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There is nothing like looking, if you want to find something. 
You certainly usually find something, if you look, but it is 
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Abstract  
rogesterone metabolites as allopregnanolone, isoallopregnanolone and 
tetrahydrodeoxy-corticosterone (THDOC) are increased in the luteal phase of 
the menstrual cycle, throughout pregnancy and during stress. Allopregnanolone 

and THDOC are neurosteroids with 3α-hydroxy, 5α-configurations and positive 
modulating effect on the GABAA receptor. They have similar properties and effect, 
and share the same binding sites on the GABAA receptor. Isoallopregnanolone has a 
3β-hydroxy, 5α-configuration and a diverse effect as a proposed antagonist to both 
allopregnanolone and THDOC. Neurosteroids are thought to exert their effect 
predominantly at extrasynaptic GABAA receptors, containing for example α4 or α5- 
subunits. Such receptors are involved in the tonic response. Different subunits have 
diverse distribution pattern in the brain and are involved in different functions. The 
α5-subunit, mainly expressed in the hippocampus, is involved in learning, while α4 is 
more widespread and involved in e.g. anxiety and anaesthesia.  

The aim of the present thesis was to contribute to the knowledge about selected 
progesterone metabolites and their effects on learning and tolerance development, as 
well as their metabolism. Also basic characteristics between different α-subunits of the 
GABAA receptor were evaluated. 

The thesis shows that the effect of bicuculline and pentobarbital is not dependent 
on the α-subunit isoform of the GABAA receptor expressed in oocytes. Acute 
tolerance developed after allopregnanolone-induced anaesthesia with a decrease at 
both mRNA and protein levels of the GABAA receptor α4-subunit in the thalamus 
VPM nucleus. A negative correlation between the α4 mRNA and the increased dose 
of allopregnanolone needed to maintain the anaesthesia level was also shown. In 
addition, allopregnanolone induces a learning impairment in the Morris water maze 
test, when high concentrations of allopregnanolone are present in the brain. This 
impairment is not possible to reverse by isoallopregnanolone. In α5β3γ2L-transfected 
HEK-293 cells THDOC induces a baseline shift of its own and also potentiate the 
GABA-current. Neither of those THDOC effects can be inhibited by 
isoallopregnanolone. Instead isoallopregnanolone shows an agonistic effect on the 
THDOC-potentiation of the GABA-response. The main allopregnanolone 
metabolites identified, 5α-DHP and isoallopregnanolone, as well as allopregnanolone 
itself are mainly localized to the brain after an i.v. injection. After an 
isoallopregnanolone injection there is a more even distribution of the given steroid 
and the metabolites between plasma and brain. There is an epimerisation between 
isoallopregnanolone and allopregnanolone and vice versa.  

In conclusion, the present thesis shows that the α4-subunit in the thalamus VPM 
nucleus is likely to be involved in the acute tolerance development against 
allopregnanolone and that allopregnanolone-induced learning impairment is likely to 
be hippocampus dependent. The lack of antagonistic effect of isoallopregnanolone on 
the THDOC-induced α5β3γ2L-GABAA response, together with epimerisation of 
isoallopregnanolone to allopregnanolone, could explain why isoallopregnanolone does 
not work as an antagonist to the allopregnanolone-induced learning impairment in a 
hippocampus dependent learning task. 
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Abbreviations 
Allo  Allopregnaonolone  (3α-hydroxy,5α-pregnan-20-one) 
BMI Bicuculline-methiodide 
Cs Cesium 
cDNA complementary DNA 
DHDOC  Dihydro-deoxy-corticosterone  

(21-hydroxy-5α-pregnan-3α,20-dione) 
DHP  Dihydroprogesterone 
EC Extracellular 
EC50 Half maximal effective concentration 
EEG Electroencephalography 
GABAA γ-aminobutyric acid (receptor) type A 
GCMS Gas chromatography - mass spectrometry 
HEK-293  Human embryonic kidney cells 
HSD  Hydroxy-steroid dehydrogenase  
IC Intracellular 
Isoallo  Isoallopregnanolone (3β-hydroxy,5α -pregnane-20-one) 
IN Normalized current 
5α-R 5α-reductase type 1  
MDR Maintenance dose rate 
MTH Midbrain-thalamus-hypothalamus 
PMDD Premenstrual dysphoric disorder 
PMS Premenstrual syndrome 
T½  Half-life 
RIA Radio immune assay 
THDOC  Tetrahydro-deoxy-corticosterone  

(5α-pregnan-3α, 21-diol-20-one)  
RT-PCR Reverse transcriptase PCR 
VPM Ventral posteriomedial nucleus of thalamus 
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Introduction 

ince my teenage years I have been fascinated by the brain. The amazing 
capacity of learning, the tremendous network of neurons; 
communicating, generating impulses which are spread throughout the 

brain, creating a memory or a skill. The devastating loss of memories and 
abilities after a stroke, or during the process of Alzheimer’s disease. The 
fascinating potential of the brain to recover from a stroke as well as the 
possibilities to treat depression and other psychiatric diseases with drugs. The 
balance between the excitatory and depressing systems in the brain, making a 
working unit, a communicating central of our minds. All those small 
molecules, moiling around in the convolutions of the brain, maintaining a 
balance. Some of those amazing molecules are neurosteroids. Small, beautiful 
structures with an enormous capacity to make us experience a diversity of 
feelings by their action in our central nervous system and beyond…  

Neurosteroids 
Neurosteroids are steroids which are synthesized within the nervous system while 
the term neuroactive steroids refer to all steroids that exert action also within 
the nervous system. In the 1980s Baulieu and co-workers found that steroids 
such as pregnenolone and dehydroepiandrosterone were present at higher 
levels in the brain than in plasma, and furthermore, that those steroids 
persisted in the brain after adrenenal ectomy and castration of male rats. From 
this, they concluded that steroids could be either synthesized or accumulated in 
the CNS, or both (Baulieu, 1991; Corpechot et al., 1981; Corpechot et al., 
1983). Neurosteroids are synthesized by glial cells, astrocytes, and neurons, 
mainly from the precursor cholesterol (reviewed by (Compagnone and Mellon, 
2000)). Progesterone and its neuroactive metabolites allopregnanolone and 
isoallopregnanolone are all neurosteroids. 

Neuroactive steroids was introduced as a term for steroids active on neuronal 
tissues, no matter whether they were synthesized de novo in the brain or 
peripherally in endocrine organs as the gonads, the adrenal glands, or the 
placenta (Paul and Purdy, 1992). Today the two terms neurosteroids and 
neuroactive steroids are used more or less interchangeably.    

Neurosteroids can exert non-genomic effects via binding to membrane 
receptors, affecting the state of the ion channels, and thereby alter neuronal   

S 
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excitability. This effect is produced within milliseconds to minutes. This is in 
contrast to the classical genomic pathway where steroid hormones bind to 
intracellular receptors, acting as ligand-activated transcription factors regulating 
gene expression. However, the steroid action on membrane-bound ion 
channels can also alter gene expression by indirectly affecting other signaling 
pathways. This might be one of the mechanisms involved in tolerance 
development, when the effect of a given drug reduces over time, (Biggio et al., 
2003). 

Neurosteroids and clinical relevance 
Premenstrual syndrome (PMS) and premenstrual dysphoric disorder (PMDD); 
are related to the hormonal variations during the menstrual cycle. During the 
premenstrual week as many as 50-75% of fertile women report some sorts of 
negative mood or physical symptoms (Andersch et al., 1986), while only 2-6% 
of all women fulfil the criteria for PMDD (Sveindottir and Backstrom, 
2000)(American Psychiatric Association (1994) in the Diagnostic and Statistical 
manual of Mental Disorders, 4th edition (DSM-IV, American Psychiatric 
Association, Washington DC. pp 714)). This syndrome is defined as a cluster 
of specified negative mood symptoms as well as physical symptoms which 
should repeatedly appear during the luteal phase, and disappear within a few 
days after onset of menstruation. 

The PMDD symptoms require a rise of progesterone and allopregnanolone 
concentrations. These rises occur during the luteal phase in the ovulatory 
menstrual cycle, and the steroids are produced in the corpus luteum. The 
symptoms disappear in anovulatory cycles, both spontaneous, and induced by 
administration of GnRH agonists (Hammarback and Backstrom, 1988; 
Hammarback et al., 1991).  

The symptoms of PMS/PMDD follow the increase of progesterone and 
allopregnanolone in serum, with a 3-5 day delay between the steroids and 
symptom peaks (Backstrom et al., 1983; Redei and Freeman, 1995; Wang et al., 
1996). Despite this, there is no correlation between serum concentration of 
progesterone or allopregnanolone and PMDD diagnosis, or severity of the 
syndrome. Instead studies show divergent results with higher, lower, or similar 
levels of allopregnanolone between PMDD patients and healthy controls 
(Backstrom et al., 2003b). Recent studies suggest that the symptoms are more 
likely to be related to the GABAA receptor sensitivity to allopregnanolone, than 
to the actual concentration of allopregnanolone (Sundstrom Poromaa et al., 
2003)  

Isoallopregnanolone is less studied than progesterone and allopregnanolone 
regarding clinical conditions, though elevated levels of isoallopergnanolone 
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have been related to unipolar major depressive disorder (Romeo et al., 1998).  

In animals neurosteroids, as progesterone and its metabolites, have been 
shown to exert a broad spectrum of effects. Allopregnanolone induces for 
example in male rat a learning impairment in the Morris water maze (paper III, 
this theses), and has also been shown to have anxiolytic, and with higher 
concentrations, sedative effects after intracerebroventricular administration in 
adult female rat (Bitran et al., 1991). On the contrary, it has also been shown 
that progesterone after 2-3 days of treatment induces anxiety (Gulinello et al., 
2001).    

Neurosteroid synthesis 
All neurosteroids have cholesterol as a precursor, and they have the same basic 
skeleton consisting of four fused carbon rings. This molecule is called 
perhydrocyclopentanophenanthrene and it has the same atomic numbering 
system as cholesterol. Cholesterol, or other steroidal precursors, can be 
transported into the brain from peripheral steroidogenic tissues, but there is 
also a local production of cholesterol within the brain (Baulieu et al., 2001; 
Compagnone and Mellon, 2000; Morell and Jurevics, 1996). The first step in 
neurosteroid synthesis is the conversion of cholesterol into pregnenolone, 
catalyzed by a hydroxylase involved in cholesterol side-chain cleavage, the 
P450scc (Baulieu et al., 2001; Compagnone and Mellon, 2000). This enzyme is 
located in the inner mitochondrial membrane of glial cells and 
oligodendrocytes (Hu et al., 1987), as well as in neurons (Baulieu et al., 2001; 
Compagnone and Mellon, 2000). 

 

 
 
 
 
 

 
 
 
 
 
 

 

Figure 1. Neurosteroid synthesis in the brain (Farrant and Nusser, 2005). 
Reprinted with permission from Nature Publishing Group. 
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The next step in the route is oxidation of pregnenolone to form 
progesterone. This oxidation is catalyzed by 3β-hydroxysteroid-dehydrogenase-
isomerase (3β-HSD) which is located in the endoplasmatic reticulum 
(Compagnone and Mellon, 2000). This enzyme both dehydrogenates the 3β 
position and isomerizes the double bond from the B-ring to C4,5 in the A-ring 
(Mellon and Vaudry, 2001). Progesterone can from here enter several different 
biochemical pathways involving the 5α-reductas-3α-hydroxysteroid 
dehydrogenase enzymatic system. Progesterone can be 5α-reduced to 5α-
dihydroprogesteron (5α-DHP) and further 3α-hydroxylated to 
allopregnanolone or 3β-hydroxylated to isoallopregnanolone. If progesterone 
instead first is hydroxylated at C21, (by P450c21 outside the brain 
(Compagnone and Mellon, 2000), or CYP2D4/6 within the brain (Funae et al., 
2003; Niwa et al., 2004; Niwa et al., 2008) the result is 11-deoxycorticosterone 
and eventually 3α5α-tetrahydro-deoxy-corticosterone (3α5α-THDOC), via 5α- 
dihydro-deoxy-corticosterone (5α-DHDOC). Progesterone can also be 17α-
hydroxylated, with cortisol as the end result.  

The 5α-reductase (5α-R) type I is a membrane-bound, non-P450 enzyme 
catalyzing the reduction at 5α-positions of steroids with a C3,4 double bond in 
the A-ring e.g. 11-deoxycorticosterone and 5α-dihydroprogesterone 
(Compagnone and Mellon, 2000; Mellon and Vaudry, 2001). This enzyme is in 
the brain coexpressed together with the 3α-hydroxysteroid dehydrogenase (3α-
HSD) (Agis-Balboa et al., 2006), which interconvert the carbonyl at the 3-
position with a hydroxyl group in a stereospecific way (Compagnone and 
Mellon, 2000; Mellon and Vaudry, 2001). 3β-HSOR is the enzyme responsible 
for the hydroxylation at the 3-position when isoallopregnanolone is formed 
from 5α-DHP (Stromstedt et al., 1993). The brain region differences in 
endogenous levels of allopregnanolone and 5α-DHP seems to be at least partly 
dependent on the expression levels of 5α-R and 3α-HSD (Dong et al., 2001).  

The 21-hydroxylation catalyzed by CYP2D4 in the rat and CYP2D6 in 
humans, can also occur in a later step, converting 5α-DHP to 5α-DHDOC, 
allopregnanolone to 3α5α-THDOC and probably also isoallopregnanolone to 
3β5α-THDOC. This 21-hydroxylation is brain specific and the enzyme does 
not catalyze this reaction in tissues outside the CNS (Funae et al., 2003; Niwa et 
al., 2004; Niwa et al., 2008). 

Hydroxylation at the 6- or 7-position of isoallopregnanolone is catalyzed by 
3β-adiol hydroxylase (cytochrome P450) (Stromstedt et al., 1993) and also by a 
saturated steroid 6α-hydroxylase (diverse from the 6α-hydroxylase responsible 
for the 6α-reduction of progesterone, cortisol and testosterone) (Dombroski et 
al., 1997a). Those products are 3α6α-dihydroxy-5α-pregnan-20-one (6α-OH-allo); 
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Figure 2. Progesterone metabolism. 5α-dihydroprogesteron (5α-DHP); 3α-
hydroxy,5α-pregnan-20-one (allopregnanolone); 5α-dihydro-deoxy-corticosterone 
(5α-DHDOC); 3α5α-tetrahydro-deoxy-corticosterone (3α5α-THDOC); 3β-
hydroxy,5α -pregnane-20-one (isoallopregnanolone); 3β5α-tetrahydro-deoxy-
corticosterone (3β5α-THDOC); 3α6α-dihydroxy -5α-pregnan-20-one (6α-OH-allo); 
3α7α-dihydroxy -5α-pregnan-20-one (7α-OH-allo), 3β6α-dihydroxy -5α-pregnan-
20-one (6α-OH-isoallo); 3β7α-dihydroxy -5α-pregnan-20-one (7α-OH-isoallo). 
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Between allopregnanolone and isoallopregnanolone, a direct conversion of 
the hydroxyl group from 3α- to 3β-configuration (and the other way around) 
can occur. This reaction is catalyzed by 3(α→β) hydroxysteroid epimerase 
(Belyaeva et al., 2007; Chetyrkin et al., 2001a; Chetyrkin et al., 2001b; Huang 
and Luu-The, 2000). The same enzyme is responsible for the conversion from 
3β- to 3α-configuration, but in this direction the activity is low (Huang and 
Luu-The, 2000) 

Neurosteroid concentrations 

Allopregnanolone 
Allopregnanolone (3α-hydroxy-5α-pregnane-20-one) is an endogenous 
neurosteroid, and one of the main progesterone metabolites. Allopregnanolone 
is synthesized in the corpus luteum of the human ovary (Ottander et al., 2005), 
in the rat ovary (Corpechot et al., 1993), the placenta (Dombroski et al., 1997b), 
the adrenal glands (Corpechot et al., 1993), and in the brain (Paul and Purdy, 
1992; Purdy et al., 1991). The levels of allopregnanolone in both the brain and 
in plasma are changing during various physiological conditions as the 
menstrual cycle, pregnancy and after stress (Bixo et al., 1997; Paul and Purdy, 
1992). Animals and humans differ somewhat in the levels of allopregnanolone, 
but the fluctuating pattern is similar.   

During the menstrual cycle the levels of allopregnanolone are fluctuating, 
with lower levels during the follicular phase (0.4-1.8 nmol/L), and a peak 
during the luteal phase (1.0-3.9 nmol/L) (Bixo et al., 1997; Girdler et al., 2001; 
Kancheva et al., 2007; Monteleone et al., 2000; Nyberg et al., 2007; Pearson 
Murphy and Allison, 2000; Wang et al., 1996). These fluctuations in the 
menstrual cycle occur only when the cycle is ovulatory, since the production of 
allopregnanolone (as well as progesterone) is dependent on the formation of 
the corpus luteum, which is only formed after ovulation (Backstrom et al., 
2003a). The highest levels of allopregnanolone are reached during the third 
trimester of the human pregnancy (30-70 nmol/L), when allopregnanolone is 
produced by the placenta (Hill et al., 2007; Kancheva et al., 2007). The amounts 
of conjugated steroid are approximately 10 times higher than the levels of non-
conjugated allopregnanolone, both in the menstrual cycle and during 
pregnancy (Kancheva et al., 2007). The basal levels of allopregnanolone in men 
(0.2-0.3 nmol/L) are the same as for women in the follicular phase (Kancheva 
et al., 2007; Pearson Murphy and Allison, 2000). The production of 
allopregnanolone is also elevated during stress, both in men and women 
(Droogleever Fortuyn et al., 2004).  
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In rodents the levels are somewhat different and there is a discrepancy in 
allopregnanolone concentrations between analyses in different laboratories, but 
the fluctuation pattern during pregnancy and stress is similar, and has also 
similarities with human data. The basal levels of allopregnanolone in male rat 
plasma (7.2 ± 0.9 nmol/L) and in cerebral cortex (24.5 ± 2.8 nmol/kg) are 
increased after foot shock stress, doubled in plasma and tripled in the brain 
(Barbaccia et al., 1998), which is a much higher stress response than seen in 
humans, but the degree of stress between species was not controlled 
(Droogleever Fortuyn et al., 2004).   

 During pregnancy, the level in rat plasma increases from around 30 nmol/L 
in estrus to 125-157 nmol/L in the end of the pregnancy, while the level in 
cerebral cortex only rises form 13 nmol/kg to 31-38 nmol/kg (Concas et al., 
1998).  

Isoallopregnanolone 
Isoallopregnanolone (3β-hydroxy-5α-pregnane-20-one) is also an endogenous 
neurosteroid and a progesterone metabolite. Isoallopregnanolone is likely to be 
synthesized in the same tissues as allopregnanolone i.e. the corpus luteum, the 
placenta, the adrenal glands and in the brain.  

The fluctuations are seen for isoallopregnanolone as well, with somewhat 
lower levels during the follicular phase (0.1-0.3 nmol/L) and a rise in the luteal 
phase (0.14-1.2 nmol/L). Also during pregnancy, there are continuous rises in 
isoallopregnanolone levels (5-15 nmol/L), even though not as abundant as for 
allopregnanolone.  (Havlikova et al., 2006; Kancheva et al., 2007; Pearson 
Murphy et al., 2001)  

In response to restraint stress the isoallopregnanolone levels increase, with 
rises of about 1/3 of the allopregnanolone increases (Higashi et al., 2005). 

3α5α-THDOC 
3α5α-Tetrahydrodeoxycorticosterone (3α5α-THDOC) is another endogenous 
neurosteroid. Primarily 3α5α-THDOC has 11-deoxycorticosterone as a 
precursor, but it is also a progesterone metabolite, produced in the same 
tissues as allopregnanolone and isoallopregnanolone, with a possible exception 
of the brain. Previously it has been assumed that there is no de novo synthesis of 
3α5α-THDOC within the brain (Purdy et al., 1991). However, recently it has 
been shown that all the enzymes required for catalyzes of the conversion from 
progesterone to 3α5α-THDOC are expressed within the brain (Funae et al., 
2003; Kishimoto et al., 2004; Niwa et al., 2008). 
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Also 3α5α-THDOC is fluctuating during the menstrual cycle, pregnancy and 
in response to stress, with lower levels during the follicular phase (3.0 ± 1.2 
nmol/L), and increased levels during the luteal phase (7.9 ± 2.0 nmol/L), and a 
progressive increase during human pregnancy up to approximately 12-13 
nmol/L (Paoletti et al., 2006). 

Regarding 3α5α-THDOC levels in rats, the pattern differ from the 
allopregnanolone pattern.  The females in estrus had high concentrations of 
3α5α-THDOC in the plasma (23.3 ± 2.3 nmol/L), while the concentrations 
were much lower in the brain (4.5 ± 0.6 nmol/kg). During pregnancy the levels 
in plasma increased threefold (77.7 ± 7.5 nmol/L), while the increase in the 
brain were more modest (8.4 ± 1.2 nmol/kg)(Concas et al., 1998). In male rats 
the levels of 3α5α-THDOC in plasma (7.5-8.1 nmol/L) and in cerebral cortex 
(29.9-36.8 nmol/kg) were increased 1.5-2 times after foot shock stress 
(Barbaccia et al., 1998; Serra et al., 2002).  

Neurosteroid elimination  
Lipofilic molecules, like e.g. allopregnanolone and isoallopregnanolone, are 
difficult to excrete to the urine. Such molecules require modification to be 
eliminated from the system (the body), both in humans and in animals. There 
are two major pathways for the body to eliminate drugs and endogenous 
substances which are not needed anymore. The phase I reaction includes 
oxidation, reduction and/or hydrolysis of the substance. This normally gives a 
more chemically reactive product/metabolite, which is sometimes also 
pharmacologically active. The other major pathway is the phase II reaction, 
which involves conjugation e.g. glucuronidation or sulphatation. Those 
compounds are often inactive and easy to eliminate with the urine, since they 
are more polar and thereby much more water-soluble. The enzyme catalyzing 
the glucuronidation is expressed in the liver but also in extrahepatic tissue as 
the brain (Brands et al., 2000), and neurosteroid glucuronides have been 
detected in brain tissue (Kallonen et al., 2009). However, it is not known if 
glucuronidation really is an elimination pathway for neurosteroids within the 
brain, since no efflux transporters across the blood-brain-barrier to complete 
the elimination are known. 

The GABAA receptor 
The GABA transmitter system is the major inhibitory system in the brain and 
GABA has been estimated to be the neurotransmitter in as much as 25% of 
the total number of synapses (Hendry et al., 1987). GABA binds to three 
different types of receptors. GABAA and GABAC receptors are both members 
of the ligand-gated ion channel superfamily, and GABAB is a G-coupled 
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receptor (acting by blocking calcium channels or activating potassium 
channels). The GABAA receptor is a pentamer and has the conformation of a 
rosette, with an ion channel at the centre (Nayeem et al., 1994). Each subunit 
has four transmembrane domains and contributes to the wall of the ion 
channel with its second transmembrane domain.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The GABAA receptor. (A) The four transmembrane domains. (B) The 
formation of the ion channel in the GABAA receptor with the second 
transmembrane domain facing the ion channel.  

As of today at least 16 (or 19) different subunits have been described, 
belonging to different classes. There are α1-6, β1-3, γ1-3, δ, ε, π, θ subunits 
(and three subunits exclusively for the GABAC receptor; ρ1-3). Furthermore, 
the γ-subunit exists in two splice variants, a short form (γ2S) and a long form 
(γ2L). Within the subunit classes there is a 70-80% sequence homology. Most 
functional GABAA receptors are usually composed of two α-subunits, two β- 
and one γ- or δ-subunit (reviewed in (Fritschy and Brunig, 2003)).  

Normally the two α-subunits and the two β-subunits are of the same 
isoforms. However, small receptor populations containing α1/α3 and also 
α1/α6 have been detected (reviewed in (McKernan and Whiting, 1996)). The 
most common combination in the CNS is α1β2γ2, followed by α2β3γ2 and 
α3β3γ2 (Fritschy and Brunig, 2003). GABAA receptors are expressed 
postsynaptically in the synaptic cleft or extrasynaptically outside the cleft.  

The surroundings for the receptor in those two milieus are very different. In 
the synaptic cleft there will be quick rises up to high GABA concentrations 
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(100 µM) when the presynaptic cell releases the vesicles with GABA as a 
response to an action potential. The high GABA concentration will then 
abolish quickly thanks to reuptake. The extrasynaptic receptors are located 
outside the synaptic cleft, e.g. on the soma, or at the axon–initial segment of 
the neuron. In this milieu there is a more continuous, low concentration of 
GABA and other neuroactive substances than in the synaptic cleft. The 
different GABAA receptor combinations have different properties and are 
tailor-made for their positions. The extrasynaptic receptors have high affinity 
to GABA and slow desensitization kinetics. Those are the GABAA receptors 
which mediate the tonic inhibition of neuronal activity. Synaptic receptors, on 
the other hand, have lower affinity to GABA and faster desensitization kinetics 
(reviewed in (Fritschy and Brunig, 2003; Korpi and Sinkkonen, 2006; Mohler 
et al., 2002)).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Synaptic and extrasynaptic localization of GABAA receptors.  
Modified from (Herd et al., 2007).  

Subunit combinations & distribution  
All GABAA receptor subunits have specific distribution patterns throughout 
the brain, and different subunit combinations contribute to functional 
receptors with distinct pharmacological properties. Multiple subunits are 
expressed in the same neurons, giving a broad spectrum of possible responses, 
which shows the importance of the diverse effects among the many GABAA 
receptor subtypes.  

   

Peripherally derived 

Allopregnanolone 
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Figure 5. In situ hybridization showing the distribution of selected GABAA 
receptor subunits in coronal sections of rat brain at the level of dorsal 
hippocampus as well as cerebellum.   

α1β2γ2 
The most common combination of GABAA receptor subunits is α1β2γ2. This 
receptor subtype is widely spread over the brain and accounts for 60% of the 
entire GABAA receptor population. It is expressed primarily synaptic, but also 
extrasynaptic in neurons with high expression. This GABAA receptor subtype 
is expressed in e.g. principal cells and interneurons in cerebral cortex as well as 
hippocampus, and also in thalamus. It is involved in sedation, fatigue/sleep, 
agitation, amnesia, mood disorders and epilepsy (reviewed in (Fritschy and 
Brunig, 2003; Korpi and Sinkkonen, 2006; Mohler et al., 2002)). 

α2β2/3γ2 
The α2- and α3-containing receptors are expressed in the areas where α 
subunits are lacking (granule cell layer and olfactory bulb) or are expressed at 
lower levels (rev (Mohler et al., 2002). The second most common combination 
of GABAA receptor subunits is α2β2/3γ2, which accounts for 15-20% of the 
population. This receptor type is also widely spread in the brain and expressed 
mainly synaptic. It is found in e.g. principal cells in hippocampus and amygdala 
and also in the cerebral cortex, striatum and hypothalamus. It is involved in e.g. 
anxiety, myorelaxation and alcoholism (reviewed in (Fritschy and Brunig, 2003; 
Korpi and Sinkkonen, 2006; Mohler et al., 2002)) 

α3βxγ2 
This GABAA receptor subtype accounts for 10-15% of the population and is 
expressed mainly synaptic in e.g. cerebral cortex, amygdala, selected thalamic 
nuclei, brain stem and spinal cord. This subtype is involved in myorelaxation, 
mood and alcoholism (reviewed in (Fritschy and Brunig, 2003; Korpi and 
Sinkkonen, 2006; Mohler et al., 2002)).  
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α4β2/3δ and α4β2/3γ 
The α4-subunit is expressed with either β2 or β3 together with δ or γ. Together 
those combinations are less than 5% of the total numbers of GABAA 
receptors. They are involved in anxiety, amnesia, alcoholism and hypnosis 
(reviewed in (Fritschy and Brunig, 2003; Korpi and Sinkkonen, 2006; Mohler 
et al., 2002)). The α4-subunit combined with δ is expressed extrasynaptic, 
primarily in the thalamus and the dentate gyrus granule cells. They are 
responsible for the tonic inhibition in the brain, together with the α5- and α6-
subunit combinations. Anxiety, amnesia, alcoholism and hypnosis are 
connected with α4-subunit combinations of the GABAA-receptor (reviewed in 
(Fritschy and Brunig, 2003; Korpi and Sinkkonen, 2006; Mohler et al., 2002)). 

α5β3γ2 
The α5 GABAA receptor subunit combines normally with the β3- and γ- 
subunits and has a limited expression pattern. The overall expression is rather 
low and the α5β3γ2-combination is primarily found in pyramidal neurons in 
the hippocampal region, where it is incorporated into 20% of the GABAA 
receptor population. In the striatum, the thalamic paraventricular nucli (PVN) 
and in the hypothalamus about 10% of the receptors contain the α5-subunit 
(Sur et al., 1998; Sur et al., 1999b). In spinal trigeminal nucleus and superior 
olivary neurons a low expression is also seen. The α5-containing receptors are 
primarily expressed extrasynaptic, and the tonic inhibition of the pyramidal 
neurons in hippocampus is primarily mediated by α5-containing GABAA-
receptors, which might also contribute to the amnesic effects of anaesthetics 
(Bonin and Orser, 2008). Regarding learning and memory processes especially 
the α5-subunit of the GABAA receptor seems to be of great importance 
(Chambers et al., 2003; Chambers et al., 2004; Crestani et al., 2002). Lack of 
the α5-subunit in an α5-/- strain of mice gave better performance in a 
hippocampus-dependent water maze model compared to wild type animals 
(Collinson et al., 2002). It is also possible to enhance memory performance in a 
water maze model for rat by the use of inverse agonists selective for GABAA 
α5-containing receptors (Chambers et al., 2003; Chambers et al., 2004; 
Collinson et al., 2006; Dawson et al., 2006). Besides learning, α5 is also involved 
in mood disorders and myorelaxation (reviewed in (Fritschy and Brunig, 2003; 
Korpi and Sinkkonen, 2006; Mohler et al., 2002)). 

α6β2/3γ and α6βxδ 
The α6-subunit combines primarily with β2/β3 and γ and are expressed 
primarily extrasynaptic, almost exclusively in the cerebellum granule cells and 
in the dorsal cochlear nucleus. The α6-containing receptors count for less than 
5% of the total GABAA receptor population, but are the most abundant 
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receptor type in the cerebellum. They are involved in balance, motor activity, 
anxiety, alcoholism, and also mood disorders. The α6βxδ-receptors are sparsely 
expressed in the same areas as α6β2/3γ (reviewed in (Fritschy and Brunig, 
2003; Korpi and Sinkkonen, 2006; Mohler et al., 2002)). 

Neurosteroid binding sites 
Two kinds of neurosteroid binding sites have been identified at the GABAA 
receptor. There is a conserved site among the different α-subunit isoforms in 
the GABAA receptor. This site is a potentiation site to the GABA response, 
and it is associated only with the α-subunit, i.e. located solely within the α-
subunit. Since each GABAA receptor consists of two α-subunits, each receptor 
contains two binding sites for potentiation, but in most cases it appears that 
binding occurs only at one site at the time (Hosie et al., 2006; Hosie et al., 2007; 
Hosie et al., 2009). In the case of α5-subunit-containing receptors it might be a 
bit different. It is possible that binding to both sites of the α5-subunits 
reinforce the neurosteroid potentiation. There might also be a small difference 
between different subunit combinations regarding the conformational change 
of the receptor, after binding of the neurosteroid (Hosie et al., 2009).   

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6. (A) The GABAA receptor consists usually of two α-subunits, two β-
subunits and one γ- or δ-subunit. (B) The potentiating and the activating binding 
sites have different locations. The potentiating sites are located solely at the α-
subunits, while the activating site is situated in between the α- and the β-subunits 
(black oval). 6B is a part of the original figure. (Reproduced with permission, from 
Kash et al, 2004, Biochemical Society Transaction, 32, 540-546. © the Biochemical 
Sociaty http://www.biochemsoctrans.org) 
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There is also a second binding site, an activation site, involved in direct 
neurosteroid activation of the receptor. This site is situated interfacially 
between the α- and β- subunits (Hosie et al., 2006; Hosie et al., 2007; Hosie et 
al., 2009). Allopregnanolone and THDOC have the same effect on both kinds 
of neurosteroid binding sites (Hosie et al., 2006; Hosie et al., 2007). Low 
allopregnanolone or THDOC concentrations primarily occupy the 
potentiation sites, whereas at higher concentrations also the activation sites are 
occupied (Hosie et al., 2006) 

GABAA receptor agonists 
A receptor agonist is a molecule that binds to a receptor of a cell and triggers a 
response, therefore resulting in an action. An agonist can be a naturally 
occurring substance, or an exogenous substance that mimic the action of a 
naturally occurring substance. Allosteric agonists are substances that bind 
reversely to a different binding site from the true agonist at the receptor and 
therefore trigger the response. 

Allopregnanolone 
Allopregnanolone has the capacity to both activate and potentiate the GABAA 
receptor, and thus enhance the inhibitory neurotransmission. 
Allopregnanolone functions as an allosteric agonist at the GABAA receptor and 
enhances the GABA stimulated inhibition of neurons (Majewska et al., 1986). 
It has also been shown that allopregnanolone has an effect of its own, thus an 
ability to activate the GABAA receptor by itself reviewed by (Belelli and 
Lambert, 2005). 

3α5α-THDOC 
THDOC has a similar structure as allopregnanolone and also similar effects on 
the GABAA receptor. It can both activate and potentiate the GABAA receptor, 
and binds to the same sites as allopregnanolone (Hosie et al., 2006; Hosie et al., 
2007; Hosie et al., 2009).   

Pentobarbital 
Pentobarbital is a barbiturate, a group of drugs where most members have 
anesthetic, sedative and anticonvulsant action. Barbiturates are allosteric 
agonists to GABA, and also to benzodiazepines, with its binding site diverse 
from those of theirs. They also have an activating effect on the GABAA 
receptor in absence of GABA (Franks and Lieb, 1994; Robertson, 1989). 
Barbiturates inhibit GABA antagonists and also benzodiazepine inverse 
agonists (Macdonald and Olsen, 1994).   
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Benzodiazepines 
The benzodiazepines are a group of substances with sedative, anxiolytic, sleep-
inducing, anticonvulsant, muscle relaxant and amnesic effects. Benzodiazepines 
have a binding site diverse from GABA and are just as barbiturates allosteric 
agonists to GABA. Benzodiazepines have since the 1960’s been widely used 
for treating anxiety and insomnia and are the active substance in Valium and 
Librium.   

GABAA receptor antagonists 
A receptor antagonist is a molecule that binds to a specific binding site at the 
receptor but induces no biological response by itself, i.e. it has affinity (it can 
bind), but no efficacy (no response by itself) for its cognate receptor. 
Antagonists are divided into different types by their way of action. Competitive 
antagonists bind reversibly to the ligand binding site but do not activate the 
receptor. There is a competition for the binding site between the agonist and 
the antagonist. Non-competitive antagonists bind irreversibly or pseudo-irreversible 
(very slow dissociation) to the same binding site as the agonist and as for 
competitive antagonists it does not activate the receptor. Allosteric antagonists 
bind reversibly to a diverse binding site from the agonist. Allosteric antagonists 
may exert its action on the receptor by decreasing the affinity of the agonist. 

Isoallopregnanolone 

Isoallopregnanolone is a 3β-isomer to allopregnanolone and has until now 
been solely regarded as an antagonist to the allopregnanolone effect on the 
GABAA receptor (Backstrom et al., 2005; Lundgren et al., 2003; Stromberg et 
al., 2006; Wang et al., 2002; Wang et al., 2000).  

Bicuculline  

Bicuculline is a molecule that binds to the GABA-binding site and work as a 
competitive inhibitor to GABA by decreasing the channel open frequency and 
mean duration. Bicuculline is also an allosteric inhibitor to channel activation 
by e.g. pentobarbital, producing conformational changes of the receptor. 
(Macdonald and Olsen, 1994; Ueno et al., 1997). Bicuculline does not seem to 
compete for the steroid or barbiturate binding sites (Ueno et al., 1997).  
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Aims of the Thesis 
he comprehensive aim of the present thesis was to contribute to the 
knowledge about selected progesterone metabolites and their effects on 
learning and tolerance development as well as their metabolism. This by 

studying the effect of allopregnanolone and its possible antagonist 
isoallopregnanolone on learning in male rat, and to relate those results with the 
effect of allopregnanolone, similar neurosteroids, as well as its possible 
antagonist isoallopregnanolone, on specific subunit combinations of the 
GABAA receptor.  

 
More specifically the aims were: 
 To evaluate the significance of the selected  α-subunit isoform for the 

response of bicuculline at the GABAA receptor  
 To investigate which brain regions and GABAA receptor subunits that 

are involved in the development of acute allopregnanolone tolerance in 
rats 

 To evaluate the acute effect of allopregnanolone on learning of the 
Morris Water maze test, and to measure the levels of allopregnanolone 
in plasma and different brain regions in rats 

 To reduce the allopregnanolone-induced learning impairment in the 
Morris water maze test with the allopregnanolone antagonist 
isoallopregnanolone in male rats 

 To investigate the effect of THDOC (a neurosteroid with similar 
effects as allopregnanolone on the GABAA receptor) and 
isoallopregnanolone on the α5β3γ2L-subunit combination of the 
GABAA receptor.  

 To study selected metabolites of allopregnanolone and 
isoallopregnanolone after intravenous administration in male rats  
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Amplitude increases and frequency 
slightly decreases after 1-2 min 

Gradual decrease in frequency and appearance 
of burst suppression periods 

First silent second reached after 3-5 min 

 

Material & Methods 
n material & method I will describe methods used in the thesis. I will 
describe more thoroughly the ones where I have worked with the set-up 
of the method and/or optimization.  

EEG threshold method 
To induce acute allopregnanolone tolerance and evaluate changes in the 
sensitivity to allopregnanolone in the brain, the electroencephalographic 
(EEG) burst suppression threshold test was used. The basis of this method is 
the induction of a burst suppression of one second or more in the EEG, the 
“silent second”. This is done during the intravenous infusion of the studied 
anaesthetic drug, here allopregnanolone (Fig. 7). The EEG is recorded 
continuously from subcutaneous stainless steel sutures. When the first silent 
second is recorded, the infusion stops, while the EEG recording continuous. 
To keep the anaesthesia at the criteria (the silent second) for a longer period of 
time (60 or 90 min), infusions started again when no silent second had been 
noticed during one minute, and continued until a new burst suppression of one 
second appeared in the EEG, and so forth.  

 

 

 

 

 

 

 

 

 

 
Figure 7.  Changes in the EEG recordings during i.v. infusion of an anaesthetic 
GABAA receptor active substance. (Fig. modified from Korkmaz and Wahlstrom, 
1997. Printed with permission from Elsevier) 

I 



MATERIAL & METHODS 

21 
 

This method has earlier been used to study acute tolerance to GABAA 
receptor active substances as e.g. hexobarbital and allopregnanolone (Bolander 
and Wahlstrom, 1988; Korkmaz and Wahlstrom, 1997; Zhu et al., 2004). By 
comparing the dose needed over time to maintain anaesthesia at the silent 
second level in the EEG, acute tolerance development can be detected. 
Accumulated doses (mg/kg) of allopregnanolone were calculated with 5 
minute intervals since the allopregnanolone infusion intervals differed between 
animals. To calculate the amount allopregnanolone needed to maintain the 
wanted anaesthesia level over time, the maintenance dose rates (MDR, 
mg/kg/min) were calculated from the accumulated doses in three different 20 
min time intervals; MDR1 (10 - 30 min), MDR2 (35 - 55 min), and MDR3 (65 
- 85 min). Tolerance is when the drug exerts diminishing effect when given 
repeatedly or continuously. Tolerance can within a single exposure develop 
within seconds or minutes (acute) or it can develop after more then one 
exposure during days or even weeks (chronic). The acute tolerance 
development might be the beginning of the chronic tolerance. 

In situ hybridization 
To detect changes in mRNA GABAA receptor subunit expression during 
tolerance development we used in situ hybridization. This method is based on 
the spontaneous annealing of complementary sequences of single stranded 
nucleic acids to form double-stranded hybrids. Four major types of probes are 
used for in situ hybridization (Wilkinson, 1995). There are complementary 
RNA probes (riboprobes) which are long and have high sensitivity. Riboprobes 
are produced by the use of RNA-polymerase transcribing the probe sequence, 
most commonly from a linearized plasmid. Single-stranded DNA probes can 
(as one option) be prepared by PCR with labelled nucleotides which allow 
flexibility in the probe sequence and produces highly specific probes. Double-
stranded DNA-probes are less sensitive than single-stranded probes since they 
can reanneal, which reduce the amount of free probe available to the target. 
The forth type is oligonucleotide probes (described below). This is the one we 
have used in paper II to analyze the mRNA expression of the GABAA receptor 
subunits α1, α2, α4, α5, α6, β2 and δ (Wisden et al., 1992). To optimize the 
conditions for the spontaneous annealing (the basics in in situ hybridization) a 
number of parameters have to be considered as the length and labelling of the 
probe,  fixation and pre-treatment of the tissue as well as the conditions during 
hybridisation, washing and visualization (Wilkinson, 1995).  

Length of Probe 
The oligonucleotide probes used in paper II are fairly short (42-48 
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nucleotides) and are then able to penetrate more efficiently into the cross-
linked tissue. A probe size of 50-150 bases is the most common choice when 
oligonucleotide-probes are used, but the optimal length can differ from this. 
The probe should not be too small since this could lead to weak signals as well 
as high background. The probe needs a certain length to have sufficient 
specificity and to bind hard enough not to be washed out during the high 
stringency washes in the end of the procedure. If the probe on the other hand 
is too long, it can be sterically hindered from penetrating the tissue to reach its 
target. 

Labelling of the probe 
There are two major alternatives regarding incorporation of the label into the 
probes. Firstly radioactive labels detected by autoradiography and secondly 
non-radioactive labels detected by immunohistochemistry. Using radioactive 
probes, quantification is possible. A variety of isotopes can be used for radio 
labelling of probes, the three most common are 3H, 35S and 32P. They have 
different properties and advantages/disadvantages so in the end it depends on 
what is the most important issue; the time it takes to get the results, stability of 
the probe, or resolution of signal. 3H have a very long half-life and can be used 
for years, but it requires several weeks of exposure to get results. On the other 
hand, the results have high resolution. For 35S the resolution of signal is a little 
poorer, but the half-life is shorter and exposure time around one week. 32P has 
an even shorter half-life and the probes can only be used for one week. The 
exposure time is short, but the resolution is poorer than for 35S, especially on 
film. Non-radioactive probes are safer to use, have high stability, give rapid 
results and have single-cell resolution. This method is more suitable for high 
resolution pictures and is not developed for quantification of mRNA. 

We have chosen radioactive 3’-endlabelling with α35S-dATP. With this 
technique the enzyme terminal transferase build a tail in the end of the probe, 
consisting of 35S-labeled dATP bricks. A reducing agent, as DTT, is needed to 
protect the sulphur from oxidation.   

Fixation 
Fixation of the tissue can be crucial for the results since the target nucleic acid 
must not be degraded by nucleases, but still be accessible for hybridization to 
the probe. Cryosectioning was performed on fresh-frozen rat brain and 10 µM 
sections were thaw-mounted on poly-L-lysine coated slides. The whole rat 
brains as well as the slides were stored in -80°C to prevent endogenous 
ribonucleases to degrade the mRNA in the tissue. We used 4% 
paraformaldehyde, a cross-lined fixative, which makes it easier for the probe to 
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access cellular mRNA than if a precipitating fixative had been used. To inhibit 
the endogenous ribonucleases, fixation was carried out with cold 
paraformaldehyde.  

Pre-treatment 
Acetic acid anhydrid was used for acetylation of positively charged amino 
groups to avoid unspecific binding of the probe and thereby reduce 
background. Thereafter the slides were dehydrated with raising concentrations 
of ethanol. To avoid the risk of nucleases, DEPC-treated water was used to 
dilute the ethanol. To further decrease the background pre-hybridization 
(hybridization buffer without probe) can be performed.  

Hybridization 
The optimal conditions for the annealing of the probe to the target mRNA in 
the brain slice varies between the different probes. There are a few basic 
parameters that are of great importance. One is the melting temperature Tm of 
the hybrids, which is affected by a numbers of factors; as the length of the 
probe, and the base composition (more GC gives higher Tm). The mixture of 
the hybridization buffer is also of importance. We used sodium chloride in the 
buffer since monovalent cations, as sodium, increase the stability of hybrids. 
Formamid is used in the buffer to decrease the Tm. This allows the use of a 
lower temperature, still achieving a high stringency. The probe concentration is 
also of importance, it needs to be high enough to get a good accessibility of the 
target, whereas a too high concentration gives unspecific binding. Dextran 
sulphate is used as a volume exclusion agent, which increases the effective 
probe concentration and the rate of hybridization. The probe is also 
denaturated by heating to break hydrogen bonds between the oligonucleotides 
and make all parts of the probe accessible. DTT, a reducing agent, is used to 
reduce the background signal. 

Washing 
To remove the probe bound to other sequences than the target mRNA, the 
sections are washed in standard saline citrate (SSC) solution going from 
moderate (1xSSC, 55ºC) to high stringency (0.1xSSC, room temperature).  

Visualization 
The time of exposure depends on the amount of radioactivity. Slides were 
exposed to X-ray film (Hyperfilm Biomax MR-1) for 2-12 days in room 
temperature, and thereafter dipped in Kodac NTB2 photo emulsion. Slides 
were exposed to the photo emulsion from 2 weeks to 6 months at +4°C. The 
low temperature makes the autoradiography more efficient. The radioactivity 
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makes silver from the emulsion to precipitate and accumulate where the 
labelled probe have annealed to the mRNA target. This is seen as silver grains 
with a density reflecting the amount of probe bound. After development of the 
slides, sections were counterstained with 1% Pyronin Y, which stains RNA red, 
making the cell nuclei visible. 

Quantification – Image analysis  
For quantification of the mRNA, silver grains were on each section counted 
over 10 individual neurons in each area analysed, and on three sections from 
each animal. A computerised image analysis system was used (MCID M4, 
Imaging Research Inc. Ontario, Canada), with a Dage MTI CCD 72s video 
camera, and a digitizing unit attached to an Olympus BX 50 microscope. 
Background was measured over adjacent hippocampal neuropil. Counting was 
performed in blind conditions. 

Immunohistochemistry 
When changes in mRNA expression were detected, immunohistochemistry 
was used to identify eventual corresponding protein alterations.  

A Streptavidin-Biotin method was used to determine the changes in protein 
expression of the α4-subunit of the GABAA receptor. After fixation normal 
swine serum was added to block unspecific binding. During this procedure 
naturally occurring antibodies in the swine serum will bind to unspecific 
epitopes in the tissue to prevent unspecific binding of the secondary antibody. 
A polyclonal primary antibody recognizing the N-terminal of the α4-subunit 
was used. Slides were incubated with the primary antibody made in goat against 
the rat α4-subunit. The secondary antibody was a biotinylated swine anti-goat 
antibody and incubation was followed by application of an avidin/horseradish 
peroxidase complex. Slides were thereafter incubated with the substrate-
chromogen solution (diaminobenzidine/H2O2), until the wanted colour 
intensity had developed. Slides were counterstained with Meyer’s hematoxylin.  

Quantification – Image analysis  
For quantification of the protein, cells positively stained for the GABAA 
receptor α4-subunit were counted in three distinct random fields of the ventral 
posteriomedial nucleus region of thalamus. This was done in each of the three 
sections from each animal, using a light microscope with an x40 magnification 
lens. The average number of positive cells per slide was calculated by dividing 
the sum of cells by the number of areas analyzed.  
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Morris water maze  
The Morris water maze is not really a maze and should more correctly be 
called the Morris water navigation task. It is designed to study hippocampus-
dependent spatial learning, and it was described by Richard G. Morris in 1984 
(Morris, 1984). The basic idea is that the rat wants to escape from the water, 
and because of this is highly motivated to learn to find the submerged 
platform. In the water there will be no odour traces to follow and the rat has to 
use distant visual cues on the walls to navigate (Fig. 8).  

Learning and memory 
Learning is a process which involves several steps resulting in a memory. 
Learning is acquisition of new information or skills. The learning process can 
be divided into different stages; encoding, storage and retrieval/recall. The encoding 
stage includes processing of the incoming information which should be stored 
in the brain. This stage has two separate steps: Acquisition, when inputs are 
registered, and consolidation, which stabilizes a memory trace and creates a 
stronger representation over time. The consolidation step is further divided 
into synaptic consolidation which occurs during the first hours after performing a 
task and systemic consolidation or storage. This is the process when the memory 
becomes independent from the hippocampus, the creation and maintenance of 
a permanent record. The last stage is retrieval or recall, to utilize the stored 
information to execute a learned behaviour like finding the platform in the 
Morris water maze (Dudai, 2004; Gazzaniga et al., 2002). Learning is also 
subdivided into different types; perceptual learning or simple learning, 
conditioned or stimulus-response learning and also more complex learning as 
spatial learning (Gazzaniga et al., 2002).  

Spatial learning is more complex in the sense that this behavioural task 
requires the use of multiple pieces of information simultaneously. Several brain 
regions are also known to be involved in the spatial learning process; the 
hippocampus, striatum, basal fore brain, cerebellum and the neocortex (Cain et 
al., 1996). In this thesis I will focus on the importance of hippocampus and the 
striatum in relation to the learning in the Morris water maze task. 

The learning of a task like the Morris water maze involves the three stages 
acquisition, consolidation and recall (Florian and Roullet, 2004).  First of all the 
rat needs to understand that it has to perform some kind of search away from 
the pool wall to be able to find an escape from the water. Secondly, the rat has 
to learn the task to actually find the platform, in this case using the cues on the 
wall. To perform the task repeatedly will result in an improvement of the 
performance and make the memory more solid. The last part, the recall, or 
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retrieval, of a memory is coupled to accessing memory traces. To remember 
the visual cues and how to perform the task at a later time point.  

Experimental set up 
Our water maze consisted of a black circular pool with a diameter of 180 cm 
and a height of 60 cm. The pool was filled with water at 25°C to a depth of 32 
cm. The escape platform had a diameter of 10 cm and was made of transparent 
Plexiglas. It was permanently placed in the middle of the northeast quadrant, 
40 cm into the pool, 1.5 cm under the water surface.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. The Morris water maze. (A) This rat is searching for an escape from the 
water and the swimming path is recorded and can be visualized at the computer. 
(B) This rat has learned to use the distal cues on the wall to locate the platform. 

 
The pool was situated in a semidark room with the size 2.7 m x 3.0 m. The 

walls were white with distal visual extra maze cues. The entrance of the room 
was located on the south wall and was covered by a black curtain. Two lamps 
were also located on this wall, 60 cm above the pool edge. Only one lamp was 
switched on and the other was switched off. On the opposite side of the room, 
on the north wall, two lamps were placed in the corresponding positions, both 
lamps were switched on. In the middle of the wall there was a black dot (∅=20 
cm) placed 35 cm above the edge of the pool. The eastern wall had a black 
cross with a length of 20 cm at the same height as the black dot (35 cm above 
the pool). At the western wall a window in the middle was totally covered by a 
black curtain. On one side of the curtain a white dot (∅=20 cm) was placed 40 
cm over the height of the pool. All the equipment and the people involved in 
the experiment were located in an adjacent room. 
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When the rat swam around the pool searching for a possible escape from 
the water various parameters were recorded. We looked primarily at the escape 
latency (the time it takes for the rat to find the platform), the mean swimming 
speed and the thigmotaxis, the time spent close to the pool wall (within 18 cm 
from the wall, 10% of the diameter).   

This pool set up was for the first time used in Paper III of this thesis, and 
has thereafter been used for several studies published by us, as well as others 
(Dahlqvist et al., 2004; Ronnback et al., 2005; Soderstrom et al., 2009).     

Cloning of GABAA receptor subunits 
To investigate how different subunit combinations of the GABAA receptor 
responded to GABAA receptor active compounds a variety of cDNA coding 
for subunits, both rat and human, were cloned into plasmids. Here I have 
focused on the two subunits used in paper I (α4 and α5). The rat α1-, β3- and 
γ2L-subunits were kindly provided from other laboratories (see below, and 
paper I). The human subunits α5, β3 and γ2L used in paper IV were cloned 
and transfected later, by others in our laboratory. The methods used for 
cloning is basically the same; hence the details will not be discussed here. For 
details regarding those subunits, see paper IV. 

Primer design 
The gene sequences covering the coding regions for the wanted subunits 
(L08493 for α4 and L08494 for α5) from the Entrez Nucleotide database at the 
NCBI web site were used. Suitable areas for the forward and reverse primers 
were chosen just before the beginning, and after the end, of the coding 
regions. The lengths of the primers were then adjusted to obtain similar 
melting points and GC-contents for each primer pair (forward and reverse). A 
Kozac sequence (GCC GCC) was inserted just before the ATG start codon at 
the α4-forward primer to facilitate translation. The coding region of L08493 is 
base pair 92-1750, and the primers used covered the sequence from 80 to 
1766. 

In the primers for the α5-subunit a BamHI restriction site (GGA TCC) was 
incorporated in the forward primer and a ClaI restriction site (ATC GAT) in 
the reverse primer. At the time the α5-primers were constructed, we used a 
plasmid without cloning cassettes with multiple restriction sites to choose 
from. There were also three extra random nucleotides at the 5’ end of each 
primer as a toe step to facilitate the binding of the Taq polymerase. The coding 
region of L08494 is 282-1676 and the primer cover the sequence from 270 to 
1689. 
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Finally a BLAST was made to be sure that the primers were unique and 
would amplify only the wanted GABAA receptor subunits. The primers were 
ordered from DNA technology A/S in Denmark.  

Sequencing primers was designed with the Web Primer on-line tool and 
were chosen from the coding regions of L08493 (α4) and L08494 (α5). The 
primers consisted of 18 bases with 500-550 bases in between. Primers covering 
part of the plasmid are used as primers in the beginning and the end to cover 
the transition from insert to plasmid. The primers were constructed to have 
the same GC-contents and melting temperatures. 

Cloning 
The hippocampus was dissected from a brain of a naive male Wistar rat and 
the tissue was homogenized. Trisol was used to purify the RNA and the 
concentration was measured. To verify that the RNA was free from DNA-
contamination and not degraded it was analyzed on a gel. First strand cDNA 
was then generated by RT-PCR with the hippocampal total RNA as the 
template.  

The parameters for the PCR-reaction, i.e. the temperature and time for 
denaturation, annealing and elongation and the number of cycles were 
optimized and the previously generated cDNA was used as a template. The 
PCR-products were separated on an agarose gel together with a suitable size 
standard and a few samples of the expected size were cloned into plasmids, the 
pCR®-Blunt II-TOPO® with the Zero Blunt®TOPO® PCR Cloning Kit 
(Invitrogen), according to manufacturers protocol. The plasmid containing the 
PCR-product was then transformed into competent E. Coli cells with One 
Shot Chemical.  

The transformed bacteria were spread on agar plates with Kanamycin 
(matched with the antibiotic resistance of the plasmid) and were incubated 
over night at 37°C. Colonies was screened with PCR using one primer from 
the plasmid and one from the expected insert i.e. one of the original primers. 
This new PCR-product was run on a new agarose gel with a size standard 
(ladder). Colonies with a corresponding band of the correct size were collected 
and grown separately over night at 37°C in LB-medium with Kanamycin and 
thereafter purified with a QIAprep Spin Miniprep Kit (QIAGEN).  

Analysis of the cloned insert – Restriction analysis and Sequencing  
NEBcutter (an on-line tool) was use to find suitable enzymes for restriction 
analysis and linearization. For restriction analysis the enzymes need to work in 
the same condition and one should cut in the cloning cassette of the plasmid 
and the other in the insert, resulting in two fragments of different size making 
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it possible to analyze on an agarose gel. For linearization a restriction enzyme 
cutting only at the SP6-site in the cloning cassette was needed.  

For restriction analysis and linearization test, the purified plasmids were 
digested over night (Xho I/Eco RV and BamHI for α4, and KpnI and BamHI 
for α5 respectively) and the products were run on an agarose gel with a ladder 
and non-digested plasmid. To control the exact sequence of the product, 
BigDye® Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) was 
used with DNA from purified plasmids from the chosen colonies as templates, 
together with the designed sequencing primers. The obtained sequences were 
analyzed with BLAST against the gene sequence used to design the primers, 
and also the DNA-sequence of the plasmid.  

Thereafter the plasmid was transformed into competent SCS-110-cells and 
cells were grown over night on Km-plates. Colonies were picked and grown 
separately over night at 37°C in LB-medium with Kanamycin and purified with 
a QIAprep Spin Miniprep Kit (QIAGEN). A last restriction analysis was made 
with suitable enzymes over night and the product was run on an agarose gel 
together with a ladder and a non-digested plasmid to be sure that the insert still 
was of the correct size.  

Confirmation by sequencing showed that our cloned GABAA α5-subunit is 
as L08494 but with amino acid M137T and as NM_017295.1 but with amino 
acid R95S. While our cloned GABAA α4 is as L08493 and as NM_080587.  

In vitro transcription  
Plasmids containing the sequence for the GABAA receptor subunits α1, β2 and 
γ2L were kindly provided by A. Tobin, University of California, Los Angeles, 
CA, USA (α1); P. Malherbe, Hoffmann-La Roche, Switzerland (β2) and C. 
Fraser, National institute on Alcohol Abuse and Alcoholism, Bethesda, MD, 
USA (γ2L). The cloned sequences were used as templates for generating 
mRNA by in vitro transcription, and the mRNA produced were mixed with 
mRNA coding for β2 and γ2L and thereafter injected in oocytes to form 
functional GABAA receptors.  

Electrophysiology 
The electrophysiological methods have been used to study the effect of 
different types of GABAA receptor agonists as well as GABAA receptor 
antagonists at different subunit combinations. The measured responses were 
used to calculate e.g. efficacy and affinity – which in the end tells us the 
properties of a particular subunit combination. Efficacy (e) is the ability of a 
substance to trigger a response of a receptor which leads to an effect. 
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Antagonists have no efficacy, while full agonists have high efficacy and partial 
agonists have an efficacy in between. Affinity (Ki) is the ability to bind to a 
receptor. The duration of an antagonist’s inhibition of the agonist activity will 
be determined by the affinity to the receptor. To determine the affinity of a 
receptor antagonist experimentally the Schild regression can be used. 

There are different types of antagonists and they can be defined by their 
dose-response curves. With a competitive antagonist a parallel rightward shift of 
the curve is seen (an increased EC50), with no decrease of the maximal 
response. Increasing concentration of the true agonist may overcome the effect 
of the competitive antagonist. A non-competitive antagonist gives a depression of 
the maximal response of the agonist; in addition, a rightward shift in the dose 
response curve may occur with an increase of the EC50 for the agonist. When 
this antagonistic effect is established it cannot totally be overcome even with 
high doses of the agonist. With an allosteric antagonist a depression of the 
maximal response of the agonist is seen as with no effect on the EC50. When 
this antagonistic effect is established it cannot totally be overcome even with 
high doses of the agonist. 

Oocytes: Two-electrode voltage-clamp 
The oocyte model was used to investigate selective properties of the rat α1, α4, 
and α5 GABAA receptor subunits coexpressed with the β2- and γ2L-subunits. 
Recordings were made 3-5 days after mRNA injections of the subunit 
combination of interest. In the electrophysiological studies of the oocytes a 
two-electrode voltage-clamp whole-cell technique was used. In this model two 
electrodes (pipettes) are inserted into the oocyte and one electrode (the 
ground) is placed in the bath. One electrode is used to measure the 
transmembrane voltage of the oocyte relative to ground, while the other is 
used to pass the current into the cell. The holding potential was set to -70mV. 
The potential was maintained by the voltage-clamp technique where a current 
is passed over the membrane to achieve the requested potential. When 
substances are applied, the change in the current (in order to maintain the 
requested membrane potential) reflects the ion current flow induced by the 
applied substances. It is this change in current that is the measured response. 

The oocyte is kept in a bath of ND96 medium and the drugs studied are 
applied into the bath from a multibarrel system for drug delivery driven by 
gravity, controlled by a computer. Drugs were co-applied with GABA or 
pentobarbital.  

HEK-293 cells: Whole-cell Patch-clamp  
To investigate the effect of isoallo and THDOC on the human α5β3γ2L 
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GABAA receptor more closely, whole-cell patch-clamp technique was used to 
record whole-cell currents from transfected HEK-293 cells. In similarity with 
the oocyte model the membrane potential is held at a fixed level by a feedback 
amplifier system and the parameter measured is the current needed to keep this 
potential. To obtain as low resistance as possible, and thereby a better electrical 
access to the inside of the cell, the whole-cell patch technique was used. In this 
technique a glass pipette (containing intracellular solution) is sealed onto the 
surface of the cell membrane by a gentle suction. The high resistance of this 
seal is essential to be able to isolate the currents measured across the 
membrane patch from the surroundings. With the pipette well attached, more 
suction is applied to rupture the cell membrane giving access to the 
intracellular fluid, thereby reaching “whole-cell condition”. A steady holding 
potential of -17 mV was used in all experiments 

Dynaflow system 
In the Dynaflow™ system the whole-cell patch-clamped cell is kept in a bath 
of extracellular buffer in a DF-16 Pro II chip. These chips have non-sticky 
inserts in the wells to prevent the steroids from attaching to the surface. The 
chips contain 16 wells for substances, as well as wash solution, and each well is 
connected with a channel. The chips allow synchronized control of switching 
between the 16 solutions. Laminar flow at each solution outlet of the 
microfluid channel prevents mixing, and a computer-controlled stepper motor 
is used to move the chip relative to the patch pipette, allowing relatively rapid 
(36 ms) exchange of solution around the membrane patch.  

Steroid analyses 
Steroid analyses were performed with several differences between three of the 
four studies in question. In paper III, IV and V the analyses were made in 
plasma, while serum was used in paper II. Allopregnanolone was measured 
with Celite chromatography and radioimmunoassay (RIA) in paper II and III, 
while Gas chromatography Mass spectrometry (GCMS) was used in paper IV 
and V. Corticosterone levels in paper III were measured using a commercial 
RIA kit. 

Celite Chromatography – RIA 
Allopregnanolone in serum or plasma (paper II and III, respectively) was 
extracted with diethyl ether, while ethanol was used for extraction in brain 
tissue, fat, and muscle. The ether extract was purified by celite chromatography 
and thereafter the concentration of allopregnanolone was measured with 
radioimmunoassay (RIA). Celite chromatography is used to separate 
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allopregnanolone from steroids cross reacting with the antiserum used to 
detect allopregnanolone. Those steroids are eluted before and after the volume 
eluate used to collect the fraction containing allopregnanolone. For a detailed 
description care for (Timby et al., 2006) 

RIA is a sensitive technique used for a long period of time to measure 
concentrations of e.g. hormones in tissue. It was developed by Yalw and 
Berson already in the 1950s. The basic idea in this method is that a known 
quantity of a radiolabeled antigen (3H-allopregnanolone) is allowed to bind to a 
known amount of antiserum (allopregnanolone antiserum) resulting in a 3H-
antigen-antiserum complex. Extracted unknown samples with antigen 
(allopregnanolone) is added and will compete with the radiolabeled antigen 
(3H-allopregnanolone) resulting in an equilibrium between the 3H-labeled 
antigen-antiserum complex and unlabeled antigen-antiserum complex. After 
equilibrium is reached, ammonium sulfate is used to precipitate the bound 
complexes and after centrifugation leaving the free antigens in the supernatant. 
The radioactivity is measured and with the use of a standard curve the amount 
of antigen in the sample can be calculated. For more details see (Timby et al., 
2006). The allopregnanolone antiserum was raised against 3α-hydroxy-20-oxo-
5α-pregnan-11α-yl-carboxymethyl ether coupled to bovine serum albumin. 

GCMS 
Gas chromatography - mass spectrometry (GCMS) combines two different 
methods to identify and quantify substances in a sample. The gas-
chromatograph separates the injected compounds due to size and volatility 
when they travel through a long (ca 30 m) column. As different compounds 
are separated, they enter the second part, the mass-spectrometer where the 
compounds are ionized into small fragments detected by using a ratio between 
their mass and charge (mass to charge ratio). Using internal standards for the 
steroids of interest, concentrations can be calculated for the searched 
substances. Here we wanted to analyze a few progesterone metabolites in rat 
tissue after intravenous injection of allopregnanolone and isoallopregnanolone.   
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Results & Discussion 
Paper I. GABA, pentobarbital and α-subunits 
In order to perform electrophysiological studies of different subunit 
combinations of the GABAA receptor selected subunits were cloned and their 
basic characteristics evaluated. This study evaluated the properties of the rat 
α1-, α4-, and α5-subunits in combination with the β2 and γ2L GABAA receptor 
subunits expressed in oocytes.  

A successful cloning of the GABAA receptor α4- and α5-subunits was 
confirmed by the match of their amino acid sequences to that in the Entrez 
database. This was also true for the α1-subunit.  Even though the α4- and α5-
subunit isoforms together with the β2- and γ2L-subunits are not the naturally 
occurring, all three subunit combinations gave current responses to GABA. In 
the brain α4 is most commonly found in the α4β2/3δ-combination (Sur et al., 
1999a) while α5 is predominantly found in the α5β3γ2-combination (Sur et al., 
1998). Both of those receptor combinations are mainly expressed 
extrasynaptically while the α1β2γ2-subunit combination is predominantly 
expressed within the synaptic cleft (reviewed in (Fritschy and Brunig, 2003; 
Korpi and Sinkkonen, 2006; Mohler et al., 2002)). 

The GABAA receptors containing the α4-subunit were more sensitive to 
GABA, which was seen as a higher potency (EC50 = 8.4 ± 0.8 µM) than for α1- 
or α5-subunit containing receptors (EC50 = 15.2 ± 1.1 µM and EC50 = 15.4 ± 
0.9 µM, respectively, data not shown). Thus, less GABA was needed to reach 
half the maximal response with the α4β2γ2L-subunit combination compared to 
the α1β2γ2L and α5β2γ2L GABAA receptor variants. This is in accordance 
with α4-subunit containing receptors usually being located extrasynaptic, where 
a lower concentration of GABA is reached. However, a low EC50 was not seen 
for the α5-subunit containing receptors, which are also normally found 
extrasynaptic (Farrant and Nusser, 2005)).  

  

 

 

 

 

 

 

Figure 9. α5β2γ2L GABAA receptor. 
Normalized GABA dose-response 
curves with or without 10 µM 
bicuculline present. 0 representing the 
control response to 30 µM GABA in 
each oocyte. 
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Bicuculline is a competitive inhibitor to GABA at the GABAA receptor and 
caused in this study, as expected, a rightward shift of the GABA-dose-response 
curve with no decrease of the maximal GABA response. This was the case for 
all the subunit combinations tested; α1β2γ2L (Fig. 1 B, paper I), α4β2γ2L 
(Results, paper I) and α5β2γ2L (Fig 9). 

Pentobarbital is not only potentiating the GABA evoked currents, but at 
high concentrations it also acts as a direct activator of the α1β2γ2L, α4β2γ2L 
and α5β2γ2L GABAA receptors (Fig 10 A-C), with a similar pattern as for 
GABA activation. A lower concentration of pentobarbital was needed to 
induce the half maximal effect with the α4 subunit combination, compared to 
the α1-and α5-subunit combinations. In other words, the α4-subunit 
combination also had a higher sensitivity to pentobarbital (EC50 = 360 ± 6 µM) 
than the α1 or α5-subunit combinations (EC50 = 533 ± 15 µM and EC50 = 504 
± 4.1 µM, respectively). Bicuculline is an allosteric antagonist to pentobarbital 
and inhibited the pentobarbital-activated currents in a non-competitive 
manner, with depression of the maximal response but no change in the EC50. 
There was no difference in bicuculline induced inhibition between the three α-
subunit isoforms studied (Fig 10 A-C).  
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Figure 10. Normalized pentobarbital 
dose-response curves with and 
without 10 µM bicuculline present. IN 
= 0 representing the control response 
to 2 µM GABA in each oocyte before 
pentobarbital was applied. (A) 
α1β2γ2L (B) α4β2γ2L (C) α5β2γ2L 
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Bicuculline inhibited the GABA activated response dose-dependently with 
comparable results between the three α-subunit isoforms studied (Fig 11A). 
The efficacies regarding the maximal inhibition of the 30 µM GABA responses 
were also very similar for the α1-, α4- and α5-subunit containing receptors (Fig 
11 A). Bicuculline also inhibited the 1 mM pentobarbital-activated response 
with the same potency for all three subunit combinations (Fig 11 B). However, 
bicuculline could, as a maximum, inhibit about 65% of the current response to 
1 mM pentobarbital. There was no difference in the efficacy to inhibit the 
pentobarbital-activated response between the isoforms (Fig 11 B).  

 

 

 

 

 

 

 

 

 
Figure 11.  Normalized bicuculline dose-response curves (A) Inhibition of GABA-
activated currents. IN: 0 representing the control response to 30 µM GABA in each 
oocyte (B) Inhibition of pentobarbital-activated currents. IN = 0 representing the 
control response to 1 mM pentobarbital in each oocyte. 

The main conclusion from this study was that all the GABAA receptor α-
subunit isoforms which were co-expressed with the β2- and γ2L-subunits 
formed receptors that responded similarly to bicuculline mediated inhibition 
on pentobarbital and GABA evoked currents. Synaptic GABAA receptors are 
thought to be involved in the phasic inhibition (as α1-subunit containing 
receptors), while extrasynaptic receptors are more involved in the tonic 
inhibition (as α4- and α5-subunit containing receptors). It has been reported 
that the tonic current is not affected by submicromolar concentrations of the 
antagonist gabazine, while the phasic current is reduced by allosteric and 
competitive antagonists such as bicuculline, gabazine and picrotoxin at higher 
concentrations. Thus, in accordance with our findings these antagonists block 
both phasic and tonic GABAA receptors in the micromolar range (Bai et al., 
2001; Semyanov et al., 2003; Stell and Mody, 2002; Yeung et al., 2003).  

In this study it was clearly shown that the GABAA receptor with the α1-, 

A B 
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α4- or α5-subunits did not show a difference in sensitivity to bicuculline on 
GABA and pentobarbital evoked currents. This indicates that it is probably not 
the α-subunit itself that determines the sensitivity to bicuculline. However, one 
likely candidate for the effect is the β-subunit, since it has previously been 
shown that the α5-subunit requires the β3- rather than the β2-subunit to create 
proper binding sites for benzodiazepines (Luddens et al., 1994). The 
importance of the β-subunit isoform for the properties of the GABAA receptor 
has also been shown in a study by Caraisos and co-workers, where the 
sensitivity to GABA was about 50% lower in HEK-293 cells which expressed 
the α1β2γ2-receptor compared to those that express the α1β3γ2 or the α5β3γ2 
GABAA receptors (Caraiscos et al., 2004). 

 It is thus possible that all the GABAA receptor combinations studied here 
have more similarities with synaptic receptor combinations than with 
extrasynaptic ones. Even though both the α4- and α5-subunits are in vivo 
primarily located in extrasynaptic receptors, it must be kept in mind that the 
α4- and α5-subunit isoforms normally are combined with other subunits than 
those used in this study. Therefore, it may be that it is actually the β-subunit, or 
the β-subunit in combination with the α-subunit that determines the receptor 
sensitivity to bicuculline. 
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Paper II. Acute allopregnanolone tolerance 
Tolerance to prolonged endogenous allopregnanolone levels can probably 
develop during pregnancy, but also during shorter periods of elevated 
allopregnanolone levels as during the luteal phase of the menstrual cycle. 

In this paper we studied the mechanisms behind the development of acute 
allopregnanolone tolerance. Pharmacodynamic tolerance can be acute and/or 
chronic. Acute tolerance develops during the first exposure to a substance. 
Chronic tolerance is developed after several exposures to the substance and it 
usually takes days or even weeks to develop. There are many different 
mechanisms behind the development of tolerance, as desensitization of a 
receptor by phosphorylation, or conformational changes, or loss of receptors 
by i.e. internalization. Other causes of tolerance development can be depletion 
of mediators; an altered metabolic degradation of the drug, or physiological 
adaption as changed expression pattern of the receptor (Rang et al., 2008). We 
investigated if there were any changes in the mRNA expression of different 
GABAA receptor subunits in specific brain regions shown to be of importance 
in this tolerance development. Tolerance was induced by exposure to 
allopregnanolone during 30 or 90 min at the silent second anaesthesia level 
(Zhu et al., 2004). Where differences in mRNA expression were found we also 
analysed the protein level of the subunit of interest. To control the depth of 
anaesthesia the Electroencephalography (EEG) threshold method was used. 
Control animals were decapitated at the time they reached their first silent 
second. 

In order to compare the amount of allopregnanolone needed to maintain 
the wanted depth of the anaesthesia during the experiment, the cumulated dose 
was calculated with intervals of 5 min. Thereafter the maintenance dose rate 
(MDR) was calculated with 20 min intervals; MDR1 (10-30 min), MDR2 (35-
55 min) and MDR3 (65-85 min). The allopregnanolone dose rate needed to 
maintain the anaesthesia level was higher in the last time interval (MDR3) 
compared to both the first (MDR1, Fig 12) and second time interval (MDR2). 
This proves that acute tolerance to allopregnanolone developed during the 
later part of the anaesthesia period. The difference between MDR3 and MDR1 
for each individual (∆MDR) is a direct in vivo measure of the acute tolerance. 
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Figure 12. The cumulative dose of allopregnanolone given to maintain anaesthesia 
at the silent second level. (* P < 0.001 versus MDR1 and MDR2) 

Tolerance against allopregnanolone developed, although the question about 
localisation within the brain, and mechanisms involved remained unanswered. 
In a threshold model like the one used here, the increase in substance 
concentration can be used to identify the brain areas of importance for the 
tolerance development. (Korkmaz and Wahlstrom, 1997; Zhu et al., 2004). 
After 90 min of anaesthesia, the allopregnanolone concentrations were 
significantly higher in the hippocampus (+58%), the midbrain-thalamus-
hypothalamus (MTH, +67%), the brain stem (+90%), as well as in serum 
(+46%), and in the fat (+800%) compared to control. In situ hybridization was 
performed for quantification of mRNA coding for the GABAA receptor 
subunits α1, α2, α4, α5, α6, β2 and δ in amygdala, cerebellum, cortex, 
hippocampus, hypothalamus, thalamus and the raphe nucleus (see Table 1 in 
Paper II). Thalamus is considered a gateway to the brain and through the 
thalamus signals passes to the cortex from auditory, somatic, visceral, and 
visual perceptive regions (Jones, 1998). The most interesting finding here was 
the decrease of the α4-subunit in the ventral posteriomedial (VPM) nucleus of 
thalamus, both at the mRNA (data not shown) and the protein level, after 90 
min of anaesthesia (Fig. 13 A). There was also a negative correlation between 
the individual ΔMDR and the amount of α4 mRNA in the VPM nucleus of 
thalamus in the 90 min group (Fig. 13 B). Thus, there is an underlying relation 
between the acute tolerance development and the amount of α4-subunit 
mRNA in this area. The stronger the tolerance development in the individual 
rat, the lower the expression of α4 in the thalamic VPM nucleus. This area is 
part of the relay nuclei of thalamus and integrates sensory input to the primary 
somatosensory cortex (Jones, 1998), which makes it likely to be involved in 
anaesthesia (Sykes and Thomson, 1989; Wan et al., 2003), as well as tolerance 
development towards GABAA receptor active anaesthetic compounds as 
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allopregnanolone. Despite the extent of all the subunits and areas studied, 
most of the subunits had unchanged expression pattern (for more details see 
table 1 in the printed version of paper II).  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. The expression of the GABAA receptor α4 subunit. (A) Number of 
cells positive for α4 protein over a defined area in the thalamic VPM nucleus. (B) 
Negative correlation between the individual α4 mRNA expression in the thalamic 
VPM nucleus and ΔMDR (the difference in maintenance dose rate between 
MDR3 (65-85 min) and MDR1 (10-30 min)). * P ≤ 0.05 vs. the control. 
 
The reduced amount of the usually extrasynaptic α4-subunit in thalamic 

VPM nucleus could give a change in efficacy of the GABAA receptors either by 
a change in the subunit composition, or it could reflect a decrease in the 
amount of this specific subunit composition of the GABAA receptor. Either 
way a decreased number of functional GABAA receptors will result in less 
inhibitory activity in the system, which in this case is seen as an increased need 
of allopregnanolone to maintain the wanted depth of anaesthesia, the silent 
second. What we see here is then actually a decreased GABAA receptor 
sensitivity, which has also been shown in PMS-patients during the luteal phase 
(Sundstrom et al., 1998; Sundstrom et al., 1999). There might then be a 
connection between the decreased sensitivity seen in PMS-patients and a lower 
expression of e.g. the α4-subunit.  
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Paper III & IV. Allopregnanolone & Isoallopregnanolone 
effects on learning in the Morris Water maze – 
Involvement of the α5β3γ2 GABAA receptor 
In paper III we studied how allopregnanolone given intravenously influenced 
learning in the Morris water maze. We also identified a time point after the 
allopregnanolone injection when the rats had a learning impairment, and still 
had full swimming ability. Thus, a suitable time point to test for antagonists to 
relieve the learning problems. In paper IV we tried to reduce the negative 
effect of allopregnanolone we had seen on learning in the Morris water maze 
test. When the antagonist did not function as expected, we set out to find an 
explanation to the lack of antagonism in this situation. We used 
isoallopregnanolone, an endogenous 3β-epimer of allopregnanolone as the 
proposed antagonist. Isoallopregnanolone is, as allopregnanolone, a 
progesterone metabolite, and it has been shown to antagonize 
allopregnanolone in a number of studies both in vitro (Lundgren et al., 2003; 
Stromberg et al., 2006; Wang et al., 2002; Wang et al., 2000) and in vivo 
(Backstrom et al., 2005). 

Morris water maze 
In paper III allopregnanolone (2 mg/kg) increased the latency to find the 
hidden platform 8 minutes after the intravenous injection (Allo 8), while the 
latency was at control levels in the group swimming 20 minutes after the 
injection (Allo 20, Fig. 14). The two control groups injected with vehicle (8 and 
20 minutes before swimming) learned the task properly and performed 
significantly better every day during the first three days. The last six days of the 
trial period they had a mean latency around 30 s while the Allo 8 group’s mean 
latency was around 85 s.  

 
 

 

 

 

 

 
Figure 14. Latency, the time to find the platform 8 and 20 minutes after i.v. 
injection of allopregnanolone or vehicle, respectively.  Data are shown as mean ± 
SEM. 
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Also in paper IV, the learning in the Morris water maze test was impaired 
by allopregnanolone (2 mg/kg) 8 minutes after the i.v. injection. This 
impairment was not possible to antagonize with isoallopregnanolone (4-24 
mg/kg), instead the latency increased when isoallopregnanolone (32 mg/kg) 
was given together with allopregnanolone (Fig. 15 A).  When given alone, the 
group given the highest dose of isoallopregnanolone (32 mg/kg) had a learning 
curve similar to that of the allopregnanolone group. At lower doses (2-24 
mg/kg) there was no effect on latency by isoallopregnanolone alone (Fig. 15 
B). The concentration of isoallopregnanolone in the solution used was 3 
mg/ml, which resulted in a large volume to inject. Different volumes of vehicle 
(β-cyclodextrin) were then also used as controls for the volume per se. We saw 
no difference between the different vehicle groups (Fig. 1 C, Paper IV), and 
concluded that the injection volume did not affect the learning process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15. Latency to find the hidden platform in the Morris water maze 8 
minutes after i.v. injection of steroid or vehicle. (A) Allopregnanolone injected 
together with different doses of isoallopregnanolone, vehicle and allopregnanolone 
alone. (B) Different doses of isoallopregnanolone alone, compared with vehicle 
and allopregnanolone alone. Data are shown as mean ± SEM.  
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The swimming speed was not affected by allopregnanolone and there was 
no difference between the four groups in paper III (Fig. 2, paper III). In 
paper IV no group had lower swimming speed than the vehicle group 

The thigmotaxis was increased in a higher number of rats in the allo 8 
group compared to the other groups in paper III (Fig. 16 A). Four out of 
seven rats in the allo 8 group spent more than 50% of the time close to the 
pool wall (mean value over all days), but only one out of sixteen animals in the 
other groups had such high thigmotaxis.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16. Thigmotaxis, the percent of total time in the Morris water maze spent 
close to the pool wall (A) 8 and 20 minutes after i.v. injection of allopregnanolone 
or vehicle, respectively (B and C) 8 minutes after i.v. injection of steroid or vehicle. 
Data are shown as mean ± SEM.  

In paper IV all groups with higher latency than the vehicle group showed 
an altered swimming pattern, which was seen as higher thigmotaxis, i.e. they 
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spent significantly more time close to the wall of the pool (Fig. 16 B and C). 
This increased thigmotaxis was not possible to block by any of the doses of 
isoallo tested (4-32 mg/kg). Almost all groups decreased their thigmotaxis 
throughout the experiment. But in the group given both allopregnanolone (2 
mg/kg), and high dose isoallopregnanolone (32 mg/kg), the thigmotaxis even 
slightly increased the last days (Fig. 16 B).   

As for latency, the group given high dose of only isoallopregnanolone (32 
mg/kg) behaved similar to the allopregnanolone only group, and spent about 
the same time close to the pool wall (Fig. 16 C). Isoallopregnanolone in lower 
doses (4-24 mg/kg) had no effect on the thigmotaxis.  

The mechanisms involved in the allopregnanolone-induced learning 
impairment in the Morris water maze are not known, however the GABAA 
receptor is likely to be involved. Allopregnanolone is known to exert its effect 
on GABAA receptors by enhancing the GABAergic effect (Majewska et al., 
1986), but also by a direct activation of the GABAA receptor (Hosie et al., 
2006). In both cases the result is a decrease of the membrane potential, 
aggravating action potentials to proceed. In accordance to this, a correlation 
between decreased release of glutamate in the dorsal hippocampus and an 
increase in the escape latency to find the platform after treatment with the 
benzodiazepine triazolame has been shown (Shimizu et al., 1998).  

In our study we saw a correlation between the latency to find the platform 
at the last day of the trial and the thigmotaxis as a mean over all the days (Fig. 
17). This indicates that the learning impairment in those animals is strongly 
affected by their thigmotactic behaviour. The three rats with no increased 
thigmotaxis in the Allo 8 group in paper III, where also able to learn the 
position of the hidden platform. 

 

 

 

 

 

 

 

 

Figure 17. Correlation between latency day 5 and thigmotaxis as a mean over all 
days. 
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The high thigmotaxis in the learning impaired animals makes the 
interpretation a little bit more complex, since thigmotaxis is believed to be 
related to the striatum rather than the hippocampus. High thigmotaxis is 
thought to be related to acquisition impairment, an impairment of the ability to 
initiate a response (Cain, 1997; Devan et al., 1996; Devan et al., 1999; Devan 
and White, 1999). In this case this could refer to leaving the wall of the pool, as 
this is needed to be able to start searching for the platform that is not localized 
close to the wall. When the animals once have learnt the importance of leaving 
the pool wall, they can also learn to find the platform. When the medial part of 
the dorsal striatum (caudate putamen) is lesioned unilateral, an initial increase 
of the thigmotaxis is seen. If also hippocampus is lesioned, contra-lateral to the 
dorsal striatum, this effect is reinforced (Devan and White, 1999). This 
indicates that there is a connection between those two areas regarding 
thigmotactic behaviour, and that learning of this spatial task, probably involves 
more than one brain region.  

There might be different explanations to the high thigmotaxis. One reason 
for the rats not to leave the safety of the pool wall could be a result of 
increased anxiety. However, Devon and co-workers showed that rats with a 
dorsal striatum lesion, and therefore high thigmotaxis in the water maze, did 
not spend more time close to the wall when tested in a dry-land open field. 
This shows that high thigmotaxis not necessarily needs to be interpreted as 
anxiety; there might be other explanations, as impaired acquisition (Devan et 
al., 1999). Secondarily, acute allopregnanolone is known to usually induce 
anxiolytic properties (Bitran et al., 1991; Rodgers and Johnson, 1998). On the 
other hand, progestagens have been shown to be related to increased anxiety in 
women, and patients with premenstrual dysphoric disorder experience negative 
mood symptoms during the luteal phase of the menstrual cycle, the phase 
when the levels of allopregnanolone are high (Nyberg et al., 2007; Wang et al., 
1996). Postmenopausal women treated with progesterone also had more 
negative mood symptoms when allopregnanolone levels corresponded to the 
ones seen during mid luteal phase (Andreen et al., 2005). Also animal studies 
with female rats have shown increased anxiety together with increased 
allopregnanolone levels after short term (2-3 days) progesterone treatment 
(Gulinello et al., 2001). Worth mentioning is that in the studies with an 
increased anxiety related to high levels of allopregnanolone the effects seen are 
not acute, but rather chronic.  

In our study allopregnanolone also caused sensorimotor disturbances of the 
same type as described after administration of diazepam, as well as after 
treatment with a NMDA antagonist (Cain et al., 1996; Cain, 1997). This 
included swimming close to the pool wall, deflecting off or swimming over the 
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platform, and jumping off the platform when the rat was placed there after a 
trial. We saw these sensorimotor disturbances in all groups given 
allopregnanolone alone or together with isoallopregnanolone, except the Allo 
20 group (paper III), during the first days of the experiments. Despite this, 
the rats had no problems with swimming per se, which can be seen from the 
normal swimming speed. The sensorimotor problems declined after a few days 
and could not disturb the learning in the later part of the experiment, while the 
thigmotactic behaviour continued throughout the experiment. One plausible 
explanation is that the declined sensorimotor disturbances are caused by 
development of chronic tolerance towards this allopregnanolone effect.  

The GABAA receptor α5-subunit has been shown to be of importance for 
learning of spatial tasks (Collinson et al., 2002), and spatial learning has been 
suggested to involve the hippocampus (Morris, 1984; Riedel et al., 1999). The 
α5-subunit is primarily expressed in the hippocampus and assembles together 
with the β3- and γ2-subunits (Sperk et al., 1997; Sur et al., 1998; Sur et al., 
1999b; Wisden et al., 1992). There is also a small fraction of α5-containing 
receptors in the caudate putamen in the striatum (Korpi et al., 2002). The tonic 
inhibition in hippocampal pyramidal neurons is primarily mediated by the α5-
containing receptors, which accounts for about 20% of the GABAA receptor 
population in the hippocampus (Caraiscos et al., 2004). As mentioned earlier 
there is also a correlation between benzodiazepine-induced learning 
impairment and glutamate release in the dorsal hippocampus (Shimizu et al., 
1998). Thus, it is reasonable to believe that the allopregnanolone-induced 
learning impairment is related to α5-containing GABAA receptors in the 
hippocampus, and possibly also in the striatum. 

Steroid analyses 
In paper III allopregnanolone concentrations were measured in nine different 
brain areas and in plasma. Eight min after the i.v. injection the highest levels 
were found in hippocampus, hypothalamus, thalamus and striatum. There was 
a 30-60% decrease of allopregnanolone in plasma and the parts of the brain 
analysed between 8 and 20 min, with the largest decrease in the hippocampus. 
The levels of allopregnanolone in the brain 8 min after injection were several 
hundred times higher than after vehicle injections, but ten times lower than the 
amount needed to induce anaesthesia (Zhu et al., 2004). What we know for 
sure is that the levels of allopregnanolone 8 minutes after injection were 
sufficient to induce learning-impairment, while the levels 20 minutes after 
injections were too low. 
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Figure 18. Epimerisation between allopregnanolone and isoallopregnanolone in 
plasma, the hippocampus and the striatum. The concentrations of the steroid 
produced were divided by the amount of the original steroid given. E.g. 
[isoallo]analysed /[allo]given and vice versa. 

 
In paper IV analyses of allopregnanolone and isoallopregnanolone 

concentration were made in plasma, hippocampus and striatum in four of the 
groups.  Allo (2 mg/kg), and the corresponding vehicle (1 ml/kg), as well as 
the two groups receiving the highest doses of isoallopregnanolone; allo:isoallo 
(2:32 mg/kg) and isoallopregnanolone (32 mg/kg). One interesting finding was 
that epimerisation between allopregnanolone and isoallopregnanolone 
occurred and that it went in both directions (Fig. 18).  

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 19. Concentrations of (A) isoallopregnanolone and (B) allopregnanolone in 
plasma, the hippocampus and the striatum. Data are shown as median ± quartiles. 

A B 
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The allopregnanolone levels in plasma were comparable between animals 
treated with allopregnanolone or isoallopregnanolone (Fig. 19). But in the 
hippocampus and the striatum the levels of allopregnanolone was less than half 
in the isoallopregnanolone only group compared to the allopregnanolone 
treated group.  

The high levels of allopregnanolone in the group receiving only 
isoallopregnanolone could be an explanation to the similarities in behaviour 
between the animals given high dose isoallopregnanolone and the 
allopregnanolone treated animals. Still, the levels of isoallopregnanolone are 
several times higher than the levels of allopregnanolone, and should because of 
this definitely antagonise the negative effects of allopregnanolone on learning. 

However, isoallopregnanolone did not work as an antagonist to the 
allopregnanolone-induced learning impairment in the Morris water maze test. 
This is contrary to earlier studies where isoallo has worked as an antagonist to 
other allopregnanolone-induced effects. The antagonistic effect has been 
shown with in vivo anaesthesia in the EEG-threshold model (Backstrom et al., 
2005), and also in a chloride uptake model in rat cortical microsacs (Lundgren 
et al., 2003; Stromberg et al., 2006), on spontaneous inhibitory postsynaptic 
currents (sIPSCs) (Stromberg et al., 2006), as well as on population spikes in 
CA1 pyramidal neurons in vitro (Wang et al., 2000).  

A plausible explanation to the unexpected isoallo outcome in this study 
could be that allopregnanolone-induced learning impairment is involving 
different brain regions and/or GABAA receptor subunit combinations other 
than the ones causing the effects in the earlier studies. The hippocampal 
GABAA receptors containing the α5-subunit are shown to be of importance 
for spatial learning (Chambers et al., 2003; Chambers et al., 2004; Collinson et 
al., 2002; Crestani et al., 2002), as discussed above. Thus, the obvious 
continuation was to study cells expressing the GABAA receptor subunit 
combination α5β3γ2, the naturally occurring subunit combination for the α5-
subunit (Sur et al., 1998). 

Whole-cell patch-clamp 
For these studies HEK-293 cells were permanently transfected to express the 
α5β3γ2L version of the GABAA receptor. THDOC, a steroid with similar 
properties and effects, and also the same binding site as allopregnanolone on 
the GABAA receptor (Hosie et al., 2006), was used in these electrophysiological 
experiments. Recently a few experiments have also been done with 
allopregnanolone, giving the same results (data not shown). Interestingly, the 
expected antagonist isoallopregnanolone did not work as an antagonist in this 
experimental set–up either. Isoallopregnanolone did not inhibit the THDOC 



RESULTS & DISCUSSION 

48 
 

-10

0

10

20

30

40

EC50 = 0.1 µM
Emax = + 22.3 %

0 0.1 0.3 1 3

[Isoallo] (µM)

R
el

at
iv

e 
ef

fe
ct

(%
 in

cr
ea

se
 v

s.
 0

.3
 µ

M
 G

A
B

A
+ 

0.
2 

µM
 T

H
D

O
C

)
potentiated GABA-current. Instead there was actually an isoallo agonistic 
effect on the THDOC-potentiation of the GABA response of the receptor, 
with a 20% increase above control (Fig. 20)  

 
 
 
 
 
 
 

Figure 20. Whole-cell patch-clamp recordings on HEK-293 cells expressing 
α5β2γ2L GABAA receptors. The relative effect of isoallopregnanolone (0.1–3 µM) 
in the presence of 0.2 µM THDOC and 0.3 µM GABA. Control (0.2 µM THDOC 
+ 0.3 µM GABA) was set to 0.  

 
To investigate if the lack of antagonistic effect was dependent on the low 

GABA concentration used, isoallopregnanolone (1 µM) was tested with both 
high (30 µM, 40 ms applications) and low (0.3 µM, 15 s applications) 
concentrations of GABA, with or without THDOC present at the different 
GABA concentrations. In neither case isoallopregnanolone worked as an 
antagonist. When administrated together with both GABA and THDOC it 
actually potentiated the current response by 15-20%, though the agonistic 
effect was significant only at the highest concentration (Fig. 21). Thus, at both 
synaptic and extrasynaptic conditions, i.e. short term high concentration of 
GABA (40 ms, 30 µM) and long term low concentration of GABA (15 s, 0.3 
µM), isoallo was without any neurosteroid antagonism at the α5β3γ2L-version 
of the GABAA receptor.   

Thus, the antagonistic effect of isoallopregnanolone in the earlier studies 
might be explained by the subunit composition of the GABAA receptor in the 
brain regions studied. In the cerebellum and the cerebral cortex, the amount of 
α5 is very low and even though it is much higher in the hippocampus, the 
amount of α5β3γ2L GABAA receptor is still only approximately 20% of the 
total number of GABAA receptors in this area (Caraiscos et al., 2004), 80% 
consists of other subunit combinations. Thus, the effect of neurosteroids on a 
mixed cell population, as in a microsac preparation from the hippocampus, is 
not representative for the steroid response of the α5-containing GABAA 
receptor. The same is true for the hypothalamic neurons from the preoptic 
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area. The exact composition of GABAA subunits in the neurons studied are 
not known, but it is known that there is low expression of the α5-subunit in 
this area. 

 

 
 
 
 
 

 
 
 

 
Figure 21. Whole-cell patch-clamp recordings on HEK-293 cells expressing 
α5β3γ2L GABAA receptors. The effect of 1 µM isoallo on 0.3 µM and 30 µM 
GABA-activated GABAA receptor function with and without 0.2 µM THDOC 
present. Control (0.3 µM GABA or 30 µM GABA) was set to 0. (*** P < 0.001) 

 
THDOC has an activating effect of its own on the GABAA receptor and 

significantly changes the baseline-recordings from the cells, which has also 
been shown earlier (Hosie et al., 2006). This baseline shift indicates that 
α5β3γ2-containing neurons in the brain are likely to alter their membrane 
excitability in the presence of THDOC (and allopregnanolone) also when 
GABA is not present (Shu et al., 2004). This would make the neurons less likely 
to fire an action potential. The shift is seen already at 0.1 µM of THDOC and 
is dose-dependent. What is really intriguing is that this baseline shift (at 0.2 µM 
THDOC) cannot be antagonised by isoallopregnanolone (0.1-3 µM).  

 
 
 
 
 
 
 
 
 

Figure 22. Whole-cell patch-clamp recordings on HEK-293 cells expressing 
α5β3γ2L GABAA receptors. (A) THDOC (0.1–1 µM) shift the baseline 
significantly in the absence of GABA. (* P < 0.05; ** P < 0.01; *** P < 0.001). (B) 
Isoallo (0.1 – 3 µM) have no effect on the 0.2 µM THDOC induced baseline shift.  
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It is likely that this is true also for allopregnanolone as Hosie and co-workers in 
2006 showed that allopregnanolone and THDOC has the same binding site 
and a similar effect on the GABAA receptor (Hosie et al., 2006). This lowering 
of the membrane excitability is probably one part of the explanation to why 
the animals given allopregnanolone have trouble learning a hippocampus 
dependent task. 

To summarize paper III and IV; allopregnanolone (2 mg/kg) impair 
learning in the Morris water maze 8 min, but not 20 min after i.v. injection. 
Surprisingly, isoallopregnanolone did not block those negative effects of 
allopregnanolone as expected. The presumed antagonist actually had an 
agonistic effect on the THDOC-potentiation of the α5β3γ2L GABAA receptor. 
Further, THDOC alone gave a baseline shift already at low concentration and 
this shift was not reversed by isoallopregnanolone. Those findings could 
possibly explain both the learning impairment (due to fewer signals fired with a 
lower resting potential in the α5β3γ2-containing neurons), and the different 
outcome of isoallopregnanolone on the allopregnanolone effects concerning 
learning and anaesthesia (diverse effects on different subunit compositions). 
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Paper V: Neurosteroid metabolism  
 In paper IV we identified an epimerization between isoallopregnanolone 

and allopregnanolone and then wanted to further evaluate the metabolites 
formed after intravenous injections of allo and isoallo, respectively. In the fifth 
and most recent paper we have thus analysed a number of possible 
progesterone metabolites after the intravenous injections of allo (2 mg/kg) and 
isoallo (32 mg/kg), i.e. dosages used in paper IV. It has earlier been shown 
that a possible degradation route for allo is via the formation of isoallo, 
followed by 6α- or 7α-hydroxylation of isoallo (Stromstedt et al., 1993), and 
therefore we wanted to analyze also some of those steroids. Since the 
conversion of progesterone to 5α-DHP is known to be irreversible, 
progesterone or steroids directly formed from progesterone were not included. 
Neither were 5β-steroids studied since they are not present within the brain 
(Ebner et al., 2006), and thus not of interest in this study. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23. Proposed metabolites and possible metabolic pathways after treatment 
with allopregnanolone or isoallopregnanolone.  
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We analyzed eight different possible metabolites (Fig. 23), including allo and 
isoallo in plasma, the hippocampus and the striatum. Our intention was to also 
include 6α-OH-allo and 7α-OH-isoallo in our analyses, but we were unable to 
find standard substances to perform those measurements. In plasma both 
conjugated and free steroids were measured. What is here discussed as free 
steroids is not really free within the body. In the bloodstream a high 
proportion of the steroids are attached to carrier proteins as e.g. albumin, 
transcortin or sex hormone-binding globulin. The meaning of free steroids 
used here is then steroids that are not conjugated. To be able to make 
comparisons between the metabolites formed after allo and isoallo treatments, 
despite the different doses given, we calculated the increase/decrease 
compared to control and divided this delta value with the amount of given 
steroid in mg/kg i.e. 2 mg/kg for allo or 32 mg/kg for isoallo. 

Steroids in control animals 
In control animals (given 1 ml/kg of 10% β-cyklodextrin) there were 
measurable amounts of all free metabolites in plasma (0.04-1.7 nmol/L), with 
the highest concentration for allo (28.5 nmol/L). Among the conjugated 
steroids allo was also the most abundant metabolite (37.5 nmol/L), while 
3α5α-THDOC and the two rarest free metabolites were not detectable as 
conjugates. The amounts of the conjugated steroids were in most cases higher 
than for the free steroids in plasma. In healthy women only 2.4-6% of allo and 
isoallo are in plasma free steroids, the rest is found in conjugated forms 
(Havlikova et al., 2006). The conjugation could be either by glucoronidation or 
by sufatation. The latter is most common in the 3β-position (Setchell -76). 
Conjugation also occurs at other positions as in the 6α-position (Dombroski et 
al., 1997a). In the brain areas analyzed of our control animals, allo was the 
dominant steroid (40.4-69.0 nmol/kg), followed by isoallo (8.4-9.6 nmol/kg) 
or 5α-DHDOC (6.5-12.5 nmol/kg).  

Steroids in animals treated with allo or isoallo 
Eight minutes after allopregnanolone injections the most abundant steroid 
found was allo itself in the unaltered form, and a large proportion of allo had 
accumulated in the brain (2-3 µmol/kg). In plasma the level was also high 
(700-800 nmol/L), even though it was less than half of the amount found in 
the brain. The most abundant metabolites formed after the allopregnanolone 
injection was isoallo and 5α-DHP. It might be that this is one route for 
elimination of allopregnanolone, since it also has been shown that formation 
of isoallopregnanolone is a mandatory step in the rat brain degradative 
pathway (Stromstedt et al., 1993).  
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Isoallo-treated animals were given a huge dose of isoallo (32 mg/kg) and 
had increased levels of all free steroids measured in plasma, and all except one 
(5α-DHDOC) of the conjugated steroids, compared to control. In the 
hippocampus all steroids were increased compared to control, and in the 
striatum all metabolites but two (5α-DHDOC and 7α-OH-allo). In all tissues 
the steroid with the highest concentration found was isoallo (19-25 µmol/L or 
36-45 µmol/kg), followed by allo (890-1080 nmol/L or 600-610 nmol/kg). 
Interestingly, there are besides 5α-DHP even higher concentrations of 6α-OH-
isoallo (460-810 nmol/L and 190-280 nmol/kg).  

Hydroxylation and conjugation 
After the allopregnanolone injection we identified two hydroxylated allo 
metabolites in our study, namely 7α-OH-allo and 3α5α-THDOC, which is 
actually 21-hydroxylated allopregnanolone (Fig. 24 A). After the isoallo 
injection also 6α-OH-isoallo and 3β5α-THDOC (21 hydroxylated isoallo) 
increased (Fig. 24 B). Unfortunately, we do not know if there are other 
hydroxylated steroids formed, but we think it is plausible since the common 
route for steroid degradation is to make the compound more water soluble by 
hydroxylation, followed by conjugation with sulfur or glucuronic acid before 
excretion. Stromstedt and co-workers found 6α- and 7α-hydroxylated isoallo 
metabolites in their study on metabolism of isoallopregnanolone after 
incubation with rat microsomes. Interesting is that we after the treatments 
found the metabolite 7α-OH-allo, that was not identified by Stromstedt et al, 
1993. It might then be that this metabolite is formed outside the brain, as they 
studied metabolism in brain tissue. The 7α-OH-allo in this study was also 
mainly found outside the brain. 6α-OH-isoallo is a metabolite, likely to be a 
part of the progesterone elimination process in different species. In a human 
metabolic study where they used labeled 5α-DHP and measured metabolites in 
the urine, 6α-OH-isoallo was the main metabolite found (Chantilis et al., 1996), 
and as told above it was also formed after incubation of isoallo together with 
rat brain microsomes (Stromstedt et al., 1993).  

The relation between conjugated and free allopregnanolone was in plasma 
even (Fig. 24 A), indicating a rapid conjugation of the allopregnanolone which 
had not been metabolized. Despite the massive amount of isoallopregnanolone 
in the plasma of the isoallo treated animals, a relatively large proportion of 
conjugated steroids were also found in this group (Fig. 24 B). It is likely to be 
an overcapacity for conjugation in the system to clear the body from a surplus 
of substances, which in excess could be harmful. Here 54-71% of isoallo and 
allo are conjugated (in the isoallo or allo treated animals), while in healthy 
women as much as 94-98 % of allo and isoallo in the circulation is conjugated 
(both in the follicular and the luteal phase). When those figures are compared  
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Figure 24. Changes in the amounts of steroid metabolites adjusted for the dosage 
given of (A) allopregnanolone and (B) isoallopregnanolone.  
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we have to bear in mind that our levels of free allo and isoallo are 
tremendously higher. The high capacity seen in our study together with the 
high rate of conjugation shown by Havlikova and coworkers (Havlikova et al., 
2006) stress the importance of this step in elimination of steroids from the 
body. Conjugation might also be part of a strategy to regulate the amount of 
active neurosteroids within the brain since it recently has been shown that 
neurosteroid glucuronides are present in the brain (Kallonen et al., 2009).  

Adjusted changes of metabolites 
For all allopregnanolone metabolites there were higher levels found in the 
brain than in plasma (Fig. 24 A), pointing towards the possibility that those 
steroids were actually formed within the brain. Vallée and co-workers (Vallee et 
al., 2000) injected allo subcutaneously, and twenty minutes later they found allo 
both in plasma and in the brain. While isoallo was only found in the brain, 
indicating that the conversion of allo into isoallo occurs predominantly within 
the brain.  

The accumulation of isoallo metabolites in the brain is not as abundant as 
for allo (Fig. 24 B) which might indicate a conversion of isoallo to its 
metabolites outside the brain. The larger amount of isoallo in the blood could 
partly be explained by a lower clearance of isoallo compared to allo, but there 
are also other possibilities. The passage over the blood brain barrier might be a 
limiting step considering the huge dose of isoallopregnanolone given.  

Epimerization between allo and isoallo 
The epimerization between allo and isoallo can either be catalyzed by a single 
enzyme (Belyaeva et al., 2007; Chetyrkin et al., 2001b; Huang and Luu-The, 
2000), or by a two step reaction with 5α-DHP as an intermediate (Dombroski 
et al., 1997b; Stromstedt et al., 1993; Vallee et al., 2000). Enzymes for both 
those paths are present in the brain (Belyaeva et al., 2007; Chetyrkin et al., 
2001a; Chetyrkin et al., 2001b; Huang and Luu-The, 2000), and in our study 
the high levels of 5α-DHP accumulated in the brain after the allo injection 
could point towards favoring of the two-step route via 5α-DHP, when allo is 
the injected steroid.  

There is an interesting difference between the metabolites found after 
allopregnanolone and isoallopregnanolone injections. Allo gave high levels of 
both 5α-DHP and isoallo, while allo was the most abundant metabolite when 
isoallo was given. As mentioned above, this epimerization between allo and 
isoallo has two possible routes, either catalyzed by 3(α→β) hydroxysteroid 
epimerase (Belyaeva et al., 2007; Chetyrkin et al., 2001a; Chetyrkin et al., 
2001b; Huang and Luu-The, 2000), or a two step reaction with 5α-DHP as an 
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intermediate (Dombroski et al., 1997b; Stromstedt et al., 1993; Vallee et al., 
2000). The 3(α→β)-hydroxysteroid epimerase has a low activity in the 3β to 3α 
direction (Huang and Luu-The, 2000), which makes it less likely to be the main 
path when isoallo is converted to allo. Although the converted levels of 5α-
DHP in the isoallo treated group is not as high as for allo, this might be the 
actual route. The low level could instead be a proof of a high converting 
capacity for transforming 5α-DHP into allopregnanolone.  

There is a discrepancy between results from different tissues and species. 
The amount of isoallopregnanolone detected in the frontal cortex 20 min after 
an injection of allo was around 5% of the allo concentration at the same time, 
while no isoallo was detected in plasma (Vallee et al., 2000). In an in vitro study 
using human placenta isoallo was incubated with the tissue during 120 min, 
resulting in almost total conversion of isoallo with 5α-DHP and allo as the 
main metabolites. When the same experiment was performed with allo, equally 
concentrations of 5α-DHP, isoallo but also of the given steroid allo was found 
(Dombroski et al., 1997b). In our study we found isoallo after allo injection 
both in brain and plasma. The concentrations of isoallo were 1-4% of the allo 
concentration analyzed and in the reversed direction allo was 0.2-1.5% of the 
isoallo analyzed after isoallo injection. After intravenous injections of isoallo in 
women allopregnanolone levels raised 10-15% of the rise of isoallo in serum at 
the different time points (Hedstrom et al., 2009). Even though the percentage 
of the epimerization in our study is not that high, the amount of steroid 
converted is abundant, at least from isoallo to allo. This capacity of 
epimerization might suggest that the system has a preferred balance between 
allo and isoallo and that the balance between those two neurosteroids is of 
great importance in the cases when isoallo functions as an antagonist to allo. 

Efficient systems for regulating the steroid levels are of importance, since 
steroids are very potent compounds with a broad spectrum of activities. The 
different enzymatic activities and thus different routes for, and grade of, 
epimerisation between different tissues are of great interest. This together with 
a quite high potential of converting steroids to more hydrophilic compounds 
in the body indicates that there might be a tissue specific regulatory system for 
circulating neurosteroids and steroid hormones. Together with the enormous 
capacity of conjugation this shows that the body has a tremendous capacity to 
clear the system from compounds which in too high concentrations could be 
harmful. 
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Summary 
he relation between PMDD and neurosteroids has earlier mainly 
focused on the connection to allopregnanolone and the 
allopregnanolone-sensitivity at the GABAA receptor. We show here that 

there is an epimerization between allopregnanolone and isoallopregnanolone in 
vivo (Öfverman et al., 2009a) and recently it has been shown that 
isoallopregnanolone is epimerized to allopregnanolone in healthy women 
(Hedstrom et al., 2009). It is thus likely that an epimerization from 
allopregnanolone to isoallopregnanolone also occurs in humans, as it does in 
rats.   

The balance between allo and isoallo might then be of importance for the 
fine tuning of the inhibitory system. The high capacity for conjugation of the 
progesterone metabolites after injections of allo and isoallo (Öfverman et al., 
2009a) also shields the system from potentially harmful levels of neuroactive 
steroids. Another kind of protection is tolerance development. In periods with 
high endogenous levels of allopregnanolone as the luteal phase of the 
menstrual cycle, or during pregnancy, the system must adapt. One way might 
be to decrease the expression of the GABAA receptor α4 subunit in thalamus 
as after 90 minutes of allopregnanolone induced anesthesia (Birzniece et al., 
2006).   

Isoallopregnanolone has subunit selective effects and functions as an 
allopregnanolone antagonist at the α1β2γ2-containing GABAA receptors in 
oocytes (Wang et al., 2002) as well as on a mixed receptor population in cortical 
microsacs (Stromberg et al., 2005). The expression of the α5 subunit is rather 
low in cortex compared to the α1 subunit. Contrary to the oocyte results on 
α1-containing receptors, isoallopregnanolone had no antagonistic effect on 
THDOC (or allo) at the α5β3γ2L receptor combination in HEK293 cells 
(Öfverman et al., 2009b). This points once again to the broad variety of effects 
among the neurosteroids and also among the GABAA receptor subforms, 
which contributes to maintain the balance between the excitatory and 
depressing systems in the brain. 
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Conclusions 
 Bicuculline has similar effects at GABAA receptors containing 

α1β2γ2L, α4β2γ2L and α5β2γ2L. It is a competitive inhibitor to GABA 
with a comparable rightward shift in the three combinations and it also 
inhibited pentobarbital-activated response with the same potency for 
all three subunit combinations.  

 The α4-subunit in the thalamus VPM nucleus is likely to be involved in 
the development of acute allopregnanolone in rats. 

 Allopregnanolone impair learning in the Morris water maze 8 minutes 
(but not 20 minutes) after intravenous injection with corresponding 
high levels of allopregnanolone in all brain parts analyzed.  The highest 
levels were found 8 minutes after the intravenous injection in the 
hippocampus, hypothalamus, thalamus and striatum, with a 30-60% 
decrease between 8 and 20 minutes.  

 The allopregnanolone induced learning impairment in the Morris water 
maze was not possible to reduce with isoallopregnanolone. 

 THDOC acts as an agonist on HEK-293 cells transfected with 
α5β3γ2L subunit combination of the GABAA receptor and potentiate 
the GABA response. Isoallopregnanolone does not antagonize the 
THDOC-potentiated GABA response. 

 The main metabolites 8 minutes after allopregnanolone injections are 
isoallopregnanolone and 5α-DHP with a large proportion of steroids 
accumulated in the brain. After isoallopregnanolone injections the main 
metabolites is allopregnanolone followed by 6α-OH-isoallo. The 
distribution between the tissues studied is more even than after 
allopregnanolone injections. 
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Sammanfattning på svenska  
nder menstruationscykelns lutealfas såväl som under graviditet och 
stress så ökar progesteronmetaboliter som tex allopregnanolon, 
isoallopregnanolon och tetrahydrodeoxycorticosteron (THDOC). 

Allopregnanolon och THDOC är neurosteroider med en 3α-hydroxy-5α-
konfiguration och de verkar båda på GABAA-receptorn genom positiv 
modulering. De har liknande egenskaper och effekt, och de har även samma 
bindningsställen på GABAA receptorn. Isoallopregnanolon däremot har en 3β-
hydroxy-5α-konfiguration och är en förmodad antagonist till både 
allopregnanolon och THDOC. Neurosteroider antas ha sin huvudsakliga effekt 
på extrasynaptiska GABAA-receptorer som innehåller tex α4 och α5 och är 
involverade i den toniska responsen. GABAA-receptorns subenheter har alla ett 
specifikt uttrycksmönster i hjärnan och de är involverade i olika typer av 
funktioner. α5-subenheten som huvudsakligen uttrycks i hippokampus är 
involverat i inlärning medan α4 är mer allmänt utbredd och involverad i tex 
ängslan och anestesi. 

Målsättningen med den här avhandlingen var att bidra till kunskapen om 
utvalda progesteronmetaboliter och deras effekt på inlärning, 
toleransutveckling och även deras metabolism. Några basala karaktäristika 
mellan några av GABAA-receptorns olika α-subenheter studerades också. 

I avhandlingen visas att varken effekten av bicuculline eller pentobarbital är 
beroende av vilken α-subenhet som finns i GABAA-receptorn när de uttrycks i 
oocyter. Allopregnanoloninducerad anestesi ledde till att akut tolerans 
utvecklades och i samband med detta såg vi också en nedreglering av 
α4subenheten i thalamus VPM-kärna, både på mRNA- och proteinnivå.  Det 
fanns också ett samband mellan minskningen av α4-subenhetens mRNA och 
dosökningen av allopregnanolon som behövdes för att upprätthålla 
anestesinivån. Allopregnanolon gav också försämrad inlärning i Morris water 
maze samtidigt som vi såg höga koncentrationer av allopregnanolon i hjärnan 
och den här försämringen gick inte att förhindra med isoallopregnanolon. 
THDOC inducerade ett baslinjeskift på α5β3γ2-transfekterade HEK-293celler 
och potentierade också GABA-strömmar. Dessa effekter av THDOC 
inhiberas inte av isoallopregnanolon, istället visar sig isoallopregnanolon ha en 
agonistisk effekt på THDOC-potentieringen av GABA-responsen. Efter de 
intravenösa injektionerna av allopregnanolon återfanns de huvudsakliga 
metaboliterna 5α-DHP och isoallopregnanolon, men även allopregnanolon, 
huvudsakligen i hjärnan. Efter injektion av isoallopregnanolon däremot så var 
det en jämnare fördelning mellan plasma och hjärnvävnad för både den givna 

U 
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steroiden och dess metaboliter. Det sker en epimerisering mellan 
allopregnanolon och isoallopregnanolon, och vice versa.  

Sammanfattningsvis så visar denna avhandling att α4-subenheten i thalamus 
VPM-kärna troligtvis är inblandad i utvecklingen av den akuta toleransen mot 
allopregnanolon och att hippokampus troligtvis är involverat i försämrade 
inlärning efter injektioner av allopregnanolon. Frånvaron av antagonistisk 
effekt av isoallopregnanolon på den THDOC-inducerade responsen på α5β3γ2 
GABAA receptorer kan tillsammans med epimeriseringen av 
isoallopregnanolon till allopregnanolon förklara varför isoallopregnanolon inte 
fungerar som en antagonist i ett hippokampusberoende test som Morris water 
maze, trots att det fungerat i andra sammanhang tidigare. 
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