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ABSTRACT 
 
The nuclear receptor (NR) superfamily is the largest known family of transcription 
factors in eukaryotes. In the 1980’s when the size of the NR family and the scope of 
the functions of its members were being discovered, tissue distribution studies 
revealed that the mRNAs of many of these receptors were expressed in the central 
nervous system. The difficult task of uncovering the functions of these receptors in 
the brain is still ongoing. In this thesis the functions of two of the members of the NR 
superfamily have been studied: the estrogen receptor β (ERβ) and the liver X receptor 
β (LXRβ). 
 
ERβ knockout (ERβ-/-) mice have provided evidence for a role for ERβ in neuronal 
survival in both the developing and in the adult brain. When proliferating cells were 
labeled with 5'-bromodeoxyuridine (BrdUrd) between embryonic day (E) 14.5 and 
E16.5 fewer BrdUrd-labeled cells could be detected in the upper cortical layers by 
E18.5 and postnatal day 14 in mice lacking ERβ. The migration of these neurons 
seems to be impaired and the processes of the cortical radial glia, which are essential 
for guiding the migrating neurons, were fragmented. In addition, more apoptotic cells 
were detected in the ventricular zone of ERβ-/- mice at E18.5. By influencing 
migration and neuronal survival, ERβ has an important function during brain 
development. Adult ERβ-/- mice show regional neuronal hypocellularity, especially in 
the cerebral cortex, and proliferation of astroglial cells in the limbic system. The 
neuronal deficit becomes more pronounced as ERβ-/- mice age, indicating a 
neuroprotective role for ERβ. By 2 years of age there is degeneration of neuronal cell 
bodies throughout the brain and this is particularly evident in the cortex and the 
substantia nigra. 
 
During embryonic development there is a limited exposure of the brain to 17β-
estradiol, and this raised the question of whether ERβ is ligand-activated during this 
stage. We have examined the possibility that an alternative ligand for ERβ in the 
developing brain is 5α-androstane-3β, 17β-diol (3βAdiol). In mice, in which the 
pathway for degradation of 3βAdiol is inactivated (CYP7B1 knockout mice), there is 
an increase in the number of neurons in the brain and a profound decrease in 
apoptosis between E13.5-15.5. The enlargement of the brain persisted to 14 days 
postnatally but brain size was normalized by the time mice were 3 months old 
suggesting that the excess cells must have been removed in the late postnatal period. 
These data are supportive evidence for a role for the ERβ-3βAdiol-CYP7B1 pathway 
in regulation of neuronal survival in the embryonic brain. 
 
LXRβ is an oxysterol-activated nuclear receptor that plays a crucial role in the 
regulation of cholesterol and sterol trafficking between tissues. In LXRβ knockout 
mice motor co-ordination is impaired when male mice are 7 months of age. This 
phenomenon is associated with lipid accumulation and loss of motor neurons in the 
spinal cord, together with axonal atrophy and astrogliosis. Several of these features 
are reminiscent of the neuropathological signs of chronic motor neuron disease such 
as amyotrophic lateral sclerosis. We speculate that absence of LXRβ leads to 
pathological accumulation of sterols and lipids that may themselves be neurotoxic or 
may modulate intracellular pathways and thereby predispose motor neurons to 
degeneration.
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LIST OF ABBREVATIONS 
 
ABC ATP-binding cassette 
ALS amyotrophic lateral sclerosis 
apo apolipoprotein 
APP amyloid precursor protein 
AP-1 activator protein-1 
BBB blood-brain barrier 
BrdUrd 5´-bromodeoxyuridine 
CETP cholesteryl ester transfer protein 
CNS central nervous system  
CYP cytochrome P450 enzyme 
CYP7A1 cholesterol 7α-hydroxylase 
CYP7B1-/- CYP7B1 knockout 
CYP46A1 cholesterol 24-hydroxylase 
DHEA dehydroepiandrosterone 
DHT 5α-dihydrotestosterone 
DR direct repeat 
E embryonic day 
E2 17β-estradiol 
ER estrogen receptor 
ERα-/-  estrogen receptor α knockout 
ERβ-/- estrogen receptor β knockout 
ERE estrogen responsive element 
GFAP glial fibrillary acidic protein 
HDL high-density lipoprotein 
LDL low-density lipoprotein 
LXR liver X receptor 
LXRα-/- liver X receptor α knockout 
LXRβ-/- liver X receptor β knockout 
NGF nerve growth factor 
NMDA N-methyl-D-aspartate 
NR nuclear receptor 
RXR 9-cis retinoic acid receptor 
SNRM selective nuclear receptor modulator 
VLDL very low-density lipoprotein 
WT wild type 
3αAdiol 5α-androstane-3α, 17β-diol 
3βAdiol 5α-androstane-3β, 17β-diol 



INTRODUCTION 
 
In the 1980’s when the size of the nuclear receptor (NR) family and the scope of the 
functions of its members were being discovered, tissue distribution studies revealed 
that the mRNAs of many of these receptors were expressed in the central nervous 
system (CNS). The difficult task of uncovering the functions of these receptors in the 
brain is still ongoing. Steroid hormone receptors were among the earliest NRs to be 
discovered. Their uniqueness lies in the fact that their transcriptional activity is 
unmasked upon binding to steroid hormones. The transcriptional effects of all of the 
steroid hormones (estrogen, androgen, progesterone, glucocorticoids and 
mineralocorticoids) are mediated through individual NRs. In addition, the actions of 
vitamin A, vitamin D and thyroid hormone are also mediated via specific NRs. 
 
There are 48 members in the NR superfamily in man. Sequence analysis of the NRs 
has shown that they are architecturally similar and are composed of functionally 
distinct domains. Several previously unknown NRs were discovered when sequences 
of highly conserved DNA-binding domains of the steroid receptors were used in cross 
hybridization studies. Since ligands for these proteins were not identified at the time 
of their cloning, they were designated “orphan” receptors. After cloning, ligands for 
several of these receptors were found and some turned out to be dietary components 
or intermediates in metabolic pathways such as synthesis and degradation of 
cholesterol, as for example the peroxisome proliferator-activated receptors that are 
activated by fatty acids, farnesoid X-activated receptors that are activated by bile 
acids and liver X receptors (LXRs) that are activated by oxysterols. However, many 
NRs still have no identifiable ligand, e.g. chicken ovalbumin upstream promoter-
transcription factors (COUP-TFs) (Park et al., 2003). Some receptors, as for example 
the estrogen receptor-related receptors, may indeed be activated in a ligand-
independent manner (Greschik et al., 2002; Kallen et al., 2004). 
 
Molecular cloning of an invertebrate estrogen receptor (ER) orthologue has lead to 
some insight into the existence of two ERs. It has been suggested that NRs have 
diversified from a primordial low-affinity estrogen-binding receptor some 500 million 
years ago (Baker, 2003; Thornton, 2001; Thornton et al., 2003). The first duplication 
led to the precursors of today’s ERα and ERβ and all other NRs have evolved from 
these two precursors. Architecturally, the NRs can be subdivided into several 
functional domains (Fig 1). The N-terminal (A/B) domain is highly variable in 
sequence and length and usually contains a transactivator function, which activates 
target genes by directly interacting with the core transcription machinery or with 
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coactivators (Giguere et al., 1986; Hollenberg and Evans, 1988; Kumar et al., 1987). 
There is a highly conserved DNA-binding domain (C) that contains two zinc fingers, 
which are involved in DNA-binding and receptor dimerization (Luisi et al., 1991). 
The hinge domain (D) is thought to give flexibility to the three-dimensional folding of 
the receptor and has been shown to influence the DNA-binding properties of some 
receptors. It often contains a nuclear localization signal (Picard and Yamamoto, 
1987). The ligand-binding domain (E) is important for ligand binding, heat-shock 
protein association, receptor dimerization, nuclear localization and interactions with 
transcriptional coactivators and corepressors (Graupner et al., 1989; Pratt et al., 1988; 
Webster et al., 1988). Finally, the C-terminal domain (F) has been shown to contribute 
to the transactivation capability of the receptor (Vegeto et al., 1992). 
 
 

 
Fig. 1. Schematic structural comparison of the human estrogen receptors. 

 
 
Coregulators 
 
NRs do not act alone to influence the transcription of genes. Other proteins, so-called 
coregulators, are recruited by activated NRs to the basal transcription machinery 
(Cavailles et al., 1994; Halachmi et al., 1994). Coregulators are not exclusive to NRs, 
they are used in a similar manner by other DNA-binding transcription factors. 
Coregulators form multicomplexes at the promoters and the combinatorial interactions 
influences the outcome of the transcriptional regulation (Fondell et al., 1996; 
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McKenna et al., 1998; Rachez et al., 1998). Coregulators can either stimulate 
transcription in which case they are called coactivators, or they can repress 
transcription and are called corepressors. Many coregulators have enzymatic activity 
(acetylation/deacetylation, methylation/demethylation, 
phosphorylation/dephosphorylation) and influence gene expression by modification of 
proteins, such as histones, in the vicinity of DNA site at which the NR is tethered. 
Coregulators can also function in the assembly, recruitment or release of other 
coregulators. 
 
The capacity of NRs to recruit coactivators/corepressors together with the tissue-
selective expression of coregulators have been proposed to explain the mixed 
agonist/antagonist properties of so-called selective NR modulators (SNRMs) (Liu et 
al., 2002; Smith et al., 1997; Webb et al., 2003). SNRM are synthetic ligands that 
have been developed for a number of NRs. Tamoxifen, an ER antagonist used in the 
treatment of breast cancer, is a SNRM. It binds to ERs and blocks estrogenic activity 
in the breast but acts as an agonist or partial agonist in the bone and uterus (Jordan, 
1992; Love et al., 1992; Wolf and Jordan, 1992). 
 
Estrogen receptors 
 
Most of the known effects of estrogen are mediated via binding to ERs. The first ER 
was discovered in 1958 by Elwood Jensen who used H3-labeled 17β-estradiol (E2) to 
demonstrate high affinity binding to intracellular receptors in the uterus. Twenty-eight 
years later, with the help of antibodies raised in the Jensen laboratory, the cDNA was 
cloned from uterus in 1986 (Green et al., 1986). Until recently, estrogen was believed 
to act via this single ER, now denoted ERα, however in 1996, a second ER (ERβ) was 
cloned (Kuiper et al., 1996). The two ERs are the products of two distinct genes, 
which have been mapped to different chromosomes. The human ERα gene has been 
mapped to the long arm of chromosome 6 and the ERβ gene to band q22-24 of 
chromosome 14 (Fink et al., 1998). The two ERs have a highly conserved DNA-
binding domain (97% homology), but differ in their ligand-binding domain (59% 
homology) and show little homology within the N-terminal transactivation domain 
(Fig. 1) (Kuiper et al., 1997; Kuiper et al., 1996; Mosselman et al., 1996). 
 
Awareness of the existence of two ER subtypes changed the understanding of the 
mechanism of biological action of estrogen and related natural/synthetic compounds. 
Further complexities come from the presence of splice variants of both ERs. Some of 
these isoforms do not bind to or have reduced affinity for E2 and the same is true for 
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their capability to activate transcription, reviewed in (Hirata et al., 2003; Warner et 
al., 1999). Other ER splice variants lack sequences coding for nuclear 
translocation/nuclear localization signal and DNA-binding which results in different 
subcellular localization (Pasqualini et al., 2001; Price et al., 2001; Price et al., 2000). 
Whether most of these ER isoforms exist as functional proteins and whether they have 
any biological role is still unclear. However, one splice variant of human ERβ, 
ERβcx, which has an alternative COOH-terminal exon 8, has been shown to 
heterodimerize with ERα and exert an dominant negative effect on transcription 
(Moore et al., 1998; Ogawa et al., 1998). ERβcx does not bind E2 and seems not to be 
able to interact with coregulators. It has been suggested that expression of ERβcx 
could have a prognostic value in breast and prostate cancer (Fujimura et al., 2001; Saji 
et al., 2002). In rodents, another ERβ splice variant, ERβins, is abundant. In this 
variant, there is an 18 amino acid insertion within the ligand-binding domain and this 
reduces the affinity for E2. ERβins can function as a dominant negative heterodimeric 
partner for ERα, as well as for ERβ (Maruyama et al., 1998; Petersen et al., 1998). 
The observation that ERβins binds to tamoxifen with similar affinity, as does the full-
length ERβ, is of significant pharmacological interest because it points to a 
fundamental difference in estrogen signalling between rodent and man. 
 
Estrogen has traditionally been referred to as “the female hormone”, whose principal 
source is the ovaries. The most potent estrogen in the body is 17β-estradiol (E2)  
(Kuiper et al., 1997). Testosterone, the precursor of E2, is also produced in the ovaries 
where it is aromatized to form E2. Aromatization is catalyzed by a cytochrome P450 
enzyme (CYP) commonly called aromatase (Simpson et al., 1994). At menopause the 
ovarian production of estrogens dramatically decreases. Estrogens produced after the 
menopause are synthesized through the action of aromatase in peripheral tissues, such 
as fat (Zumoff, 1982). Despite traditional definition of estrogen as a female hormone, 
males also produce and need estrogen. This fact was made clear when a man with two 
mutated alleles of ERα was reported to suffer from continuous growth in adulthood 
due to altered bone maturation and mineralization (Smith et al., 1994). Many 
developmental actions of testosterone in the brain of both males and females depend 
on conversion to E2 by aromatase in the neurons themselves (intraneuronal 
conversion) (Naftolin et al., 1975). 
 
In addition to the endogenous hormones, chemicals in the environment, such as 
natural plant compounds (phytoestrogens) and industrial by-products (xenoestrogens) 
are ligands for ERs. There are serious concerns about the endocrine-disrupting effects 
of these chemicals and their role in human health is under intense investigation 
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(McLachlan, 1993; Routledge et al., 2000). Several synthetic/naturally occurring 
estrogenic compounds show pronounced selectivity of binding to either ERα or ERβ 
(Kuiper et al., 1997; Kuiper et al., 1998). The relatively high affinity that ERβ shows 
for genistein, a major phytoestrogen in soy, may implicate ERβ in the reported 
protective effect of phytoestrogens against colon cancer (Adlercreutz et al., 1995). 
 
Estrogen signalling mechanism 
 
Steroid hormone actions are commonly divided into effects that are delayed in onset 
and prolonged in duration, "genomic" effects, and actions that are rapid in onset and 
short in duration, "non-genomic" effects. 
 
Genomic effects 
E2 can diffuse through the plasma membrane and enter the cytoplasm where binding 
to its specific receptor proteins occurs. In the absence of ligand ERα exists in an 
inactive state bound to several chaperone proteins, including heat-shock proteins 
(Landers and Spelsberg, 1992; Pratt and Toft, 1997). The inactive ERα complex has 
been well studied and the interactions with heat-shock proteins are required for proper 
protein folding of the receptor and stabilization of the receptor in a conformation that 
permits binding of ligands. Upon ligand binding, the ERs are phosphorylated on 
tyrosine and serine residues; this activation step is referred to as transformation 
(Auricchio et al., 1990; Le Goff et al., 1994). Transformation enables the ERs to 
dissociate from heat-shock proteins, dimerize and bind to specific DNA sequences 
located within the regulatory regions of target genes. The DNA-bound receptors 
contact the general transcription apparatus either directly or indirectly via 
coregulators. One of the best-characterized ER-binding sites is the estrogen 
responsive element (ERE) (Klein-Hitpass et al., 1986; Peale et al., 1988). Many 
estrogen-responsive genes contain variations in the consensus ERE sequence (5'-
GGTCA nnn TGACC-3') and these variations have been shown to influence the 
ability of the bound ER to recruit coactivators (Dana et al., 1994; Tzukerman et al., 
1994). In some estrogen-responsive promoters no identifiable EREs exist and in these 
cases ERs have been shown to interact with other DNA-binding proteins, such as Sp1 
and activator protein-1 (AP-1) (Bradshaw et al., 1991; Montano and 
Katzenellenbogen, 1997; Uht et al., 1997; Webb et al., 1995; Wu-Peng et al., 1992). 
Surprisingly, ERα and ERβ have been shown to have opposite actions at AP-1 sites 
(Paech et al., 1997). E2 activates transcription in the presence of ERα at AP-1 sites, 
whereas with ERβ it instead inhibits transcription. In contrast, tamoxifen activates 
transcription with ERβ at AP-1 site but has very little effect in the presence of ERα. 
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The regulation of gene expression can be further complicated if ERα and ERβ are co-
localized in cells, because they have also been shown to act as heterodimers (Cowley 
et al., 1997; Pace et al., 1997; Pettersson et al., 1997). In HC11 mammary epithelial 
cells, it is the ratio of ERα to ERβ that determines the response to E2 in a certain cell. 
E2 has no effect on proliferation in these cells. However, selective activation of ERα 
stimulates proliferation while activation of ERβ is growth inhibitory (Helguero et al., 
2005). 
 
Non-genomic effects 
Rapid anaesthetic effects of steroids were described in the 1940s, and in 1975 it was 
suggested that estrogen might bind to plasma membrane receptors in the uterus 
(Pietras and Szego, 1975). Estrogen also has rapid effects in neurons. It can alter 
membrane excitability of neurons, thereby changing the firing rates (Kelly et al., 
1977; Nabekura et al., 1986; Yagi, 1973) and can increase intracellular concentration 
of Ca2+ in brain synaptosomes and neostriatal neurons by interfering with Ca2+-influx 
through voltage-sensitive membrane Ca2+-channels (Mermelstein et al., 1996; Nikezic 
et al., 1996). The time course of these effects is rapid, usually within seconds to 
minutes, and they are insensitive to transcription and translational inhibitors. It was 
thus concluded that estrogen activates intracellular signalling pathways through its 
interaction with specific receptors on the plasma membrane of neurons (Pappas et al., 
1995; Ramirez et al., 1996; Towle and Sze, 1983). In 1999, Razandi et al. showed that 
ERα can intercalate into the plasma membrane and offered this mechanism as an 
explanation for the rapid effects of E2 (Razandi et al., 1999). However, Russell et al. 
have pointed out that NRs do not have a recognizable transmembrane domain and that 
only a short portion of the ligand-binding domain could possibly be in the membrane 
(Russell et al., 2000). In some cases, ERs have also been reported to be coupled to 
second messenger systems via G proteins (Kelly et al., 1999; Razandi et al., 1999), 
whereas in other cases a novel type of ER has been suggested (Benten et al., 2001; 
Nadal et al., 2000; Singh et al., 1999; Toran-Allerand et al., 2002). However, no 
membrane-associated ER protein has so far been sequenced and cloned and future 
research need to clarify the nature of these proteins (Warner and Gustafsson, 2006). 
 
Distribution of estrogen receptors in the central nervous system 
 
The most extensive information regarding the distribution of ERα and ERβ mRNA 
expression patterns in the CNS has come from studies in rats (DonCarlos and Handa, 
1994) (Belcher, 1999; Laflamme et al., 1998; Osterlund et al., 1998; Shughrue et al., 
1997b). In general it is agreed that ERβ mRNA-containing cells are more widely 
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dispersed throughout the brain than those expressing ERα mRNA. Within the 
hypothalamus, ERα is the dominant ER expressed in the arcuate and ventromedial 
nuclei, while in the paraventricular nucleus ERβ is the predominantly expressed ER. 
Within the midbrain, pons, and brain stem, a predominance of ERβ has been observed 
in the dopaminergic neurons of the substantia nigra and ventral tegmental area, the 
serotonergic neurons of the raphe nuclei, and the noradrenergic neurons of the locus 
coeruleus. In the cerebellum ERβ but not ERα mRNA has been detected, both in the 
Purkinje and granular cell layers. Although there are many differences in the 
distribution of ERα and ERβ mRNAs, both ERα and ERβ mRNAs are expressed in 
the cerebral cortex, hippocampus, preoptic area, bed nucleus of stria terminalis and 
throughout the lower brain stem. 
 
Comparison of ER mRNA expression patterns in rat, mouse (Kuppers and Beyer, 
1999; Shughrue et al., 1997a), monkey (Gundlah et al., 2000), and human (Osterlund 
et al., 2000; Osterlund and Hurd, 2001) indicates that, although the general 
distribution is similar, data cannot be extrapolated from one species to another. The 
paraventricular nucleus of rats has been reported to express only ERβ, while in the 
mouse it contains cells that also express moderate levels of ERα. Interestingly, the 
human paraventricular nucleus has been reported to express mRNA for both ERα and 
ERβ; with ERα predominating. 
 
In many studies the distribution of ERα and ERβ protein in the CNS has been 
reported to co-ordinate relatively well with the mRNA distribution (Li et al., 1997; 
Merchenthaler et al., 2004; Mitra et al., 2003; Price and Handa, 2000; Taylor and Al-
Azzawi, 2000). However, some exceptions have been reported. One study reports no 
detection of ERβ immunoreactivity in the nuclei of Purkinje cells and granular cells of 
the mouse cerebellum, a region previously reported to be rich in ERβ mRNA 
(Merchenthaler et al., 2004). Discrepancies between protein and mRNA expression 
are not unexpected since it is known that translation and/or stability of ER protein 
expression may depend on ligand availability, which can vary with gender, age and 
reproductive status (Greco et al., 2001; Patisaul et al., 1999; Simerly and Young, 
1991). 
 
Estrogen action in the central nervous system 
 
Estrogens influence a wide variety of brain functions in mammals. In the adult CNS 
this includes the feedback regulation of hypothalamic and pituitary hormone secretion 
(Kalra and Kalra, 1983) and the facilitation of feminine reproductive behaviour via 
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regulating brain progesterone receptor levels (MacLusky and McEwen, 1978). Further 
on, estrogen has an effect on the modulation of motor behaviour (Beatty and Holzer, 
1978) and on mood and mental state by the control of central aminergic and 
peptidergic neurotransmission, reviewed in (Fink et al., 1996; Harlan, 1988). It has 
also been suggested that estrogen could offer neuroprotection against Alzheimer´s 
disease, Parkinson´s disease, schizophrenia, and ischemic stroke (Berman et al., 1997; 
Luine et al., 1998; Schmidt et al., 1996; Simpkins et al., 1997; Singh et al., 1994). 
 
Multiple epidemiological reports have suggested that estrogen replacement therapy 
may delay the onset of and slow the cognitive decline associated with Alzheimer´s 
disease, reviewed in (Sherwin, 2003). Suggestions for possible mechanisms of action 
include prevention of amyloid β plaques (Behl et al., 1997; Goodman et al., 1996) 
(Xu et al., 1998) and regulation of apoptosis. Several studies have shown that E2 can 
modulate the expression of the anti-apoptotic proteins Bcl-2 and/or Bcl-xL (the long 
isoform of Bcl-x) in hippocampal, cortical and dorsal root ganglion neurons (Dubal et 
al., 1999; Nilsen and Diaz Brinton, 2003; Patrone et al., 1999; Pike, 1999). In 
addition, E2 can down-regulate the expression of pro-apoptotic Bad or Nip-2, which 
is a negative regulator of Bcl-2 (Brusadelli et al., 2000; Gollapudi and Oblinger, 
1999). 
 
Whether estrogen replacement therapy can improve cognition and memory functions 
in neurological diseases is however a matter of controversy, in some studies no 
beneficial effects were found (Mulnard et al., 2000; Shumaker et al., 2004). Perhaps 
the optimal strategy for estrogen replacement still has to be worked out. It seems that 
there is a critical period around the menopause, and if estrogen replacement therapy is 
used early in postmenopause it delays the onset of and slows the cognitive decline. 
However, estrogen replacement therapy at a later stage does not seem to improve the 
cognitive function. It has been suggested that estrogen replacement therapy may 
protect younger women from Alzheimer´s disease or reduce the risk of early onset 
forms of Alzheimer´s disease (Henderson et al., 2005). It also still remains to be 
determined whether E2 is the optimal drug or whether selective ERα and 
ERβ agonists might be more effective. 
 
Estrogen as a trophic factor for neurons 
 
More than twenty years ago, it was found that estrogen enhances the growth and 
arborisation of axons and dendrites in hypothalamic neurons grown in organotypic 
cultures (Toran-Allerand, 1976). Neonatal estrogen treatment of rats has been shown 
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to increase synapse formation in the arcuate nucleus during postnatal development 
(Arai and Matsumoto, 1978) and to restore deafferentation-induced loss of 
axodendritic synapses in adults (Matsumoto and Arai, 1979). Synapse remodelling in 
adults does not occur only in response to axonal injury but is a continuously ongoing 
process involved in memory and learning. Synapses in the arcuate nucleus exhibit a 
phasic remodelling, coordinated with fluctuation in hormone levels during the estrus 
cycle (Olmos et al., 1989). Remodelling effects of estrogen have also been described 
in the midbrain (Reisert et al., 1987), cortex (Garcia-Segura et al., 1989), 
hippocampus (Gould et al., 1990), spinal cord (VanderHorst and Holstege, 1997) and 
the pituitary (Chun et al., 1998). 
 
It is generally accepted that in the early postnatal period as well as in adults, changes 
in the morphology of synapses and increased number of dendritic spines can account 
for many of the E2-induced changes in brain morphology and sexual behaviour as 
well as the effect on memory and learning. One process that is regulated by ovarian 
hormones is the cyclic formation and breakdown of excitatory synapses in the 
hippocampus (Woolley et al., 1990). Activation of N-methyl-D-aspartate (NMDA) 
receptors by glutamate has been shown to be essential for the development of new 
excitatory synapses (Woolley and McEwen, 1994) and estrogen treatment has been 
shown to increase the density of NMDA receptors in the CA1 region of the 
hippocampus (Weiland, 1992; Woolley et al., 1997). Exactly how estrogen affects the 
formation of new synaptic contacts is not clear but estrogen treatment has been shown 
to induce both pre- and postsynaptic markers in the spine synapses (Brake et al., 
2001). 
 
It has been suggested that effect of estrogens on neuronal growth may be mediated 
indirectly via regulation of other endogenous neurotrophic substances. Expression of 
several growth factors and their receptors has been shown to be estrogen regulated. 
The most studied are: nerve growth factor (NGF) and its receptors in cholinergic 
neurons (Toran-Allerand, 1996), transforming growth factor-β in the hypothalamus 
(Ma et al., 1992), brain-derived neurotrophic factor in the cortex (Sohrabji et al., 
1995), NGF-receptors in sensory neurons (Sohrabji et al., 1994) and the insulin-like 
growth factor and its receptor in the hypothalamus (Duenas et al., 1994; Pons and 
Torres-Aleman, 1993). The effects of estrogen on growth factor signalling are 
reciprocated, and growth factors can influence estrogen signalling. Thus, NGF has 
been shown to regulate ER action in the forebrain, possibly via phosphorylation 
events (Miranda et al., 1996). However, estrogen can also affect neurite elongation 
and differentiation directly through its regulation of cytoskeletal genes that are 
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required for neurite growth (Ferreira and Caceres, 1991; Lustig et al., 1991; Scoville 
et al., 1997). 
 
Estrogen and the sexual differentiation of the central nervous system 
 
The parameters that have been used to measure sexual differentiation in the brain are 
volumes of brain nuclei, cell numbers/densities and synaptic morphology. The first 
morphological evidence of sexual dimorphism in the brain was the observation that 
three vocal control areas of songbirds are larger in males than in females (Nottebohm 
and Arnold, 1976). Size differences have since been found in the preoptic region in 
other species, such as rat and human (Gorski et al., 1978; Gorski et al., 1980; Hofman 
and Swaab, 1989). Sex differences have also been reported in higher cognitive centers 
and in sensory and autonomic ganglia as well as structures of the limbic system, 
reviewed in (Juraska, 1991; Madeira and Lieberman, 1995; Munoz-Cueto et al., 1991; 
Wright and Smolen, 1987). 
 
Virtually all morphological differences between male and female brains and all 
sexually differentiated behaviours are thought to be influenced by embryonic 
exposure to gonadal steroids, a phenomenon called imprinting. The embryonic testes 
secrete testosterone that enters the brain and is converted to its metabolites 5α-
dihydrotestosterone (DHT) and/or E2. There is a large body of evidence showing that 
E2 is the hormone that masculinizes the brain permanently (Arnold and Gorski, 1984; 
MacLusky and Naftolin, 1981). Although it has been the focus of much research 
effort, even today, little is known about how E2 exposure imprints the fetal brain. 
Besides acting as a growth-stimulating agent, estrogen has been suggested to 
influence neurogenesis (Dodson et al., 1988) and apoptotic cell death (Arai et al., 
1996). There is still no detailed study of the profile of ERα and ERβ in the fetal brain 
so it is not possible to pinpoint the cells, which are the targets of E2 during this 
period. 
 
An alternative estrogen 
 
More than 30 years ago, it was noted that 5α-androstane-3β, 17β-diol (3βAdiol) is an 
estrogenic metabolite of DHT (Eckstein and Ravid, 1974). 3βAdiol activates both 
ERs, ERα and ERβ, but has no affinity for the androgen receptor (Kuiper et al., 1997; 
Kuiper et al., 1998). Like DHT, 3βAdiol has been suggested to act as a local 
(autocrine/paracrine) hormone in the cells where it is synthesized. 
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The immature ovaries in prepubertal female rats do not synthesize E2, but instead 
secrete high quantities of 3βAdiol and 5α-androstane-3α, 17β-diol (3αAdiol). 
Eckstein suggested that these steroids might have a role in the onset of puberty 
(Eckstein, 1974; Eckstein, 1975; Eckstein and Ravid, 1974). The immature testes also 
produce 3βAdiol and 3αAdiol in large amounts (Cochran et al., 1979). Until postnatal 
day 20, the main metabolite of DHT is 3αAdiol, but thereafter 3βAdiol is the 
predominant testicular metabolite of DHT. In adult male rats, the plasma 
concentration of 3βAdiol is about 20 times higher than that of E2 (Corpechot et al., 
1977; van der Molen et al., 1981). Treatment of male rats with 3βAdiol does not seem 
to affect the serum levels of gonadotropins, while both DHT and 3αAdiol depress the 
gonadotropin levels in serum (Verjans and Eik-Nes, 1977). 
 
The enzyme responsible for the conversion of DHT to 3βAdiol, 17β-hydroxysteroid 
dehydrogenase type 7, a 3β-hydroxysteroid dehydrogenase, is expressed in many 
regions of the rat brain throughout development, including the cortex, hypothalamus, 
thalamus, septum, hippocampus, and cerebellum (Guennoun et al., 1995; Ibanez et al., 
2003). In a neuronal cell type, HT-22, 3βAdiol has been shown to activate ERβ-
induced transcription mediated by an ERE with the same efficacy as E2 (Pak et al., 
2005). It was also demonstrated that the transcriptional selectivity for ERβ over ERα 
is much greater than its binding selectivity in these neuronal cells. 
 
3βAdiol is further metabolized via hydroxylation by CYP7B1 to non-estrogenic 
androstanetriols, which are excreted in the urine (Isaacs et al., 1980). The cDNA of 
this enzyme was cloned from rat and mouse hippocampus in 1995 (Stapleton et al., 
1995). CYP7B1 was identified as a steroid/sterol B-ring hydroxylase, with selectivity 
for hydroxylation at the 7α, 6α and 7β positions. It accepts dehydroepiandrosterone 
(DHEA), pregnenolone, 25- and 27-hydroxycholesterol and 3βAdiol, but 3αAdiol is 
not a substrate and neither are E2 nor testosterone (Martin et al., 1997; Rose et al., 
1997; Schwarz et al., 1997). CYP7B1 mRNA has been detected in several tissues 
such as brain, prostate, liver and kidney (Rose et al., 2001; Stapleton et al., 1995; Wu 
et al., 1999). Interestingly, CYP7B1 mRNA expression and enzyme activity have 
been reported to be very high in the neuroepithelium of most brain areas during early 
to mid-gestation but decrease in later stages of gestation (Bean et al., 2001). In adults 
it was detected only in a few specific regions of the brain, most notably the dentate 
gyrus. No hepatic expression of CYP7B1 was reported at any point during gestation 
and CYP7B1 activity in the liver first appears when mice are 3-week-old, gradually 
increasing and remaining constant after 8 weeks of age (Schwarz et al., 1996). Sterol 
B-ring hydroxylation in the liver has been shown to be important for the metabolic 
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elimination of oxysterol via conversion to bile acids. This reaction is catalyzed mainly 
by cholesterol 7α-hydroxylase (CYP7A1), but CYP7B1 and a liver-specific 24(S)-
hydroxycholesterol 7α-hydroxylase also contributes (Li-Hawkins et al., 2000a; Li-
Hawkins et al., 2000b; Norlin et al., 2000). In the brain it has been suggested that 
CYP7B1 activity may be important for neurosteroid synthesis and metabolism. 
Interestingly, a reduced level of CYP7B1 mRNA has been reported in the dentate 
gyrus and the CA1 hippocampal area of patients with Alzheimer’s disease (Yau et al., 
2003). 
 
Liver X receptors 
 
LXRα and β share about 77% amino acid sequence identity in both DNA- and ligand-
binding domains, and appear to bind ligands with similar affinities. The ligands for 
LXRs are oxysterols, hydroxylated metabolites of cholesterol, but cholesterol itself is 
not a ligand (Janowski et al., 1996). Hydroxylation of cholesterol enhances water 
solubility and is a first step in the synthesis of bile acids, which is the main excretory 
pathway of cholesterol. The most potent endogenous ligands are 22(R)-
hydroxycholesterol, 24(S)-hydroxycholesterol, 24(S), 25-epoxycholesterol and 27-
hydroxycholesterol (Forman et al., 1997; Fu et al., 2001; Janowski et al., 1999; 
Janowski et al., 1996; Lehmann et al., 1997). Synthetic agonists have also been 
developed, including the compounds T0901317 (Schultz et al., 2000) and GW3965 
(Collins et al., 2002), which activate both LXRα and LXRβ with approximately equal 
potency and efficacy. Based on the structural differences of the ligand-binding 
domain LXR subtype selective ligands may potentially be developed (Hoerer et al., 
2003; Svensson et al., 2003; Williams et al., 2003). A subset of natural bile acids has 
indeed been reported to selectively activate LXRα (Song et al., 2000; Song and Liao, 
2000). 
 
The LXRs bind to DNA as heterodimers with RXRs (Apfel et al., 1994; Shinar et al., 
1994; Song et al., 1994; Teboul et al., 1995; Willy et al., 1995). For RXR 
heterodimers, the response elements generally consist of direct repeats (DR) of the 
sequence 5’-AGGTCA-3’ that can be separated by a stretch of one to five base pairs, 
so-called DR1 to DR5 response elements. LXR-RXR heterodimers preferentially bind 
to DR4 sequences (DRs separated by 4 base pairs) (Willy et al., 1995). The RXR-
LXR heterodimer is considered to be “permissive” because ligand activation of either 
RXR or LXR is enough to induce transcription, and ligand activation of both 
receptors can result in either synergistic or additive effects (Wiebel and Gustafsson, 
1997; Willy and Mangelsdorf, 1997). 
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Physiological role of liver X receptors 
 
LXRs play a crucial role in the regulation of trafficking of cholesterol and other 
sterols between tissues (Peet et al., 1998; Repa et al., 2000b). Cholesterol is an 
essential component of cell membranes and it is also the precursor of bile acids, 
steroid hormones and vitamin D. To maintain a constant pool of cholesterol in the 
body, vertebrates both synthesize cholesterol de novo and absorb cholesterol from the 
diet. Elimination of excess cholesterol occurs via its conversion to bile acids. Reverse 
cholesterol transport mechanisms are important for removing excess cholesterol from 
cells. In the vasculature, this occurs through efflux of the plasma high-density 
lipoprotein (HDL) particles, containing for example apolipoprotein (apo) E and AI, 
and their subsequent metabolic clearance in the liver (Wang and Briggs, 2004). LXRs 
regulate expression of some members of a family of transport proteins called ATP-
binding cassette (ABC) transporters, such as subtype A1, G1, G5 and G8 (Repa et al., 
2002; Schwartz et al., 2000; Venkateswaran et al., 2000a; Venkateswaran et al., 
2000b). The ABC transporters utilize ATP to transport lipids across membranes and 
the ABCA1 transporter is recognized as a key protein in the reverse cholesterol 
transport. Mutations of ABCA1 have been identified as the genetic defect in Tangier’s 
disease, which is characterized by low levels or complete lack of HDL, resulting in 
accumulation of cholesterol esters in tissues such as the tonsils, bone marrow, liver 
and intestinal mucosa as well as a premature development of atherosclerosis 
(Bodzioch et al., 1999; Brooks-Wilson et al., 1999; Lawn et al., 1999; Rust et al., 
1999). The ABCG5/G8 heterodimeric transporters, on the other hand, are important 
for the hepatic biliary secretion of cholesterol and the sterol absorption from the gut. 
The absorption of dietary sterol is controlled by a direct efflux back, via ABCG5/G8 
transporters, into the lumen of the gut again. Mutation in either of the ABCG5 or G8 
half-transporters causes sitosterolemia, a rare recessive disorder with patients 
accumulating plant- and shellfish-derived sterols from the diet in the blood and tissues 
(Gregg et al., 1986; Salen et al., 1985). 
 
LXR knockout mice have confirmed that LXRs are important for controlling 
cholesterol transport, absorption and elimination, as well as fatty acid metabolism. 
Accumulation of cholesterol esters occurs in the liver when LXRα knockout  
(LXRα-/-) mice are challenged with a high cholesterol diet, eventually resulting in 
chronic hepatomegaly and impaired liver function (Peet et al., 1998). Expression of 
several hepatic genes involved in cholesterol and fatty acid homeostasis is impaired. 
The result is a block of catabolism and excretion of cholesterol and an increase in 
dietary cholesterol uptake. There are species and gender differences in the regulation 
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of enzymes involved in cholesterol homeostasis. The LXRs induces CYP7A1 gene in 
rodents but not in humans (Chiang et al., 2001; Lehmann et al., 1997) and species that 
fail to induce CYP7A1 upon cholesterol feeding (rabbits and humans) express 
cholesteryl ester transfer protein (CETP), which is not found in rodents (Guyard-
Dangremont et al., 1998). CETP is a glycoprotein that mediates transport of 
cholesterol esters from HDL to very low-density lipoproteins (VLDL) and has been 
shown to be a human LXR-responsive gene (Luo and Tall, 2000). The LXRα gene 
itself, but not the LXRβ gene, is regulated directly by both LXRα and LXRβ in 
humans but not in rodents (Laffitte et al., 2001; Li et al., 2002; Whitney et al., 2001). 
 
LXRβ knockout (LXRβ-/-) mice do not accumulate cholesterol esters when challenged 
with a high cholesterol diet, indicating that LXRβ is not important for hepatic lipid 
and cholesterol metabolism (Alberti et al., 2001). LXRα mRNA is highly expressed 
in liver, kidney, intestine, adipose tissue and adrenals, while LXRβ mRNA is 
ubiquitously expressed throughout the body (Apfel et al., 1994; Seol et al., 1995; 
Song et al., 1995; Teboul et al., 1995; Willy et al., 1995). Lipoprotein lipase is one 
gene that has been identified to be differentially regulated by LXRα and β. 
Lipoprotein lipase is responsible for hydrolysis of triglycerides in circulating 
lipoproteins, releasing free fatty acids to peripheral tissues. It is also believed to 
promote uptake of HDL-cholesterol in the liver and thereby facilitate reverse 
cholesterol transport. LXR agonists induce lipoprotein lipase in cells derived from 
wild type (WT) or LXRβ-/- mice, but have no effect on the expression of lipoprotein 
lipase in cells derived from LXRα-/- mice (Zhang et al., 2001). The mechanism seems 
to be that LXRβ/RXR heterodimers bind less efficiently than LXRα/RXR 
heterodimers to the lipoprotein lipase promoter. 
 
Atheroprotective effects of LXR agonist treatment have been shown in two mouse 
models of atherosclerosis, the apoE knockout and the low-density lipoprotein (LDL) 
receptor knockout (Joseph et al., 2002; Terasaka et al., 2003). In addition, 
transplantation of bone marrow from LXRα and β double knockout mice into both of 
these mouse models led to an increase in lesion development, suggesting an important 
atheroprotective role for LXRs in the macrophages (Levin et al., 2005; Tangirala et 
al., 2002). It has also been suggested that LXR agonists may reduce atherosclerosis 
not only by promoting cholesterol efflux, but also by limiting the production of 
inflammatory mediators in the artery wall (Castrillo et al., 2003; Joseph et al., 2003). 
LXR agonists also increase macrophage survival in the absence of macrophage-
colony stimulating factor, and upon direct contact with bacterial pathogens (Valledor 
et al., 2004). Induction of apoptosis in macrophages has been suggested to contribute 

 14



to the ability of some bacterial pathogens to escape the innate immune response and 
successfully colonize the host. LXRα and β double knockout mice are more 
susceptible to infection by intracellular bacteria (Joseph et al., 2004) and LXR 
agonists may therefore be of clinical use in enhancing innate immunity to bacterial 
pathogens. 
 
LXRs regulate fatty acid metabolism by increasing transcription of sterol regulatory 
element-binding protein 1c, which in turn is the master regulator of transcription of all 
the genes of de novo fatty acid biosynthesis, and its increase leads to increased levels 
of serum and liver triglycerides (Repa et al., 2000a; Schultz et al., 2000). Thus LXRs 
have both anti-atherogenic and lipogenic effects, and the development of LXR 
agonists that target cholesterol metabolism without causing hypertriglyceridemia is of 
great pharmacological interest. The recent report of a phytosterol-derived LXR 
agonist that inhibits intestinal cholesterol absorption without increasing plasma 
triglyceride level offer a lot of promise that such pharmaceuticals can be developed 
(Kaneko et al., 2003). 
 
LXRs also regulate expression of genes in liver and adipose tissue that could result in 
lower hepatic glucose output and improved peripheral glucose uptake. In the liver, 
activation of LXRs leads to the suppression of the gluconeogenic program, including 
down-regulation of phosphoenolpyruvate carboxykinase, the rate-limiting enzyme in 
gluconeogenesis (Cao et al., 2003; Laffitte et al., 2003; Stulnig et al., 2002a; Stulnig 
et al., 2002b). In adipocytes LXR stimulates basal uptake of glucose (Laffitte et al., 
2003; Ross et al., 2002; Stulnig et al., 2002b). This is thought to be mediated mainly 
through induction of glucose transporters such as GLUT1 and GLUT4. Altogether 
LXRs may be promising molecular targets in therapies for metabolic diseases. 
 
Cholesterol metabolism in the central nervous system 
 
In humans, approximately 25% of the total amount of the cholesterol in the body 
resides within the brain. In mammals, >95% of the cholesterol content in the brain is 
derived from in situ biosynthesis, and there is little, if any, uptake of cholesterol from 
plasma (Bloch et al., 1943; Edmond et al., 1991; Jurevics and Morell, 1995; Turley et 
al., 1998; Waelsch et al., 1940). The reason for this is probably the inability of 
lipoprotein particles, which mediate the intercellular transport of sterols and other 
lipids, to pass through the tight junctions between the endothelial cells in brain 
capillaries, the so-called blood-brain barrier (BBB) (Reese and Karnovsky, 1967). It 
has been estimated that up to 70% of the brain cholesterol is associated with myelin. 
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Myelin is the insulation of neuronal axons that enables the conduction of action 
potentials and is essential for the fast signal transduction within the CNS. Myelin 
synthesis, synaptogenesis, neurotransmitter release and axonal regeneration are all 
processes that require cholesterol (Fan et al., 2002; Goodrum et al., 2000; Koudinov 
and Koudinova, 2001; Mauch et al., 2001). 
 
Despite the fact that the brain has high cholesterol reutilization efficiency, with the 
half-life of brain cholesterol being estimated to at least 5 years, cholesterol is excreted 
from the brain (Bjorkhem et al., 1998). Conversion of cholesterol to 24(S)-
hydroxycholesterol by the enzyme cholesterol 24-hydroxylase (CYP46A1) is thought 
to be an important mechanism for efflux of cholesterol from the CNS (Bjorkhem et 
al., 1997; Bjorkhem et al., 1998; Lutjohann et al., 1996). In contrast to cholesterol, 
24(S)-hydroxycholesterol can cross the BBB and enter the general circulation. 
Approximately two-thirds of the cholesterol efflux from the CNS occurs in the form 
of 24(S)-hydroxycholesterol, but the mechanism through which the remaining one-
third of brain cholesterol is excreted is unclear (Lund et al., 2003; Xie et al., 2003). 
None of the major cholesterol transport proteins such as LDL receptor, scavenger 
receptor class B type I or ABCA1 seem to be involved (Quan et al., 2003). 
 
The spinal cord has a high tissue concentration of cholesterol and high rate of 
cholesterol synthesis, probably because of the high content of compact myelin 
produced by oligodendrocytes (Quan et al., 2003). However, neuronal CYP46A1 is 
less abundant in the spinal cord than in the brain and, presumably, mechanisms other 
that 24-hydroxylation of cholesterol are important for cholesterol excretion from the 
spinal cord (Lund et al., 1999). In mice with a deletion of the CYP46A1, cholesterol 
homeostasis in the CNS is maintained by decreasing the de novo synthesis of 
cholesterol. Such a compensatory mechanism is not seen in the spinal cord of these 
mice and yet there is no increase in the cholesterol content of the tissue (Xie et al., 
2003). This suggests that the cholesterol efflux from the spinal cord does not occur via 
conversion of cholesterol to 24(S)-hydroxycholesterol, but rather by some other not 
yet identified transport mechanism. 
 
Several recent studies have shown an association between defective cholesterol 
homeostasis and neurodegenerative disease, such as Niemann-Pick type C disease and 
Alzheimer’s disease. The recycling of lipids from late endosomes/lysosomes to other 
cellular membranes is impaired in Niemann-Pick type C disease and high levels of 
unesterified cholesterol accumulate in cells, causing degeneration of axons and 
dendrites and ultimately loss of neurons, particularly cerebellar Purkinje cells 
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(German et al., 2001; March et al., 1997; Ong et al., 2001; Patel et al., 1999; Yamada 
et al., 2001). Mutations have been localized to the NPC genes, encoding a multi-pass 
transmembrane protein with a putative sterol-sensing domain (Carstea et al., 1997; 
Davies and Ioannou, 2000). 
 
ApoE of isotype ε4 has been recognized as an important risk factor for late-onset 
Alzheimer’s disease (Corder et al., 1993; Poirier et al., 1993; Strittmatter et al., 1993). 
ApoE has been suggested to play an important role in the brain by supplying neurons 
with cholesterol during synaptogenesis, neurite outgrowth and neuronal repair 
(Hayashi et al., 2004; Mahley, 1988). LXR agonist treatment of primary mouse 
astrocytes induced apoE protein expression and secretion (Liang et al., 2004). 
Moreover, LXR agonist treatment of mice resulted in up-regulation of apoE protein in 
both hippocampus and cerebral cortex, indicating that apoE expression in brain can be 
up-regulated by LXR agonists in vivo. 
 
A high cholesterol diet has been shown to induce accumulation of amyloid β peptides 
in the brain of rabbits and mice overexpressing amyloid precursor protein (APP) 
(Howland et al., 1998; Refolo et al., 2000; Sparks et al., 1994). Lipid rafts are thought 
to influence the processing of APP by regulating endocytic uptake and exocytic 
transport and cholesterol can influence this processing by altering the properties of 
lipid rafts (Ehehalt et al., 2003; Ikonen, 2001; Lee et al., 1998; Marlow et al., 2003; 
Smaby et al., 1996). The role of LXR in amyloid β expression and secretion has not 
been resolved. One report showed that in neuroblastoma cells, treatment with LXR 
agonists increased the levels of secreted amyloid β (Fukumoto et al., 2002), but other 
reports claim that LXR agonist treatment reduces the formation of amyloid β 
(Koldamova et al., 2003; Sun et al., 2003). In a recent report LXR agonist treatment 
of transgenic mice expressing mutated human APP reduced the levels of soluble 
amyloid β in the brain (Koldamova et al., 2005). 
 
Liver X receptors function in the central nervous system 
 
LXRβ mRNA and, to a lesser extent, LXRα mRNA are expressed in the developing 
and adult rodent brain (Annicotte et al., 2004; Kainu et al., 1996) but the function of 
LXR proteins in the brain is still under investigation. In cultured primary murine 
astrocytes, LXR agonists enhance the release of cholesterol by increasing the 
expression of ABCA1 (Whitney et al., 2002). However, in primary neuronal cultures, 
LXR agonist had little or no effect on either cholesterol efflux or LXR target gene 
expression. These findings are supportive evidence for the model, suggested by 
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Pfrieger et al., of a net export of cholesterol from astrocytes to neurons that is 
feedback regulated with participation of LXRβ, ABCA1, CYP46A1, and 24(S)-
hydroxycholesterol (Mauch et al., 2001; Pfrieger, 2003). However, the relative 
importance of different lipoproteins and transporters within the CNS is still unclear. 
Several members of the LDL receptor family as well as apoE, A1, D and J, and ABC 
transporters A1, G1 and A4 are expressed in the CNS, reviewed in (Vance et al., 
2005). The cholesterol homeostasis throughout the brain is not uniform and the 
expression of cholesterol-specific enzymes differs from region to region (Bae et al., 
1999; Runquist et al., 1995). It is possible that only certain types of neurons depend 
on external cholesterol. 
 
One of the possible transport mechanisms that has been suggested for cholesterol 
efflux from the CNS is the ABCG5/G8 heterodimeric transporter route. So far the 
major role for ABCG5/G8 is thought to be in the enterohepatic sterol transport. The 
response of ABCG5/G8 to cholesterol requires the LXRs and treatment with a 
synthetic LXR agonist increases the sterol excretion by the ABCG5/G8 route in vivo 
(Yu et al., 2003). Plant sterols have been reported to accumulate in the brain of 
ABCG5 and ABCG8 deficient mice, although the extent of the accumulation was 
much lower than in the liver and plasma (Yu et al., 2004). It is interesting that 
elevated levels of plant sterols have also been reported in the brains of transgenic 
mice expressing mutated human APP (Lutjohann et al., 2002). Some plant sterols 
have indeed been suggested to be neurotoxic and to be the cause of the amyotrophic 
lateral sclerosis (ALS)-parkinsonism dementia complex found among the population 
of Guam (Khabazian et al., 2002). In this case the source of the plant sterols is cycad 
seeds and the toxicity is believed to be biomagnified in the body of fruit bats 
consuming the seeds. The natives of Guam ate fruit bats until the 1970s (Cox and 
Sacks, 2002). 24(S)-hydroxycholesterol has also been shown to be neurotoxic, 
resulting in neuronal cell death of a human neuroblastoma cell line (Kolsch et al., 
2001; Kolsch et al., 1999). 
 
Genetically engineered mice 
 
Some caution must be used in interpretation of the phenotype of genetically altered 
mice. It has been demonstrated that a targeted insertion into one gene in a gene cluster 
can result in miss-expression of a neighbouring gene (Rijli et al., 1994). In the 
beginning of the knockout era the technique used was to introduce a selection marker 
for neomycin resistance into a crucial portion of the coding region of the gene of 
interest. The neomycin resistance gene is driven by its own promoter and the effect on 
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downstream genes appears to have been due to this construct, the problem can 
therefore be avoided by designing the selectable marker which can be excised (Hug et 
al., 1996). 
 
Another important consideration is that mice of different strains may give different 
phenotypes and not all animals bearing genetic alterations will be identical. Examples 
of spontaneously developed conditions to consider include seizures associated with 
neuron necrosis in some but not all lineages of FVB mice (Goelz et al., 1998), and 
corpus callosum defects or a high incidence of teratoma in certain 129/Sv strains 
(Livy and Wahlsten, 1991; Simpson et al., 1997). In the human population it is well 
known that the same mutation in different human subjects often produces symptoms 
of varying severity and scientists are using genetic strategies to search for so-called 
modifier genes that could be valuable targets for treatment strategies. 
 
Another difficulty in interpretation of the phenotype in knockout mice is that the 
deletion of the protein occurs in every cell of the body and is present already during 
the development. Complete inactivation of some genes leads to embryonic lethality 
(Copp, 1995). Many examples exist of genes that play roles during developmental 
processes that are quite different from the roles they play in the adult animal. It is also 
likely that this “chronic” loss will be compensated for by changes in other 
physiological pathways (Gingrich and Hen, 2000; Pich and Epping-Jordan, 1998). 
Most of compensatory phenomena cannot be predicted and are hard to explain. There 
are examples of complex cases such as anatomical rearrangements in the brain 
(Wahlsten, 1989). However, today conditional gene targeting is an alternative and 
genetic manipulations can be done in a restricted tissue or cell type and at a chosen 
time in the living animal, reviewed in (Lindeberg, 2003). 
 
Knockout models used in this thesis 
 
Phenotype of ERβ-/- mice 
In 1998 ERβ knockout (ERβ-/-) mice were produced (Krege et al., 1998) and the 
phenotype of ERβ-/- mice is at present being investigated and compared with that of 
ERα knockout (ERα-/-) mice (Lubahn et al., 1993). ERβ-/- males are fertile but 
develop prostate hyperplasia with aging (Imamov et al., 2004; Weihua et al., 2001). In 
contrast to ERα-/- mice, where the plasma levels of gonadal hormones and luteinizing 
hormone are elevated, ERβ-/- mice have normal gonadotropin and sex steroid levels 
(Couse and Korach, 1999; Couse et al., 2003; Temple et al., 2003). The ERβ-/- 
females are however subfertile (Dupont et al., 2000). The loss of ERβ in females 
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results in defects in ovulation (Cheng et al., 2002; Krege et al., 1998); poorly 
differentiated mammary glands (Forster et al., 2002); exaggerated responsiveness of 
the uterus to E2 treatment (Weihua et al., 2000); decreased cancellous bone volume 
(the inner core of the bone containing the red bone marrow) (Windahl et al., 1999); 
myelogenous hyperplasia in the bone marrow with an increase in the number of 
granulocytes and B lymphocytes in the blood followed by lymphadenopathy, and 
infiltration of leukocytes in the liver and lung (Shim et al., 2003) and decreased 
numbers of alveoli and diminished elastic tissue recoil in the lung (Massaro and 
Massaro, 2004; Patrone et al., 2003). Both male and female ERβ-/- mice develop 
sustained systolic and diastolic hypertension as they age (Zhu et al., 2002). 
 
In the brain ERβ has been shown to be involved in the estrogenic regulation of 
oxytocin and vasopressin mRNA levels in the paraventricular nucleus as well as the 
effect of estrogen on phosphorylation events in neurons expressing gonadotropin-
releasing hormone (Abraham et al., 2003; Nomura et al., 2002b). In contrast to ERα-/- 
mice, the lack of functional ERβ does not impair the adult sexual behaviour (Ogawa 
et al., 1999). However, transient behavioural differences between WT and ERβ-/- 
males have been described during puberty. Aggression is higher in ERβ-/- males than 
in WT males at the time of puberty, but the difference is gone in adult males (Nomura 
et al., 2002a). It has also been suggested that ERβ plays an important role in the 
timing of male sexual behavior at puberty (Temple et al., 2003). Furthermore, ERβ 
has been shown to be involved in the defeminization process, i.e. the ability of males 
to display female-typical behaviors in adulthood (Kudwa et al., 2005). Increased 
anxiety has been reported in ERβ-/- females as compared to WT mice (Imwalle et al., 
2005; Krezel et al., 2001). Local increase of the serotonin receptor 5-HT1A 
expression in medial amygdala as well as lower serotonin content in several brain 
regions including the bed nucleus of the stria terminalis, preoptic area, and 
hippocampus are thought to contribute to these changes. 
 
Spatial learning has also been reported to be affected in ERβ-/- females. The results are 
however puzzling: WT females are able to learn a spatial task with or without E2 
replacement. Spatial learning is also normal in ERβ-/- females. However, when they 
are given E2 replacement, ERβ-/- females show impaired spatial learning ability in the 
Morris water maze (Rissman et al., 2002). We interpret these results to mean that it is 
ERα in the presence of E2 that interferes with spatial learning and see this as another 
example of a situation where ERα and ERβ have opposite effects. 
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Phenotype of CYP7B1-/- mice 
CYP7B1 knockout (CYP7B1-/-) mice have been generated in two independent 
laboratories and both lines show that CYP7B1 is not essential for viability of mice 
(Li-Hawkins et al., 2000b; Rose et al., 2001). CYP7B1-/- mice have been reported to 
accumulate 25- and 27-hydroxycholesterol in their plasma and tissues, while the 
levels of brain-derived 24(S)-hydroxycholesterol are normal (Li-Hawkins et al., 
2000b). In addition to abnormalities in certain plasma sterol levels, brain extracts 
from CYP7B1-/- mice fail to catalyze hydroxylation of DHEA and 3βAdiol (Rose et 
al., 2001). 
 
In prostate, CYP7B1 has been suggested to play a role in the epithelial cell 
proliferation by regulating the tissue level of 3βAdiol, the quantitatively major 
estrogenic steroid and the most likely ligand for ERβ in this tissue. The ventral 
prostate, but not the other lobes of prostate, have a decreased number of proliferating 
cells in CYP7B1-/- mice before puberty and are smaller than those of their WT 
littermates at adulthood (Weihua et al., 2002). The uteri and mammary glands of 
young CYP7B1-/- female mice have characteristics of tissues chronically exposed to 
estrogen and there is a precocious onset of puberty and early ovarian failure (Omoto 
et al., 2005). 
 
Phenotype of LXRβ-/- mice 
Knockout mice for both of the LXRs have been created and the phenotypes are at 
present being investigated and compared with each other (Alberti et al., 2001; Peet et 
al., 1998). On a high cholesterol diet, LXRα-/- mice rapidly accumulate sterols in their 
liver. The absence of LXRα results in a block in cholesterol catabolism and excretion 
as well as increase in the dietary cholesterol uptake. In LXRβ-/- mice the response to 
high cholesterol diet is similar to WT mice. However, the combined deficiency of 
LXRα and LXRβ (LXRα and β double knockout mice) results in impaired 
triglyceride metabolism, increased LDL and reduced HDL cholesterol levels, and 
cholesterol accumulation in macrophages (foam cells) of the spleen, lung, and arterial 
wall. This data indicates that both LXRs are important for lipid metabolism and have 
a protective role against the development of atherosclerosis (Schuster et al., 2002). 
 
Very recently it was reported that LXRβ-/- mice are glucose-intolerant due to impaired 
glucose-induced insulin secretion by the pancreatic β cells (Gerin et al., 2005). The 
pancreatic islets accumulate lipid droplets and have a reduced expression of the 
ABCA1 and ABCG1 transporters. Deletion of the LXRβ gene also results in 
cholesterol ester accumulation in Sertoli cell, leading to germ cell depletion and 
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eventually infertility (Mascrez et al., 2004; Robertson et al., 2005). In contrast to the 
Sertoli cells, there was no lipid accumulation in Leydig cells, although testosterone 
formation by these cells was reduced. Aged LXRα and β double knockout males have 
also been reported to exhibit severe disruption of their caput epididymides associated 
with abnormal accumulation of lipids (Frenoux et al., 2004). 
 
The epidermis of LXRβ-/- mice is thin, with a reduced number of proliferating cell 
nuclear antigen (PCNA)-positive cells and a reduction in the expression of 
differentiation markers (Komuves et al., 2002). Treatment of hyperproliferative 
epidermis with oxysterols restored epidermal homeostasis indicating that oxysterols, 
acting through LXRβ, can induce differentiation and inhibit proliferation in vivo. The 
ability of oxysterols to reverse epidermal hyperplasia has lead to the suggestion that 
these agents could be beneficial for the treatment of skin disorders associated with 
hyperproliferation and/or altered differentiation. 
 
We have shown that the absence of both LXR α and β (LXRα and β double knockout 
mice) lead to closure of the lateral ventricles in the brain (Wang et al., 2002). We also 
observed neuronal loss and astrocyte proliferation in an age-related manner, 
particularly in areas such as substansia nigra and globus pallidus. Many ependymal 
cells lining the ventricles were filled with lipid droplets. These morphological changes 
could possibly be caused by an alteration of the secretion and filtration of 
cerebrospinal fluid, suggesting that one or both of the LXRs may be required to drain 
excess sterols and lipids from the CNS. 
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AIMS OF THE STUDY 
 
This study is focused on three proteins, two receptors, ERβ and LXRβ, and a 
metabolic enzyme, CYP7B1. The two receptors had only been recently cloned when 
this work began and their roles in the CNS were unknown. Both receptors are widely 
distributed throughout the body, including the brain. CYP7B1 had been shown to 
regulate the availability of the alternative estrogen, 3βAdiol, in prostate but the 
function of this estrogenic compound in brain was still unclear. The aim of this thesis 
was to characterize the brains of the three knockout mouse strains and to elucidate the 
functions of the three proteins. 
 
Why study the function of ERβ in the CNS? 
Estrogen is known to influences development, plasticity and survival of neurons. Even 
though we have an anatomical map of the distribution of the two ER subtypes in the 
adult CNS, the extent to which ERα and ERβ individually or in combination 
influence estrogen action in the brain is unknown. This has led to the questions: 
1. Does the knockout of ERβ result in any brain abnormalities? 
2. What does ERβ do in the developing brain and when during development does 

it start to function? 
 
Why study the function of CYP7B1 in the CNS? 
One of the big surprises in endocrinology was the discovery that estrogen is not 
essential for survival. We wondered whether 3βAdiol could be an alternative 
endogenous ligand for ERs, in particular ERβ in the brain. We therefore explored the 
pathway for degradation of this ligand. The questions were: 
1. Does the knockout of CYP7B1 result in any brain abnormalities? 
2. During development, when there is a limited amount of E2 available, could 

ERs be activated by 3βAdiol? 
 
Why study the function of LXRβ in the CNS? 
The LXRs play a crucial role for cholesterol homeostasis in the body and in the CNS 
cholesterol is an essential component of myelin. Since LXRβ is the predominantly 
expressed LXR in the CNS, this lead to speculations regarding its possible function in 
the CNS. The obvious questions were: 
1. Does inactivation of LXRβ lead to abnormalities in the structure and function 

of the CNS?  
2. Is there abnormal cholesterol homeostasis in the CNS of LXRβ-/- mice? 
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RESULTS AND DISCUSSION 
 
The first finding of this thesis is that ERβ is important for neuronal survival, both in 
the developing brain and in postmitotic neurons in adults. In Paper I we describe a 
regional neuronal hypocellularity in the brains of ERβ-/- mice, with a severe neuronal 
deficit in the somatosensory cortex, especially layers II, III, IV, and V. Neuronal loss 
was also evident in certain regions of the hypothalamus as well as in the amygdala 
and ventral tegmental area, but not in the cerebellum or hippocampus. Proliferation of 
astroglia measured with glial fibrillary acidic protein (GFAP) as a marker, was 
evident in the limbic system but not in the cortex. The hyperproliferation of astroglia 
in the limbic system is likely to have been a response to the neuronal loss, as 
proliferation of astroglia usually is a reactive response to neurodegeneration or injury. 
 
The lack of increase in astroglial number in the cortex requires more studies before a 
firm conclusion can be drawn. The cortex has previously been reported to have a 
lower density of astroglia than the hypothalamus and it is known that all astrocytes do 
not express GFAP that we have used as a marker (Dyck et al., 1993; Savchenko et al., 
2000). Future studies with other markers such as S100β protein are needed before a 
full picture of the regional changes in astroglia in ERβ-/- mice can be interpreted. 
 
Hypocellularity in the brain of ERβ-/- mice is evident as early as at 2 months of age. 
As ERβ-/- mice age, the neuronal deficit becomes more pronounced, and, by 2 years of 
age, there is degeneration of neuronal cell bodies throughout the brain. At this stage 
there is atrophy of the brain and neuronal shrinkage that is especially pronounced in 
the cortex and the substantia nigra. Astrogliosis was not seen in 2-year-old ERβ-/- 
mouse brains. One possible explanation for this is that there is loss of both neurons 
and astrocytes as ERβ-/- mice age. 
 
These results were the first evidence that ERβ is a critical factor for neuronal survival. 
Estrogen had previously been shown to attenuate neuronal death in rodent models of 
cerebral ischemia, traumatic injury, and Parkinson’s disease, reviewed in (Garcia-
Segura et al., 2001) but the ER involved and the mechanism through which estrogen 
promotes survival was unknown. In 1999 Dubal et al. showed that expression of ERβ, 
not ERα, is related to the prevention of injury-induced downregulation of Bcl-2 
expression after cerebral ischemia, suggesting that ERβ is important for 
neuroprotection (Dubal et al., 1999). No morphological changes have been reported in 
the brains of ERα-/- mice but in a rodent model of stroke, the deletion of ERα 
abolished the protective actions of E2, while E2 still protected against brain injury in 
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ERβ-/- mice (Dubal et al., 2001). Further studies are needed regarding the actual role 
of the different ERs in the neuroprotective action of estrogen. Because ERβ-/- mice 
lack one of the ER subtypes it possible that the expression/function of the remaining 
receptor subtype, ERα, may be altered. We cannot say whether the phenotype of  
ERβ-/- mice is due to lack of ERβ or to unopposed action of ERα. This is an important 
issue that has to be resolved before recommendations can be made for the use of 
selective ERα or β agonists or antagonists in the prevention of degenerative diseases 
of the CNS, such as Alzheimer’s disease and Parkinson’s disease, and trauma- or 
stroke-induced neuronal damage. 
 
Because the morphological changes appeared quite early in ERβ-/- mouse brains, the 
question which arose was whether ERβ plays a role in embryonic brain development. 
This issue was addressed in Paper II in which brains from ERβ-/- mice at various 
stages of development were examined. During embryonic development brain size is 
determined by proliferation of neural progenitor cells and differentiation, survival and 
migration of postmitotic neurons. A reduction in the number of neurons in the cortex 
could therefore occur via several possible mechanisms: decreased proliferation, 
increased apoptotic cell death as well as abnormal migration and differentiation. We 
saw no differences in size or cellularity of the brain at embryonic day (E) 14.5, 
however at E18.5, ERβ-/- mouse brains were smaller than those of their WT 
littermates. Nissl staining of brain sections showed a thinner cortex but no 
morphological differences were evident in the hippocampus, thalamus, or 
hypothalamus. 
 
Because the neuronal loss in the adult ERβ-/- mouse cortex was more pronounced in 
superficial layers than deeper layers, we speculated that neurons in the deep layer 
would not be affected by the lack of ERβ. When proliferating cells were labeled with 
5´-bromodeoxyuridine (BrdUrd) on E12.5, a time when cortical neurogenesis in mice 
begins, and examined on E14.5, there was no difference between WT and ERβ-/- mice 
in the number of labeled cells in the cortex. However, when BrdUrd was administered 
between E14.5 and E16.5, fewer labeled cells could be detected in the superficial 
cortical layers by E18.5 and postnatal day 14 in mice lacking ERβ. This suggested 
that the migration of the postmitotic neurons from the ventricular zone to their 
destination place in the superficial layers of the cortex was altered. 
 
The cytoarchitecture of ERβ-/- mouse cortex also seemed disorganized and the clear 
clustering of cells in a radial pattern seen in WT mice was not evident in ERβ-/- mice. 
Radial glia, which are essential for guiding the migrating neurons, were examined by 
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immunohistochemical staining for nestin and were found to be abnormal. Their 
processes appeared to be truncated and they had more branched end feet at the 
marginal zone, where they contact with Cajal-Retzius cells. Although the number and 
morphology of Cajal-Retzius cells appeared normal in ERβ-/- mice, their functional 
abilities in the absence of ERβ need further investigation. Cajal-Retzius cells produce 
reelin, a protein that is important for migration and positioning of neurons in the 
cerebral cortex (Caviness, 1982; Super et al., 2000). 
 
At E18.5, there were also more apoptotic cells in the ventricular zones in ERβ-/- mice, 
indicating that the lack of ERβ promotes apoptosis. Despite the regional astrogliosis 
seen in adult ERβ-/- mice, few astroglial cells were seen in either ERβ-/- or WT mouse 
brains during the late gestational stage. Thus, a lack of ERβ did not hasten the 
maturation of glial cells into astroglia, and the increase in the number of astroglia in 
the adult ERβ-/- mouse brain seems to occur postnatally. 
 
ERβ mRNA has been detected at E10.5 in brains of mouse embryos, while the earliest 
detection of ERα mRNA was at E16.5 (Lemmen et al., 1999). Although the exact 
distribution pattern of ERβ in the CNS during development is still unclear, our data 
suggests that by influencing migration and neuronal survival, ERβ has an important 
role in the late embryonic development of the brain. However, it was and still is, 
unclear whether ERβ is ligand-activated in the embryonic brain. E2, the classical ER 
ligand, is shown to have profound effects on sexual differentiation of the embryonic 
brain but there is a limited exposure of the brain at this stage to E2. The placenta 
efficiently inactivates E2 by catalyzing its conjugation with sulphate (Levitz et al., 
1960). In addition, α- fetoprotein in the fetal circulation binds E2 with high affinity 
and prevents its entry into the tissues (Vannier and Raynaud, 1975). To explore the 
possibility that 3βAdiol is an important physiological ligand in the embryonic brain 
we examined, in vivo, the effect in mice in which the pathway for degradation of 
3βAdiol is inactivated (CYP7B1-/- mice). 
 
In Paper III we found that the early postnatal brain in CYP7B1-/- mice was larger 
than that of WT littermates of the same body weight. Nissl staining of brain sections 
showed that all regions of the forebrain are affected. The increased size of the cortex, 
caudate putamen and preoptic area were all directly proportional to the increased 
overall brain size in CYP7B1-/- mice at 14 days of age. There was no change in cell 
density of either neurons or astroglia, and no apparent distortion in cytoarchitecture or 
cortical layering. However, the increased brain mass resulted in compression of the 
lateral ventricles in CYP7B1-/- mice. 
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When BrdUrd was administered on E12.5 and embryos were examined on E13.5, 
there was no difference between WT and CYP7B1-/- littermates in the number or 
pattern of S-phase labeled neurons in the brain. The pattern of late-born neurons, 
generated and labeled with BrdUrd at E17.5, and observed at E18.5 was also normal. 
No difference in the number of M-phase labeled progenitor cells lining the ventricles 
could be seen and no abnormalities in neuronal guidance by radial glia or neuronal 
differentiation were detected. However, a profound decrease in apoptosis was 
apparent in the ventricular/subventricular zone between E13.5-15.5 in CYP7B1-/- 
mice. At later gestational stages no change in the cell death was detected, indicating 
that the increase in brain size in CYP7B1-/- mice is most probably due to increased 
cell survival during the early brain development. However, by the time mice were 3 
months old the brains of CYP7B1-/- mice and their WT littermates were 
indistinguishable on the basis of size and shape. Thus at some time in the late 
postnatal period, the excess cells must have been removed. Competition for the 
limited access to target-derived neurotrophic substances may be involved in this later 
neuronal loss and needs to be further investigated. 
 
These data are supportive evidence for a role for the ERβ-3βAdiol-CYP7B1 pathway 
in regulation of neuronal survival in the embryonic brain. By metabolizing steroids in 
the CNS, CYP7B1 could be important for the availability of steroids to their 
receptors, either by preventing or potentiating receptor interactions. If 3βAdiol acts as 
an estrogen in the fetal brain, we would have to conclude that ERs are active earlier in 
fetal life than was previously thought. It is now essential to have a thorough 
understanding of the expression and cellular localization of ERs in the developing 
brain. 
 
In Paper IV we show that LXRβ-/- male mice suffer from adult-onset motor neuron 
degeneration. The apparent impairment of motor co-ordination in male LXRβ-/- mice 
is an age related phenomenon and is not evident when mice are 3-months-old. The 
onset of disability seems to occur between the ages of 3 to 7 months. At 7 months of 
age, when the motor impairment is manifested, sections of the lumbar spinal cord 
revealed a decrease in the number of large α motor neurons. This neuronal loss was 
accompanied by astrogliosis. Histological examination of the cerebellum, important 
for adjusting the operation of motor centers in the cortex and brain stem, did not 
reveal any morphological differences in 7-month-old LXRβ-/- male mice. Western 
blot of cerebellar extract showed no difference in the protein expression of either 
calbindin or calretinin, known to be critical for the precision of motor co-ordination. 
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The neuronal degeneration seen in male mice deficient of LXRβ seems to be specific 
to the large α motor neurons in the spinal cord. 
 
The spinal cord has been shown to have a high tissue concentration of cholesterol and 
higher rate of cholesterol synthesis than other brain areas such as cerebrum and 
cerebellum. This high cholesterol turn over in the spinal cord probably represents a 
high content of white matter with compact myelin produced by oligodendrocytes 
(Quan et al., 2003). Not much is know about how the cholesterol homeostasis in the 
spinal cord is regulated. The mechanism of cholesterol efflux from the spinal cord 
remains to be characterized. It does not seem to occur via conversion of cholesterol to 
24(S)-hydroxycholesterol, which is the pathway utilized in other brain areas, (Lund et 
al., 1999). Because the LXRs are important for transport, catabolism and efflux of 
cholesterol, we speculated that pathological accumulation of lipids could predispose 
the large α motor neurons to degeneration. The size of the lipid deposits in motor 
neurons was larger in LXRβ-/- males and more deposit sites could be detected per cell 
than in WT mice. The mean diameter of axons in the ventral nerve roots of the spinal 
cord was also decreased. This decrease in caliber of the axons could indicate ongoing 
pathologic alterations of the larger axons in the ventral nerve root, which could lead to 
the reduced control over muscle action and motor co-ordination seen in LXRβ-/- 
males. However, at 7 months of age the LXRβ-/- males perform as well as WT mice in 
the wire-hanging test, which is an indication that muscle strength is still normal. At 
this age there is also normal innervation of motor endplates in the biceps femoris 
muscles. 
 
Several of the features found in LXRβ-/- males are reminiscent of the 
neuropathological signs of chronic motor neuron disease such as ALS. ALS is 
epidemiologically sub-classified into sporadic (90-95% of cases) and familial (5-10% 
of cases). Only a subset of the sporadic from of ALS cases can be linked to one 
particular molecular defect suggesting that the etiology of motor neuron diseases is 
likely to be multifactorial. A complex interplay between genetic factors, oxidative 
stress, glutaminergic excitotoxicity, impaired mitochondrial function and aberrant 
protein aggregation has been suggested (Cleveland and Rothstein, 2001). The male-
specific motor impairment seen in LXRβ-/- mice is in line with the clinical findings of 
ALS. In the sporadic form of ALS the majority of affected patients are men, 
suggesting that not yet identified genetic or hormonal factors could play a role in the 
pathogenesis. However, this difference in incidence between the sexes may diminish 
with ageing, since women get the disease later in life than do men (Meininger et al., 
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1995). Such epidemiological evidence raises the possibility that estrogen may have a 
neuroprotective role in ALS. 
 
In ALS patients, there also appears to be a selective degeneration of α motor neurons 
with large axonal diameters, whereas motor neurons with small axonal calibers (γ 
motor neurons) are spared (Kawamura et al., 1981; Sobue et al., 1981). Axonal 
atrophy and loss of large fibers is also reported to be associated with aging 
(Kawamura et al., 1977; Low and Dyck, 1977). Reduction in the rate of axonal 
transport of various materials occurs with increasing age and the reduced transport of 
microtubule and neurofilament proteins could lead to difficulties in maintaining the 
cytoskeletal framework, thereby leading to axonal atrophy or fiber loss (Komiya, 
1980; McMartin and O'Connor, 1979). One hypothesis for the selective vulnerability 
of motor neurons in ALS is a high content of neurofilament proteins and large calibers 
of axons. In addition, one report has shown increased level of sphingomyelin, 
ceramides and cholesterol esters in the spinal cords of ALS patients and in a 
transgenic mice model of ALS (with mutation in the Cu/Zn superoxide dismutase 1), 
suggesting that these abnormalities can sensitize motor neurons to programmed cell 
death (Cutler et al., 2002). In LXRβ-/- male mice, accumulation of sterols and lipids in 
motor neurons of the spinal cord could be due to decreased expression of the ABC 
transporters. We have previously shown that the expression of several ABC 
transporters is impaired in the brains of LXRα and β double knockout mice (Wang et 
al., 2002). LXRβ may be required to drain excess sterols and lipids from the spinal 
cord, and its malfunction may cause neuronal degeneration due to sterol overload. 
 
Accumulation of sterols and lipids may modulate intracellular pathways and thereby 
predispose motor neurons to degeneration. They could also be neurotoxic themselves; 
24(S)-hydroxycholesterol has for example been shown to be neurotoxic, resulting in 
neuronal cell death of a human neuroblastoma cell line (Kolsch et al., 2001; Kolsch et 
al., 1999). Some plant sterols have also been suggested to be neurotoxic and to be the 
cause of the ALS-parkinsonism dementia complex found among the population of 
Guam (Khabazian et al., 2002).  
 
Several studies have shown an association of defective cholesterol homeostasis with 
neurodegenerative disease, such as Niemann-Pick type C disease and Alzheimer’s 
disease. On the basis of the data presented in this study, we suggest that chronic motor 
neuron diseases can be added to the list of neurodegenerative diseases associated with 
defective cholesterol homeostasis. 
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CONCLUSIONS 
 
Our data on the phenotype of the brains of ERβ-/- mice suggests that ERβ is a survival 
factor for neurons. This strengthens the view that ERβ could influence the 
development of degenerative diseases of the CNS, such as Alzheimer’s disease and 
Parkinson’s disease. Although the exact distribution pattern of ERβ in the CNS during 
development is still unclear, our data suggests that by influencing migration and 
neuronal survival, ERβ has an important role in the late embryonic development of 
the brain. 
 
The data on the phenotype in the brains of CYP7B1-/- mice are supportive evidence 
for a role for the ERβ-3βAdiol-CYP7B1 pathway in regulation of neuronal survival in 
the embryonic brain. If 3βAdiol acts as an estrogen in the fetal brain, we would have 
to conclude that ERs are active earlier in fetal life than was previously thought. The 
hope now is that when expression and cellular localization of ERs in the developing 
brain is achieved, the cells responsible for estrogen imprinting of the brain will be 
identified. 
 
The degeneration of the large α motor neurons seen in spinal cords of male mice 
deficient in LXRβ offers hope for new insight into the causes of chronic motor neuron 
diseases. We speculate that defective cholesterol homeostasis leads to pathological 
accumulation of lipids in LXRβ-/- mice that predispose the large α motor neurons to 
degeneration. If this is the case LXRβ selective agonists might be useful 
pharmaceuticals in the treatment of diseases such as ALS. 
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