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Abstract 
Background: Sex and stress steroids are metabolized to 3α-hydroxy-pregnane-steroid 
metabolites such as allopregnanolone (Allo) and tetrahydrodeoxycorticosterone 
(THDOC). Allo and THDOC are neuroactive steroids that are metabolized in the brain 
and act in brain as potent positive GABAA receptor function modulators. Allo as well 
as THDOC levels increase during stress. Allo has been associated with a number of 
symptoms and malfunctions such as impaired memory function and negative mood 
symptoms in a subgroup of individuals both for animals and humans. Pregnane 
steroids with 3β-hydroxy-configuration (3β-steroids) have been shown to reduce the 
Allo enhanced GABA effect. 
Aims: The aims for the present thesis were to investigate the effect of 3β-steroids on 
the GABA mediated GABAA receptor function in presence of positive GABAA 
receptor modulators. Further, the regional variances between the 3β-steroids as well as 
the mechanism of the effect were studied. Finally, the effect of stress steroid 
metabolites on the GABAA receptor function was investigated. 
Results: 3β-OH-5α-pregnane-20-one reduced the Allo enhanced GABA mediated 
chloride ion uptake into cortical microsacs. The 3β-isomer reduced the efficacy of 
Allo without shift the concentration response curve. It is therefore suggested that the 
3β-isomer has a non-competitive effect. Further, it was shown that the 3β-isomer 
reduced the Allo effect in a selective way since the 3β-isomer did not interact with 
other positive modulators or with GABA itself. Five tested 3β-steroids reduced the 
Allo enhanced GABA mediated chloride ion uptake in cerebral cortex and 
hippocampus as well as the Allo prolongation on spontaneous inhibitory postsynaptic 
currents (sIPSCs) in preoptic nucleus. In cerebellum on the other hand the 3β-steroids 
showed to have weaker or no effect compared to the other tested regions. Interestingly, 
in absence of Allo, two of the 3β-steroids positively modulated the GABA stimulated 
GABAA receptor function. In absence of Allo, 5β-pregnane-3β,20(R)-diol increased 
the desensitization rate of current response. In contrast to the reducing effect on the 
Allo induced prolongation on sIPSCs, the effect of the 3β-steroid on GABA 
application, was not altered in presence of Allo. The mechanism of the 3β-steroid is 
therefore suggested being desensitization dependent in contrast to Allo, which has 
been suggested to decrease the GABA unbinding rate. In contrast to the enhanced 
effect of Allo, glucocorticoid metabolites reduced the GABA mediated chloride ion 
uptake in a concentration dependent way. The results in present thesis indicate that 
both sex and stress steroid metabolites interact with the GABAA receptor function. The 
knowledge that diversity of endogenous steroids interact with the GABAA receptor 
function is of importance for further understanding of different sex and stress steroid 
related symptoms and syndromes.    
 
Keywords: Allopregnanolone, chloride ion uptake, patch-clamp, 3β-steroids, kinetic 
parameters, rat brain     
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Abbreviations 
3β5β-THDOC 5β-pregnane-3β, 21-diol-20-one  
3β-HSD  3β-hydroxysteroid dehydrogenase-isomerase enzyme 
3β-steroid 3β-hydroxy configuration of reduced A-ring pregnane steroids 
5αR  5α-reductase 
11β-HSD  11β-hydroxysteroid dehydrogenase  
ACTH  adrenocorticotropic hormone  
Allo  allopregnanolone  
Allo-THF  3α-OH, 5α-cortisol, allotetrahydrocortisol   
ANOVA  analysis of variance 
B  bound state of the receptor 
CRH  corticotropin releasing hormone  
D  desensitized state of the receptor 
Delta amplitude  end-to peak amplitude ratio  
DHDOC  5α-dihydrodeoxycorticosterone 
DHEA  dehydroepiandrosterone 
DHP  dihydroprogesterone 
DMSO  dimethyl sulfoxide 
EC20, 50, 75 the concentration of substances that produce 20, 50 or 75  % 

respectively, of maximal response. 
Emax  the maximal response  
GABA  gamma-aminobutyric acid  
GABAA, receptor  gamma-aminobutyric acid type A receptor 
GAD  glutamic acid decarboxylase 
GAT  GABA transporter 
HPA   hypothalamic-pituitary-adrenal  
IC50 the concentration of substance that produce half-max. response 
MPN  medial preoptic nucleus 
O  open state of the receptor 
PMDD  premenstrual dysphoric disorder  
PMS  premenstrual syndrome 
PREG  pregnenolone 
SEM  standard error of mean 
sIPSCs  spontaneous inhibitory postsynaptic currents  
t50 desensitization rate measures as the time elapsed from the peak 

amplitude to the current had decline 50 % of the amplitude 
between the peak amplitude and the end amplitude 

TBPS  t-butylbicyclophosphorothionate 
THDOC  tetrahydrodeoxycorticosterone 
THE  3α-OH, 5β-cortisone, tetrahydrocortisone 
THF  3α-OH, 5β-cortisol, tetrahydrocortisol  
τdeactivation   time course of deactivation  
UB  unbound state of the receptor  
VIAAT  vesicular inhibitory amino acid transporter 
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Introduction 
Neuroactive steroids are steroids that act on the nervous system and they include 
those that are synthesized in the brain, those that are metabolized locally from 
circulating precursors, and synthetic steroids (Gasior et al., 1999; Paul and 
Purdy, 1992). The scope of the term “neuroactive steroids” was extended during 
the 1990s when the relation between steroid hormones, their metabolites and 
several functions in the nervous system was discovered. It was shown that 
steroid hormones were not only synthesized within the brain but also 
enzymatically converted into several neuroactive metabolites (for review: 
Melcangi et al., 1999). The neuroactive steroids, it was realized, could exert 
their action through genomic steroid receptors such as the progesterone receptor 
(PR) and also through non-genomic receptors such as those that belong to the 
ligand-gated ion channel superfamily, e.g. the GABAA and NMDA receptors 
(Baulieu et al., 2001). 
  
Gamma-aminobutyric acid (GABA) is the major inhibitory amino acid 
neurotransmitter in the vertebrate central nervous system. GABA is released by 
exocytosis from terminal boutons on the presynaptic neuron, and activates 
GABA receptors on the postsynaptic neuron. Hitherto, three different classes of 
GABA receptors have been discovered – the two ionotropic GABAA and 
GABAC receptors and the metabotropic GABAB receptor (Barnard et al., 1998). 
GABA

B

BB receptors act via a G protein to increase conductance in K+ channels 
(for review: Mehta and Ticku, 1999). The GABAA receptor coupled to the 
chloride ion channel can be modulated both positively and negatively. The 
neuroactive progesterone metabolite allopregnanolone, 3α-OH-5α-pregnane-20-
one (Allo) is one of the most potent positive GABAA receptor modulators. Allo 
has been associated with a number of symptoms and disorders such as impaired 
memory function and negative mood symptoms in women with premenstrual 
disorder. Allo is not only an active sex steroid metabolite but is also released in 
response to stress in both men (Droogleever Fortuyn et al., 2004) and women 
(Girdler et al., 2001).  
 
As the neuroactive steroid Allo is associated with hormonal symptoms, is 
released in stress and interacts with the ligand-gated GABAA receptor, it was of 
interest therefore to investigate further the relation between neuroactive steroids 
and GABAA receptor function. In this thesis, I have examined the effects of sex 
and stress steroid metabolites on GABAA receptor function in the rat brain.  

Neuroactive steroids 
Hormones can be divided into different groups: 1) water-soluble, including a) 
amino acid derivates and b) peptides and proteins, and 2) fat-soluble, including 
steroids (Berne et al., 1998). Steroid hormones are synthesized from cholesterol 
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in the adrenal glands, in the gonads and in the placenta. They play a major role 
in sexual development and behavior. Some of the steroid hormones can also be 
synthesized de novo in the brain. Steroid hormones can further be divided into 
three classes, 1) androgens (e.g. testosterone), 2) estrogens (e.g. estradiol) and 3) 
progestines (e.g. progesterone) (Falkenstein et al., 2000). Steroid hormones can 
easily penetrate the cell membrane and bind to specific intracellular receptors, 
thereby influencing gene expression. This type of action takes minutes to hours 
or even days for full expression. However, hormones can also exert their effect 
within seconds to minutes by binding to specific receptors in the cell membrane 
(Makara and Haller, 2001).  

Synthesis  
The synthesis of steroid hormones and other neuroactive steroids in CNS starts 
with cholesterol or with steroidal precursors transported to the brain via the 
bloodstream from peripheral organs. Cholesterol can also be synthesized locally 
within the brain and the peripheral nerves (Morell and Jurevics, 1996) and in 
cultured glial cells (Hu et al., 1989; Jung-Testas et al., 1992). The enzymes 
necessary for the synthesis of neuroactive steroids can be divided into two main 
groups: The cytochrome P450s and the non-P450 group that are in general either 
mitochondrial or microsomal (Mellon and Vaudry, 2001). Cytochromes P450 
are oxidases, able to catalyze the oxidative conversion of not only many steroids 
but also of lipids, various xenobiotics and environmental toxins (Miller, 1988). 
 
The first step in the synthesis of all steroid hormones is the conversion of 
cholesterol to pregnenolone (PREG) by P450scc (Baulieu et al., 2001; Mellon 
and Vaudry, 2001) (Fig. 1). P450scc is a mitochondrial-specific hydroxylase 
involved in cholesterol side-chain cleavage (SCC) (Baulieu et al., 2001; Mellon 
and Vaudry, 2001) that has been found in myelinating glial cells, in isolated 
oligodendrocytes (Hu et al., 1987) and also in neurons (Baulieu et al., 2001). 
PREG can then be oxidized to progesterone (PROG) by the 3β-hydroxysteroid 
dehydrogenase-isomerase enzyme (3β−HSD) located in the endoplasmic 
reticulum (Mellon and Vaudry, 2001). The enzyme 3β−HSD consists of several 
isoforms that are present in the rat peripheral nervous system and in most parts 
of the rat brain where they are found in glial cells and in neurons (Guennoun et 
al., 1995; Guennoun et al., 1997; Sanne and Krueger, 1995). 
 
Both PREG and PROG can undergo 17α-hydroxylation to 17α-
hydroxypregnenolone and 17α-hydroxyprogesterone (Baulieu et al., 2001; 
Mellon and Vaudry, 2001). The 17α-hydroxylated PREG can then be 
metabolized to dehydroepiandrosterone (DHEA) and further to androstenedione, 
testosterone or estradiol. 17α-hydroxyprogesterone undergoes the 
transformation to androstenedione directly (Mellon and Vaudry, 2001) or may 
be metabolized to 11-deoxycortisol and further to cortisol (Fig. 1).  
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Figure 1. Diagram of the sterogenetic pathways. The synthesis of allopregnanolone, THDOC, 
cortisol and corticosterone. Enzymes involoved are indicated at the arrows.  
 
Progesterone can also enter a number of biochemical pathways via the 5α-
reductase-3α-hydroxysteroid dehydrogenase (5αR-3αHSD) enzymatic system 
to form a variety of neuroactive steroids such as Allo and 3α5α-
tetrahydrodeoxycorticosterone (THDOC) (Celotti et al., 1992) (Fig. 1). The 
5αR-3αHSD is very adaptable. Steroids with the delta 4-3 keto configuration 
are first 5α-reduced by 5αR, which may enhance the activity of the given 
steroid (Melcangi et al., 1999). The configuration is subsequently 
3α−hydroxylated by 3α-HSD, which modifies the steroids so that their 
metabolites can act on receptors other than typical genomic steroid receptors 
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(Melcangi et al., 1999). PROG is metabolized by 5αR into dihydroprogesterone 
(DHP) and subsequently by 3αHSD into Allo, and deoxycorticosterone (DOC) 
is metabolized into 5α-dihydrodeoxycorticosterone (DHDOC) and further to 
THDOC (Melcangi et al., 1999). The 5αR-3αHSD is also involved in 
metabolism of cortisol and corticosterone into 3α-OH, 5α-cortisol, 
allotetrehydrocortisol (Allo-THF); 3α-OH, 5β-cortisol, tetrahydrocortisol (THF) 
and 3α-OH, 5β-cortisone, tetrahydrocortisone (THE) (Tsilchorozidou et al., 
2003) (Fig. 2).   

Allopregnanolone 
The 3α-hydroxy-A ring-reduced pregnane steroid, Allo is synthesized in the 
brain (Melcangi et al., 1999), in the human corpus luteum of the ovary (Ottander 
et al., 2005), and in adrenal cortex (Corpechot et al., 1993; Purdy et al., 1991). 
The corpus luteum is formed in ovulatory menstrual cycles. The menstrual cycle 
starts with menstrual bleeding during day 1–5, followed by the follicular phase 
days 6–12, the ovulatory phase days 13–15, the luteal phase days 16–23 and 
finally the premenstrual phase days 24–28 (Mumenthaler et al., 2001). In 
anovulatory cycles, where no corpus luteum is formed, either progesterone or 
Allo is synthesized (Backstrom et al., 2003). The level of Allo in both brain and 
plasma correlates well with the level of progesterone (Paul and Purdy, 1992; 
Wang et al., 1996). In ovulatory menstrual cycles, Allo concentration varies 
with the different phases. Circulating levels of Allo have been measured and 
found to be two to four times higher in the luteal phase than in the follicular 
phase (for review: Havlikova et al., 2006; Wang et al., 2001). The highest 
concentration of Allo is however reached during pregnancy (Bixo et al., 1997; 
Paul and Purdy, 1992). In the third trimester of human pregnancy, plasma levels 
of Allo and pregnanolone were approximately 100 nM (Paul and Purdy, 1992). 
In both cycling and pregnant rats, Allo levels in the brain are higher than in 
plasma (Corpechot et al., 1993).  
 
In rat CNS, it is thought that the regulation of Allo is through an elimination 
pathway of hydroxylation of 3β-OH-5α-pregnane-20-one (Stromstedt et al., 
1993). Allo is first converted to DHP catalyzed by 3α-HSD and then to 3β-OH-
5α-pregnane-20-one by 3β-HSD. 3β-OH-5α-pregnane-20-one is then further 
hydroxylated into more polar metabolites (Stromstedt et al., 1993). Circulating 
levels of the 3β-OH-5α-pregnane-20-one seem to be approximately half the 
level of Allo in both the follicular and luteal phases (Havlikova et al., 2006).  

The clinical relevance of allopregnanolone 
Allo levels in brain and plasma have been associated with varied modulation of 
the behavioral and biochemical responses to multiple conditions, e.g. anxiety, 
depression, stress, convulsions, and sleep (Paul and Purdy, 1992). In fertile 
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women, a variety of symptoms and disorders have been related to the ovulatory 
menstrual cycle. The most common symptom pattern is the premenstrual 
dysphoric disorder (PMDD) or the less severe premenstrual syndrome (PMS) 
(for review: Backstrom et al., 2003). The symptoms begin in the luteal phase, 
and resolve within a few days after the onset of menstrual bleeding (Sundstrom 
et al., 1999). The typical symptoms of PMDD and PMS, irritability, anxiety, 
memory impairment and mood changes, require ovulation and the consequent 
formation of a corpus luteum (Rapkin et al., 1997; Sundstrom et al., 1999; Wang 
et al., 2001) and are therefore related to the secretion of progesterone and Allo. 
The memory impairment has also been shown in rats by Morris Water Maze 
where the effect of Allo was achieved rapidly after injection (Johansson et al., 
2002). Rats showed clear memory impairment when Allo was injected 8 minutes 
but not 20 minutes before test (Johansson et al., 2002). 
 
In women with partial epilepsy a symptom pattern has also been described (for 
review: Backstrom et al., 2003). The frequency of epileptic seizures in the luteal 
phase is low, while seizure frequency increases during menstruation (Backstrom 
et al., 2003). In pregnancy, where the serum level of Allo rises (Luisi et al., 
2000), it is thought that Allo may contribute to the psychological changes seen 
in pregnancy and postpartum (Majewska et al., 1989). Allo has also been linked 
to depression, as a difference in the concentration of 3α-reduced neuroactive 
steroids has been observed in patients suffering from major depression, 
compared to healthy controls (for review: Eser et al., 2006). In depressed 
patients, the concentration of Allo is decreased in both plasma (Eser et al., 2006; 
Romeo et al., 1998) and cerebrospinal fluid (CSF) (Eser et al., 2006; Uzunova et 
al., 1998) compared to healthy controls. When plasma and CSF levels of Allo 
decreased, levels of 3β-OH-5α-pregnane-20-one increased (Romeo et al., 1998).  

Neuroactive steroids and stress response 
Both Allo and THDOC are released after stress stimuli. The concentration of 
Allo and THDOC increased approximately 4–8 fold in rat cortex and plasma 
after exposure to acute stress (Barbaccia et al., 1998; Purdy et al., 1991; Serra et 
al., 2000). The concentrations of Allo and THDOC peaked 10 to 30 minutes 
after stress stimuli (Barbaccia et al., 1998; Purdy et al., 1991; Reddy, 2003; 
Serra et al., 2000). Neither Allo nor THDOC were detectable in plasma before 
or after stress stimuli in adrenalectomized rats (Purdy et al., 1991). However, 
levels of Allo but not of THDOC were measurable in the brain of the 
adrenalectomized rats (Purdy et al., 1991).  
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Figure 2. Pathways of cortisol metabolism. The synthesis of tetrahydrocortisol, 
allotetrahydrocortisol and tetrahydrocortisone. Enzymes involved are indicated at the arrows. 
 
In contrast to Allo, which can be synthesized both de novo in the brain and in 
the adrenal cortex during stress, THDOC appears to be derived almost 
exclusively from the adrenal cortex but can be converted from its precursor in 
the brain (Reddy, 2003). In rats, plasma levels of Allo and THDOC are normally 
about 1–5 nM but increase to about 15–30 nM after acute stress stimuli 
(Barbaccia et al., 1998; Reddy and Rogawski, 2002) and to about 40–60 nM 
during pregnancy (Concas et al., 1998). Levels of Allo and THDOC in the brain 
increase from approximately 20 nM in control rats to 100–140 nM after 
exposure to foot shock stress (Barbaccia et al., 1998).  
 
Stress is often associated with an unpleasant event. Indeed, stressful events are 
defined as events that promote activity in physiological systems (McEwen, 
2002). Stress responses are initiated by activation of the HPA axis that are 
thought to be beneficial in acute stress (Dubrovsky, 2000) while in chronic 
stress, continuous activation of the system can lead to pathological states 
(Reagan and McEwen, 1997). Stressors initiate the release of corticotropin 
releasing hormone (CRH) from the hypothalamus via e.g. the limbic system 
(emotion of fear and anxiety) (Herman et al., 2005). CRH stimulates the 
secretion of adrenocorticotropic hormone (ACTH) from the anterior pituitary, 
which in turn triggers the release of glucocorticoids from the adrenal cortex. The 
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adrenal cortex also secretes mineralocorticoids and sex hormones (Berne et al., 
1998). However, stressors also activate the sympathetic nervous system that 
induces the secretion of catecholamines from the adrenal medulla (Korte, 2001).  
 
After HPA axis stimulation, glucocorticoids and mineralocorticoids are released 
(Dubrovsky, 2000). In humans, both corticosterone and cortisol are secreted, but 
the predominant glucocorticoid is cortisol (Ganong, 1997). The peak 
concentration of cortisol in plasma is reached after about 30 minutes 
(Florkowski et al., 1996). Cortisol has a half-life of 60–90 minutes (Ganong, 
1997). In humans, about 50% of secreted cortisol is metabolized to Allo-THF, 
THF and THE (Fukushima et al., 1960) (Fig. 2). The 11β-hydroxysteroid 
sehydrogenase (11β-HSD), catalyses the interconversion of active cortisol and 
its inert 11-keto forms, cortisone (Seckl and Walker, 2004) (Fig. 2). 
 
In rats on the other hand, corticosterone is the predominant glucocorticoid but 
cortisol is also released (Carroll et al., 1975). In rat brain, glucocorticoid levels 
can reach up to 1 µM with peak concentrations occurring 30 minutes after stress 
stimuli (Carroll et al., 1975; de Quervain et al., 1998; Makara and Haller, 2001). 
Glucocorticoids act via genomic intracellular mineralocorticoid and 
glucocorticoid receptors which are distributed throughout various brain regions 
(Korte, 2001; Wellman, 2001). However, glucocorticoids have also diverse non-
genomic effects (Borski, 2000; Majewska et al., 1985; Makara and Haller, 2001; 
Wheling, 1997). Cortisol metabolites have shown to reduce the GABA-mediated 
chloride ion flux and THDOC-enhanced muscimol stimulation (Penland and 
Morrow, 2004). As glucocorticoids and their metabolites activate ligand-gated 
receptors in rat brain, glucocorticoids can be defined as neuroactive steroids.  

The hormonal genomic pathway and the non-genomic pathway  
The physiological actions of steroid hormones, gonadal and adrenal steroids 
(androgens, estrogens and corticoids) are generally exerted via genomic 
intracellular receptors and therefore may take several hours or even days (Paul 
and Purdy, 1992). In contrast, other progesterone metabolites, neuroactive 
steroids, can produce their effects via non-genomic receptors within minutes or 
even seconds (Paul and Purdy, 1992). Most steroids are transported in the blood 
bound to corticosteroid-binding globulin (CBG, transcortin), sex-hormone 
binding globulin (SHBG) or albumin (Ganong, 1997). Bound steroids appear to 
be physiologically inactive and act as a circulating reservoir. The proportion of 
steroids that is free in plasma is only about 2–4% (Ganong, 1997). The ability to 
penetrate the blood-brain barrier by free diffusion depends on the number of 
hydrogen bonds the compound forms in aqueous solution. Sex steroid hormones 
penetrate easily into the brain, in contrast to cortisol which doesn’t (Pardridge 
and Mietus, 1980b). Steroids bound to albumin seem to be transported into the 
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brain, while CBG- or SHBG-bound steroids do not enter the brain (Mellon and 
Vaudry, 2001; Pardridge and Mietus, 1980a).  
 
Estrogen and progesterone are two typical steroid hormones that have 
intracellular receptors. The estrogen receptor consists of two isomers, ERα and 
ERβ, and the progesterone receptor (PR) consists of two receptors, PR-A and 
PR-B (Ganong, 1997). When the hormones reach the target cell, they can easily 
release the carrier protein and diffuse through the cell membrane. Inside the cell, 
the steroid hormone binds to a specific receptor protein, forming the 
hormone/receptor complex (Falkenstein et al., 2000). The complex is activated 
and able to bind to specific regions of the DNA, called the hormone response 
elements. The genomic effects are then followed – either by genetic 
transcription or gene repression. The gene transcription produces messenger 
RNA (mRNA), which then codes for the production of specific proteins while 
gene repression inhibits the transcription (Falkenstein et al., 2000). 
 
Non-genomic effects are exerted via a different pathway. Non-genomic steroid 
effects are achieved within seconds or minutes, and invariably within 15 minutes 
(Makara and Haller, 2001). Non-genomic effects can also be rapidly washed out 
after steroid removal (Borski, 2000; Makara and Haller, 2001; Wheling, 1997). 
Blocking genomic receptors makes it possible to investigate whether a specific 
steroid effect is exerted via non-genomic receptors. If the steroid effect is intact, 
the action is made via the non-genomic pathway (Makara and Haller, 2001). 
Cell preparations in which the nuclei are no longer intact can be regarded as 
forming a non-genomic environment (Makara and Haller, 2001).  

Synaptic transmission 
Most neuronal communication involves transmitting electrical signals from one 
cell to another through chemical synapses. Cell communication in myocardial 
cells for example, can also be via direct rapid passage of an electrical current, 
called electrical transmission. These cells are joined together by gap junctions 
that allow conduction in both directions (Berne et al., 1998). Cells with chemical 
synapses communicate by releasing transmitters. The transmitters are released 
from the presynaptic neuron into the extracellular synaptic cleft and bind to 
receptors on the postsynaptic membrane (Fig. 3). The time it takes for 
transmitters to bind to the postsynaptic receptor after entering the synaptic cleft 
is called synaptic delay. Classical transmitters, such as acetylcholine and GABA 
are synthesized in the cytoplasm of the nerve terminals, while the synaptic 
vesicles are produced in the cell body and transported through the axon to the 
nerve terminals (Reimer et al., 1998). The transmitters are packaged in the 
synaptic vesicles by the Golgi complex (Rothman, 1996). The filled vesicles are 
then stored in clusters close to the presynaptic membrane. The neurotransmitters 
are released by exocytosis, triggered by influx of Ca2+ ions through the 
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presynaptic membrane (Evans and Zamponi, 2006). The Ca2+ ion influx occurs 
momentarily when voltage-gated calcium channels open as a result of 
stimulation by action potentials (Ganong, 1997). The entry of Ca2+ ions causes 
the synaptic vesicles to fuse with the membrane and release their contents into 
the synaptic cleft. The amount of transmitters in one vesicle is called a quantum 
(Edwards et al., 1990; Reimer et al., 1998). 
 
The chemical receptors can be divided into two groups, depending on whether 
they achieve direct gating or indirect gating of the ion channels. In direct gating, 
the chemical receptor is coupled to an ion channel and is called ionotropic 
receptor. These receptors mediate fast inhibitory or excitatory neurotransmission 
with a time course of activation of 1–100 ms (Luddens and Korpi, 1995). When 
the neurotransmitter binds to the receptor, the receptor undergoes a 
conformational change that opens the channel. The indirect chemical 
transmission is slower, about 0.1 s to minutes, since the receptor and the ion 
channel are separate and the communication is mediated by a second messenger 
(Luddens and Korpi, 1995). When the receptor has been bound by a 
neurotransmitter, a GTP-protein (G-protein) is activated. The G-protein activates 
a second messenger cascade that can for example result in modulation in protein 
expression or in ion channel activity, such as the GABAB receptor.  B

Neurotransmitters 
There are several criteria that must apply before a substance can be accepted as a 
transmitter substance (Berne et al., 1998; Pinel, 2000).  
1) The substance has to be found and synthesized in the presynaptic cell. 
2) The substance has to be released by the presynaptic cell as a response to a 
specific stimulus. 
3) The postsynaptic cell response upon external application of the substance 
must be the same as that produced by stimulating the presynaptic cell. 
4) The effects of presynaptic stimulation and the external application of the 
substance should be similarly affected by drugs.   
5) After release in the synaptic cleft, the neurotransmitters must undergo 
deactivation. The mechanisms of deactivation are through reuptake or through 
deactivation by enzymes.  
Neurotransmitters can be divided into four classes of small molecules: 
acetylcholine, biogenic amines, purines and amino acids (Purves et al., 2004). In 
addition, neurotransmitters can also belong to a class of large molecules, the 
neuropeptides and to the unconventional group, such as soluble gases. The most 
common amino acid neurotransmitters are glutamate, aspartate, glycine and 
gamma aminobutyric acid (GABA). Glutamate and aspartate are excitatory 
transmitters, while glycine and GABA are inhibitory neurotransmitters in adult 
mammals. Glutamate and GABA are the most common neurotransmitters in the 
CNS. 
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Figure 3. GABAergic synaptic transmission. GABA is synthesized from glutamate by 
glutamic acid decarboxylase (GAD) with the co-factor pyridoxal phosphate. GABA is packed 
into synaptic vesicles by vesicular inhibitory amino acid transporters (VIAAT) and released 
when an action potential reaches the postsynaptic terminal. GABA binds to different GABA 
receptors. Here is the ionotropic GABAA receptor presented. GABA activates the chloride ion 
channel coupled GABAA receptor by opening the chloride ion channel. Negative charged 
chloride ions flux into the postsynaptic cell and hyperpolarize it. Released GABA is recycled 
directly by reuptake into the presynaptic terminal, and indirectly via the glutamine cycle in the 
presynaptic terminal and in neighboring glial cells. In both cases the uptake is performed by 
the Na+-dependent plasma membrane transporter, GABA-transporter (GAT). (Figure 
reproduced with permission by Sinauer Associates Inc.) 
 
The inhibitory neurotransmitter GABA is synthesized from glutamate by the 
specific glutamic acid decarboxylase (GAD). The synthesis occurs in certain 
neurons, so called GABAergic neurons for example interneurons, e.g. stellate 
cells in the neocortex (Brodal, 1992; Peters, 2002), and cerebellar purkinje cells 
(Brodal, 1992). It has been estimated that GABA is the transmitter in about 30% 
of all synapses in CNS (Berne et al., 1998). Although GABA is the most 
common inhibitory transmitter in the vertebrate CNS, GABA acts as an 
excitatory transmitter both during development (Ben-Ari et al., 1997) and in low 
invertebrates (Arshavsky et al., 1993).  
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GABAA receptors 

GABAA receptor function, agonists and antagonists  
The GABAA receptor is a member of the ligand-gated ion channel (LGICs) 
superfamily, composed of five subunits that are arranged together to form an ion 
channel (Chebib and Johnston, 1999; Macdonald and Olsen, 1994) (Fig. 4). 
Each subunit has four transmembrane domains (Macdonald and Olsen, 1994). 
The ion channel is formed by subunits arranged in such way that the second 
transmembrane domains form the wall of the channel pore. When GABA binds 
to the receptor, the neuronal membrane conductance for chloride ions increases 
(Sieghart, 1992). After the ion channel has opened, the ion flux depends on the 
gradient across the membrane. The chloride ion concentration inside neuronal 
cells is normally low. Therefore, the gradient across the cell membrane will give 
rise to movement of the chloride ions into the cell. The increased chloride ion 
influx results in a membrane hyperpolarization, and neuronal excitability is 
reduced (Sieghart, 1995). However, the GABA activity can also lead to an 
excitation by inhibition of inhibitory neurons, so called disinhibition. GABAA 
receptors are activated by GABA and by structural analogues of GABA, e.g. 
muscimol (Macdonald and Olsen, 1994). The GABAA receptor can also be 
modulated by both agonists and antagonists. The two 3α-hydroxy-A ring-
reduced pregnane steroid metabolites, Allo and THDOC, are thought to be 
among the most potent neuroactive steroids (Majewska, 1992; Paul and Purdy, 
1992; Purdy et al., 1990). Allo and THDOC bind with high affinity to the 
ligand-gated GABAA receptor and act as positive allosteric modulators of the 
GABAA receptor (Paul and Purdy, 1992). Allo and THDOC increase the 
frequency and duration of the opening of the chloride ion channel and act in a 
similar way to benzodiazepines and barbiturates (Lambert et al., 1995; Paul and 
Purdy, 1992). It has been shown that Allo positively modulates GABAA receptor 
function even at nanomolar concentrations (Fodor et al., 2005). The synthetic 
steroid alphaxalone (5α-pregnane-3α-ol-11, 20-dione) is also a potent general 
anaesthetic steroid that mimics the endogenous progesterone metabolites by 
modulates the GABAA receptor function (Callachan et al., 1987; Harrison and 
Simmonds, 1984). Possibly one of the most commonly used drugs, ethanol, has 
a positive modulation of the GABAA receptor’s anxiolytic, sedative and 
anticonvulsant functions (for review: Luddens and Korpi, 1995). The two 
common drug classes benzodiazepines and barbiturates are agonists that 
allosterically modulate the binding of GABA (Macdonald and Olsen, 1994). 
Barbiturates but not benzodiazepines can also directly activate chloride ion 
influx (Macdonald and Olsen, 1994; Schwartz et al., 1984).  
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Figure 4. A schematic presentation of a GABAA receptor. When GABA binds to the receptor, 
chloride ions flux through the chloride ion channel. In presence of GABAA receptor agonists 
the chloride ion flux increase. (Figure reproduced with permission by Sinauer Associates Inc.) 
  
In contrast to the agonists, the antagonist bicucullin reduce the GABAA receptor 
function in a competitive way while picrotoxin blocks the receptor non-
competitively (Bormann, 2000). The convulsant, t-
butylbicyclophosphorothionate (TBPS), is thought to bind to the GABAA 
receptor in the closed state (Gee, 1988; Sieghart, 1992). As the TBPS binds to 
closed receptors, this binding is inhibited by GABAA receptor agonists such as 
GABA, muscimol, benzodiazepines and Allo. The positive GABAA receptor 
modulation by the neuroactive steroids shows marked stereoselectivity since the 
α-configuration of the hydroxyl group at C-3 of the steroid A ring is an 
important determinant of potency (Lambert et al., 1995). When the hydroxyl 
group at C-3 is in the β-configuration the steroids are suggested to be inactive on 
the GABAA receptor function, for example, the 3β-isomer of alphaxalone and 
Allo; betaxalone and 3β-OH-5α-pregnane-20-one respectively (Cottrell et al., 
1987; Harrison and Simmonds, 1984; Purdy et al., 1990). However, in presence 
of Allo, 3β-OH-5α-pregnane-20-one has shown to act as an antagonist by 
reduce the Allo effect (Wang et al., 2001). 
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Subunits and distribution 
Receptor sensitivity for GABA and for positive or negative modulators is 
governed by the type and stoichiometry of its subunits (Follesa et al., 2004). 
Sixteen different subunits of the GABAA receptor have been identified: α1-6, β1-3, 
γ1-3, δ, ε, π and θ (Barnard, 2001; Korpi and Sinkkonen, 2006; Pirker et al., 
2000). The second class of the ligand-gated ion channel, GABAC, is found in the 
retina and is made up of three additional subunits, ρ1-3 (for review: Enz and 
Cutting, 1998; Korpi and Sinkkonen, 2006). Despite the marked heterogenecity 
of the GABAA-receptor, only a limited number of these have been found 
(Sieghart, 1995; Sieghart et al., 1999; Wafford, 2005). It appears that at least one 
α, one β and one other such as γ, δ or ε are required to form a fully functional 
GABAA receptor (Chebib and Johnston, 1999). The subunit composition of the 
GABAA receptor is heterogeneous and region-specific throughout the CNS. The 
α1-subunit is the most prominent subunit in the rodent brain, often co-
distributed with β2 (Wisden et al., 1992). The γ2 variant is in turn often co-
localized with α1 and β2, an arrangement of subunits, α1β2γ2, which represents 
the most common subtype, making up about 43% of all GABAA receptors in the 
rat brain (McKernan et al., 2000; Pirker et al., 2000; Whiting, 2003; Wisden et 
al., 1992). Some of the subunits are more region-specific. The α6 subunit is 
expressed in cerebellar granule cells (Luddens and Korpi, 1995; Pirker et al., 
2000; Wisden et al., 1992), while α2β1(β3) and α5β1(β3) are most abundant in 
hippocampus (Wisden et al., 1992). However, more than one GABAA receptor 
composition can be co-localized in a single neuron (Macdonald and Olsen, 
1994). 

Kinetic properties of the GABAA receptor 
GABA binds to the GABAA receptor and thereby regulates the gating, i.e. the 
opening and closing, of the chloride ion channel (Macdonald and Olsen, 1994). 
The GABAA receptor has both high and low-affinity GABA binding sites 
(Macdonald and Olsen, 1994). At the high-affinity binding site nanomolar 
concentrations of GABA will activate the GABAA receptor, while the low-
affinity binding site requires micromolar concentrations. GABAA receptor 
binding studies have shown that the receptor has distinct binding sites for 
GABA, benzodiazepines, barbiturates and picrotoxin (Chebib and Johnston, 
1999; Macdonald and Olsen, 1994). Barbiturates, positive GABAA receptor 
modulators, typically exhibit a concentration-response pattern of enhancement 
of GABAA receptor function at nanomolar concentration but activation of the 
GABAA receptors at high (micromolar) concentrations (Ikeda et al., 1989; 
Wikinski et al., 2001). This pattern has also been observed for neuroactive 
steroids, suggests that some neuroactive steroids have two distinct binding sites 
on the GABAA receptor, one mediating enhancement and the other mediating 
activation (Belelli and Lambert, 2005). Recently, two distinct binding sites on 
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the GABAA receptor for Allo and THDOC have been found (Hosie et al., 2006). 
By comparing wild type and mutated GABAA receptors, it was further shown 
that Allo and 3α5α-THDOC bind to the same sites on the GABAA receptor 
(Hosie et al., 2006).    
 
GABAA receptor function can be increased in several ways, by increasing 
channel conductance, opening frequencies, burst frequencies and burst duration 
(Macdonald and Olsen, 1994). The negative modulators reduce GABAA receptor 
function by similar actions (Macdonald and Olsen, 1994). To investigate, 
compare and to at least some extent understand the mechanisms of substances, 
different models that are more or less complex have been suggested (Jones and 
Westbrook, 1995; Macdonald and Olsen, 1994). The model suggests different 
states of the GABAA receptor. In the present thesis a simplified model that 
previously has been adapted from Jones and Westbrook 1995 (Haage et al., 
2005) has been used to discuss the effect of the neuroactive steroids on the 
kinetic properties of the GABAA receptor (5). Unbound state (UB) and bound 
state (B) represent before and after GABA is bound to the receptor. When 
GABA is bound to the receptor, it can enter a closed, desensitized state (D) or an 
open state (O). Modulators of the GABAA receptor function affect the different 
kinetic parameters that drive the receptor to one state or another. 
 
 

Figure 5. The simplified kinetic model 
used here, shows four different states of 
the GABAA receptor, unbound (UB) 
where no GABA is bound, bound (B) 
when GABA is bound and the two 
different states the receptor can enter 
desensitized (D) and open state (O). In 
the open state it is possible for chloride 
ions to flux over the membrane. (Adapted 
from Haage et al 2005)

 
Benzodiazepines are thought to enhance GABAA receptor current by increasing 
open and burst frequencies without altering channel conduction or open duration 
(for review: Macdonald and Olsen, 1994). This could be explained by an 
increased association rate or a decreased dissociation rate only at the step from 
unbounded to the binding site (Macdonald and Olsen, 1994) (Fig. 5). To get this 
response, benzodiazepines could also reduce the rate of entry into a desensitized 
state without altering the gating of the bound GABAA receptor channel 
(Macdonald and Olsen, 1994). Barbiturates act like benzodiazepines by 
enhancing GABAA receptor function and also by activating the GABAA receptor 
channel in the absence of GABA (Macdonald and Olsen, 1994). The enhancing 
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effect of barbiturates is thought to depend on altering the gating of the channel 
once GABA is bound (Macdonald and Olsen, 1994). On the other hand, some 
steroids seem to enhance GABAA receptor current by increasing the channel 
opening frequency and mean open time of the GABA-evoked openings 
(Macdonald and Olsen, 1994). The mechanism for the prolongation is similar to 
that described for barbiturates, suggesting that steroids and barbiturates may 
modulate the GABAA receptor through at least one common mechanism 
(Macdonald and Olsen, 1994). However, the potent positive GABAA receptor 
modulator Allo has been suggested to decrease the rate from bound state to 
unbound state (Haage et al., 2005) that is in line with the mechanism of 
benzodiazepines. 
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Aims 
The 3α-hydroxy-A-ring reduced pregnane steroids have been shown to 
positively modulate the GABAA receptor function while the 3β-steroids are 
inactive. Previously studies have further shown that the 3β-isomer of Allo can 
act as an antagonist in presence of Allo. Different hypothesis have been made if 
the effect of the 3β-steroids are dependent of the degree of GABAA receptor 
activity or selectively on the Allo enhancement.  
It was therefore of interest to further study the effect of the 3β-steroids on the 
GABAA receptor function.  
 
The aims of the thesis were to: 
 

 Investigate how 3β-OH-5α-pregnane-20-one interacts with different 
GABAA receptor agonists and to see if 3β-OH-5α-pregnane-20-one 
selectively reduces the Allopregnanolone enhanced GABA mediated 
chloride ion uptake 

 
 Investigate the effect of five different 3β-steroids on GABA and 

Allopregnanolone effect in different brain regions by both chloride ion 
uptake and by patch clamp technique 

 
 Study the effect of the 3β-steroid, 5β-pregnane-3β, 20(R)-diol and 

Pregnenolone sulfate of the kinetic parameters of the current response to 
GABA application and on sIPSCs both in the presence and in the absence 
of Allopregnanolone 

 
 Investigate the effects of glucocorticoid metabolites on the chloride ion 

uptake in presence of Allopregnanolone and/or of GABA and to study if 
3β-OH-5α-pregnane-20-one interacts with the glucocorticoid metabolites. 
Further, to investigate if the efficacy and the potency of the 5β-isomer of 
THDOC are similar to THDOC and Allopregnanolone  
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Material and Methods 
In the present thesis sex and stress steroids were investigated, in vitro, on the 
GABAA receptor function in rat brain. To answer the raised questions, three 
different methods were used; the radio labeled TBPS binding assay, the radio 
labeled chloride ion uptake assay and the patch-clamp technique.  

Animals 
When the effect of sex and stress steroids is investigated it is important that the 
endogenous levels of these are as similar as possible between the rats. Therefore, 
in order to avoid fluctuating steroid levels due to the estrus cycle, non stressed 
male rats were used in all experiments.  
 
Adult Wistar rats, 240 – 320 g, were used for the chloride ion uptake assay as 
well as for the TBPS binding study. Sprague-Dawleys rats 50 – 120 g were used 
for the patch-clamp experiments. The difference in rat strains was due to 
practical reason. Due to a higher level of neuronal survivor and a higher 
patching success rate usually comparatively young rats are used for patch-clamp 
experiments. All animals were housed and handled by same procedures. The 
experimental protocols were approved by the Animal Experiment Ethics 
Committee in Umeå. 

Substances 
Steroids are often low polar compounds and therefore have poor solubility in 
aqueous solutions. Because of that, solvents such as ethanol and Dimethyl 
sulfoxide (DMSO) are often needed. However, both ethanol and DMSO 
modulate the GABAA receptor function. Therefore, in the present thesis the 
following protocol was used for lipophilic steroid: They were first dissolved in 
99.5 % ethanol followed by evaporation at the wells of 96-wells plates, for the 
chloride ion uptake assay, or in bottles, for the TBPS binding study and the 
patch-clamp experiments. The steroids were then dissolved in buffer on a 
shaking table or in the ultra sound bath. This procedure allows the steroids to 
display a better solubility in aqueous buffer. This may be a result of a less 
regular crystalline structure is formed, which allows these low polar steroids to 
dissolve in an aqueous media.  

[35S]TBPS binding assay 
TBPS is a convulsant that inhibits the GABAA receptor function (Majewska, 
1992). TBPS bind to receptors that are in the closed state. Positive GABAA 
receptor modulators inhibit the binding of the TBPS (Majewska, 1992). By the 
radiolabeled t-butylbicyclophosphorothionate, [35S]TBPS, binding assay, it is 
possible to investigate the effect of substances on the GABAA receptor function 
at a population of GABAA receptors in a specific brain region. The TBPS 
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binding study is a well established method to study the GABAA receptor 
function in a non-genomic situation. Since it is the binding of TBPS with a long 
incubation time and not the actual chloride ion flux that are studied, the variation 
between samples are low. The TBPS binding study was used in paper I to study 
the interaction between Allo and 3β-OH-5α-pregnane-20-one in rat cerebral 
cortex. The homogenate of the cerebral cortex was prepared by dissection and 
homogenization in PBS buffer, pH 7.2. The homogenate was then washed twice 
by centrifugation at 34000 x g for 30 minutes. After the washing step, the pellet 
was resuspended in PBS. The homogenate was then incubated in a TBPS 
mixture that also contained steroids and GABA. In this step the TBPS binds to 
GABAA receptors depending on how the steroids have modulated the receptor. 
After incubation, the mixture with the homogenate was filtrated through a glass 
fiber filter. The filter bound radioactivity was measured by liquid scintillation 
counting.  

Chloride ion uptake assay 
In contrast to the TBPS binding study, the chloride ion uptake assay makes it 
possible to measure the chloride ion influx into brain microsacs via the GABAA 
receptor. The homogenate use for the chloride ion uptake assay is a crude 
membrane fraction where microsacs are constructed by fusion of intact pieces of 
the cell membrane. This cell preparation, with an inactive nucleus, gives a non-
genomic situation. In paper I, II and IV, the chloride ion uptake assay was used 
in different brain regions. The brain region of interest was homogenized in a 
standard extracellular buffer, pH 7.5. The homogenate was then gentle washed 
twice by centrifugation at 1000 x g for 15 minutes. The final pellet was 
dissolved in the buffer and allowed to acquire room temperature for minimum 
10 minutes. Thereby the microsacs were achieved. Microsacs contain intact 
GABAA receptors and have the ability to preserve a membrane potential 
(DeLorey and Brown, 1992; Macdonald and Olsen, 1994). Therefore, the 
response of GABA agonists or antagonists can be measured with radiotracer ion 
[36Cl-] influx or efflux. The chloride ion uptake assay is a well established 
method used to investigate negative and positive modulators on the GABAA 
receptor function. Our group has developed the system by using 96-well 
micriplates and the cell harvester system. In all chloride ion uptake experiments 
the 96-wells microplates were prepared with steroids of interest, GABA and the 
isotope [36Cl-]. The reaction was started by adding the homogenate to the 
prepared wells. GABA and the tested steroids were bounded to the GABAA 
receptors and allowed chloride ion flux into the microsacs. The reaction was 
terminated after about 4-5 seconds by suction of the content in the wells into a 
cell harvester. At the same time, the wells were washed with cold buffer 
containing picrotoxin, the GABAA receptor blocker. The microsacs were caught 
on glass fiber filters under vacuum. The filter-bound radioactivity could then be 
measured by liquid scintillation spectroscope. By using the cell harvester system 
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it was possible to receive up to 400 samples in one experiment depending of the 
volume of the homogenate. For smaller brain region such as amygdala and 
preoptic area, it should be necessary to pool these regions from many animals to 
get enough volume of the homogenate for one experiment. In the chloride ion 
uptake assay where the chloride ions flux into the microsacs in the range of 
seconds the variation between samples are higher compared to the TBPS 
binding study. In the present thesis each sample was therefore performed in 
three, four or nine replicates depending on the amount of tissue that was 
obtained from each individual. Further, the homogenate without adding any 
substance gives a quantifiable basal uptake. In each experiment a number of 
samples where homogenate with only isotope added were included. Data are 
expressed as the net uptake; the uptake involving the substances minus the basal 
uptake in the homogenate (without any substance added).   

Patch-clamp recording 
When neurons are acutely dissociated by using the vibro dissociating technique 
presynaptic terminals are often coisolated. Thereby, the spontaneous release of 
GABA from these presynaptic terminals which underlies spontaneous inhibitory 
postsynaptic currents (sIPSC) may be studied using the patch-clamp technique. 
In the patch-clamp technique the current or the potential over the postsynaptic 
cell membrane is measured. When the patch-clamp technique is performed 
under voltage clamp conditions the membrane potential is held at a fixed level 
by a feedback amplifier system. The measured parameter is the current needed 
to maintain this potential. In contrast to the chloride ion uptake assay where a 
bulk response from a large number of neurons is investigated the patch-clamp 
technique measure the electrical response from a single neuron or even a single 
channel. This gives the possibility to study cells from a very small and specific 
part of the brain. In paper II and III, the GABAA receptor function was 
investigated by the patch-clamp technique under voltage clamp condition on 
neurons from medial preoptic nucleus (MPN). A block of the rat brain 
containing the MPN was cut out and sliced by a vibroslicer. The neurons were 
then isolated by vibrodissociation with a thin glass rod (Vorobjev, 1991). By the 
use of mechanical dissociation, instead of enzymes, neurons on which responses 
from sIPSCs and externally applied GABA could be measured were obtained. 
In order to preserve the internal cellular components of the cell while allowing 
control over internal Na+, K+, Cl- concentrations the ampothericin B perforated 
patch technique was used (Horn and Marty, 1988). In the perforated patch 
technique the pipette containing intracellular solution is attached to the cell by 
gentle suction without disruption of the cellmembrane. The amphotericin B is 
then perforating the cell membrane by incorporation of small pores permeable 
only to monovalent ions. A steady holding potential of –17 mV was used in all 
experiments, after compensation for the liquid-junction potential (Neher, 1992). 

 27



Extracellular solutions with or without test substances were applied by a gravity-
fed perfusion system controlled by solenoid valves. 
For the investigation of sIPSCs, the current was recorded in EC solution for 30-
60 s followed by a 60 – 300 s test period with 3β-steroids and/or Allo. To allow 
for near steady state conditions the first 30 s interval was not used in the 
analysis. When applying external GABA in absence or presence of steroids, the 
applications were 2 s long and given every 30 s with four replications. In 
contrast to the sIPSCs the current responses from the externally applied GABA 
varied between the neurons. Therefore all data from external applications are 
presented relative to a control.   

Statistical Analysis 
The concentration-response data in all papers were fitted to the sigmoid function 
using the Hill equation. In paper I, the curve fitting were done with Sigma Plot 
Software, using the Hill equation as follows: E = E0 + Emax x Cn/ (ECn

50 + Cn), 
where C is the concentration of test substance, EC50 is the concentration of test 
substance that produced half-maximum potentiation, n is the Hill coefficient, 
Emax is the maximum Cl- uptake response and E0 is the estimated Cl- uptake 
response in the absence of test substance.  
For paper II – IV, the data analysis of concentration-response data was fitted to 
the sigmoid concentration-response equation: Y = Minimal response + 
(Maximal response – Minimal response)/(1+10^((LogEC50–X)*Hill Slope)) 
with GraphPad Prism. In paper I and paper IV, analysis of variance (ANOVA) 
with repeated measures followed by post hoc least significant difference test 
(LSDT) was used to evaluate the Cl- uptake parameters. In paper II and III, 
ANOVA with the Kruskal Wallis non-parametric test was used to evaluate the 
Cl- uptake and the patch-clamp parameters. When the initial ANOVA test was 
significant, a post hoc test, the Mann Whitney test with Bonferroni adjustment, 
was performed. The non-parametric Mann-Whitney test with Bonferroni 
adjustment was used to compare the effect of single concentrations of 
substances with the control value.  
In all papers, all values in the text are displayed as mean ± SEM. The P-value of 
< 0.05 was used for significance. The SPSS statistical package version 10.0 was 
used for all ANOVA and Mann-Whitney tests. 
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Results and Discussion 
The allopregnanolone enhanced effect can be reduced by 
3β-OH-5α-pregnane-20-one in a selective way (paper I) 
Allo and THDOC have been showed being extremely potent as sedative-
anesthetic agents by modulating the GABAA receptor function (Paul and Purdy, 
1992). Furthermore, Allo has been associated with symptoms related to the 
menstrual cycle such as PMDD and PMS symptoms (Backstrom et al., 2003). 
Both Allo and THDOC are increased during stress (Barbaccia et al., 1998; Purdy 
et al., 1991; Serra et al., 2000). The pregnane steroids having 3β-configuration 
of the hydroxyl group of the C-3 of the steroid A-ring has been suggested to be 
inactive on the GABAA receptor function (Cottrell et al., 1987; Harrison and 
Simmonds, 1984; Purdy et al., 1990). However, in presence of Allo, the 3β-
isomer 3β-OH-5α-pregnane-20-one has been shown to reduce the Allo effect 
(Wang et al., 2000). Therefore, in paper I, the effect of 3β-OH-5α-pregnane-20-
one and the interaction with Allo were further investigated both by TBPS 
binding and by GABA mediated chloride ion uptake in rat cerebral cortex. By 
the chloride ion uptake assay, the effect of 3β-OH-5α-pregnane-20-one was also 
studied in presence of the common positive GABAA receptor function 
modulators; Allo, benzodiazepine (flunitrazepam) and barbiturate 
(pentobarbital) as well as in presence of both high and low concentration of 
GABA.   

The effect of 3β-OH-5α-pregnane-20-one on the GABA 
mediated allopregnanolone enhancement 
GABA as well as GABA agonists such as muscimol stimulate the GABAA 
receptor function in a concentration dependent way, which has been shown by 
different methods (Hawkinson et al., 1994; Luu et al., 1987). In paper I, the 
chloride ion uptake assay was used to evaluate the EC50 value of GABA, 0 – 
1000 µM, in rat cerebral cortex. By Hill equation a best fit curve from the 
concentration dependent increase was drawn and the EC50 value of 8.95 µM was 
calculated. To be able to measure both the increasing and the decreasing effects 
of GABA, 10 µM GABA was used for all further chloride ion uptake and TBPS 
binding studies in paper I. 
Neuroactive steroids have shown a correlation between the inhibition of TBPS 
and enhancement of GABA evoked current (Hawkinson et al., 1994). Allo is 
suggested to be particularly potent by enhancing the GABA response already at 
the concentration range of 10-30 nM (Callachan et al., 1987; Paul and Purdy, 
1992). Allo has been shown to inhibit the TBPS binding by maximal 87 % and 
obtains an IC50 value of 37 nM (Hawkinson et al., 1994). Allo, in the 
concentration interval 0.1 – 1000 nM, was shown to reduced the TBPS binding 
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in a concentration dependent way (IC50 = 60 nM, paper I). When the interaction 
between Allo 0.1 – 1000 nM and 30 µM 3β-OH-5α-pregnane-20-one, was 
investigated no effect of 3β-OH-5α-pregnane-20-one was observed. Previous 
binding studies have shown that 3β-OH-5α-pregnane-20-one reduces the Allo 
enhancement of [3H]flunitrazepam binding (Prince and Simmonds, 1993). This 
indicates that the interaction can be measured both by chloride ion flux assay 
and by [3H]flunitrazepam binding studies but not with the TBPS binding study. 
Therefore, the interaction studies were investigated with the chloride ion uptake 
assay.  
 
Allo enhanced the GABA mediated chloride ion uptake in a concentration 
response way that was shown in paper I. The maximal enhancement of Allo was 
almost 170 % of control and the EC50 value about 200 nM. 
When applied 3β-OH-5α-pregnane-20-one, 3 – 30 µM, in presence of different 
concentrations of Allo; 50 – 3000 nM the interaction could be measured by the 
chloride ion uptake (Fig. 6). 3β-OH-5α-pregnane-20-one reduced the Allo 
enhancement in a concentration dependent way (IC50 = 12.25 µM in presence of 
1 µM Allo). Previously, 3β-OH-5α-pregnane-20-one has been suggested to act 
in a non-competitive way (Wang et al., 2002; Wang et al., 2000). This was in 
line with the results in paper I, where the 3β-OH-5α-pregnane-20-one reduced 
the efficacy of Allo without alter the concentration response curve of Allo. 
Maximal reducing effect of 133 % was seen by 30 µM 3β-OH-5α-pregnane-20-
one on 1 µM Allo (Fig. 6). This gives a concentration ratio between 
agonist:antagonist 1:30. This ratio was used for all further interaction studies 
throughout the thesis.  
 
 

Figure 6. The GABA mediated 
Allo enhanced chloride ion 
uptake is reduced by 3β-OH-
5α-pregnane-20-one in a 
concentration dependent way. 
All values are presented as 
mean percentage ± SEM of 
control, the response of 10 µM 
GABA set as 100 %. Allo at 
the concentration of 3 µM, 
enhanced the GABA mediated 
chloride ion uptake by maximal 
170 %. The maximal reducing 
effect of 3β-OH-5α-pregnane-
20-one was achieved at 30 µM 
on 1 µM Allo enhanced effect.  
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The effect of 3β-OH-5α-pregnane-20-one on GABA and on 
positive GABAA receptor modulators 
In paper I, it was shown that 3β-OH-5α-pregnane-20-one reduced the effect on 
Allo enhancement without shift the concentration response curve of Allo. The 
effect of the 3β-steroid was higher in high concentration of Allo, up to 1 µM, 
indicating that the reducing effect may be dependent of the degree of the 
GABAA receptor activation. However, Wang and coworkers (2000), showed 
that 3β-OH-5α-pregnane-20-one reduced the Allo enhancement of the muscimol 
effect, without interacting with muscimol in absence of Allo and therefore 
suggested that 3β-OH-5α-pregnane-20-one selectively reduced the Allo effect. 
The investigation of the interaction between 3β-OH-5α-pregnane-20-one and 
other positive GABAA receptor function modulators, flunitrazepam 
(benzodiazepine) and pentobarbital (barbiturate) was therefore proceeding. 
Benzodiazepines have been shown to exert a biphasic concentration dependent 
response on chloride ion flux (Ikeda et al., 1989; Schwartz et al., 1986; Wikinski 
et al., 2001). Benzodiazepines up to micromolar concentration increase the 
chloride ion uptake while at higher concentrations the ion flux was decreased 
(Wikinski et al., 2001). Both barbiturates and ethanol stimulate the chloride ion 
uptake in the same pattern as benzodiazepines but are less potent (Morrow and 
Paul, 1988). In paper I, it was shown that the benzodiazepine, flunitrazepam, 50 
– 1000 nM, and the barbiturate, pentobarbital, 10 – 300 µM, increased the 
chloride ion flux in a concentration dependent way. Flunitrazepam was about 
400 times as potent as pentobarbital (EC50 = 0.09 µM and EC50 = 41.66 µM 
respectively) but the efficacy was less compared to pentobarbital, maximal 
response of approximately 40 % and 130 % respectively. To investigate if 3β-
OH-5α-pregnane-20-one had a more general or a selective reducing effect, the 
3β-steroid in the concentration interval 1 – 30 µM was studied in presence of 
flunitrazepam 50 – 1000 nM or pentobarbital 10 – 300 µM as well as in 
presence of GABA, 1 – 1000 µM. It was shown that 3β-OH-5α-pregnane-20-
one had no effect on flunitrazepam or pentobarbital enhanced or on GABA 
mediated chloride ion uptake (paper I, Fig. 7). By voltage clamp experiments in 
Xenopus oocytes, 3β-OH-5α-pregnane-20-one reduced the currents in response 
to 20 µM GABA (Wang et al., 2002). Further, the efficiency of 3β-steroids has 
been suggested being correlated with the degree of GABAA receptor (Eisenman 
et al., 2003; Wang et al., 2002). 3β-OH-5α-pregnane-20-one has been shown to 
be inactive in absence of GABA, both in [3H]flunitrazepam binding studies 
(Prince and Simmonds, 1992) and in population spike studies (Wang et al., 
2000). The inactive effect of 3β-OH-5α-pregnane-20-one on the GABAA 
receptor function in absence of GABA was also shown in paper I by the 
chloride ion uptake assay. As a conclusion, the results in paper I indicate that 
3β-OH-5α-pregnane-20-one selectively reduce the Allo enhanced GABA 
mediated chloride ion uptake in a non-competitive way. 
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Figure 7. Flunitrazepam and pentobarbital enhanced the GABA mediated chloride ion uptake 
in a concentration dependent way. All values are presented as mean percentage ± SEM of 
control, the response of 10 µM GABA set as 100 %. 3β-OH-5α-pregnane-20-one (1-30 µM) 
had no effect either on the flunitrazepam enhancement or the pentobarbital enhancement. 
 

3β-steroids modulate both the GABA effect and the 
allopregnanolone enhancement on the GABAA receptor 
(Paper II)  
The effect of 3β-steroids on the GABAA receptor function has been investigated 
in several studies with diverse results (Le Foll et al., 1997; Peters et al., 1988; 
Shen et al., 2000; Wang et al., 2002; Wang et al., 2000). 3β-steroids have been 
suggested to selectively reduce the Allo effect (Wang et al., 2000) as well as 
suggested being dependent on the degree of GABAA receptor activity (Eisenman 
et al., 2003; Wang et al., 2002). 3β-OH-5α-pregnane-20-one has previously 
been shown to reduce the Allo enhanced GABA mediated chloride ion uptake in 
a selectively way, without any effect on other positive GABAA receptor 
modulators or on GABA alone (paper I). Except for 3β-OH-5α-pregnane-20-
one, which is quite well studied (Prince and Simmonds, 1993; Wang et al., 
2002; Wang et al., 2000), 5β-pregnane-3β, 21-diol-20-one (3β5β-THDOC) and 
3β-OH-5β-pregnane-20-one have been shown to reduce the Allo enhanced 
effect in a non-competitive manner by voltage clamp studied in Xenopus oocyte 
(Wang et al., 2002). 3β-OH-5β-pregnane-20-one has also been investigated by 
the [3H]flunitrazepam binding, where the 3β-steroid reduced the Allo enhanced 
effect on the [3H]flunitrazepam binding (Prince and Simmonds, 1993) without 
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having any effect in absence of Allo (Turner et al., 1989). Both in vivo and in 
vitro studies of 5α-pregnane-3β, 20(R)-diol showed that the 3β-steroid reduced 
the Allo enhanced GABA mediated chloride ion uptake and the learning 
impairment induced in rats by Allo (Turkmen et al., 2004). It was therefore of 
interest to further study different 3β- steroids on the GABA mediated GABAA 
receptor function in absence and presence of Allo. The chloride ion uptake assay 
and the patch-clamp technique were used in paper II to further study the effect 
of five different 3β-hydroxy steroids on the GABA effect both in absence and in 
presence of Allo in different brain regions. In addition to the four 3β-steroids 
that earlier have been studied, 3β-OH-5α-pregnane-20-one; 5α-pregnane-3β, 
20(R)-diol; 3β-OH-5β-pregnane-20-one and 3β5β-THDOC, the 3β5β-steroid 
5β-pregnane-3β, 20(S)-diol where also investigated. Since the subunit 
composition of the GABAA receptor is region-specific distributed throughout the 
CNS (for review: Korpi et al., 2002; Korpi and Sinkkonen, 2006; Pirker et al., 
2000; Wisden et al., 1992) and the efficiency of GABA and neuroactive steroids 
differ between the regions (Luu et al., 1987; Wilson and Biscardi, 1997), it was 
of interest to study if the effect of 3β-steroids varied between brain regions. The 
chloride ion uptake was used to study the effects in cerebral cortex, 
hippocampus and cerebellum and the patch-clamp technique to study sIPSCs 
from MPN neurons. The MPN was not studied with the chloride ion uptake 
assay since it is a small region and therefore should require many animals to 
achieve volume of homogenate enough to one experiment. 

GABA and allopregnanolone sensitivity differ between brain 
regions 
The different GABAA receptor subunits can be widespread presented in most 
brain areas or be more region specific. The α1β2γ2 subunit composition is 
present in most brain regions and common in both cerebral cortex and 
hippocampus while the α5β3γ2/γ3 is more region specific and most prominent 
in hippocampus (McKernan et al., 2000). The receptor composition α6β2γ2 is 
also a region specific subunit composition, localized in cerebellum (McKernan 
et al., 2000). The different receptor subunit compositions have been suggested to 
correlate with diverse properties depending on localization (for review: Korpi 
and Sinkkonen, 2006). It is therefore most likely that the response to GABA and 
neuroactive steroids differ between the regions. In paper II the chloride ion 
uptake of 1 – 1000 µM GABA stimulation was investigated in microsac 
preparations from rat cerebral cortex, hippocampus and cerebellum. Both the 
efficacy and the potency of GABA was similar in cerebral cortex and 
hippocampus where the maximal chloride ion uptake was about 250 pmol/mg 
protein and the EC50 values were 21 µM and 24 µM respectively. In cerebellum 
on the other hand the efficacy was lower, the maximal response reached 
approximately 100 pmol/mg protein. Similar pattern where shown in muscimol 
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stimulated chloride ion uptake (Luu et al., 1987). Further, in cerebellum the 
potency of GABA was about three times higher than in cerebral cortex and 
hippocampus (EC50 = 8 µM). This reflecting the molecular heterogeneity of the 
GABAA receptor that has also been shown by variation of the TBPS binding 
between different brain regions (Luddens and Korpi, 1995). In studies where 
human embryonic kidney cells (HEK-293 cells) were transfected with GABAA 
receptor α6β2γ2 or α1β2γ2 subtype, it was observed that the α6β2γ2 subtype 
was more sensitive to GABA and Allo than α1β2γ2 subtype (Korpi and 
Luddens, 1993). This indicates that the sensitivity for both GABA and Allo is 
higher in cerebellum than in cerebral cortex and hippocampus and in line with 
the results in paper II.  
 
Due to the findings that GABA was more potent in cerebellum than in cerebral 
cortex and hippocampus, the EC20 value for each region was used as the GABAA 
receptor activator in further interaction studies. The EC20 for GABA in 
cerebellum was about three times lower (3 µM) than in cerebral cortex and 
hippocampus (10 µM). Allo in the concentration interval 0.1 – 3 µM for studies 
in cerebral cortex and hippocampus and 0.03 – 3 µM in cerebellum showed a 
concentration dependent enhancement of the GABA response. The Allo 
enhanced effect in different brain region showed the same pattern as for GABA 
response. In cerebral cortex and hippocampus the Allo enhancement was similar 
both in efficacy and in potency (Emax = 307 % and 273 % respectively, EC50 = 
0.46 µM and 0.41 µM respectively). In cerebellum on the other hand, the effect 
of Allo reached lower maximal effect (Emax = 156 %) but the potency was higher 
than in cerebral cortex and hippocampus (EC50 = 0.2 µM). Differences between 
brain regions have been shown earlier by Wilson and Biscardi 1997. However, 
in their work, Wilson and Biscardi showed a significantly higher efficacy of 
both Allo and THDOC in hippocampus compared to cerebral cortex. In 
cerebellum on the other hand Wilson and Biscardi found that the efficacy of 
Allo and THDOC was lower compared to both cerebral cortex and hippocampus 
which was in line with the result in paper II. The difference in the results in 
cerebral cortex and hippocampus can be due to e.g. different rat strain, 
differences in the method or in the statistic analysis. In paper II, the non-
parametric Mann-Whitney test with Bonferroni adjustment was used. This 
method is restrictive where the differences needed to be obvious without large 
variation to get significance.   

The effect of 3β-steroids in different brain regions 
Previously, in paper I, it was found that the maximal reducing effect of 3β-OH-
5α-pregnane-20-one on Allo enhanced GABA mediated chloride ion uptake was 
in the relationship of [Allo]:[3β-steroid] 1:30. This relationship where therefore 
used for the interaction studies in paper II. Since the efficacy as well as the 
potency of Allo differed between the brain regions, the concentration of Allo 
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that gave the EC75 value was used. In cerebral cortex and hippocampus Allo 
EC75 were 1 µM while in cerebellum the EC75 was 0.3 µM. By the patch-clamp 
technique it has previously been shown that Allo at the concentration of 100 nM 
strongly prolongs the time course of the deactivation of sIPSCs (Haage et al., 
2005; Haage and Johansson, 1999). Therefore, 100 nM Allo was used in the 
patch-clamp experiments in paper II. The relationship between the concentration 
of Allo and the concentration of the 3β-steroids were in the patch-clamp studies 
as for the chloride ion uptake 1:30. In paper II it was found that the five 3β-
steroids reduced the Allo enhanced GABA mediated chloride ion uptake into 
both cerebral cortex and hippocampus. However the efficacy differed between 
the 3β-steroids but not for single 3β-steroid between cerebral cortex and 
hippocampus. 3β-OH-5β-pregnane-20-one was significantly less efficient in 
both cerebral cortex and hippocampus compared to 3β-OH-5α-pregnane-20-one, 
5β-pregnane-3β, 20 (S)-diol and 3β5β-THDOC. The difference between the less 
effective and the most effective 3β-steroid was about 30 % where 3β-OH-5β-
pregnane-20-one reduced the Allo effect by about 10 % while 3β-OH-5β-
pregnane-20-one reduced the Allo effect in cerebral cortex and in hippocampus 
with approximately 40 % (Fig. 8A). 5α-pregnane-3β, 20(R)-diol has previously 
been shown to reduce the Allo enhanced GABA mediated chloride ion uptake in 
both cerebral cortex and in hippocampus where the effect appeared to be both 
more efficient and more potent in hippocampus than in cerebral cortex 
(Turkmen et al., 2004). The same pattern was shown in paper II where 5α-
pregnane-3β, 20(R)-diol reduced the Allo enhancement with approximately 20 
% in cerebral cortex and 30 % in hippocampus. On the other hand, in cerebellum 
there was only weak effect of 3β-OH-5α-pregnane-20-one while all other 3β-
steroids tested did not modulate the GABAA receptor function (Fig. 8A). By the 
patch-clamp technique the time course of the deactivation of sIPSCs was 
measured in control condition (about 33 ms) and in presence of Allo (about 200 
ms). The 3β-steroids showed a general reducing effect, about 25 %, of the Allo 
prolonged sIPSCs τdeactivation in MPN (Fig. 8B). This indicates that the effect of 
the 3β-steroids as for GABA and positive GABAA receptor modulators is more 
or less selective for different GABAA receptor subtypes at least subtypes typical 
for cerebellum. 
 
The effect of the 3β-steroids was also investigated in absence of Allo on GABA 
mediated chloride ion flux into cortical microsacs and on sIPSCs currents from 
MPN neurons. Surprisingly, 5β-pregnane-3β, 20(S)-diol and 3β-OH-5β-
pregnane-20-one enhanced the GABA (EC20) effect as well as prolonged the 
τdeactivation of sIPSCs currents (Fig. 9). This enhanced effect has previously been 
shown for 3β-OH-5β-pregnane-20-one in both the Xenopus oocyte (Wang et al., 
2002) and in cultured bovine adrenomedullary chromaffin cells (Peters et al., 
1988). 
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Figure 8. The regional variance in the effect of 3β-steroids on GABA mediated Allo 
enhancement. (A) 30µM 3β-steroids reduced 1µM Allo induced enhancement of GABA 
mediated chloride ion uptake in a similar way in cerebral cortex and in hippocampus. In 
cerebellum only one out of five 3β-steroids (9 µM) reduced the Allo (300 nM) enhancement. 
All values are presented as mean percentage ± SEM of control, response of 1µM Allo in 
presence of 10 µM GABA set as 100 %.  (B) In MPN there was a general reducing effect of 
the 3β-steroids (3 µM) on the Allo induced prolongation of GABA mediated sIPSCs 
τdeactivation. All values are presented as mean percentage ± SEM of control, response of sIPSCs 
τdeactivation in presence of 100 nM Allo set as 100 %. 
 
Since 5β-pregnane-3β, 20(S)-diol and 3β-OH-5β-pregnane-20-one have 
dualistic properties depending on Allo is present or not it is indicated that the 
3β-steroids may have different mechanism. 5β-pregnane-3β, 20(S)-diol and 3β-
OH-5β-pregnane-20-one have the 5β-configuration in common. However, the 
dualistic properties cannot only be due to the 5β-configuration since 3β5β-
THDOC not enhances the GABA effect. 
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Figure 9. In absence of Allo, two of the 3β-steroids have an enhancing effect on the (A) 
GABA mediated chloride ion uptake as well as (B) prolonged the sIPSCs τdeactivation. All 
values are presented as mean ± SEM % of control, chloride ion uptake in presence of 10 µM 
or sIPSCs τdeactivation under control condition, set as 100 %.   

The effect of 5β-pregnane-3β, 20(R)-diol on the kinetic 
properties of the GABAA receptor (Paper III)   
The mechanism behind the effect of 3β-hydroxy steroids is not completely clear. 
In the literature two main hypothesis of the mechanism of the 3β-steroids are 
described. 3β-steroids are suggested to act either similar to pregnenolone sulfate 
(PS) and therefore its effect is determined by the degree of GABAA-receptor 
activity (Wang et al., 2002), or specifically against Allo (Wang et al., 2000). The 
results in paper I and paper II have been in line with the hypothesis that there is 
an Allo specific mechanism with the addition that some 3β-steroids, in the 
absence of Allo, actually appeared to act as positive GABAA-receptor 
modulators. No results indicated that 3β-steroids act as negative modulators if 
Allo is absent. In paper III, this question was further addressed by investigating 
the kinetic changes induced by 5β-pregnane-3β, 20(R)-diol at the GABAA-
receptor. This was studied by patch-clamp experiments carried out on neurons 
from medial preoptic nucleus (MPN) of male rat.  
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5β-pregnane-3β, 20(R)-diol reduce the allopregnanolone 
prolongation of sIPSCs τdeactivation

Previously studies have shown that Allo prolongs the time course of the sIPSCs 
deactivation at MPN neurons without altering the amplitude (Haage et al., 
2002). In paper II it was shown that 3β-steroids reduce the effect of Allo on 
sIPSCs but two of the 3β-steroid tested also gave a prolongation of the sIPSCs 
decay time in absence of Allo. In line with the previous study, in paper III, it 
was shown that 5β-pregnane-3β, 20(R)-diol reduced the Allo induced 
prolongation of sIPSCs τdeactivation by approximately 25 % but had no effect in 
absence of Allo (Fig. 10). Based on the results from sIPSCs recordings in paper 
II and paper III, it appears that 3β-OH steroids do not have an inhibitory effect 
by them self but instead selectively reduces the effect of Allo. 
 

Figure 10. Typical trace of 
sIPSCs under control 
condition (Ctrl) and in 
presence of 5β-pregnane-3β, 
20(R)-diol (3 µM), Allo (100 
nM) and 5β-pregnane-3β, 
20(R)-diol in presence of 
Allo. The 3β-steroid reduced 
the Allo induced sIPSCs 
τdeactivation without any effect in 
the absence of Allo. 

 

The effect of 5β-pregnane-3β, 20(R)-diol on external application 
of GABA 
For synaptically released GABA the exposure time is considered to be less than 
5 ms (Jones and Westbrook, 1995; Mody and Pearce, 2004). Because of that no 
desensitization phase of the current response is usually detectable. However, the 
kinetics of desensitization is suggested to have a large impact on the time course 
of sIPSCs (Jones and Westbrook, 1995; Zhu and Vicini, 1997). Therefore, in 
order to study the effect of 5β-pregnane-3β, 20(R)-diol on the kinetic properties 
of the GABAA receptor in detail, in paper III, an experimental protocol in which 
GABA was externally applied for 2 s was used. An advantage of this is that the 
desensitization kinetics can easily be detected. The effect on different 
parameters were investigated and compared to the effect of PS. PS was used as a 
reference due to its well characterized kinetic effect to increase the 
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desensitization rate and because 3β-OH steroids have been suggested to share 
that property with PS (Wang et al., 2002). The different parameters investigated 
were; peak amplitude, the time course of deactivation τdeactivation and the 
desensitization. To describe the desensitization, two parameters were used, the 
delta amplitude (end-to peak amplitude ratio) and t50, the desensitization rate 
measures as the time elapsed from the peak amplitude to the current had decline 
50 % of the amplitude between the peak amplitude and the end amplitude. In the 
concentration interval 0.3 – 3 µM, neither 5β-pregnane-3β, 20(R)-diol nor PS 
modulated the peak amplitude evoked by 2 s long 100 µM GABA applications 
(Fig. 11). At high steroid concentrations, 10 µM, both 5β-pregnane-3β, 20(R)-
diol and PS decreased the peak amplitude. However, the decrease in the peak 
amplitude did neither differ between applications of 10 µM and 100 µM GABA 
nor between the two steroids. 
 

Figure. 11. The peak amplitude 
evoked by 100 µM GABA 
applications was not altered by either 
5β-pregnane-3β, 20(R)-diol or PS in 
the concentration interval 0.3 – 3 µM. 
All values are presented as mean ± 
SEM % of control, the peak amplitud 
of 100 µM GABA application, set as 
100 %. 

 
 
Both 5β-pregnane-3β, 20(R)-diol and PS 0.3 – 10 µM increased the 
desensitization rate of 100 µM GABA application in a concentration dependent 
way, a result that it is not in accordance with the results obtained in paper II, 
where no inhibitory effect was seen in the absence of Allo. The results from the 
GABA applications showed that the effect on the t50 was almost identical for 5β-
pregnane-3β, 20 (R)-diol and PS both in efficacy and in potency (Emax 
approximately 30 % and 20 % respectively; IC50 value: 2.61 µM and 2.35 µM 
respectively, Fig. 12A). However, the effect of 5β-pregnane-3β, 20(R)-diol and 
PS on the delta amplitude was different. Both 5β-pregnane-3β, 20(R)-diol and 
PS decreased the delta amplitude in a concentration dependent way but the 
effect differed both in efficacy and in potency (Fig. 12B).  5β-pregnane-3β, 
20(R)-diol at 10 µM decreased the delta amplitude by about 60 % while the 
delta amplitude at 10 µM PS was almost zero. Further, the potency of PS was 7 
times higher than for 5β-pregnane-3β, 20(R)-diol (IC50 value: 0.5 µM and 3.48 
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µM respectively). These results show that the 3β-steroid increases the 
desensitization rate but do so differently to PS. But most important, the results 
show that also in the absence of Allo at least one 3β-steroid may clearly exert an 
inhibitory effect. 
 

 
Figure 12. 5β-pregnane-3β, 20(R)-diol and PS in the concentration interval 0.3 – 10 µM 
increase the desensitization rate of 100 µM GABA application by (A) decrease the t50 almost 
identical. (B) The delta amplitude was also decreased by both tested steroids in a 
concentration dependent way but PS was more efficient and more potent. All values are 
presented as mean ± SEM % of control, the response of 100 µM GABA application, set as 
100 %. 
 
In similarity to Allo, although to less extent 5β-pregnane-3β, 20(R)-diol 
increased the τdeactivation while PS had the opposite effect (paper III, Fig. 13). The 
effect by 5β-pregnane-3β, 20(R)-diol on the τdeactivation seems to be activity 
dependent. The effect is more prominent at 100 μM GABA than 10 μM GABA. 
An increase in τdeactivation as a result of an accumulation of receptors at 
desensitized states has previously been described (Jones and Westbrook, 1995; 
Zhu and Vicini, 1997). Therefore, the observation that 5β-pregnane-3β, 20(R)-
diol did not alter the τdeactivation of sIPSCs but prolonged the τdeactivation of 
externally applied of GABA indicate that the modulation is through a 
desensitization dependent mechanism. This is different from Allo which has 
been suggested by Haage and coworkers, 2005, to decrease the GABA 
unbinding rate and therefore affects sIPSCs and longer GABA applications 
equally (Fig. 5).  
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Figure 13. 5β-pregnane-3β, 
20(R)-diol and PS had opposite 
effect on the τdeactivation of the 100 
µM GABA applications. 5β-
pregnane-3β, 20(R)-diol increased 
the τdeactivation while PS decreased 
it. At higher concentration of PS 
the τdeactivation was undetectable. 
All values are presented as mean 
± SEM % of control, the τdeactivation 
of 100 µM GABA application, set 
as 100 %. 
 

 

The effect of 5β-pregnane-3β, 20(R)-diol in presence of 
allopregnanolone on GABA application 
Since the results in paper I and paper II are in line with the hypothesis that 3β-
steroids act selectively against Allo it was of interest to further investigate the 
effect of 5β-pregnane-3β, 20(R)-diol on GABA applications in the presence of 
Allo. In order with previous report (Haage and Johansson, 1999), on 100 µM 
GABA application, Allo strongly prolonged the τdeactivation and decreased the 
peak amplitude while the desensitization rate was not modulated (paper III, Fig. 
14). However, in paper III, it was shown that the effect of 5β-pregnane-3β, 
20(R)-diol and PS on GABA applications was not altered in presence of Allo. 
The effect of these two substances was almost identical to their action in the 
absence of Allo. This indicates that there is no interaction between 5β-pregnane-
3β, 20(R)-diol and Allo on 2 s GABA applications. Interestingly, 5β-pregnane-
3β, 20(R)-diol did not reduce the prolonged deactivation time as it did for 
sIPSCs. This adds further pieces of evidence to idea the effect of 5β-pregnane-
3β, 20(R)-diol on the deactivation rate is dependent on the GABAA-receptor 
activity and does not interfere with the GABA unbinding rate as suggested for 
Allo (Fig. 5).  
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Figure 14. Typical trace for 
100 µM GABA application 
in presence of tested 
steroids. (A) 10 µM 5β-
pregnane-3β, 20(R)-diol and 
10 µM PS strongly reduce 
the deactivation rate. (B) 
100 nM Allo prolongs   the 
τdeactivation of 100 µM GABA 
applications. However, in 
presence of Allo the effect 
of 5β-pregnane-3β, 20(R)-
diol and PS was not 
different from that seen with 
100 µM GABA only. All 
values are presented as 
mean ± SEM % of control, 
set as 100 %. 

 
 

Glucocorticoid metabolites modulate the GABAA receptor 
function (Paper IV) 
The 3α-hydroxy configuration of reduced A-ring pregnane steroids has shown 
being important for the potent positive modulation of the GABAA receptor 
function (Paul and Purdy, 1992). The 5α-configuration on the other hand, does 
not seem to be as important. For example, there is no difference in effect 
between Allo and the 5β-isomer of Allo, 3α-OH-5β-pregnane-20-one (Paul and 
Purdy, 1992). However, the 5β-isomer of THDOC, 3α, 21-dihydroxy-5α-
pregnane-20-one is less efficient than 5α-THDOC (Paul and Purdy, 1992). In 
paper IV, the efficacy as well as the potency of Allo, THDOC and 3α5β-
THDOC was compared by the chloride ion uptake into rat cortical microsacs.  
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Allo and THDOC are, like glucocorticoids, secreted by the adrenal cortex after 
HPA-axis activation by acute stress stimuli (Purdy et al., 1991). As a response to 
acute stress, the level of both Allo and THDOC are also increased in the brain 
(Purdy et al., 1991). In human, about 50 % of the cortisol is metabolized to Allo 
– THF, THF and THE (Fukushima et al 1960), by the 5α/βR-3αHSD enzymatic 
pathway (Tsilchorozidou et al., 2003). The 5αR – 3αHSD enzymatic pathway is 
also involved in the conversion of PROG to Allo and in conversion of DOC to 
THDOC (Melcangi et al., 1999) see also Fig. 1. Thereby the glucocorticoid 
metabolites are structurally similar to the potent positive modulators of the 
GABAA receptor. In addition to the structurally similarities, the glucocorticoids 
have been shown to act in a non-genomic way (Borski, 2000; Makara and 
Haller, 2001; Wheling, 1997). In paper IV, it was investigated if the 
glucocorticoid metabolites modulate the GABAA receptor function and if the 
metabolites do interact with the GABAA receptor agonist allopregnanolone.  

The 5β-isomer of THDOC is not as efficient as the 5α-isomer 
Steroids with the 5β-pregnane- structure are suggested to modulate the GABAA 
receptor in some cases as efficient and in some with less efficacy than the 5α-
compounds (Paul and Purdy, 1992). By the GABA mediated chloride ion uptake 
assay, in paper IV, the 5β-isomer of THDOC was compared with Allo and 
THDOC. 3α5α-THDOC, Allo and 3α5β-THDOC in the concentration interval 
0.1 – 10 µM was studied in presence of 10 µM GABA. Previously, Allo and 
THDOC have been showed to increase the chloride ion uptake by approximately 
200 – 300 % while the 3α5β-THDOC is about 60 % less efficient (Paul and 
Purdy, 1992). 3α5α-THDOC and Allo was shown in paper IV to modulate the 
GABAA receptor almost identical by enhancing the GABA mediated chloride 
ion uptake by approximately 130 %. The 3α5β-THDOC increase the GABA 
effect but the efficacy was not as prominent as for the 5α-compounds, by an 
increase of approximately 66 %. However, the potency was almost equal for 
Allo, 3α5α-THDOC and 3α5β-THDOC (EC50 values: 0.17 µM; 0.2 µM and 
0.24 µM respectively). The 5β-configuration seems therefore to be involved in 
at least the efficacy of the steroid effect on GABAA receptor function but not in 
the potency of the DOC metabolites. Allo and THDOC that have the planar 
configuration with α-configuration share the same binding site on the GABAA 
receptor. The 5β-configuration change the distance between the 3α-hydroxy 
group of the A-ring and the group in 20 position and form a chair formed 
substance (Purdy et al., 1991). This may change the binding to the GABAA 
receptor and thereby make difference in efficacy.  
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3α5α/5β-cortisol and 3α5α/5β-cortisone reduce the GABA 
mediated chloride ion uptake  
Previously, exposure to acute stress have been shown to modulate the GABAA 
receptor function by increasing the TBPS binding (Concas et al., 1988; Foddi et 
al., 1997) and decrease the [3H]-GABA binding (Concas et al., 1985). Acute 
stress also decrease the muscimol stimulated chloride ion flux into rat cerebral 
cortex by about 25 % (Drugan et al., 1989). In vitro experiments have shown 
that cortisol and the cortisol metabolites Allo – THF and THF at high 
concentrations (3 – 100 µM) reduce the muscimol stimulated chloride ion flux 
in rat cerebral cortex (Penland and Morrow, 2004). Since the maximal 
glucocorticoid concentration in brain is suggested to be about 1 µM, it was of 
interest to study the metabolites at lower concentrations (Makara and Haller, 
2001). In paper IV, the glucocorticoid metabolites Allo – THF, THF and THE as 
well as 3α-OH, 5α-cortisone were investigated in the concentration interval of 
0.1 – 3 µM, on GABA mediated chloride ion flux. In normal physiological 
conditions, the level of cortisol in human brain is 70 ng/g (Carroll et al 1975). 
The corticosterone level in plasma increase from about 70 ng/ml in naive rats to 
approximately 400 ng/ml immediately after foot shock, equivalent with 200 nM 
in normal state and 1.2 µM after stress (Barbaccia et al., 1997). In paper IV the 
glucocorticoid metabolites were thereby tested within physiological levels. In 
line with previous studies all glucocorticoid metabolites reduced the GABA 
effect in a concentration response way with a maximal response of about 40 - 50 
% (Fig. 15). Muscimol stimulated chloride ion flux was in a previous study 
shown to be completely blocked by 100 µM THF but did not modulate the ion 
flux at the concentration of 1 µM (Penland and Morrow, 2004). Cortisol and 
Allo – THF showed the same pattern by reducing the chloride ion flux at 10 µM 
but not at 1 µM (Penland and Morrow, 2004). The differences between the result 
that was found in paper IV and the results found by Penland and Morrow 
(2004), on muscimol stimulated chloride ion uptake can be due to the method. 
The glucocorticoid metabolites are difficult to solve in buffer. Therefore in 
paper IV, they were first dissolved in ethanol, evaporated to dryness in a bottle 
with wide bottom. Then they were dissolved in buffer with ultrasound and 
thereby obtain a solution free from solvents such as DMSO and ethanol. In the 
experiment with muscimol stimulated chloride ion uptake, the procedure of the 
glucocorticoids are not explained (Penland and Morrow, 2004). However, in 
both studies the glucocorticoid metabolites had no effect on the function in 
absence of GABA or muscimol respectively (Penland and Morrow, 2004), paper 
IV). It has been shown that the corticosterone level in rats increase immediately 
after exposure to acute stress (Barbaccia et al., 1997). Since it was suggested in 
paper IV that Allo – THF and THF significantly reduced the chloride ion uptake 
already at 100 nM, the results indicate that the glucocorticoid secreted in acute 
stress reach levels that can modulate the GABAA receptor function. Previously, 
it has been shown that when adrenalectomy rats were exposed to foot shock 
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there were no increase in corticosterone level, indicating that even the 
immediately secretion of corticosterone is a response of the activation of the 
HPA-axis (Barbaccia et al., 1997).  
 

 
Figure 15. Both the cortisol metabolites (A), and the cortisone metabolites (B), in the 
concentration interval 0.1 – 3 µM, reduced the 10 µM GABA mediated chloride ion uptake in 
a concentration dependent way. All values are presented as mean ± SEM % of contro, the 
response of 10 µM GABA, set as 100 %. 

The glucocorticoid metabolites interact with allopregnanolone 
In acute stress, not only glucocorticoids but also Allo and THDOC are released 
with the maximal level reached 10 – 20 minutes after the stress stimuli (Purdy et 
al., 1991; Reddy, 2003; Serra et al., 2000). The increase of Allo after acute stress 
has been suggested to counteract the decrease in GABAergic function 
(Barbaccia et al., 1998). Therefore, it was of interest to further investigate if the 
glucocorticoid metabolites interact with Allo on the GABAA receptor function. 
Previously, cortisol and the metabolites Allo – THF and THF at 10 µM are 
suggested to reduce the THDOC enhanced effect while at 1 µM had no effect on 
the THDOC enhancement (Penland and Morrow, 2004). In opposite, in paper 
IV, an interaction between glucocorticoid metabolites and Allo was shown. The 
GABA reduced effect shown by Allo – THF and 3α - OH, 5α-corticosterone at 
0.3 – 3 µM, was completely blocked in presence of 1 µM Allo (Fig. 16). 
Further, Allo – THF, but not 3α-OH, 5α-cortisone slightly enhanced the Allo 
enhanced effect (Fig 16). Similar mechanism have been shown in rats exposed 
to acute stress, where the increased effect by glucocorticoids on the TBPS 
binding was blocked by injection of the positive GABAA receptor modulator 
diazepam (Foddi et al., 1997). 3β-OH-5α-pregnane-20-one has been shown, in 
paper I and II, to selectively reduce the Allo enhanced effect. Therefore, in 
paper IV, it was further investigated if 3β-OH-5α-pregnane-20-one could reduce 
the Allo enhanced effect. 3β-OH-5α-pregnane-20-one at high concentration, 30 
µM, was shown to completely block the Allo – THF effect on the Allo 
enhancement (Fig. 16A) indicating that the enhancement is due to Allo. Even 
though, the Allo enhanced effect was blocked, it was not possible to observe the 
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reducing effect of GABA by the Allo – THF. This indicates that the reducing 
effect on the chloride ion uptake by glucocorticoid metabolites cannot be 
detected in presence of Allo. However, the interaction between 3β-OH-5α-
pregnane-20-one and Allo-THF as negative GABAA receptor modulator is not 
studied, this effect may also depend on the effect of 3β-OH-5α-pregnane-20-
one. 
 
 
 
 

Figure 16. The reducing effect 
of cortisol and cortisone 
metabolites on GABA 
mediated chloride ion uptake 
was blocked in presence of 1 
µM Allo. (A) The cortisol 
metabolite enhanced the Allo 
effect. The enhanced effect 
was completely blocked by 
3β-OH-5α-pregnane-20-one. 
All values are presented as 
mean ± SEM % of control, the 
response of 1µM Allo in 
presence of 10 µM GABA and 
3β-OH-5α-pregnane-20-one 3, 
10 or 30 µM respectively, set 
as 100 %. (B) In presence of 
the cortisone metabolite and 
Allo no enhancement was 
seen. All values are presented 
as mean ± SEM % of control, 
the response of 1µM Allo in 
presence of 10 µM GABA, set 
as 100 %. 
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Summary and concluding remarks 
One part of the present thesis was about the effect of the 3β-isomer of Allo, 3β-
OH-5α-pregnane-20-one. Based on the obtained results it was shown that 3β-
OH-5α-pregnane-20-one counteracted the effect of Allo in chloride ion uptake 
experiments as well as patch-clamp recordings of sIPSCs. In the chloride ion 
uptake assay, the 3β-isomer reduced the efficacy of Allo without shift the 
concentration response curve. Further, the 3β-isomer did not interact with other 
positive modulators or with GABA itself. These results indicate that the 3β-
isomer act in a selectively non-competitive way on the Allo enhanced effect.  
 
Another question in this thesis was whether a difference in the effect of 3β-
steroids existed between brain regions or not. Five different 3β-steroids, 
including the 3β-isomer of Allo, reduced the Allo enhanced GABA effect in 
cerebral cortex, hippocampus and preoptic nucleus. On the other hand, in 
cerebellum the effect of the 3β-steroids was weaker compared to the other tested 
brain regions. From these results it was concluded that there is indeed a regional 
difference. This regional difference was also found for GABA and Allo, where 
the effect was more potent in cerebellum than in cerebral cortex and 
hippocampus. Interestingly, in absence of Allo, two of the 3β-steroids positively 
modulated the GABA stimulated GABAA receptor function. This indicates that 
the α-configuration is not crucial for the positive modulation of the GABAA 
receptor. Further, it suggests that the 3β-steroids have multiple kinetic properties 
and that they may also have an effect by them self. The results from the two first 
papers mainly support the hypothesis that the 3β-steroids act selectively against 
Allo (Wang et al., 2000). However, the finding that some 3β-steroids actually 
can induce a GABAA-receptor potentiation them self, together with the 
suggested hypothesis that 3β-steroids are activity dependent GABAA receptor 
antagonists (Wang et al., 2002) challenge this picture. Therefore, to achieve a 
better understanding for the action of the 3β-steroids in detail, the effect of 5β-
pregnane-3β, 20(R)-diol, was investigated on the kinetic parameters of the 
current response to GABA applications in absence or presence of Allo (paper 
III). Those recordings clearly showed that 5β-pregnane-3β, 20(R)-diol increased 
the desensitization rate of GABA evoked currents in a concentration dependent 
way also in absence of Allo. Additionally, this effect was also seen for a number 
of other 3β-steroids (unpublished data). However, when the 5β-pregnane-3β, 
20(R)-diol was tested on sIPSCs it did not show any effect by itself but reduced 
the effect of Allo. Obviously, there is a discrepancy between the results from 
applied GABA and those from sIPSCs and chloride uptake experiments. It might 
be that an increase in the desensitization rate is the main effect of many 3β-
steroids but the effect is more visible at high levels of receptor activity such as 
in the presence of positive GABAA-receptor modulators like Allo. Furthermore, 
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an alteration of the kinetics of desensitization may explain the decrease in the 
deactivation rate (Zhu and Vicini, 1997) which was seen for some of the tested 
3β-steroids. On the other hand, the effect of 3β-steroids on Allo could not be 
achieved by other means to increase the GABAA-receptor activity such as, high 
concentration of GABA, barbiturates or benzodiazepines. 
 
Another observation that supports the idea that 3β-steroids alter the kinetics of 
desensitization is the interaction study between Allo and the 3β-isomer on TBPS 
binding where the reducing effect of the 3β-isomer was not detected (paper I). 
According to the “desensitization hypothesis” the 3β-steroids are suggested to 
increase the desensitization rate and thereby also increase the accumulation of 
receptors at desensitized state. However, the GABA is still bound to the receptor 
and therefore no effect on the TBPS binding is detected due to the fact that 
TBPS binds to the unbound receptor. 
 
In the present thesis it was shown that the steroids with similar structures which 
involved the 3α-hydroxy group of, Allo, THDOC, 3α5β-THDOC and the 
glucocorticoid metabolites Allo-THF, THF and THE all modulated the receptor. 
In contrast to the enhanced effect of Allo and the two isomers of THDOC, the 
glucocorticoid metabolites reduced the GABA mediated effect. Interestingly, 
both the positive and the negative modulation occurred in a concentration 
dependent way (paper IV). Further, the negative modulation of the 
glucocorticoid metabolites was blocked in presence of Allo. This indicates that 
in a stress situation the glucocorticoid metabolites can interact with the GABAA 
receptor function as well as with other GABAA receptor modulators.  
 
The results in the present thesis shows that the configurations of the C-3 
hydroxy position of the steroid A-ring is not crucial for the positive modulation 
of the GABAA receptor function. The 3α-hydroxy glucocorticoid metabolites 
can be negative modulators as well as the 3β-hydroxy metabolites can be 
positive modulators. This indicates a complex situation where both sex and 
stress steroid metabolites interact with the GABAA receptor function. Allo and 
other GABAA receptor modulators have been shown to give negative mood 
changes in a subgroup of individuals both animals and humans (Masia et al., 
2000; Miczek et al., 1997; Miczek et al., 2003; Wenzel et al., 2002). 3β-steroids 
reduced the Allo effect, at least in some way, in a selective way. 3β-steroids 
may therefore be of interest to use as therapeutics against the negative symptoms 
induced by fluctuated GABAA receptor function. The knowledge that diversity 
of endogenous steroids interact with the GABAA receptor function is of 
importance for further understanding of different sex and stress steroid related 
symptoms and syndromes.         
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Conclusions 
 3β-OH-5α-pregnane-20-one specifically reduces the Allo enhancement in 

a non-competitive way 
 
 3β-OH-5α-pregnane-20-one do not modulates the GABAA receptor in 

absence or presence of GABA 
 

 5β-pregnane-3β, 20(S)-diol and 3β-OH-5β-pregnane-20-one have 
dualistic properties and act both as negative as well as positive GABAA 
receptor modulators 

 
 3β-steroids generally reduce the Allo-stimulated GABA effect in cortex, 

hippocampus and preoptic area 
 

  
 5β-pregnane-3β, 20(R)-diol and PS act by increasing the desensitization 

rate almost identically to each other while they affect the Δ-amplitude and 
deactivation rate differently  

 
 The effect of 5β-pregnane-3β,20(R)-diol on the deactivation rate in 

presence of Allo is dependent on GABA exposure time 
 

 Glucocorticoid metabolites have a directly antagonistic effect on the 
GABAA receptor  

 
 In presence of Allo the reducing effect of Allo-THF and 3α5α-cortisone 

is completely blocked  
 

 Allo-THF but not 3α5α-cortison has a small enhancing effect on Allo 
stimulated GABA effect which could be blocked by the Allo specific 
antagonist 5α-pregnane-3β-OH-20-one  

 
 The 5β-isomer of THDOC has a weaker agonistic effect on the GABA 

mediated chloride ion uptake compare to 3α5α-THDOC and Allo 
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