point. Data are given as mean ± s.e.m. 

 

Regarding the rise time of the rebound current, we could show that the opening of 

the channel declined similarly in both receptor types with increasing phenobarbital 

concentrations. The rise time of the rebound current decelerated significantly in both 

types of GABAA receptor channels. In α1β2γ2 GABAA receptor channels, application of 

phenobarbital led to a rise time of the rebound current of 8 ± 1 ms (n=13) at 3 mM, 

and of 18 ± 3 ms (n=6) at 10 mM (p< 0.01). In α1-A322Dβ2γ2 GABAA receptor channels 

rise times of the rebound currents after application of either 3 mM or 10 mM 
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phenobarbital were also markedly different from each other: 3 ± 1 ms (n=6) and 20 ± 

5 ms (n=5, p< 0.01). Application of 30 mM phenobarbital led to a further increase of 

the rise times of the rebound current up to 29 ± 3 ms (n=5) in wild type α1β2γ2 and to 

31 ± 9 ms (n=6) in mutant α1-A322Dβ2γ2 GABAA receptor channels. 

3.1.2. Allosteric modulation by phenobarbital 
 

Representative examples of currents generated by the combined application of 

GABA and phenobarbital in cells expressing human wild type α1β2γ2 and mutant  

α1-A322Dβ2γ2 GABAA receptor channels are exposed in Figs 20A and 20B. HEK 293 

cells expressing the wild type α1β2γ2 GABAA receptor were exposed to 1 mM GABA 

(as a control), to a submaximal GABA concentration of 3 µM and further, to a 

combination of 3 µM GABA and 0.1 µM phenobarbital up to 1 mM phenobarbital. 

HEK 293 cells expressing the mutant α1-A322Dβ2γ2 GABAA receptor were exposed to 

the saturating GABA concentration of 30 mM (control), a submaximal GABA 

concentration of 10 µM and to a combination of 10 µM GABA and 1 µM 

phenobarbital up to 1 mM phenobarbital. We chose for both receptor types a ~EC10 

GABA concentration because after application of this non-saturating GABA 

concentration both receptor types showed a non-desensitizing current decay.  

Dose-response curves in the wild type GABAA receptor and in the mutant GABAA 

receptor resulting from the combined application of their ~EC10 of GABA and 

increasing phenobarbital concentrations (0.1 µM – 1 mM) are presented in Fig. 21. 

The current values are normalized with respect to the maximum peak of 1 mM GABA 

response in wild type α1β2γ2 GABAA receptor or to 30 mM GABA in the mutant  

α1-A322Dβ2γ2 GABAA receptor channels obtained in the same cell.  

 

Application of the ~EC10 of GABA alone elicited relative peak current amplitudes of 

7 ± 2 % (n=7) on α1β2γ2 GABAA receptor channels and 9 ± 2 % (n=4) on α1-A322Dβ2γ2 

GABAA receptor channels. The combined application of GABA ~EC10 with increasing 

phenobarbital concentrations stepwise enhanced the relative peak current 

amplitudes of both GABAA receptor channels. First, the dose-response relationship 

increased slightly until coapplication of ~EC10 of GABA and 10 µM phenobarbital and, 

subsequently, rose sharply under the condition of GABA ~EC10 and higher 

phenobarbital concentrations (>10 µM). Phenobarbital significantly potentiated GABA 
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currents of both: wild type α1β2γ2 GABAA (p< 0.04) and mutant α1-A322Dβ2γ2 GABAA 

receptor channels (p< 0.03), to a similar extent. In wild type receptor channels, the 

potentiating effect occurred after the coapplication of GABA ~EC10 + 100 µM 

phenobarbital (18 ± 5 %, n=6). Receptors containing the α1-A322D subunit were 

potentiated by the combined application of GABA ~EC10 + 1 mM phenobarbital to a 

relative peak current amplitude of 49 ± 14 % (n=5).  

 

Application of 3 µM GABA on wild type α1β2γ2 GABAA receptor presented a 

biexponential deactivation, named τfast-WT for the fast time constant and τslow-WT for the 

slower component, while the mutant α1-A322Dβ2γ2 GABAA receptor showed only one 

deactivation time constant, τdeact-A322D.  

If 3 µM GABA was applied τfast-WT was 68 ± 11 ms and τslow-WT 415 ± 15 ms on the 

wild type α1β2γ2 GABAA receptor channels (n=6). Coapplication of GABA ~EC10 with 

increasing phenobarbital concentrations (0.1 µM – 1 mM) were again best fitted with 

two time constants of deactivation on wild type α1β2γ2 GABAA receptor channels. The 

values of the fast and slow time constants of deactivation remained stable for wild 

type α1β2γ2 GABAA receptor channels under all tested conditions. 

In mutant α1-A322Dβ2γ2 GABAA receptor channels, τdeact-A322D was 489 ± 115 ms (n=4) 

after application of 10 µM GABA alone. However, the time constant of deactivation 

decreased significantly to 180 ± 50 ms (n=4, p= 0.03) after coapplication of ~EC10 of 

GABA with 1 µM phenobarbital. Subsequently it remained stable under the following 

combined application conditions: GABA ~EC10 + 10 µM phenobarbital and GABA 

~EC10 + 100 µM phenobarbital. Further, a second time constant of deactivation 

occurred after coapplication of GABA ~EC10 and 1 mM phenobarbital on mutant  

α1-A322Dβ2γ2 GABAA receptor channels (τfast-A322D= 41 ± 19 ms and τslow-A322D= 330 ± 

89 ms, n=4). 
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Figure 20: Averaged current traces (at least three) elicited by application of saturating GABA 
concentrations, ~EC10 of GABA and further combined application of GABA ~EC10 + 
increasing phenobarbital concentrations to patches in the whole cell configuration at a 
polarization of -40 mV. 
Figure 20A: 1 mM GABA was applied as control concentration, 3 µM GABA was applied as 
non-saturating concentration and 3 µM GABA was applied in combination with either 1 µM, 
10 µM, 100 µM or 1 mM phenobarbital to cells containing GABAergic receptors consisting 
of the subunits α1β2γ2. 
Figure 20B: 30 mM GABA was applied as control concentration, 10 µM GABA was applied 
as non-saturating concentration and 10 µM GABA was applied in combination with either 
1 µM, 10 µM, 100 µM or 1 mM phenobarbital to cells containing GABAergic receptors 
consisting of the subunits α1-A322Dβ2γ2. 
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Figure 21: Dose response relationships of GABA activated currents modulated by increasing 
phenobarbital concentrations in α1β2γ2 (■) and α1-A322Dβ2γ2 GABAA (●) receptor channels. A 
significant increase of the relative peak current amplitude was observed after combined 
application of either 3 µM GABA + 100 µM phenobarbital in wild type α1β2γ2 GABAA 
receptor channels (p< 0.04) or 10 µM GABA + 1 mM phenobarbital in α1-A322Dβ2γ2 GABAA 
receptor channels (p< 0.03). Whole cell patches of at least four cells were averaged for each 
point. Data are given as mean ± s.e.m. 

 

3.1.3. Effects of the antagonists picrotoxin and bicuculline 
 

In order to investigate the influence of the A322D mutation on antagonist affinity we 

applied picrotoxin and bicuculline on wild type α1β2γ2 GABAA and on mutant  

α1-A322Dβ2γ2 GABAA receptor channels. In different studies it was shown that 

picrotoxin, a non-competitive GABA antagonist, completely suppressed pentobarbital 

currents at a concentration of 100 µM. 100 µM of bicuculline, a competitive GABAA 

receptor antagonist, markedly reduced the pentobarbital current but did not lead to a 

complete block even at this high concentration (Rho et al., 1996; Thompson et al., 

1996). 

   53



 Results  

We performed whole-cell recordings to determine the blocking effects of picrotoxin 

and bicuculline on currents induced by the EC40 of GABA in wild type (EC40= 10 µM) 

and mutant GABAA receptors (EC40= 30 µM). Furthermore we investigated the 

blocking effect of picrotoxin and bicuculline on currents induced by application of 

1 mM phenobarbital either alone or in combination with GABA EC40 and again 

compared the resulting findings between both receptor-types. 

 

Cells were first transferred from the extracellular solution into the drug (GABA, 

phenobarbital or combination of GABA and phenobarbital). The corresponding 

current trace was recorded. Then the cell was taken back to the extracellular 

solution. After this background solution was changed to the drug solution. 

Subsequently, the same cell was put into the drug solution now additionally 

containing either 100 µM bicuculline or rather 100 µM picrotoxin. The control current 

induced by 1 mM or 30 mM GABA was always measured before and after exposure 

to the drug solution in each cell. 

 

As illustrated in Fig. 22 both antagonists produced in these two GABAA receptor 

types a decrease of the relative peak current amplitudes.  

100 µM picrotoxin inhibited agonistic currents in the wild type α1β2γ2 GABAA receptor 

and the mutant α1-A322Dβ2γ2 GABAA receptor channels in a similar manner.  

Application of 10 µM GABA elicited a relative peak current amplitude of 35 ± 5 % 

(n=7) in wild type α1β2γ2 GABAA receptor channels. If 30 µM GABA was applied 

alone to mutant α1-A322Dβ2γ2 GABAA receptor channels a relative peak current 

amplitude of 43 ± 2 % (n=4) occurred. These GABA activated currents were blocked 

by picrotoxin to relative peak current amplitudes of 1 % (n=5) in α1β2γ2 and of 2 ± 1 % 

(n=4) in α1-A322Dβ2γ2 GABAA receptor channels.  

Phenobarbital (1 mM) activated currents presented relative peak current amplitudes 

of 21 ± 4 % (n=7) in α1β2γ2 and 16 ± 6 % (n=7) in α1-A322Dβ2γ2 GABAA receptor 

channels. The relative peak current amplitudes elicited by 1 mM phenobarbital were 

inhibited by picrotoxin to 1 % (n=4) in α1β2γ2 and to 1 ± 1 % (n=4) in α1-A322Dβ2γ2 

GABAA receptor channels.  
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Further, currents elicited by the combination of GABA EC40 and 1 mM phenobarbital 

showed relative peak current amplitudes of 72 ± 11 % (n=5) in α1β2γ2 and 80 ± 14 % 

(n=10) in α1-A322Dβ2γ2 GABAA receptor channels. These currents were blocked by 

picrotoxin to current responses of 1 ± 1 % (n=4) in wild type α1β2γ2 GABAA receptor 

channels and 3 ± 4 % (n=4) in mutant α1-A322Dβ2γ2 GABAA receptor channels.  

Thus, the EC40 of GABA, 1 mM phenobarbital and the combination of GABA EC40 

and 1 mM phenobarbital (Figs. 22A and 22B) showed a similar blocking response 

induced by picrotoxin on both, wild type α1β2γ2 and mutant α1-A322Dβ2γ2 GABAA 

receptor channels. 

 

However, the competitive antagonist bicuculline demonstrated different blocking 

effects on wild type α1β2γ2 GABAA receptor and mutant α1-A322Dβ2γ2 GABAA receptor 

channels. This antagonist had a significant higher effect on the wild type α1β2γ2 

GABAA receptor than on the mutant α1-A322Dβ2γ2 GABAA receptor channels if GABA 

was applied alone (p< 0.01) or in combination with 1 mM phenobarbital (p< 0.001). 

The relative peak current amplitudes elicited by GABA EC40 were inhibited by 

bicuculline to current responses of 1 % (n=4) in wild type α1β2γ2 GABAA receptor 

channels and 13 ± 5 % (n=3) in mutant α1-A322Dβ2γ2 GABAA receptor channels. 

Currents elicited by the combined application of GABA EC40 + 1 mM phenobarbital 

were reduced by bicuculline to 1 ± 1 % (n=5) in wild type α1β2γ2 GABAA receptor 

channels and to 33 ± 6 % (n=6) in mutant α1-A322Dβ2γ2 GABAA receptor channels.  

In contrast, there was no significant difference of the blocking effect of bicuculline 

between both receptor types if 1 mM phenobarbital was applied alone (Figs. 22A and 

22B). Phenobarbital activated currents were blocked by bicuculline to relative peak 

current amplitudes of 2 ± 1 % (n=5) on wild type α1β2γ2 GABAA receptor channels 

and 1 ± 1 % (n=8) on mutant α1-A322Dβ2γ2 GABAA receptor channels.  
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Figure 22: The interaction of ~EC40 GABA, 1 mM phenobarbital or ~EC40 GABA + 1 mM 
phenobarbital with bicuculline ( ) or picrotoxin ( ) either on mutant α1-A322Dβ2γ2 
GABAA receptor channels (Fig. 22A) or on wild type α1β2γ2 GABAA receptor channels 
(Fig. 22B). All responses are expressed as per cent of control maximum response resulting 
from: 1 mM GABA for wild type α1β2γ2 GABAA receptor channels and 30 mM GABA for 
mutant α1-A322Dβ2γ2 GABAA receptor channels. Data are given as mean ± s.e.m. 
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3.2. Interaction of androsterone and progesterone with inhibitory 
ligand-gated ion channels 
 

In the second part of the thesis, effects of androsterone and progesterone were 

investigated in HEK 293 cells expressing human homomeric α1 glycine, human 

heteromeric α1β glycine and human α1β2γ2 GABAA receptor channels, respectively. 

We did solely whole cell measurements. 

3.2.1. Interaction of androsterone with α1 and α1β glycine receptor 
channels 
 

Experiments were performed by application of androsterone alone or in increasing 

concentrations combined with submaximal concentrations of glycine. To investigate 

potentiation, glycine was applied in a concentration of 20 µM, which produced a 10 % 

response of the maximal agonist evoked response. The maximum peak current 

amplitude was obtained by application of 1 mM glycine at α1 and at α1β glycine 

receptors (Mohammadi et al. 2003). Therefore, 1 mM glycine controls were recorded 

before and after each experiment to control the run-down effect. Application of up to 

100 µM androsterone alone produced no direct response on homomeric α1 and 

heteromeric α1β glycine receptor channels (n=3, data not shown). 

 

Androsterone, within the concentration range 10 µM – 300 µM, produced a 

concentration dependent enhancement of the relative peak current amplitude evoked 

by the EC10 of glycine. For the heteromeric α1β glycine receptor (n=5) the maximum 

potentiation (167 % of the glycine EC10 response, n=5) was observed after 

coapplication with 300 µM androsterone. However, a tent-shaped dose-response 

curve occurred in homomeric α1 glycine receptors. The maximum percentage of 

current enhancement was 317 % after coapplication of 20 µM glycine + 30 µM 

androsterone (n=6, p< 0.05). After coapplication of 20 µM glycine and 300 µM 

androsterone, the relative peak current amplitude decreased markedly (Fig. 23).  
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Figure 23: Dose–response relationship for coapplication experiments of androsterone (10 µM 
to 300 µM) and 20 µM glycine in the α1 glycine receptor (white bar) and α1β glycine receptor 
(grey bar). Values of the peak current amplitude were related to the peak current amplitude 
induced by 1 mM glycine in each experiment. Androsterone produced a greater maximum 
potentiation of the glycine response in homomeric glycine receptors. A significant 
enhancement of the current elicited by 20 µM glycine was observed after coapplication of 20 
µM glycine with 30 µM (p< 0.05) or 100 µM (p< 0.02) androsterone on α1 glycine receptor 
channels. Application of 20 µM glycine and 300 µM androsterone was less effective. 
In α1β glycine receptor channels, coapplication of submaximal glycine concentrations and 
androsterone had only slight effects. 
 

In contrast to the non-desensitizing current responses upon application of 20 μM 

glycine, coapplication of 20 µM glycine and 30 µM or rather 100 µM androsterone to 

whole cell patches containing α1 glycine receptor channels resulted in a 

monoexponential desensitization with a slow time constant of 981 ± 177 ms and 

870 ± 114 ms (n=6). A monoexponential desensitization also appeared if 20 µM 

glycine and 30 µM or 100 µM androsterone were coapplied on α1β glycine receptor. 

In this case, the time constant was 298 ± 160 ms (glycine EC10 + 30 µM 

androsterone, n=6) and 547 ± 32 ms (glycine EC10 + 100 µM androsterone, n=6). 

 

In homomeric α1 glycine receptor channels cessation of 2 s-pulses of 20 µM glycine 

alone or 20 µM glycine + different concentrations of androsterone led to a biphasic 

current decay due to deactivation with a fast (τdeact-fast) and a slow (τdeact-slow) time 
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constant. τdeact-fast was 63 ± 33 ms (n=5) and τdeact-slow was 262 ± 58 ms (n=5) after 

application of 20 µM glycine alone. The time constants τdeact-fast and τdeact-slow did not 

significantly change in case of coapplication of 20 µM glycine + different 

androsterone concentrations (data not shown). However, deactivation in heteromeric 

α1β glycine receptor was best described by a single exponential after application of 

20 µM glycine and after application of 20 µM glycine in combination with 10 µM or 

300 µM androsterone. The time constant τdeact was not significantly different from that 

obtained at 20 µM glycine. Coapplication of 20 µM glycine and 30 µM or rather 

100 µM androsterone led to a biphasic deactivation phase. τdeact-fast was 17 ± 1 ms 

(n=5) after coapplication of 20 µM glycine with 30 µM androsterone and 22 ± 4 ms 

(n=5) after coapplication of 20 µM glycine and 100 µM androsterone. τdeact-slow was 

240 ± 98 ms (n=5) and 251 ± 34 ms (n=5), respectively (Fig. 24). 

 

Upon application of submaximal glycine on homomeric α1 glycine receptor alone, the 

relative amplitudes of the time constants τdeact-fast and τdeact-slow showed a 1:1 

proportion (n=5). After coapplication of glycine and increasing concentrations of 

androsterone [10 µM/ 30 µM/ 100 µM/ 300 µM], we observed a significant decrease 

of the relative amplitude of the faster deactivation time constants, e.g. to a value of 

25 % (p< 0.01, n=5) at 300 μM androsterone. The relative proportion of the amplitude 

of the faster deactivation time constant was 46 % (submaximal glycine + 30 µM 

androsterone, n=5) in heteromeric α1β glycine receptor. It decreased to 42 % (not 

significant) in case of coapplication of the submaximal glycine concentration in 

combination with 100 µM androsterone (n=5). 
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Figure 24: Dose–response relationship of the deactivation time constants of glycine-activated 
and glycine + androsterone induced currents on α1β glycine receptors. The blank circle shows 
the monoexponential time constant of deactivation after application of 20 µM glycine alone or 
after coapplication of 20 µM glycine with 10 µM or 300 µM androsterone. 
After combined application of submaximal glycine concentration with 30 µM and 100 µM 
androsterone respectively, the time course of deactivation was best fitted with two time 
constants. The filled circle shows the slow biexponential time constant and the filled square 
the fast biexponential time constant. 

 

3.2.2. Interaction of androsterone with α1β2γ2 GABAA receptor channels 
 

Androsterone was applied either alone or in combination with submaximal 

concentrations of GABA (Figs. 25A and 25B). Fig. 26A shows a sigmoid dose-

response relationship of currents elicited by application of 10 nM up to 100 µM 

androsterone alone to whole cell patches expressing α1β2γ2 GABAA receptor 

channels. At an androsterone concentration of 100 µM, a relative peak current 

amplitude of 34 % (n=5) of the maximal response to the agonist (GABA) was 

observed. Application of nanomolar concentrations of androsterone showed a non-

desensitizing current response. However, 1 µM, 3 µM, and 10 µM androsterone 

elicited current transients desensitizing with slow time constants of 1448 ± 139 ms 
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(n=5), 1253 ± 245 ms (n=5) and 883 ± 98 ms (n=5), respectively. Currents obtained 

by application of 30 µM or 100 µM androsterone, again showed a non-desensitizing 

current decay (n=5). 

 

After exposure to 10 nM up to 100 µM androsterone alone, the deactivation phase 

was best fitted with a single exponential. The time constant (τdeact) became slower 

with increasing androsterone concentrations. τdeact was 100 ± 14 ms (n=4) at 10 nM 

androsterone, 201 ± 41 ms (n=4) at 1 µM androsterone and 390 ± 44 ms (n=4) at 

10 µM androsterone. The slowest time constant was obtained by application of 

100 µM androsterone: τdeact was 850 ± 124 ms (n=4, Fig. 26B).  

 

The amplitude of current transients elicited by non-saturating GABA concentrations 

of 3 μM were significantly enhanced by simultaneous application of 10 pM 

androsterone (n=4, p< 0.01, Figs. 25B and 26C). The relative peak current amplitude 

was increased to 700 % (n=4) by coapplication of 30 µM androsterone. Upon 

coapplication of 100 µM androsterone the relative peak current amplitude decreased 

significantly to 310 % (n=4, p< 0.04). In case of coapplication of 3 μM GABA + 1 pM 

androsterone, desensitization could be best fitted with a single exponential (τdes= 

1246 ± 436 ms, n=4). A significantly faster first time constant of desensitization 

occurred upon coapplication of 1 µM androsterone (τdes= 482 ± 95 ms, n=9, p< 0.01). 

Combination with either 3 µM, 10 µM, 30 µM or 100 µM androsterone led to a 

decrease of the time constant of desensitization to 1382 ± 233 ms (n=5). After the 

end of a 2 s-pulse of submaximal GABA and either 10 µM, 30 µM or 100 µM 

androsterone, a small rebound current was observed. This pointed to a transition 

from a non-conductive blocked state to an open state of the receptor after the end of 

GABA + androsterone pulses. Fig. 25B shows rebound currents with relative peak 

current amplitudes of 78 % and 87 % (n=5) of the maximum peak current amplitudes 

when 30 µM and 100 µM androsterone was coapplied. 
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Figure 25: Original current transients of 2 ms pulses recorded from HEK 293 cells expressing 
the α1β2γ2 GABAA receptor subunit combination.  
Figure 25A shows current traces induced by application of increasing androsterone 
concentrations (0.01 µM – 100 µM) to α1β2γ2 GABAA receptors on the same cell. 
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Figure 25B demonstrates current traces under coapplication of a submaximal GABA 
concentration (3 µM) with increasing androsterone concentrations (1 pM – 100 µM) on the 
same cell. The holding potential was kept at -40 mV. 
 

The following figure 26 A-D is described in detail at page 65. 
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Figure 26: Androsterone enhances GABA- activated membrane currents in HEK 293 cells 
expressing human α1β2γ2 GABAA receptor channels. Androsterone itself is able to elicit 
chloride currents. For this and all subsequent figures, the holding potential was -40 mV and 
data were given as mean ± S.E.M. Each point in the diagram represents data from at least five 
experiments. 
Figure 26A: Application of androsterone (0.01 – 100 µM) to α1β2γ2 GABAA receptors led to 
a sigmoid dose-response relationship for the relative peak current amplitudes. 
Figure 26B: Time course of deactivation after application of androsterone alone on α1β2γ2 
GABAA receptor: A significant increase of the time constant of deactivation was observed 
upon application of 10 µM (p= 0.01) or 30 µM androsterone (p< 0.01). 
Figure 26C: Dose-response relationship for potentiation of GABAergic currents by 
androsterone (1 pM to 100 µM). A significant effect occurred at 10 pM androsterone 
(p< 0.01). The maximal potentiation of EC10 GABA responses could be observed at 30 µM 
androsterone. Coapplication of 100 µM androsterone led to a significant decrease of the 
relative peak current amplitude (p< 0.04). 
Figure 26D: Deactivation time constants (monoexponential fit) of current transients elicited 
by 3 µM GABA and increasing androsterone concentrations (3 µM to 100 µM). A significant 
increase of the deactivation time constant occurred at coapplication of 3 µM GABA and 
10 µM androsterone. 
 

 

The current decay due to deactivation was best fitted with the sum of two 

exponentials after application of GABA alone and by combination with different 

androsterone concentrations up to 1 µM (data not shown). A fast time constant with 

138 ± 16 ms and a slow time constant with 450 ± 47 ms (n=13) were determined for 

the control condition. Coapplication of 3 μM GABA and more than 3 µM androsterone 

led to a monoexponential time course of deactivation (Fig. 26D). The time constant 

was significantly slowed down with increasing androsterone concentrations: τdeact 

was 248 ± 38 ms after coapplication of 3 µM androsterone and 597 ± 131 ms after 

coapplication of 100 µM androsterone (n=5, p< 0.02). Regarding relative amplitudes, 

58 % (n=13) of the current decay due to deactivation was carried by the fast 

component of a biexponential fit in the control condition. This ratio decreased slightly 

to 40 % (n=5) when a submaximal concentration of GABA was combined with 1 nM 

androsterone (p< 0.02). Coapplication of either 100 nM, 300 nM or 1 µM 

androsterone increased the ratio of the amplitude of the fast component to its 

maximal value of 73 % (n=8), (p< 0.01). 

 

The efficacy of androsterone (maximal potentiation of submaximal agonist currents) 

was several-fold higher at α1β2γ2 GABAA receptors than at homomeric α1 glycine 

receptors and was lowest at heteromeric α1β glycine receptors (Table 1).  
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Table 1 

 

Modulation of human recombinant glycine and GABAA receptors by neuroactive 

steroids.  

Upper part of the table: Maximal agonistic effect of androsterone and progesterone 

on glycine and GABA receptors. Data are given as mean ± s.e.m. of 3-7 experiments.  

Middle part: Original current values of currents (evoked by submaximal 

concentrations of GABA or glycine) by androsterone and progesterone (4-7 

experiments). 

Lower part: Maximal potentiation of currents (evoked by submaximal concentrations 

of GABA or glycine) by androsterone and progesterone (4-7 experiments).  

All data are obtained from transfected HEK 293 cells at a holding potential of -40 mV. 

 

Maximal agonistic effect of androsterone and progesterone, expressed in % of the 

relative peak current amplitude induced by the original agonist  

 α1 glycine receptor α1β glycine receptor α1β2γ2 GABAA 
receptor 

androsterone no effect no effect 37 ± 11 at 100 µM 

progesterone no effect 2 ± 1 at 100 µM 2 ± 1 at 100 µM 

    

Original current values of androsterone and progesterone in pA 

 α1 glycine receptor α1β glycine receptor α1β2γ2 GABAA 
receptor 

androsterone no effect no effect -123 ± 9 at 100 µM 

progesterone no effect -10 ± 3 at 100 µM -27 ± 11 at 100 µM 

    

Maximal potentiation of submaximal GABA or glycine responses by androsterone 

and progesterone (in % of the relative peak current amplitude induced by the 

respective agonist alone) 

 α1 glycine receptor α1β glycine receptor α1β2γ2 GABAA 
receptor 

androsterone 317 at 30 µM 167 at 300 µM 600 at 30 µM 

progesterone 73 at 1 µM 92 at 10 µM 313 at 30 µM 
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3.2.3. Interaction of progesterone with α1 glycine receptor and α1β 
glycine receptor channels 
 

Application of 100 µM progesterone alone to whole cell patches showed no effect on 

homomeric α1 glycine receptors and a very slight current response on heteromeric 

α1β glycine receptors compared to the effect of a saturating concentration of the 

agonist glycine (2 %, n=4, Fig. 27). Progesterone at concentrations of 1 µM or 10 µM 

did not elicit a current response on α1 and α1β glycine receptors. 

 

 
 
Figure 27: Original trace depicting the activation of inhibitory α1β glycine receptor currents 
by progesterone alone. A very slight Cl- influx could be shown after application of 100 µM 
progesterone on α1β glycine receptor channels. The holding potential was –40 mV. 
 

Coapplication of progesterone with a non-saturating glycine concentration led to an 

enhancement of the current amplitude. Application of 60 µM glycine alone on whole 

cell patches elicited a relative peak current amplitude of 41 % (n=6) on homomeric α1 

glycine receptor channels and 37 % (n=6) on heteromeric α1β glycine receptor 

channels, respectively. Combination with 1 µM progesterone increased the relative 

peak current amplitude significantly to 173 % of control (n=5, p< 0.04) at homomeric 

α1 glycine receptors. In α1β glycine receptors coapplication of 10 µM progesterone 

led to an increase of the relative peak current amplitude to 192 % (n=5, p< 0.03). In 

both receptor subtypes a decrease of the relative peak current amplitude was 

observed after coapplication of 100 µM progesterone (not significant, Fig. 28). 
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Figure 28: 1 µM progesterone caused a significant enhancement of glycine induced currents 
on homomeric α1 glycine receptor (p= 0.04). In the heteromeric α1β glycine receptor a 
concentration of 10 µM progesterone led to comparable results (p= 0.03). Progesterone seems 
to have a higher effect on homomeric glycine receptors. Coapplication of glycine and 100 µM 
progesterone reduced the relative peak current amplitude in both glycine receptor channels, 
pointing to a block mechanism. 
 

Application of 60 µM glycine to whole cell patches of homomeric α1 and heteromeric 

α1β glycine receptors as well as coapplication of 1 µM, 10 µM or 100 µM 

progesterone to homomeric α1 glycine receptors elicited non-desensitizing current 

responses (n=6). However, coapplication of 60 µM glycine and 1 µM progesterone 

led to a slow current decay in α1β glycine receptors. The time constants for 

coapplicaton of 1 µM, 10 µM or 100 µM progesterone were 1805 ± 91 ms, 1478 ± 

312 ms and 1515 ± 166 ms (n=6), respectively. 

 

The current decay of deactivation was biphasic after application of 60 µM glycine 

alone to homomeric α1 as well as to heteromeric α1β glycine receptor glycine 
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receptor channels. The faster component, τdeact-fast, was 29 ± 5 ms (n=8) for 

homomeric α1 glycine receptor and 81 ± 13 ms (n=8) for heteromeric α1β glycine 

receptors, whereas the slower component, τdeact-slow, was 200 ± 38 ms (n=8) and 

372 ± 97 ms (n=8), respectively. 

 

Coapplication of 60 µM glycine and either 1 µM, 10 µM or 100 µM progesterone to 

homomeric α1 glycine receptor and to heteromeric α1β glycine receptors led to an 

increase of both time constants. At a concentration of 100 μM progesterone, τdeact-fast 

was 70 ± 18 ms (n=8) for homomeric α1 glycine receptor and 112 ± 17 ms (n=8) for 

heteromeric α1β glycine receptor, whereas τdeact-slow was 347 ± 10 ms (n=8) and 

518 ± 104 ms (n=8), respectively. 

3.2.4. Interaction of progesterone with α1β2γ2 GABAA receptor channels 
 

Application of either 1 or 10 µM progesterone alone did not show an agonistic effect 

on α1β2γ2 GABAA receptor while application of 100 µM progesterone elicited slight 

membrane currents with a relative peak current amplitude of 2 % (n=4) compared to 

the effect of 1 mM GABA (Fig. 29).  

 

 
 

Figure 29: Original trace depicting the activation of inhibitory α1β2γ2 GABAA receptor 
currents by progesterone alone. A very slight Cl- influx could be shown after application of 
100 µM progesterone on α1β2γ2 GABAA receptor channels. The holding potential was kept at 
–40 mV. 
 

However, progesterone enhanced currents elicited by non-saturating GABA 

concentration in α1β2γ2 GABAA receptors. The relative peak current amplitude elicited 

by application of 3 µM GABA alone was 8 % (n=9) and resulted in a non-

desensitizing current. Coapplication of 3 µM GABA and increasing progesterone 

concentrations (1 nM to 100 µM) led to an increase of the relative peak current 
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amplitude (Fig. 30). The maximum enhancement of the relative peak current 

amplitude was obtained at 412 % (n=4) upon coapplicaton of 3 µM GABA and 30 µM 

progesterone. In case of combination of 3 µM GABA with 100 µM progesterone the 

increase of the relative peak current amplitude was reduced to 302 % (n=4). 

 

 
 
Figure 30: In α1β2γ2 GABAA receptor channels application of 0.01 µM progesterone showed 
a significant enhancement of GABA-activated currents (p< 0.01). Coapplication of 100 µM 
progesterone with a submaximal GABA concentration led to a block-like mechanism. 
 

Coapplication of 3 µM GABA and progesterone in concentrations up to 0.1 µM led to 

non-desensitizing currents. However, by increasing the concentration of 

progesterone to 1 µM, 3 µM and 10 µM, desensitizing current responses occurred. 

The time constant, τdes, showed a tendency to decrease with increasing progesterone 

concentrations: 951 ± 155 ms (n=4) at 1 µM progesterone, 781 ± 137 ms (n=4) at 

3 µM progesterone and 798 ± 116 ms (n=4) at 10 µM progesterone. 

 

The time course of deactivation after cessation of application of 3 µM GABA was best 

fitted by the sum of two exponentials. The fast time constant of deactivation  

(τdeact-fast), was 144 ± 18 ms (n=4), the slow time constant of deactivation (τdeact-slow) 

was 457 ± 64 ms (n=4). Within the concentration range of progesterone 
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concentrations tested [1 nM up to 30 µM], τdeact-fast and τdeact-slow showed no significant 

changes (data not shown). When 3 μM GABA was coapplied with 1 nM progesterone 

the relative proportion of the fast component on the deactivation current amplitude 

was 82 % (n=4). The proportion of current decay carried by the fast component was 

decreasing with increasing progesterone concentrations and was lowest (29 %, n=4) 

after coapplication of 3 µM GABA and 30 µM progesterone. The deactivation of 

currents evoked by coapplication of 3 µM GABA and 100 µM progesterone could be 

fitted with two time constants as well as by a single exponential, but there was no 

significant reduction of the standard deviation of the fit (n=4).  

3.2.5. Dose-response curves of glycine and GABA in the presence of 
different concentrations of either androsterone or progesterone 
 

Furthermore, we investigated the effect of stable concentrations of androsterone or 

progesterone + increasing glycine or GABA concentrations on α1 glycine receptor 

and α1β2γ2 GABAA receptor channels. We decided to analyze only the homomeric α1 

glycine receptor because we could show a significant enhancement of the relative 

peak current amplitude after coapplication of glycine and increasing concentrations of 

androsterone (see Fig. 23) in this receptor type. All following investigations were 

done with at least four experiments and with a holding potential of -40 mV. 

 

Application of 0.1 µM to 1 mM glycine alone or in combination with either 10 µM or 

30 µM androsterone were performed on α1 glycine receptor channels and showed a 

sigmoid dose-response relationship under all three conditions (Fig. 31A). However, 

we could see a left shift of the dose-response relationship with a significant 

enhancement of relative peak current amplitudes after coapplication of either 1 µM or 

10 µM glycine with androsterone compared to glycine alone.  

The relative peak current amplitude remained steady in the three following 

conditions: 0.1 µM glycine, 0.1 µM glycine + 10 µM androsterone, 0.1 µM glycine + 

30 µM androsterone. Further, application of 1 µM glycine alone elicited a relative 

peak current amplitude of 6 ± 1 % which rose significantly to 11 ± 3 % under 

coapplication of 1 µM glycine and 10 µM androsterone (n=4, p< 0.03). An 

enhancement of the relative peak current amplitude (pmax) was also significant after 

application of either 10 µM glycine + 10 µM androsterone (pmax= 34 ± 3 %, n=4, 

p= 0.01) or 10 µM glycine + 30 µM androsterone (pmax= 46 ± 4 %, n=4, p< 0.01) 
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compared to application of 10 µM glycine alone (pmax= 21 ± 3 %, n=4). Under 

application of higher glycine concentrations (100 µM and 1 mM) androsterone did not 

lead to a significant alteration of relative peak current amplitudes: thus, application of 

100 µM glycine alone presented a pmax of 93 ± 1 % (n=4). Combined application of 

100 µM glycine with either 10 µM androsterone or 30 µM androsterone showed a 

pmax of 92 ± 2 % (n=4) and 95 ± 2 % (n=4). Furthermore, the maximum peak current 

amplitude appeared after application of 1 mM glycine alone. The relative peak 

current amplitude was 100 ± 1 % (n=4) after the combined application of 1 mM 

glycine and 10 µM androsterone and further, 98 ± 2 % (n=4) after coapplication of 

1 mM glycine and 30 µM androsterone. 

 

Application of increasing GABA concentrations (0.1 µM to 1 mM) alone or in 

combination with two androsterone concentrations (1 nM and 1 µM) presented a 

sigmoid dose-response relationship (Fig. 31B) on HEK 293 cells expressing α1β2γ2 

GABAA receptor channels. No relative peak current amplitude appeared after 

application of 0.1 µM GABA. However, the relative peak current amplitude enhanced 

significantly to 5 ± 1 % (n=4, p< 0.01) under combined application of 0.1 µM GABA 

with 1 nM androsterone and to 12 ± 1 % (n=4, p< 0.01) after coapplication of 0.1 µM 

GABA and 1 µM androsterone. Application of 1 µM GABA elicited a relative peak 

current amplitude of 4 ± 3 % (n=12). This amplitude was increased to 8 ± 3 % by 

coapplication of 1 µM GABA with 1 nM androsterone (n=4, p= 0.06) and further, 

significantly increased to 19 ± 3 % under coapplication of 1 µM GABA and 1 µM 

androsterone (n=4, p< 0.01). Higher GABA concentrations (10 µM, 100 µM and 1 

mM) tested alone or in combination with androsterone (1 nM or 1 µM) showed similar 

relative peak current amplitudes: thus, 44 ± 16 % (n=8) after 10 µM GABA 

application, 47 ± 3 % (n=4) after coapplication of 10 µM GABA and 1 nM 

androsterone, as well as 52 ± 3 % (n=4) after the combined application of 10 µM 

GABA and 1 µM androsterone. Furthermore, the relative peak current amplitudes 

were 91 ± 8 % (100 µM GABA applied alone, n=8), 81 ± 6 % (100 µM GABA + 1 nM 

androsterone, n=4) and 83 ± 5 % (100 µM GABA + 1 µM androsterone, n=4). 

Application of 1 mM GABA on α1β2γ2 GABAA receptor channels showed the 

maximum peak current amplitude. This amplitude remained steady after the 

combined application of 1 mM GABA and either 1 nM androsterone (98 ± 8 %, n=4) 

or 1 µM androsterone (99 ± 1 %, n=4).  
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Dose-response relationships of the effects of increasing glycine concentrations 

(0.1 µM to 1 mM) alone and with either 1 µM progesterone or 10 µM progesterone 

were investigated on homomeric α1 glycine receptors. All conditions led to a sigmoid 

graph (Fig. 31C). Application of 0.1 µM glycine did not lead to a relative peak current 

amplitude. A combined application of 0.1 µM glycine with either 1 µM progesterone or 

10 µM progesterone showed a similar result. A slight increase of the relative peak 

current amplitude was observed after application of 1 µM glycine (pmax= 6 ± 1 %, 

n=4), 1 µM glycine + 1 µM progesterone (pmax= 9 ± 2 %, n=4) or 1 µM glycine + 

10 µM progesterone (pmax= 11 ± 3 %, n=4). Not less than 10 µM glycine in 

combination with 10 µM progesterone (pmax= 61 ± 5 %, n=4) led to a significant 

different peak current amplitude in comparison to the relative peak current amplitude 

elicited by 10 µM glycine alone (pmax= 30 ± 5 %, n=8, p< 0.01). Peak current 

amplitudes induced by application of higher glycine concentrations (100 µM and 

1 mM) were not markedly altered by co-application with either 1 µM progesterone or 

10 µM progesterone. Thus, the relative peak current amplitudes were 93 ± 1 % 

(application of 100 µM glycine alone, n=4), 94 ± 3 % (100 µM glycine + 1 µM 

progesterone, n=4) and 95 ± 2 % (100 µM glycine and 10 µM progesterone, n=4). 

Furthermore, the maximum peak current amplitude occurred after application of 

1 mM glycine alone. Combined application of 1 mM glycine with either 1 µM 

progesterone (pmax= 98 ± 1 %, n=4) or 10 µM progesterone (pmax= 105 ± 2 %, n=4) 

showed comparable amplitudes.  

 

Finally, investigations of increasing GABA concentrations (0.1 µM to 1 mM) with 

either 10 nM progesterone or 10 µM progesterone demonstrated a sigmoid dose-

response relationship (Fig. 31D). Application of 0.1 µM GABA and coapplication of 

0.1 µM GABA with either 10 nM progesterone or 10 µM progesterone did not procure 

relative peak current amplitudes. A slight enhancement of the relative peak current 

amplitudes was observed under application of 1 µM GABA alone (pmax= 4 ± 1 %, 

n=12). This relative peak current amplitude rose significantly after a combined 

application of 1 µM GABA and 10 nM progesterone (pmax= 11 ± 2 %, n=4, p< 0.01) or 

1 µM GABA and 10 µM progesterone (pmax= 20 ± 5 %, n=4, p< 0.01). In higher GABA 

concentrations combination with progesterone had no effect on the relative peak 

current amplitudes.  
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The following figure 31 A-D is described in detail at page 75. 
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Figure 31: Dose-response curves of glycine and GABA in the presence of either androsterone 
or progesterone. Whole cell measurements were recorded on HEK293 cells expressing either 
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human α1 glycine or α1β2γ2 GABAA receptor channels. For all subsequent figures, the holding 
potential was kept at -40 mV. Data were given as mean ± S.E.M. Each point in the diagram 
represents data from at least four experiments. 
Figure 31A presents dose-response relationships of increasing glycine concentrations (0.1 
µM to 1 mM) applied alone (■) or in combination with either 10 µM androsterone (●) or 30 
µM androsterone (▲) on α1 glycine receptor channels. 
Figure 31B illustrates dose-response relationships of rising GABA concentrations (0.1 µM to 
1 mM) applied alone (■) or in combination with either 1 nM androsterone (●) or 1 µM 
androsterone (▲) on α1β2γ2 GABAA receptor channels. 
Figure 31C demonstrates dose-response relationships of enhancing glycine concentrations 
(0.1 µM to 1 mM) applied alone (■) or in combination with either 1 µM progesterone (●) or 
10 µM progesterone (▲) on homomeric α1 glycine receptor channels. 
Figure 31D shows dose-response relationships of increasing GABA concentrations (0.1 µM 
to 1 mM) applied alone (■) or in combination with either 10 nM progesterone (●) or 10 µM 
progesterone (▲) on α1β2γ2 GABAA receptor channels. 
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4. Discussion 
 

In the present study, we utilized whole cell recording techniques to characterize the 

kinetic properties of channel activation by phenobarbital, progesterone and 

androsterone. Furthermore, we compared the effects of phenobarbital, bicuculline 

and picrotoxin on mutant α1-A322Dβ2γ2 and wild type α1β2γ2 GABAA receptor channels. 

Additionally, we compared the interactions of the neuroactive compounds, 

androsterone and progesterone, with α1 homomeric and α1β heteromeric glycine and 

α1β2γ2 GABAA receptor channels. 

 

The aim of the first part of our study was a pharmacological characterization of the 

A322D mutation of GABAA receptors. Therefore the different interactions of the 

antiepileptic drug phenobarbital with the mutant receptor were analysed 

quantitatively. The direct activation via a binding site different from the GABA-binding 

site should help to distinguish a changed affinity of the agonist binding site from 

changes of the gating process. The same aim was the motivation for experiments 

comparing a competitive antagonist like bicuculline and an antagonist binding to the 

channel pore like picrotoxin.  

 

Regarding the data on the interaction of mutant α1-A322Dβ2γ2 and wild type α1β2γ2 

GABAA receptor with the antiepileptic drug phenobarbital our results show that 

phenobarbital has similar actions on both investigated GABAA receptor-types 

depending on its concentration: a direct activation of the receptor chloride channels 

and at low concentrations a potentiation of GABA-elicited currents could be 

observed. At higher concentrations (in the millimolar range) we found a blocking 

effect (Amin and Weiss, 1993; Krampfl et al., 2002; Rho, 1996; Thompson et al., 

1996). 

 

As previously shown the A322D mutation leads to a significantly reduced GABA 

sensitivity of the GABAA receptor with a 40-fold increase of the EC50 and so called 

loss of function (Fisher, 2004; Krampfl et al., 2005b). It is known that the α and β 

subunits are essential for activation of the α1β2γ2 GABAA receptor via GABA (Boileau 

et al., 1999; Kash et al., 2004; Wagner and Czajkowski, 2001). 
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In our study we could show that the maximal currents observed under application of 

phenobarbital alone do not exceed about 40 % of the maximal current amplitude that 

can be elicited by 1 mM GABA in α1β2γ2 GABAA receptor channels. In contrast, in 

mutant α1-A322Dβ2γ2 GABAA receptor channels, the maximal currents induced by 

phenobarbital alone were 80 % higher than the maximal current amplitude obtained 

by 30 mM GABA. We believe that was due to the reduction in GABA sensitivity 

caused by the mutation (Fisher et al., 2004, Krampfl et al., 2005b) as normalization of 

the relative peak current amplitudes to the maximum relative peak current amplitude 

of phenobarbital induced currents revealed a similar efficiency of phenobarbital on 

both investigated GABAA receptor channels.  

 

Examination of the current decay of deactivation revealed a slowing down of the first 

time constant of deactivation with increasing phenobarbital concentrations (0.1 mM 

up to 30 mM) in wild type α1β2γ2 receptor channel. The impact of slower deactivation 

on synaptic transmission would be increasing the duration of IPSCs. In the mutant  

α1-A322Dβ2γ2 GABAA receptor we found no change of deactivation time constants 

despite increasing phenobarbital concentrations. Thus, the A322D mutation seems to 

determine deactivation rates, independently of phenobarbital concentrations. 

 

Barbiturates modulate as well as activate GABAA channels (Amin and Weiss, 1993; 

Macdonald and Olsen, 1994; Rho, 1996; Thompson, 1996). Competitive antagonists 

at the GABAA receptor also inhibit phenobarbital-dependent activation suggesting 

both agonists GABA and phenobarbital share some receptor domains (Nicoll and 

Wojtowicz, 1980). The direct activation of barbiturates varies according to the present 

α subunit. The β subunit also influences the direct activation but to a lesser extent 

than the α subunit. Thus, the direct action of barbiturates is influenced by both, the α 

and β, subunit types (Amin and Weiss, 1993; Thompson et al., 1996). Our data 

demonstrate that the α1-A322D subunit of the human GABAA receptor does not 

influence the agonistic effect of phenobarbital on recombinant GABAA receptor 

channels. 

 

Considering higher phenobarbital concentrations (1 mM up to 30 mM) to investigate 

the block effect, we observed a rebound current. The rebound current increased with 

increasing phenobarbital concentrations on both investigated GABAA receptor 
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channel-types. Furthermore, we found similar relative rebound amplitudes of currents 

obtained from wild type α1β2γ2 and mutant α1-A322Dβ2γ2 GABAA receptors respectively. 

From these results it can be concluded that phenobarbital has a block effect at higher 

concentrations. This in accordance with earlier investigations of other barbiturates: 

High concentrations of phenobarbitone (3 mM to 10 mM) applied alone or in 

combination with GABA produced a rapid block on GABAA receptor complexes in 

cultured hippocampal neurons (Rho et al., 1996). Furthermore application of 

pentobarbital (0.1 mM to 10 mM) alone to HEK 293 cells expressing α1β2γ2 GABAA 

receptor channels revealed similar rebound currents (Krampfl et al., 2002).  

 

The direct activation of chloride current responses probably contributes to the brain 

depressant effects of phenobarbital as already suggested by Rho et al., 1996 and 

Krampfl et al. 2002 for pentobarbital. However, the open channel block of GABAA 

receptor channels at phenobarbital concentrations in the millimolar range is clinically 

unimportant.  

 

Finally studying the agonistic effect of GABA, we did observe functional 

consequences of the A322D mutation that would be consistent with decreased 

neuronal inhibition: first, smaller absolute amplitudes and, second, faster deactivation 

rates. In contrast, the agonistic effect of phenobarbital was not restricted by the 

mutation. 

 

Phenobarbital seems to have distinct binding sites for agonistic and potentiating 

effects on GABAA receptors (Dalziel et al., 1999). To investigate the allosteric 

modulation of GABAA receptors phenobarbital was co-applied with a submaximal 

GABA concentration. The dose-response relationship showed a similar potentiating 

effect on both GABAA receptor channel-types. The relative peak current amplitudes 

increased markedly with increasing phenobarbital concentrations.  

Accordingly, recent investigations of the anticonvulsant drug diazepam on the A322D 

mutation in the α1 subunit of the GABAA receptor showed a significant enhancement 

of GABA currents. Diazepam belongs to the group of benzodiazepines which are 

known to interact at the γ and appropriate α subunits of GABAA receptor channels. 

The presence of the γ subunit is required for the potentiation of GABA-induced 

chloride currents (Bianchi et al., 2002; Rogawski and Porter, 1990; Sugimoto et al., 
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2000; Wafford et al., 1996). Diazepam markedly increased GABA currents of wild 

type α1β2γ2 and mutant α1-A322Dβ2γ2 GABAA receptor channels to a similar extent 

(Cossette et al., 2002). 

 

Examination of the deactivation rate under co-application of submaximal GABA and 

phenobarbital in wild type α1β2γ2 and mutant α1-A322Dβ2γ2 GABAA receptor channels 

revealed some interesting results:  

In mutant α1-A322Dβ2γ2 GABAA receptor channels only one time constant of 

deactivation occurred after the combined application of submaximal GABA 

concentration + increasing phenobarbital concentrations in a range from 1 µM up to 

100 µM. A second time constant of deactivation appeared after coapplication of 

submaximal GABA concentration + 1 mM phenobarbital. The current decay of 

deactivation was monoexponential under application of submaximal GABA alone.  

However, in wild type α1β2γ2 GABAA receptors, the deactivation rate was best fitted 

with the sum of two exponential components in all tested conditions: under 

application of submaximal GABA alone as well as under combined application of 

submaximal GABA + 0.1 µM up to 1 mM phenobarbital.  

Thus, the deactivation time constants were slower on mutant α1-A322Dβ2γ2 than on wild 

type α1β2γ2 GABAA receptor channels in our co-application experiments. A slower 

deactivation on synaptic transmission would be increase the duration of inhibitory 

postsynaptic currents. 

Likewise, Rho and colleagues reported that the deactivation time constants for 

currents evoked by 300 µM or 1 mM pentobarbitone + 1 µM GABA were significantly 

longer than for currents induced by application of GABA alone. The combined 

application of pentobarbitone and GABA produced a current of greater amplitude and 

slower deactivation (Rho et al., 1996). 

In addition it was observed that, if the wild type alanine was changed by asparagine 

at position 294 in the third membrane spanning region in the α1 subunit a decrease of 

the deactivation rate was observed (Fisher, 2004). In the γ2 subunit of the GABAA 

receptor, a mutation was found in sense of an exchange of arginine by glutamine. 

This latter mutation is associated with epilepsy and further a decline of the 

deactivation rate was reported (Bowser et al., 2002; Wallace et al., 2001). 
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GABA concentrations are high (in the mM range) at inhibitory synapses in the CNS. 

Thus phenobarbital might affect the time course of current decay and modulates 

inhibitory postsynaptic currents. However, GABAA receptors are also located 

extracellular on the neuronal soma where they are exposed to low concentrations of 

GABA. At these extrasynaptic receptors phenobarbital potentiation may modulate the 

tonic inhibitory system (Birnir et al., 1997). 

 

Our findings reveal that the α1-A322D subunit of the human GABAA receptor restricts 

neither the agonistic nor the potentiating effect of phenobarbital on recombinant 

GABAA receptor channels.  

From our pharmacological findings it can be therefore concluded that a replacement 

of the alanine by an aspartate at position 322 of the gene gabra1 (A322D) is not 

important for the binding of phenobarbital on GABAA receptor channels. Only the 

binding site of GABA is affected by this mutation confirming the distinct binding site of 

phenobarbital within the α1 subunit of the GABAA receptor. Thus, the same dosage of 

phenobarbital is comparably effective on mutant and wild type GABAA receptor 

channels. Recently it was shown, that the total expression of the mutant α1-A322Dβ2γ2 

GABAA receptor channels is reduced. In addition, the mutant α1-A322Dβ2γ2 GABAA 

receptors are less stable on the membrane surface due to increased endocytosis. 

With regard to the effectiveness of phenobarbital our findings show that the mutant 

GABAA receptor is as functional as the wild type GABAA receptor. The smaller 

current peak amplitudes of the mutant receptor can be easily explained by its 

reduced half-life (77 min) in the plasma membrane (Bradley et al., 2008; Gallagher et 

al., 2007). 

 

Regarding the antagonist affinity in wild type α1β2γ2 and mutant α1-A322Dβ2γ2 GABAA 

receptors we compared the effect of the competitive antagonist bicuculline and the 

non-competitive antagonist picrotoxin between both receptor types.  

As known, currents elicited by GABA were efficiently antagonized by picrotoxin at a 

concentration of 100 µM and by 100 µM bicuculline. Furthermore it was shown that 

100 µM picrotoxin completely suppressed the pentobarbital current. Published data 

suggest that phenobarbital shared all of the proportion of pentobarbital but was 

around one-fitfh as potent. Bicuculline markedly reduced the pentobarbital current at 

100 µM. However, even at this high concentration, the block was not complete. Thus, 
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bicuculline has to be considered as an antagonist acting at the GABA recognition site 

of the GABAA receptor (Nicoll and Wojtowicz, 1980; Rho et al., 1996; Thompson et 

al., 1996).  

 
In our investigations, the non-competitive open channel blocker picrotoxin blocked all 

phenobarbital- and GABA- induced currents in a similar manner on both investigated 

GABAA receptors and thus, did not compete for the binding sites of either 

phenobarbital or GABA. The competitive antagonist bicuculline comparably inhibited 

phenobarbital-induced currents on both GABAA receptor channels, whereas GABA- 

activated currents were less blocked on mutant GABAA receptors (p<0.01). Thus, our 

findings show that the A322D mutation, affects the binding affinity of bicuculline, but 

not of the non-competitive antagonist picrotoxin. It is established that bicuculline has 

the same binding site as GABA on the α1 subunit of the GABAA receptor (Akaike et 

al. 1985; Macdonald and Olsen, 1994; Rho et al., 1996). The fact that bicuculline did 

not affect phenobarbital induced currents therefore again reinforces the assumption, 

that the phenobarbital binding site is different from the GABA binding site in GABAA 

receptors. 

In summary for the first part, we could show that the α1-A322D mutation in the human 

α1β2γ2 GABAA receptor does not affect the efficiency of phenobarbital. Phenobarbital 

has a binding site independent from the mutated intramembrane area.  

 
Pharmacological enhancement of GABAergic inhibition has been utilized in treatment 

of several clinical disorders, e.g. anxiety or epilepsy (Bianchi et al., 2002; Korpi et al., 

2002). Thus, more detailed information about the subunits of the GABAA receptor 

and their combinations is necessary to decode their roles in the brain. Insight into 

specific aspects of their function is prerequisite for the development of more selective 

drugs. Furthermore, investigation of the patho-mechanisms resulting from genetic 

disorders may lead to a more precise treatment and understanding of heritable forms 

of epilepsy. Our data may give a therapeutic approach for treatment of patients with 

the A322D-mutation-linked type of epilepsy. The combination of agonistic and 

potentiating effects of phenobarbital may be an important feature in the treatment of 

these patients. 
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Ligand-gated chloride channels are structurally related membrane receptors and 

might be regulated by the same substances. Thus, in the second part of the present 

study interactions of androsterone and progesterone on the inhibitory ligand-gated 

ion channels GABAA receptor and glycine receptor were investigated.  

 

GABA and glycine the major inhibitory neurotransmitters of the central nervous 

system mediate fast synaptic inhibition by activating ligand-gated ion channels. 

Binding of neurosteroids to GABAA receptors leads to either inhibition or potentiation 

of the inhibitory effects of GABA (Majewska 1992; Mellon 1994). Electrophysiological 

and binding studies showed that the neuroactive steroids alphaxalone (synthetic), 

allopregnanolone, pregnanolone, allotetrahydrodeoxycorticosterone or tetrahydro-

deoxycorticosterone (THDOC) enhance GABAA receptor channel function. It is 

known that these neurosteroids are in part direct agonists and in most cases 

allosteric modulators of GABAA receptor channels that act by increasing the 

frequency and duration of openings of the integral chloride channel of GABAA 

receptors. Most probably these neurosteroids bind to a specific allosteric site at the 

GABAA receptor but the specific mode of interaction with different GABAA receptor 

subunits has not been elucidated in detail so far. Other neurosteroids like 

pregnenolone sulfate and dehydroepiandrosterone (DHEA) sulphate act as non-

competitive antagonists at the GABAA receptor and inhibit GABA-induced chloride 

currents by a reduction of GABA chloride channel opening frequency (Mellon 1994).  

 

The molecular mechanisms of interaction of androsterone and progesterone with 

GABAA receptor channels and glycine receptor channels were studied using whole 

cell patches from human embryonic kidney cells expressing either α1β2γ2 GABAA 

receptor channels, α1 glycine receptor channels, or α1β glycine receptor channels. By 

this approach, stable patch-clamp measurements of up to 100 pulsewise applications 

of test solution were achieved. These pulses were alternatingly applied with 

saturating agonist concentrations as control (Krampfl et al. 2002; Krampfl et al. 

2005a). Whole cell patches containing either recombinant α1β2γ2 GABAA, α1 or 

α1β glycine receptor channels showed non-desensitizing current transients after 

application of low GABA or glycine concentrations. After cessation of the agonist 

application mono- or biphasic deactivation currents were observed (Krampfl et al. 

2005b; Mohammadi et al. 2003). 
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Addition of androsterone to the test solution resulted in a concentration-dependent 

increase of the relative peak current amplitude and - at higher concentrations - to an 

inhibition of α1 glycine receptor currents and α1β2γ2 GABAA receptor currents. The 

time constants of deactivation did not change at α1β2γ2 GABAA and α1 glycine 

receptor channels in the presence of androsterone over a broad range of 

concentrations. Application of low concentrations of glycine on α1β glycine receptor 

channels showed non-desensitizing currents with a monophasic deactivation. A slight 

(but not significant) potentiating effect of androsterone on heteromeric α1β glycine 

receptors could be demonstrated. A change towards a biphasic deactivation phase 

was observed upon coapplication of 30 µM and 100 µM androsterone. Application of 

increasing androsterone concentrations alone to α1β2γ2 GABAA receptor led dose-

dependently to a marked current response and an increase of the time constant of 

deactivation. 

 

The enhancement of glycinergic currents by androsterone is more pronounced in 

homomeric α1 glycine receptor channels than in the heteromeric α1β glycine receptor 

subtype. The presence of the β subunit seems to cause a reduced affinity for the 

steroids tested. Overall - the effects of androsterone seem to be larger on GABAA 

receptor channels compared to glycine receptor channels. 

 

We could demonstrate that application of nonphysiological (10 nM – 100 µM) 

androsterone concentrations directly elicited chloride currents on α1β2γ2 GABAA 

receptors. Further androsterone effects were confirmed after coapplication of higher 

androsterone concentrations (1 to 100 µM) with low glycine concentrations on glycine 

receptor channels. Currents under application of high steroid concentrations were 

rapid in onset. This points to an underlying nonspecific non-genomic effect (Wehling, 

1997). 

 

A physiologically relevant effect occurred after coapplication of low GABA 

concentrations and 10 pM androsterone. We could show that androsterone mediated 

a significant increase of GABA elicited currents on the α1β2γ2 GABAA receptor. Thus, 

androsterone - acting as coagonist - showed a rapid effect (within two seconds) on 

α1β2γ2 GABAA receptor pointing to a nongenomic effect. Furthermore, it indirectly 

modulated the GABAergic effect on a membrane receptor, namely the α1β2γ2 GABAA 
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receptor. Hence, androsterone is most probably acting on an indirect specific 

nonclassical steroid receptor (Falkenstein et al., 2000).  

 

There was no direct agonistic effect of progesterone on α1 glycine receptor channels. 

In contrast, application of 100 µM progesterone induced a small but significant 

current response in the heteromeric α1β receptor channel subtype: it elicited 

maximum peak current amplitude of around 2 % in relation to the maximum peak 

current amplitude upon application of a saturating concentration of glycine. Thus, the 

β subunit seems to be crucial for this effect. This observation is of special interest in 

the light of the widespread expression pattern of the β subunit within the central 

nervous system exceeding the expression of at least the α1 subunit (Betz and Laube 

2006; Deleuze et al. 2005; Laube et al. 2002; Paarmann et al. 2006).  

 

In coapplication experiments, progesterone showed an enhancing effect on both, 

homomeric α1 and heteromeric α1β glycine receptor channel currents, with a shift of 

the dose response curve to the right in case of heteromeric receptor coassemblies. 

Homomeric receptor channels showed a non-desensitizing current decay. However, 

a dose dependent current decay during coapplication occurred in heteromeric 

receptor channels. This could be interpreted as a positive modulation or alternatively 

as an additional block effect of progesterone at higher concentrations (Krampfl et al. 

2002; Krampfl et al. 2005b; Maksay et al. 2001; Wu et al. 1990; Wu et al. 1993). 

 

For both glycine receptor subtypes tested, a dose dependent deceleration of the 

current decay after cessation of application could be demonstrated for progesterone. 

This observation is in line with the effects of positive allosteric modulators on 

macroscopic membrane currents and may predict the prolongation of inhibitory 

postsynaptic currents in vivo (Krampfl et al. 1998).  

 

A marked enhancement of currents was observed in coapplication experiments with 

concentrations of progesterone up to 30 μM. Higher concentrations led to an only 

moderate increase of GABAA and glycine receptor currents. This might be a hint to a 

low affinity blocking effect comparable to the dose dependent effects observed for 

barbiturates (Krampfl et al. 2002; Krampfl et al. 2005b; Wohlfarth et al. 2002).  
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The impact of progesterone on the desensitization behaviour of GABAA receptor 

channels was comparable to its effect on glycine receptor channels. The dose 

dependent enhancement of the slow component of deactivation most probably 

corresponds with a marked prolongation of inhibitory postsynaptic chloride currents 

through α1β2γ2 GABAA receptor channels. The efficacy of progesterone (maximal 

potentiation of currents elicited by non-saturating agonist concentrations) was highest 

at α1β2γ2 GABAA receptors, less in homomeric α1 glycine receptors and lowest in 

heteromeric α1β glycine receptors.  

 

We showed that physiological concentrations of progesterone alone had no effect on 

α1β2γ2 GABAA receptors. However, combination of a low GABA concentration with a 

physiological concentration of progesterone (10 nM) led to a potentiation of the 

relative peak current amplitude on the α1β2γ2 GABAA receptor channels within two 

seconds. These data suggest that in absence of GABA progesterone does not 

directly interact with the GABAA receptor but might unspecifically affect the whole 

membrane (i.e. the cell surface) in higher concentrations (100 µM).  

 

In the presence of GABA a specific non-genomic effect of progesterone on α1β2γ2 

GABAA receptors is possible. This suggests that there might be a progesterone 

binding site on the GABAA receptor which is only available if GABA has bound to its 

site on α1β2γ2 GABAA receptor channels. Frye and Duncan (1994) also support this 

hypothesis in their study. Additionally, there are hints that Pregnanolone, the natural 

ring A-reduced metabolite of progesterone, and the structural similar Alfaxalone bind 

to GABAA receptors on the extracellular site (Lambert et al., 1990). 

 

Furthermore, application of nonphysiological progesterone concentrations (1-100 µM) 

in combination with low glycine concentrations showed a steroid effect on α1 and α1β 

glycine receptor channels that is known as a non-genomic and nonspecific effect. 

 

In conclusion, we could show that both, androsterone and progesterone, significantly 

enhanced the inward currents of α1β2γ2 GABAA receptors. However, comparison of 

both substances revealed that androsterone had a more pronounced effect on this 

inhibitory receptor channel subtype.  
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In addition, androsterone and progesterone significantly enhanced the inward 

currents elicited by glycine at α1 glycine receptors. In α1β glycine receptors only 

progesterone caused a significant potentiation.  

The effects of androsterone and progesterone on GABA and glycine responses were 

evaluated over a concentration range of 1 pM - 300 µM and were found to be dose-

dependent.  

These results indicate that human GABAA and glycine receptor channels are 

functionally modified in different ways as well by androsterone as by progesterone. 

These differences may be correlated to structural differences of the respective 

binding sites in GABAA and glycine receptor channels.  

 

Furthermore, the tested glycine and GABAA receptor channels appear to be 

nonclassical steroid receptors. In more detail, the glycine receptor seems to be a 

nonspecific nonclassical steroid receptor whereas the GABAA receptor probably is an 

indirect specific nonclassical steroid receptor for the investigated neuroactive steroids 

(Falkenstein et al., 2000; Wehling, 1997). 

 

Previous studies investigating the effect of progesterone on glycine receptors of 

spinal cord neurons or of Xenopus laevis oocytes expressing recombinant α1, 

α1β, and α2 glycine receptors revealed inhibitory effects (Maksay et al. 2001; Wu et 

al. 1990). The anaesthetic steroids allopregnanolone and pregnanolone have 

previously been investigated at homomeric α1 glycine receptors. Allopregnanolone is 

reported to elicit modest potentiation; pregnanolone shows inhibitory effects (Jiang et 

al. 2006; Weir et al. 2004). In general, our study shows similar effects for the two 

steroids tested.  

 

The marked agonistic and potentiating effects of androsterone suggest that there are 

at least two functional sites of action for steroids. It is noteworthy that the efficacy of 

androsterone on GABAA receptors is more pronounced than that of 3 alpha-hydroxy-

5 alpha-pregnane-20-one (3α OH-DHP) and THDOC. 3α OH-DHP and THDOC are 

active at nanomolar concentrations in potentiating GABA-activated chloride currents 

(Puia et al. 1990). The concentration response curves for androsterone mediated 

augmentation of GABA-activated chloride currents are biphasic for α1β2γ2 GABAA 

receptors. These data confirm the existence of two distinct binding sites on the 
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GABAA receptor channels. One of these binding sites may be responsible for 

facilitation of GABA action, the other for direct channel opening.  

 

The anticonvulsive, anaestethic and anxiolytic effects of neurosteroids are thought to 

result mainly from a positive modulation of GABAA and glycine receptor channels 

(Lambert et al. 1995; Majewska 1992; Roberts 1995). Inhibition of GABAA receptor 

function is mostly documented for the neurosteroids pregnenolone sulphate and 

DHEA sulphate (Gniot-Szulzycka et al. 1995; Park-Chung et al. 1999). 

 

In the second part of the present study we could demonstrate a direct functional 

interaction of androsterone and progesterone with major subtypes of inhibitory ligand 

gated ion channels. The experimental procedures rule out marked intracellular 

effects on protein expression or phosphorylation as well as on membrane integration 

of the receptor channels tested. Thus, the data may help to develop neuroactive 

steroids as pharmacological tools for the treatment of nociception (especially via 

glycine receptor enhancement) and seizures as well as for use in anaesthesia (more 

likely via GABAergic effects) (Kaminski et al. 2005; Lambert et al. 2003; Laube et al. 

2002; Nadeson et al. 2000; Pathirathna et al. 2005; Weir et al. 2004). 

 

Furthermore, androsterone and progesterone provide an important example of 

endocrine control of the major inhibitory neurotransmitter in the brain. The 

demonstration of the potent modulation of GABAA and glycine receptors by 

endogenous steroids offers the future prospect of the development of new steroidal 

general anaesthetics, and a better understanding of the endocrine system on central 

nervous system function.  

 

Concluding, GABAA and glycine receptors are molecular targets for a variety of 

sedative and hypnotic drugs including benzodiazepines and barbiturates and further 

for neuroactive steroids. Some neuroactive steroids, like allopregnanolone and 

allotetrahydroDOC, have been shown to be among the most potent of the 

investigated ligands of GABAA receptors in the CNS with affinity a thousand times 

higher than barbiturates (Paul and Purdy, 1992). 
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5. Summary 
 

GABAA and glycine receptors, inhibitory ligand-gated ion channels, show functional 

homology but have specific differences in their physiology and pharmacology.  

The activity of GABAA receptors can be allosterically modulated by a number of 

agents, including neurosteroids and the clinically important barbiturates and 

benzodiazepines. These agents act on GABAA and glycine receptors to reduce 

neuronal excitability in the central nervous system. However, glycine receptors are 

not investigated as detailed as GABAA receptors.  

 

Several mutagenesis studies have implicated residues in the second and third 

transmembrane domain in the action of anaesthetics and anticonvulsant drugs on the 

GABAA receptor. We report here, that the mutation, alanine (322) to aspartic acid in 

the third transmembrane domain of the α1 subunit of α1β2γ2 GABAA receptor did 

neither affect the agonistic, potentiating or blocking effect of phenobarbital. However, 

examination of the competitive antagonist bicuculline revealed a reduced binding to 

the mutant GABAA receptor. Investigations of the non-competitive antagonist 

picrotoxin binding within the channel pore showed no altered binding on mutant 

GABAA receptor. 

 

Additionally, we examined the molecular mechanism of the agonistic and potentiating 

action of androsterone and progesterone on wild type α1β2γ2 GABAA, homomeric α1 

glycine and heteromeric α1β glycine receptors. Androsterone is known to increase 

the inward currents induced by GABA and glycine. We could show that association of 

β subunits with α subunits affects the sensitivity of glycine receptors to androsterone. 

Furthermore, we showed an agonistic effect of androsterone on GABAA receptor 

channels. In contrast to previous reports in which recombinant glycine receptors were 

inhibited by progesterone, a potentiating effect was revealed by our experiments 

using the fast application technique. Both steroids tested are positive modulators of 

GABA and glycine responses but seem to have inhibitory effects on α1β2γ2 GABAA 

and α1 glycine receptor channels at concentrations of 0.1 mM and higher. 

 

In conclusion, the GABA binding site and closely related gating steps are functionally 

affected by the A322D mutation in the α1-subunit of the GABAA receptor but not the 
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phenobarbital binding site and the channel pore. Further investigations using the 

neurosteroids progesterone and androsterone showed that the GABAA receptor 

seems to be an indirect specific nonclassical steroid receptor and the glycine 

receptor a nonspecific nonclassical steroid receptor. 
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6. Zusammenfassung 
 

GABAA und Glyzin Rezeptoren, inhibitorisch wirkende Liganden-aktivierte 

Ionenkanäle, zeigen viele strukturelle Übereinstimmungen auf, dennoch weisen sie 

physiologische als auch pharmakologische Unterscheide auf.  

Die Aktivierung des GABAA Rezeptors wird allosterisch von verschiedenen 

Substanzen beeinflusst. Dazu gehören Neurosteroide, aber auch die therapeutisch 

eingesetzten Barbiturate und Benzodiazepine. Diese Substanzen binden an GABAA 

und Glyzin Rezeptoren, was zu reduzierter neuronaler Erregbarkeit im 

Zentralnervensystem führen kann. Bis jetzt sind GABAA Rezeptoren weitaus genauer 

untersucht als Glyzin Rezeptoren. 

 

Die Bindung von Anästhetika und krampflösenden Mitteln an den GABAA Rezeptor 

wurde in etlichen Mutagenese-Studien mit dem zweiten und dritten 

transmembranären Bereich des GABAA Rezeptors in Verbindung gebracht. 

In dieser Arbeit wurde eine Punktmutation im dritten transmembranären Bereich der 

α1 Untereinheit des α1β2γ2 GABAA Rezeptors elektrophysiologisch genauer 

charakterisiert. Bei dieser Punktmutation handelt es sich um den Austausch eines 

Cytosins durch ein Adenosin, wodurch in der Translation Alanin durch Aspartat 

substituiert wird. Diese Mutation wird mit einer Form der idiopathischen 

generalisierten Epilepsie, der juvenilen myoklonischen Epilepsie, in Verbindung 

gebracht. 

Pharmakologische Untersuchungen am α1-A322Dβ2γ2 GABAA Rezeptor zeigten weder 

veränderte agonistische, potenzierende noch Block-Effekte beim Einsatz des 

hypnotisch, sedativ wirkenden Barbiturates, Phenobarbital. Bicucullin, ein 

kompetitiver Agonist am GABAA Rezeptor, zeigte jedoch eine geringere Affinität zum 

α1-A322Dβ2γ2 GABAA Rezeptor. Picrotoxin, ein nicht kompetitiver Agonist des GABAA 

Rezeptors, der innerhalb des Chlorid-Ionen Kanals bindet, wies durch die Mutation 

keine veränderte Bindungsaffinität auf. 

 

Des Weiteren haben wir die molekularen Mechanismen der agonistischen und 

potenzierenden Effekte von Androsteron und Progesteron an α1β2γ2 GABAA, α1 

Glyzin und α1β Glyzin Rezeptoren elektrophysiologisch genauer untersucht. 

Androsteron wurde bereits eine potenzierende Wirkung am GABAA bzw. Glyzin 
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Rezeptor zugeschrieben. In dieser Arbeit konnte aufgezeigt werden, dass die 

Sensitivität des Rezeptors bei co-agonistischer Bindung von Androsteron von der 

homomeren und heteromeren Struktur des Glyzin Rezeptors abhängig ist. Des 

Weiteren konnten wir einen agonistischen Effekt von Androsteron am GABAA 

Rezeptor aufzeigen.  

In bereits erschienenen Veröffentlichungen wurden rekombinante Glyzin Rezeptoren 

durch Progesteron inhibiert. Jedoch zeigt diese Arbeit, dass Progesteron eine 

potenzierende Wirkung am Glyzin Rezeptor haben kann, wenn die Patch Clamp 

Technik in Verbindung mit der schnellen Applikation verwendet wird. 

Beide untersuchten neuroaktiven Steroide beeinflussen GABA- und Glyzin- 

induzierte Ströme positiv, aber scheinen bei Konzentrationen von 0.1 mM und höher 

inhibitorisch zu wirken. 
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