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                                        To Gabriel for his love of the brain
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                                                                             We shall not cease from exploration
                                                                             And the end of all our exploring
                                                                             Will be to arrive where we started
                                                                             And know the place for the first time.

                                                                            T. S. Eliot (1888-1965), “Little Gidding”
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ABSTRACT

Estrogen is a steroid hormone which regulates neuronal control of reproduction. It has 
other important roles in the central nervous system (CNS), including trophic effects on 
dendritic spine morphology that provide structural plasticity. Estrogen also modulates 
neurotransmission and protects the brain against neurodegeneration by enhancing cell 
survival. The mechanisms behind the multitude of estrogen effects in the nervous system 
are still not well-understood. In addition, most knowledge regarding estrogen action in the 
brain originates from animal studies; and the role of estrogen in the human nervous system 
has still not been elucidated.  

The overall aim of the work presented in this thesis was to explore how estrogen may 
influence the development of the nervous system and protect against neurodegeneration. 
A second aim was to investigate how cholesterol, which is gaining importance in neuronal 
physiology, may modulate cell-signaling pathways. The model was primary cell cultures 
of neuronal and glial cells of human origin. These cell cultures were derived from fetal 
nervous tissue obtained with the patient’s permission at surgical abortions. 

Our gene-expression microarray analysis of human neuronal and glial cells in culture 
showed that the following genes are regulated by estrogen: Sox2 and Notch1, which 
are proposed to be involved in maintaining cells in a progenitor state during neuronal 
development, CDK5R1 which may be involved in neuronal migration as is TCF7L2 in 
pituitary development, Synaptotagmin 11,Synaptotagmin 11,S  a vesicle-trafficking protein and Transgelin, of 
as yet unknown function in the CNS.

Estrogen protects against neurodegeneration caused by Alzheimer’s disease (AD), which 
is a form of dementia with fatal outcome. At cellular level estrogen influences processing 
of the amyloid precursor protein (APP), which is altered in AD and yields pathological 
accumulation of amyloid β peptide. However, the mechanism behind this is unknown. We 
found that estrogen is able to regulate the enzymes involved in APP metabolism, i.e. gene 
expression of TACE (α-secretase) and presenilin 1 (γ-secretase) and, most importantly, the 
protein expression of BACE (β-secretase). 

Estrogen also has ‘non-genomic’ mechanisms, which are mediated by second messengers 
and cellular signaling pathways. We have shown that the PI3K pathway, which is involved 
in both structural plasticity and cell survival, is activated in human neurons by increased 
Akt phosphorylation by estrogen coupled to BSA, which is believed to be membrane-
impermeable. This estrogen-mediated signaling is attenuated by pharmacological cholesterol 
depletion of the cell membrane. These findings indicate that estrogen initiates this signaling 
pathway at the plasma membrane. Investigation of the effect of cholesterol depletion on 
cell signaling via serotonin receptors showed that 5-HT1A mediated decrease in MAPK and 1A mediated decrease in MAPK and 1A
CREB phosphorylation was attenuated by prior cholesterol depletion.

These findings increase our knowledge regarding estrogen action in human fetal brain cells. 
They also indicate the important function of cholesterol in cell signaling. In conclusion 
they support the notion that estrogen in brain regulates function, development and 
neuroprotection. 
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BACKGROUND

INTRODUCTION
The generally-known function of estrogen is in reproduction as a female sex hormone. 
However, there is more to estrogen than what first meets the eye, especially regarding 
its effects in the nervous system. In this study a prime objective was to study estrogen 
action in cell cultures originating from human fetal nervous tissue. The human brain, and in 
particular the developing brain, is for obvious reasons difficult to access for study. We have 
been privileged to study the second-best thing, i.e. human neurons and glial cells in culture. 
These cells differentiate into networks of cells, generate neurites and contacts, and permit 
us to shed light at least on some processes that may occur in these cells in the developing 
brain. More specifically, gene expression and cell-signaling pathways have been studied, 
that may be important in two processes in different parts of the age spectrum, development 
and neurodegeneration of the brain.

ESTROGEN
Estrogen is commonly known as the major female sex hormone. However, this is a limited 
view of this multifunctional factor since it influences the development, growth, differentiation 
and function of various tissues throughout the body including the cardiovascular system, 
bone and brain (Edwards 2005 and references therein). Estrogen belongs to the family of 
steroid hormones, which are lipophilic molecules derived from cholesterol. It is synthesized 
in the gonads, i.e. the testes, ovary and placenta. Estrogen occurs in mammals in several 
forms i.e. estrone (E1), 17β-estradiol (E2), estriol (E3), and 17α-estradiol (17α). The term 
estrogen in general refers to 17β-estradiol, since this is considered the biologically active 
form (e.g. Behl 2002). The chemical structure of 17β-estradiol is seen in Fig. 1A.

Figure 1.
A)  Chemical structure of 17β-estradiol 
B) Steroid hormone receptor domain structure 
and structure-function relationships. Domains 
are numbered A-F. Domain C is the DNA-binding 
domain and E the ligand-binding domain. AF-
1 and 2 are transactivation functions 1 and 2. 
The regions indicated are required for receptor 
dimerization, nuclear localization and Hsp90 
binding respectively.
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Mechanisms of action
Estrogen has several modes of action, which contribute to the wide scope of its effects. It 
is customary to distinguish between the classical mode of estrogen action through gene 
regulation, which is delayed in onset and often has long-term ‘genomic’ effects; and rapid 
‘non-genomic’ effects not dependent on mRNA or protein synthesis (McEwen and Alves 
1999). However, in reality estrogen is more complex as these two modes of signaling 
intersect. This nomenclature is therefore under debate (Hammes and Levin 2007; Vasudevan 
and Pfaff 2008). Nevertheless since the terms genomic and non-genomic are widely used in 
the literature; they are also used in this thesis.

Gene regulation
The concept of steroid hormones as transcription regulators was first demonstrated in 
1960 when an experiment in insect larvae showed that injection with the steroid ecdysone 
results in changes of the chromosome structure, termed chromosome puffs in polytene 
chromosomes (Clever and Karlson 1960). Today the two-step model of hormone binding to 
its receptors within the target cell and thereby forming an active hormone-receptor complex 
that consequently leads to altered gene expression is generally accepted. Estrogen, like 
other steroid hormones, enters cells easily, passing through the cell membrane by simple 
diffusion. Thus, no active transport is needed, due to its lipophilic nature. Subsequently, 
estrogen regulates gene transcription by interaction with its receptors, which act as 
transcriptionfactors upon ligand activation (Beato and Klug 2000). There are two isoforms 
of the estrogen receptor (ER): ERα (Greene et al. 1986; Krust et al. 1986) and ERβ (Kuiper 
et al. 1996). The majority of ERs are located in the nucleus at equilibrium due to nuclear 
localization signals (NLSs; Falkenstein et al. 2000). In the absence of hormone the ERs are 
kept inactive by a complex of several chaperon molecules, e.g. heat shock protein (Hsp) 
90 (Pratt and Toft 1997). These interactions are also important for correct protein folding 
and preparing the receptors for ligand binding. Upon ligand binding the ER and Hsp 90 are 
phosphorylated, leading to conformational changes and dissociation of the ER-chaperone 
complex and either homo- or heterodimerization of the ERs and direct interaction with 
DNA (Beato and Klug 2000; Pettersson et al. 1997). At the DNA, ERs bind to palindromic 
sequences called estrogen response elements (EREs) in the promotor region of target genes 
and hence regulate the transcription of numerous transcription factors and genes (Gruber 
et al. 2004).

The structure of ERs
ERs are, like all steroid hormone receptors, composed of regions termed A-F that correspond 
to structural domains with specific functions (Fig. 1B). Region C is the DNA-binding domain 
(DBD), which is highly conserved between species; while region E is the ligand-binding 
domain (LBD). The transcriptional activity of the receptor depends on two transactivation 
functions, which are embedded in the LBD and N-terminal domain. These are the ligand-
independent activation function (AF)-1, which is where the ER is phosphorylated, and 
ligand-dependent AF-2. AF-1 is constitutively active while AF-2 is activated upon ligand 
binding. These two AFs work in concert to bring the ER into contact with the transcription 
apparatus by interacting with transcription factors, co-activators and repressors (Beato and 
Klug 2000; Falkenstein et al. 2000 and references therein).

Transcription factor cross-talk
Estrogen is able to regulate gene transcription through different routes, some of which 
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do not involve EREs. Instead ERs interact with transcription factors in what is termed 
‘transcription factor cross-talk’. These transcription factors include activator protein (AP)-
1  (Philips et al. 1993), nuclear factor –κB (NFκB; Ray et al. 1997), SP-1 (Krishnan et 
al. 1994) and cAMP response-element-binding protein (CREB; Zhou et al. 1996). Hence, 
estrogen may modulate gene expression indirectly at other response elements than EREs. 
The transcription factors that are involved in this model of estrogen action are often regulated 
by cell-signaling pathways activated at the cell membrane or in the cytoplasm (e.g. Lee and 
McEwen 2001). 

Non-genomic signaling
Estrogen has effects that are independent of gene transcription, collectively called ‘non-
genomic effects’. These represent an expanding area of research. Findings that revealed 
these rapid effects of steroid hormones actually preceded findings regarding gene regulation. 
Rapid effects of progesterone were reported as early as in 1941, in a study where progesterone 
administration induced anesthesia in rats (Selye 1941). The first finding regarding rapid 
effects of estrogen was in 1975 when estrogen action on calcium flux was demonstrated 
in endometrial cells (Pietras and Szego 1975). An effect is considered non-genomic if 
it has one or several of the following characteristics: 1) rapid time course, seconds-to-
minutes, and therefore not compatible with either RNA synthesis or protein translation, 
2) unaffected by inhibitors of RNA or protein synthesis 3) the effect may be achieved by 
estrogen conjugated to large, i.e. membrane-impermeable, molecules such as albumin or 
peroxidase, which would indicate that the effect is initiated without estrogen entering the 
cell and 4) it can be reproduced in cells expressing a form of the ER that is unable to bind 
DNA (Maggi et al. 2004).
 In these signaling pathways the effects of estrogen are mediated through recruitment of: 
1) second messengers such as calcium and NO, 2) growth-factor receptors such as epidermal 
growth factor (EGF) and insulin-like growth factor (IGF)-I, 3) G-protein-coupled receptors 
(GPCRs) and 4) protein kinases including mitogen-activated protein kinases (MAPKs), 
phosphoinositide-3 kinase (PI3K) and Akt, Src and protein kinases A and C (reviewed in 
Falkenstein et al. 2000; Kelly and Levin 2001; Levin 2002).
 It is not always easy to distinguish between genomic and non-genomic estrogen effects 
since the two pathways may have time frames that intersect, i.e. some genomic effects may 
be rapid and sometimes are mediators of rapid signaling pathways involved in genomic 
effects. This adds to the complexity of estrogen mechanisms of action (reviewed in McEwen 
and Alves 1999; Vasudevan and Pfaff 2008). 

Mechanisms of a plasma-membrane estrogen receptor
The existence and importance of non-genomic estrogen signaling is now well established. 
However, an important remaining question is how these effects are initiated. In other words, 
what is the nature of an estrogen-binding component in the cell membrane that may activate 
these signaling cascades? The first finding regarding the existence of plasma-membrane-
associated estrogen receptors was a study where estrogen-binding sites were described 
at the outer surfaces of isolated endometrial cells (Pietras and Szego 1977). Since then 
different possible mechanisms of a membrane- bound estrogen-binding receptor have been 
proposed. First, the membrane-tethered ER may be distinct from the intracellular ERs. 
A novel plasma-membrane-associated estrogen receptor called ER-X has been found in 
rodent neocortical cells, which appear to be enriched in caveolar-like microdomains in the 
plasma membrane (Toran-Allerand et al. 2002).  Another  suggestion is that upon activation 

Background
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of a putative membrane receptor there is transactivation of GPCRs which subsequently 
leads to activation of different kinases (Qiu et al. 2003; Wyckoff et al. 2001). One GPCR 
that has been suggested as a membrane estrogen receptor is GPR30. However there have 
been controversies regarding both location and function of this receptor, since it has been 
reported to localize to the endoplasmic reticulum in addition to the plasma membrane 
(Filardo et al. 2007; Pedram et al. 2006; Raz et al. 2008 and references therein).  An 
alternative explanation of estrogen membrane effects could be that conventional ERs are 
anchored to the plasma membrane through either post-translational modifications such as 
palmitoylation/ myristoylation (Acconcia et al. 2005) or through interaction with different 
membrane tissue- and cell-type-specific proteins termed scaffolding proteins. 

Candidates for such scaffolding proteins include striatin, Src-homology and collagen 
homology (Shc) adapter protein and modulator of non-genomic activity of estrogen recep-
tor (MNAR). Striatin is a calmodulin-binding protein that was first isolated from rat brain 
synaptosomes. It contains several protein-protein interacting domains, including caveolin 
binding (Castets et al. 1996). A study of endothelial cells has shown that striatin targets 
ERα to caveolae in the cell membrane and serves as a scaffold for the assembly of proteins 
needed for eNOS activation (Lu et al. 2004). Another candidate is the Shc adapter protein. 
This binds to docking sites of many growth-factor receptors, and binds ERα in MCF-7 cells 
(Song et al. 2004). This association of ERα and Shc is induced by estrogen and is crucial 
for the activation of the MAPK pathway (Song et al. 2002). A third candidate protein is 
called MNAR. MNAR acts as a co-activator to ERα in  MCF-7 cells, and was originally 
called PELP1 by Vadlamudi et al. (Vadlamudi et al. 2001). MNAR appears to function as a 
general co-regulator in that it contains ten nuclear-receptor-interacting boxes and interacts 
with multiple nuclear receptors. MNAR interacts with numerous factors involved in gene 
transcription and several key components in cell-cycle progression (Balasenthil and Vadl-
amudi 2003; Choi et al. 2004).  

In addition, ultrastructural studies of both ERα and ERβ localization in rodent neurons 
support the notion that conventional ERs may be located in other cellular compartments 
than the nucleus, such as cytoplasm, plasma membrane and dendritic spines (Clarke et al. 
2000; McEwen et al. 2001; Milner et al. 2005; Milner et al. 2001). Figure 2 illustrates some 
of the proposed modes of estrogen action in brain. 

ESTROGEN AND BRAIN

Introduction
Estrogen is acknowledged as a regulator of neural control of reproductive function. However, 
it has several additional roles in the nervous system. It is a neurotrophic, neuromodulating 
and neuroprotective factor, which influences the central nervous system all through life 
both at the macroscopic level, i.e. brain systems and higher functions and at the microscopic 
level, i.e. cell survival and morphology.  Important functions that may be influenced by 
estrogen include memory and cognition mechanisms, fine motor skills, mood, temperature 
regulation and sleep (Cornil et al. 2006; Maggi et al. 2004; McEwen and Alves 1999 and 
references therein). 

The first step to identify the importance of steroid action in the nervous system was 
to characterize and map the receptors in the CNS (McEwen 2001). Detailed maps of ER 
distribution in brain have been drawn based on immunohistochemistry, autoradiography 
and in-situ hybridization studies (McCarthy 2008 and references therein). The conclusion 
from these studies is that ERs are expressed almost throughout the whole brain, with 
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estrogen receptors in regions such as the olfactory lobe, amygdala, hippocampus, cortex 
and cerebellum (e.g. McEwen and Alves 1999). Further, the two ERs, i.e. α and β, are 
widely expressed in the brain and exhibit both overlapping and receptor-specific expression 
domains, as shown by studies of the rodent brain (McEwen and Alves 1999; Shughrue et 
al. 1997; Shughrue and Merchenthaler 2001). Moreover, ER expression is not restricted to 
neurons, but is found in other cell types such as glial cells (Santagati et al. 1994) and neural 
stem cells (Brannvall et al. 2002). 

Background

Figure 2.
Overview of genomic and non-genomic signaling pathways of estrogen (E2) in brain. From left to 
the right in the figure: Classical genomic estrogen signaling via ERα/β in the nucleus regulates gene 
transcription. ERα/β may also mediate gene regulation via cross-talk with different transcription 
factors (TFs). Non-genomic estrogen signaling pathways are proposed to be initiated by a 
membrane-bound estrogen receptor (mER) that may be either 1) complexed with ER-interacting 
protein such as Shc, MNAR or striatin, which facilitates activation of kinase signaling pathways 
such as PI3K/Akt and Src/MAPK, or 2) coupled to G-proteins (G-prot) and subsequent activation of 
the protein kinase C (PKC) and A (PKA) pathway. These pathways lead to downstream effects such 
as regulation of protein activity, intracellular calcium levels and other functions in the cell. Estrogen 
rapidly regulates intracellular calcium (Ca2+) levels through different mechanisms, here shown by 2+) levels through different mechanisms, here shown by 2+

calcium release from the endoplasmic reticulum mediated by G-protein-activated signaling or by 
regulating calcium channels in the plasma membrane (dashed arrow). Non-genomic signaling may 
also result in gene regulation, i.e. cross-talk between the different (non-genomic and genomic) 
signaling pathways. 
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Neurotrophism
Estrogen has effects in both the developing and the adult brain, which, by promoting 
development, survival and function of the nervous system, influence brain structure and 
physiology (e.g. McEwen 2001). A sub-field of estrogen research that has long  attracted 
attention is sexual differentiation of the brain, yielding what are termed sexually dimorphic 
structures (Arnold and Gorski 1984). In mammals, these differences between female and 
male brains are seen in the volume of specific brain nuclei, in the density of neurons, 
the complexity of dendritic arborization, astroglial morphology and the expression 
of neuropeptides (reviewed in  Simerly 2002). Estrogen action in the developing brain 
yielding these differences is described by the organizational/activational hypothesis of 
sexual differentiation (Arnold and Breedlove 1985; Phoenix et al. 1959). This hypothesis 
states that hormonal action during development organizes the neural networks so that they 
are properly activated in the adult by gonadal hormones to achieve correct sexual behavior 
and endocrinology. In males, gonadal steroid action is required during a ‘critical’ period 
in early development in order for adult hormones to induce male sex behavior. In females, 
on the other hand, this differentiation is believed to depend on a lack of hormone exposure 
during development (McCarthy 2008). 

Some ‘naturally occurring experiments’ may also connect hormonal influence during 
fetal development to brain sexual differentiation in humans. These are circumstances where 
the fetus has been exposed to hormones at a dose and duration that would not occur naturally, 
such as in congenital adrenal hyperplasia. This disorder reportedly leads to some masculine 
features in the brain of female fetuses (reviewed in Cohen-Bendahan et al. 2005).   

Characteristics of organizational effects are that they are permanent and that they act 
during brain development while activational effects are transient, and occur not only during 
development but during adult life leading to neuroplasticity and affecting physiology 
beyond the regulation of reproduction (Parducz et al. 2006). Hence, estrogen influences 
brain physiology yielding morphological plasticity by regulating neurite growth, synapse 
formation and modulation, glial morphology and apoptosis. 

Dendritic spines, synapses and plasticity  
The neurotrophic properties of estrogen were shown for the first time by enhancing 
the growth and arborization of axons and dendrites in hypothalamic neurons grown in 
organotypic cultures (Toran-Allerand 1976). This effect on neural morphology was soon 
also shown in vivo in newborn rats (Arai and Matsumoto 1978) as well in  hippocampal 
cells in culture (Blanco et al. 1990). Today, this trophic effect of estrogen on dendrites and 
synapses is well-known and occurs in both the hypothalamus and hippocampus, where 
dendritic density fluctuates with the estrous cycle in adult rodents (Gould et al. 1990; 
Madeira et al. 2001; Woolley et al. 1990). These studies show that the dendritic spines in for 
example the pyramidal neurons in the CA1 region of rat hippocampus are more numerous 
in proestrous than in estrous, i.e. that the density fluctuates with the hormonal levels during 
the estrous cycle (Woolley et al. 1990). Estrogen regulation of neurite growth has also been 
observed in neurons from other brain regions such as the cortex (Brinton et al. 1997) and 
basal forebrain (Dominguez et al. 2004).

The effect of estrogen on dendritic spines and synapses in hippocampal neurons is one 
of the most studied examples of structural plasticity driven by hormones in the adult brain. 
These effects on neuronal morphology have been linked to one of estrogen’s most celebrated 
effects on higher brain functions, i.e. cognition and memory functions (e.g. Leuner et al. 
2003). 
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There are several proposed mechanisms to explain how estrogen may regulate spine 
density and synaptogenesis. Estrogen regulates the expression of structural proteins involved 
in neurite extensions such as growth-associated protein 43 (GAP-43) and tau as well as 
synaptic proteins, e.g. synaptophysin, syntaxin and spinophilin (Brake et al. 2001; Ferreira 
and Caceres 1991; Lustig et al. 1991). Further, glial cells may also play a role in estrogen 
regulation of synapse formation in the hippocampus, since they have been demonstrated to 
influence dendrite morphology and are responsive to estradiol treatment (Klintsova et al. 
1995; Murai et al. 2003).  

In addition to classical gene regulation, rapid estrogen signaling may also be involved 
in the control of synaptic remodeling in the hippocampus. This is because changes in both 
behavioral responses, i.e. memory tasks and in structural responses, such as dendritic spine 
density have been observed within a few hours of estrogen administration in animal models 
(Luine et al. 2003; MacLusky et al. 2005). This is supported by in vitro evidence of rapid 
estrogen-induced calcium influx in hippocampal neurons leading to raised intracellular 
calcium levels in the nucleus and dendrites. This in turn leads to activated CREB and 
subsequent initiation of dendritic spine alterations (Zhao et al. 2005).  

Estrogen influence on dendritic morphology has also been observed in a few studies in 
non-human primates, which raises the possibility that estrogen may affect plasticity in the 
hippocampus in humans by this mechanism. This effect of estrogen has been seen in both 
young and aged animals, indicating that it may induce neuroplasticity in both developing 
and aged hippocampus in these primates (Hao et al. 2003). 

Glial morphology and function
Glial cells have long been thought to have only passive functions in the brain by providing 
the neurons with structural, metabolic and trophic support. Lately however, they have 
been given more importance, playing a more active role in brain physiology  (reviewed in 
Araque et al. 2001). The role of glia in neuroendocrinology has also been revaluated and 
today glial cells are acknowledged both as responsive to estrogen and as mediating some of 
its effects in the nervous system (reviewed in Garcia-Segura and McCarthy 2004). The first 
report of  the involvement of glial cells in estrogen-mediated plasticity was in the arcuate 
nucleus of the hypothalamus in the female adult rat, where estrogen affects the morphology 
of astrocytes (Garcia-Segura et al. 1994). Estrogen influences astrocyte morphology also 
in the developing hypothalamus, inducing differentiation and extension of cell processes. 
This effect is correlated to estrogen- induced dendritic arborization in neurons in the same 
region (discussed above; Mong et al. 1999).

A direct effect of estrogen in astrocytes is the regulation of the protein expression of 
glial fibrillary acidic protein (GFAP; Stone et al. 1998) and glutamine synthetase (Blutstein 
et al. 2006). GFAP is an intermediate filament protein and is considered as marker for 
astrocytic differentiation (Eng 1985). Regulation of GFAP expression may be involved in 
estrogen-mediated neurite outgrowth (Rozovsky et al. 2002). Glutamine synthetase on the 
other hand, is a glia-specific enzyme which is required for the synthesis of the excitatory 
neurotransmitter glutamate (Blutstein et al. 2006). 

Cell viability and apoptosis
One of estrogen’s most important effects is to influence the life (cell viability) and death 
(apoptosis) of cells. This occurs also in the nervous system. Numerous studies have shown 
that estrogen enhances the viability of primary cell cultures from various brain regions 
such as amygdala, hypothalamus and hippocampus and protects against insults in several 
paradigms (Garcia-Segura et al. 2000 and references therein). 

Background
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Estrogen may enhance cell viability through different mechanisms. An example is 
through interacting with other growth factors in the brain. The interaction of estrogen 
with neurotrophins, i.e. neuronal and glial growth factors, is complex and involves 
estrogen regulation of gene expression of the neurotrophins themselves, e.g. brain-derived 
neurotrophic factor (BDNF), and nerve growth factor (NGF) and/or their receptors, e.g. 
p75, and trkA. Estrogen also works in concert with these factors in regulating expression 
of genes important for cell survival (Gibbs 1999; Gibbs et al. 1994; Murphy et al. 1998; 
Scharfman and Maclusky 2005; Sohrabji et al. 1994). The interaction of estrogen with 
IGF-I has been extensively studied, and other growth factors such as EGF are also involved 
in estrogen-mediated cell survival. These growth factors may activate ERs by themselves, 
thereby mediating ER-dependent transcription. This activation of ER in the absence of 
estrogen involves signaling via the MAPK cascade (Bunone et al. 1996; Garcia-Segura et 
al. 2000 and references therein).

There are several pathways by which estrogen may promote cell viability through regulating 
apoptosis. Since this is a shared mechanism with estrogen-mediated neuroprotection, where 
it is of great importance, it is further discussed under ‘Neuroprotection’. 
  
Neuromodulation
Characterization of estrogen as a neuromodulator often conveys its ability to influence 
overall brain activity, involving effects on electrophysiology and neurotransmitters, leading 
to modulation of neuronal signal transmission.

The effect of estrogen on brain electrophysiology was first described as changes in 
electrical activity in the limbic system across the estrous cycle in the female rat (Terasawa 
and Timiras 1968). Today it is well-demonstrated that estrogen increases neuronal 
excitability and enhances what is called long-term potentiation (LTP) both potentiation (LTP) both potentiation in vitro and in 
vivo in the rodent hippocampus (Cordoba Montoya and Carrer 1997; Foy et al. 1999; Teyler 
et al. 1980). LTP is a long-lasting enhancement of synaptic strength, and is considered as 
the hallmark of synaptic plasticity and the cellular basis of learning and memory formation 
(Bliss and Collingridge 1993).

Changes in brain electrical activity correlated to estrogen levels have also been observed 
in humans in a form of epilepsy called cataminal. In this disease the likelihood of seizures 
varies during the menstrual cycle with increased frequency when the levels of plasma 
estrogen are at their highest (Backstrom 1976).

Estrogen may also influence synaptic activity by interacting with several neurotransmitter 
systems in the brain since it regulates the synthesis of neurotransmitters as well as the 
activity and expression of their receptors. Much attention has been focused on estrogen 
effects in the cholinergic system in the basal forebrain due to the importance of this system 
in cognitive function (e.g. Spencer et al. 2008). Estrogen affects this system at several 
levels, e.g. by regulating the expression and activity of cholinergic synthesizing enzymes 
and muscarinic receptor activity (Dohanich et al. 1982; Luine et al. 1975; Singer et al. 
1998a). In addition, estrogen may regulate the activity of certain neurotransmitter receptors 
directly, e.g. glutamate receptors (N-methyl-D-aspartate (NMDA) receptors; Weaver et al. 
1997) and serotonin receptors (5-HT3; Wetzel et al. 1998).

Endogenous estrogen production in brain
The interesting findings of local brain estrogen production have promoted estrogen to the 
group of neurosteroids. These are synthesized and act within the brain itself (Baulieu and 
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Robel 1990). There are two proposed sources of brain estrogen, either de novo production 
from cholesterol (Melcangi et al. 2008) or conversion of testosterone to estrogen by the 
enzyme aromatase (reviewed in Lephart 1996).

Of these two sources of local estrogen production, aromatization of androgens has gained 
much attention regarding estrogen effects in brain due for example to the ‘aromatization 
hypothesis’ of sexual differentiation. This implicates estrogen in establishing masculinization 
of the brain. The aromatization hypothesis states that testosterone, which is synthesized 
from fetal testis, diffuses into the male brain where it is locally aromatized to estradiol, 
which in turn initiates the process of masculinization (Naftolin et al. 1975).

Aromatase activity was first detected in brain in the human fetal limbic system and in 
the rat hypothalamus (Naftolin et al. 1971; Naftolin et al. 1972). Under normal conditions, 
aromatase expression in mammals is restricted to specific neuronal populations.  Aromatase 
activity is highly concentrated in the hypothalamus and limbic regions, i.e. regions involved 
in reproductive functions; but it is also found in other regions such as hippocampus, cortex, 
spinal cord and cerebellum (Roselli et al. 2009 and references therein). This localized 
aromatase activity has been found in all species studied thus far (Lephart 1996 and 
references therein). Upon injury, aromatase activity is elevated and is observed also in glial 
cells, i.e. reactive astrocytes. This induction of aromatase activity, and subsequent estrogen 
production in damaged sites in the brain, is believed to be an endogenous neuroprotective 
response (Azcoitia et al. 2003; Garcia-Segura et al. 1999).

Furthermore, recent findings indicate that aromatase activity may be rapidly modulated 
by calcium-dependent phosphorylation (Balthazart et al. 2001). Together with the cellular 
localization of aromatase in synaptic terminals (Naftolin et al. 1996), this finding indicates 
that rapid changes in aromatase activity are able to modulate the availability of estrogen 
at the synapse. Consequently, it has been suggested that brain-derived estrogen acts as a 
modulator of neural activity (Balthazart and Ball 2006).

Neuroprotection
One of the most notable functions of estrogen is neuroprotection. This plethora of effects 
ranges from the ability of estrogen to support and maintain brain function through structural 
and synaptic plasticity and adult neurogenesis, to actively rescue cells from apoptosis and 
to abate neurodegeneration inflicted by numerous insults and diseases (Garcia-Segura et 
al. 2001). Estrogen’s protective abilities also encompass anti-inflammatory action and at 
micromolar levels it may even act as a radical scavenger (Behl 2002; Suzuki et al. 2009). 
Much attention has been given to the role of estrogen in neuroprotection since it has been 
associated with decreased risk, delayed onset or enhanced recovery from for example 
stroke and Alzheimer’s disease; while sex differences have been reported regarding disease 
pathology of for example schizophrenia. At the cellular level, estrogen protects cells against 
neurotoxicity evoked by insults such as serum deprivation, oxidative stress and glutamate 
(reviewed in Garcia-Segura et al. 2001; Wise 2003). Estrogen mediates neuroprotection 
through a number of mechanisms, of which a few are described below.

Regulation of apoptosis and neurotrophism
The neuroprotective effects of estrogen share several mechanisms with its trophic actions. 
Consequently, one important mechanism here is to regulate apoptosis. This is mediated by 
pro-apoptotic and anti-apoptotic proteins. Thus estrogen up-regulates anti-apoptotic proteins 
Bcl-2 and Bcl-xL (Pike 1999; Singer et al. 1998b) and down-regulates the expression of 
pro-apoptotic BAD and Nip-2, which is a negative regulator of Bcl-2, thereby reducing 
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cell death (Gollapudi and Oblinger 1999; Meda et al. 2000). Further, estrogen may protect 
cells from apoptosis by interaction with neurotrophins and other growth factors. As an 
example, estrogen acts synergistically together with NGF in attenuating apoptosis induced 
by serum deprivation in cell culture (Gollapudi and Oblinger 1999). Neurotrophins enhance 
cell survival by increasing expression of Bcl-2 trough CREB (Finkbeiner 2000). Protein 
kinase Akt has also been shown to activate CREB and thereby positively regulate Bcl-2 
(Pugazhenthi et al. 2000). Estrogen activation of Akt is believed to mediate the protective 
effect of estrogen in cortical explants from rat (Wilson et al. 2002). IGF-I is another growth 
factor involved in estrogen-mediated neuroprotection, acting synergistically together with 
estrogen to activate Akt (Cardona-Gomez et al. 2002). Akt is believed to promote neuronal 
survival since it regulates important transcription factors such as NF

κ
B and, as already 

mentioned, CREB; and inhibits the pro-apoptotic protein BAD and glycogen synthase kinase 
3β (GSK3β; Alessi and Cohen 1998; Kane et al. 1999). GSK3β phosphorylates microtubule-
associated proteins and under normal conditions is involved in regulating processes such as 
microtubule dynamics, neurite growth and hence synaptic plasticity (Goold and Gordon-
Weeks 2004). However, it has also been implicated in neurodegenerative diseases by for 
example hyperphosphorylating tau in Alzheimer’s disease and promoting apoptosis (Kaytor 
and Orr 2002; Lovestone et al. 1994). This links different mechanisms by which estrogen 
may control apoptosis and thereby enhance cell survival. 

Another example of neuroprotection mediated by rapid estrogen signaling is the effect 
of estrogen on calcium influx and intracellular calcium content. Estrogen mediates calcium 
influx and subsequent activation of CREB, alternatively attenuating a potentially harmful 
rise in intracellular calcium load by increasing mitochondrial sequestration, thereby inducing 
neuroprotective responses in the cell. Both effects are coupled to increased expression of 
anti-apoptotic Bcl-2 (Nilsen 2003; Wu et al. 2005). 

Adult neurogenesis
Estrogen may also protect neural function through promoting neural plasticity by 
neurogenesis. Studies in rodents indicate that estrogen may, under pathological conditions, 
stimulate neurogenesis in adult brain from the subgranular zone of the dentate gyrus in 
the hippocampus and the subventricular zone of the olfactory bulb. This induction of 
cell proliferation was not seen in control animals, supporting the role of this effect in 
neuroprotection (Saravia et al. 2004; Suzuki et al. 2007). A summery of proposed estrogen 
actions in brain is seen in Figure 3.

Alzheimer’s disease and estrogen 
The protective effect of estrogen against neurodegeneration has been indicated for several 
neurological diseases: its role in Alzheimer’s disease (AD) is one that has acquired most 
attention. Numerous studies have shown the beneficial effect of estrogen on Alzheimer 
pathology at cellular level, in vivo in animals and also in humans (reviewed in Pike et al. 
2009).

AD is a neurodegenerative disorder that causes irreversible loss of neural function and 
progressive deterioration of cognitive function, including profound loss of memory. At 
the cellular level it is characterized by accumulation of amyloid β (Aβ) peptide in what 
are called senile plaques, neurofibrillary tangles that consist of hyperphosphorylated tau 
protein and progressive neural loss (Selkoe 2001). 

There are several links between estrogen, cognition and risk and/ or onset of AD. First 
of all, women are at higher risk of developing AD than men (Gao et al. 1998; Jorm et 
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al. 1987). In addition, plasma levels of estrogen are reported to be lower in women with 
AD compared to age-matched controls (Manly et al. 2000). Further, several studies, both 
clinical and animal, support the positive effect of estrogen on cognition function and it may 
thereby delay both the onset of and the decline in cognition associated with AD (Kampen 
and Sherwin 1994; Kawas et al. 1997; Rapp et al. 2003; Sandstrom and Williams 2004; 
Sherwin 1997). However there is disagreement regarding hormonal replacement therapy. 
Thus for example the Women’s Health Initiative Memory Study (WHIMS) contradicts the 
finding of the beneficial effect of estrogen on cognitive decline and dementia (Shumaker et 
al. 2004; Shumaker et al. 2003). 

Estrogen has been shown to have protective effects in different animal models of AD 
pathology. For example studies of rodents show ovariectomy to be associated with increased 
accumulation of Aβ peptide and estrogen treatment reversed this increase (Petanceska et al. 
2000; Zheng et al. 2002).

Finally, estrogen has been demonstrated to affect AD pathology also at the cellular level, 
i.e. to protect against intracellular Aβ toxicity and apoptosis as well as to reduce the level of 
Aβ in vitro (Nilsen et al. 2006; Xu et al. 1998; Zhang et al. 2004).

All these findings indicate that estrogen may affect both neurodegeneration and the 
declining cognitive function brought about by AD.

Figure 3.
Estrogen actions in the brain.

Background
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BRAIN CHOLESTEROL AND CELL SIGNALING

Interest in lipids, and especially cholesterol, in brain physiology has evolved since it 
was shown that disturbed lipid homeostasis is associated with several neurodegenerative 
diseases such as AD (reviewed in Liu et al. 2009). The brain is the most cholesterol-rich 
organ in the body, which is not surprising since cholesterol is an ubiquitous constituent of 
myelin sheaths, which ensure normal neurotransmission (Bjorkhem and Meaney 2004).

Cholesterol is also an essential component of eukaryotic cell membranes, where it is 
involved in membrane dynamics, organization and function. Lately, it has been shown 
to be involved in the assembly and function of ‘lipid rafts’. Lipid rafts are structurally 
ordered microdomains in the lipid bilayer of the cell membrane that are composed of 
cholesterol and sphingolipids. These microdomains regulate membrane trafficking and 
signaling events by sorting and assembling lipids and proteins. Proteins that have high 
affinity for lipid rafts are glycosylphosphatidyl inositol (GPI)-anchored proteins, doubly 
acylated peripheral membrane proteins, cholesterol-linked proteins, and transmembrane 
proteins (Simons and Ikonen 2000). By clustering proteins involved in signaling pathways 
e.g. receptors, adaptors, scaffold proteins and kinases in signal complexes, lipid rafts are 
believed to have an important function in signal transduction. Removal of cholesterol 
from rafts (e.g. by cyclodextrin treatment) leads to dissociation of the raft proteins from 
the lipids and attenuation of signaling mediated by the raft-protein complex (Simons and 
Toomre 2000).  Examples of signaling pathways that are important in neuronal function and 
dependent on lipid rafts and cholesterol are signaling mediated by GPCRs such as the β-
adrenergic receptor and Glial-cell-derived neurotrophic factor (GDNF) signaling (Pucadyil 
and Chattopadhyay 2006; Tansey et al. 2000). 

OVERVIEW OF INITIAL FETAL BRAIN DEVELOPMENT

The process of fetal development of the nervous system is complex, spanning almost the 
whole of gestation and continuing in postnatal life. It is still not fully understood and a 
detailed description of this process is outside the scope of this section. Nevertheless, a 
brief overview of the principal events and processes up to gestational week 12 will enable 
the reader to visualize the original environment of the cells treated throughout the work 
reported in this thesis. 

 The central nervous system, including both spinal chord and brain, originates initially 
from the ectoderm, one of the three germ layers of the embryo, by the forming of the neural 
tube. Subsequent bending, folding and constriction of the neural tube form the precursors of 
the major brain regions, i.e. the prosencephalon (forebrain), mesencephalon (midbrain) and 
rhombencephalon (hindbrain). The posterior region of the neural tube differentiates into 
the spinal cord (Fig. 4). Further partitioning follows by which the prosencephalon is further 
subdivided into the telencephalon and diencephalon. The telencephalon then forms two 
lateral telencephalic vesicles which develop into the left and right cerebral hemispheres. 
The telencephalon or cerebrum will, together with the diencephalon, constitute the 
forebrain in the developed brain and gives rise to important structures such as the cerebral 
cortex, hippocampus and olfactory bulb. The diencephalon in turn gives rise to for example 
the hypothalamus while the metencephalon, which develops from the rhombencephalon, 
generates structures such as the cerebellum. In addition, a part of the rhombencephalon 
develops into the myelencephalon, which further develops into the adult medulla (Purves 
et al. 2001). This subdivision of the developing brain is visible already at five weeks after 
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Figure 4.
Early regional specification of the neural tube during gestation. 

fertilization (O’Rahilly and Muller 2008). The regional differentiation of the neural tube is 
directed by transcription factors such as Pax genes, and signaling molecules such as Wnt Pax genes, and signaling molecules such as Wnt Pax
and Sonic Hedgehog signaling. These in turn are developmentally and spatially regulated 
(Purves et al. 2001; Wehr and Gruss 1996).

Background

The formation of the nervous system is essentially based on the cellular processes of 
proliferation, migration, aggregation and apoptosis, accompanied by neurite outgrowth and 
the establishment of neural networks. Neuronal migration is essential to the establishment 
of the neocortex, i.e. corticogenesis. This is a well-studied, but not fully understood, process 
where the six-(I-VI)-layered structure of the cortex is formed from the neural tube through 
waves of migrating cells. During corticogenesis, the developing forebrain, or telencephalic 
wall, becomes divided into zones that, from the ventricle (neural tube lumen) to the pial 
(outside) surface, are – in order – ventricular, subventricular, intermediate and subplate 
zones, the cortical plate and the marginal zone (Fig. 5). The neural tube closes at embryonic 
day (E) 30, by which time the wall consists entirely of proliferative neuroepithelial cells 
that form the ventricular zone.  These cells have processes that span the whole wall of 
the neural tube and in the beginning divide symmetrically, i.e. into two new proliferative 
cells. However, at a certain point these cells start to divide asymmetrically, giving rise to 
one proliferative cell, i.e. progenitor cell and one postmitotic cell that will differentiate 
into a neuron or glia cell. Hence, neurogenesis has started, which in humans is observed 
approximately on E 33 (Bystron et al. 2008 and references therein). The majority of the 
neurons that will constitute the cortex are generated in the ventricular zone, which at its 
peak during neurogenesis produces approximately 250 000 cells per minute (Purves et al. 
2001). The neurogenesis of cortical neurons takes approximately 100 days (compared to a 
gestation time of roughly 265 days; Jacobson 1991). 

The initiation of corticogenesis is defined by the forming of the cortical plate by 
accumulating post-mitotic neurons in a temporal gradient starting at gestational week (GW) 
8-9 and by the seventh month the six-layered cortex has been established. It is formed 
by neuronal migration along radial glia fibers in an ‘inside-out’ sequence where the first 
neurons generated by the ventricular zone are displaced to the deeper levels by those that 
arrive after. Thus, the deepest cortical layers are generated first, i.e. the earliest neurons are 
destined to become layer six while the latest-born neurons will become layer two (Jacobson 
1991). Before the appearance of the cortical plate, by GW 6-7, some neurons are visible 
above the subventricular zone. These cells are born in the basal telencephalon and arrive 
by tangential migration to the developing cortex, where they will become GABAergic 
inhibitory interneurons (Bystron et al. 2008). 
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The strict concession of progenitor cells that follows the initiation of neurogenesis, 
and their relationships among themselves, are still under discussion, with new precursor 
varieties being discovered continuously (Bystron et al. 2006). However, two cell types that 
are essential for proper corticogenesis primarily due to their important role in neuronal 
migration are Cajal-Retzius cells and radial glia. Cajal-Retzius cells were discovered 
simultaneously by both Ramon y Cajal and Retzius and have been named accordingly. They 
have been considered to be the first neurons to arrive in the marginal zone and cover the 
whole neocortex during development. They  secrete the extracellular protein reelin, which 
is required for proper organization of the laminar cortex (reviewed in Soriano and Del Rio 
2005). Radial glia on the other hand are derived from neuroepithelial cells and have the 
cell body situated near the ventricular surface and cell processes that, during development, 
transiently span the entire width of the cerebral wall. These processes are elongated as 
the cerebral wall expands. They are considered to be vital in forming the nervous system 
because of two functions: first they are precursor cells and participate in generationof both 
neuronal and glial cells (Campbell and Gotz 2002), and secondly, they provide scaffolding
for migrating neurons during neocortical formation (reviewed in Rakic 2003). 

As the cortical plate grows it divides into an inner subplate and an outer marginal zone, 
the future layer I in the neocortex. The subplate consists of several neuronal cell types, 
including interneurons, and is believed to act as a ‘waiting compartment’ where projections 

Figure 5.
Schematic illustration of the forebrain wall divided into transient zones during corticogenesis. 
A) Section through the forebrain showing radial glial processes from the ventricle to the pial surface. 
B) Enlargement of the boxed area showing subdivision of the telencephalic wall which, from the 
neural tube lumen to the surface, are in order: ventricular (VZ), subventricular (SVZ), intermediate 
(IZ) and subplate zones (SPZ), cortical plate (CP) and marginal zone (MZ). Also shown are: 
newly-formed neurons migrating along elongated radial glia fibers that span the full thickness of 
the cerebral wall. Projections from areas such as the thalamus form transient connections in the 
subplate zone, before entering the overlying cortical plate.  
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from extracortical areas such as the thalamus form transient connections, while the cortical 
plate is still forming, before entering the cortex. This structure appears between GW 9-10 
and thickens considerably during the next weeks, peaking two-thirds of the way through 
gestation (Bystron et al. 2008 and references therein). The cortical laminating process 
and the development of the brain continues with cell fate specification establishing cell 
diversity, differentiation, migration and regionalization of the specific areas and structures. 
Establishment of connections and cortical maturation continue into postnatal life (e.g. 
Edlund and Jessell 1999; Rakic et al. 2009). 

ESTROGEN ACTION IN HUMAN BRAIN

Mounting evidence indicates that estrogen action in brain ranges from structural and 
morphological changes during development and throughout adult life to cellular plasticity, 
neurotrophism and protection against insults and disease (Garcia-Segura et al. 2001; 
McCarthy 2008). The presence of ER in the developing human brain has been demonstrated 
as early as at GW 9, indicating that estrogen may possibly influence the development 
process (Gonzalez et al. 2007). However, our knowledge regarding the effect of estrogen on 
human brain development and physiology is still very limited. In the present work we have 
studied estrogen action in primary cell cultures of human fetal nervous tissue. There are 
many strategies for studying estrogen action: we studied gene regulation, since estrogen is 
an acclaimed regulator of transcription. We also investigated whether non-genomic effects 
occur in these cells in culture since this is an expanding field in estrogen research (Raz et 
al. 2008). When studying rapid estrogen effects we employed a pharmacological approach, 
depleting the cell membrane of cholesterol since cholesterol has an important function in 
cellular signaling (Simons and Toomre 2000). We also expanded our study regarding the 
role of cholesterol in cell signaling to include signaling via serotonin receptors which, it 
has been suggested, regulate similar functions in brain to those of estrogen (McEwen and 
Alves 1999).

Background
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AIMS OF THE THESIS

The major aims of the present work were to study how estrogen may: 1) influence the 
development of the nervous system and 2) protect against neurodegeneration by the use of 
primary cell cultures of human fetal neurons and glial cells as a model for the developing 
brain. A second aim was to study the effect of cholesterol on cell signaling pathways in 
these cells in culture.

Specific aims were:

• to identify possible estrogen regulation of genes that either have important roles in 
the development of  the human nervous system or are involved in processes such as 
plasticity, neuroprotection or neurodegeneration,

• to investigate whether the secretases involved in amyloid precursor protein (APP) 
metabolism, i.e. BACE, TACE, ADAM10 and presenilin 1, are regulated by estrogen 
at  gene and/ or protein level,

• to identify the cellular location of the secretases BACE, TACE, ADAM10 and 
presenilin 1 in human neuronal and glial cells,

• to investigate whether estrogen conjugated to BSA, i.e. unable to traverse the cell 
membrane, may activate the PI3K/Akt signaling pathway in human neuronal and 
glial cells in culture and whether cholesterol affects this signaling,

• to investigate whether estrogen conjugated to BSA may inhibit GSK3β, a substrate 
for Akt, in human neuronal and glial cells and whether cholesterol affects this 
signaling,

• to study possible ERα mobility upon treatment with estrogen conjugated to BSA in 
human neuronal and glial cells, and

• to examine the role of cholesterol in regulating signaling via serotonin receptors in 
human neuronal cells.
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OVERVIEW OF METHODOLOGY

This section is an overview of the material and methods used in papers I-IV. More details 
are given in each paper. 

STUDY MATERIAL

All the studies were conducted on primary cell cultures of neurons and glial cells originating 
from fetal brain material from abortions. Fetal age was determined with ultrasound at the 
clinic before the operation and fetuses ≤ 12 weeks were included. The general age of the 
acquired samples was 6-12 weeks. However the majority of the samples which gave rise 
to cell cultures were 8-12 weeks because of the difficulty to identify brain material in fetal 
samples younger than eight weeks. Fetal material was obtained from surgical abortions 
performed by vacuum suction after legal consent of the patients.

METHODS

Cell culture (Papers I-IV)
Cells originating from aborted fetal brain material were grown under specified growth 
conditions yielding cells with neuronal and glial morphology and were studied with the 
methods outlined below. Two different growth media were employed: either 1) neurobasal 
medium with serum replacement yielding a culture consisting predominantly of cells with 
neuronal morphology, referred to here as neuronal cell culture, or 2) DMEM/F12 medium 
with serum which results in a culture of cells with both neuronal and glial morphology, 
termed mixed neuronal/glial cell culture. The cells were grown for a maximum of 10 
days.

Cell treatments (Papers I-IV)
To study estrogen action in fetal neuronal and glial cells the cell cultures were treated 
with 17β-estradiol (Papers I-II) or 17β-estradiol conjugated to BSA (E2-BSA; paper III). 
The influence of methyl-β-cyclodextrin (MβCD; Papers III-IV) on cell signaling was also 
studied. MβCD belongs to the cyclodextrins, which are water-soluble compounds with a 
hydrophobic cavity capable of enhancing thesolubility of non-polar compounds in aqueous 
solutions. MβCD is particularly efficient in solubilizing cholesterol (Christian et al. 1997). 
In the present work it was used to deplete the cell membrane of cholesterol. Concentration 
and time of treatment for each study are summarized in Table 1.

Table 1. Cell treatments used in this study.
Treatment Concentration Time of treatment Paper

17β-estradiol 2 µM 7 days I

17β-estradiol 2 µM/ 200 nM 7/ 9 days II

E2-BSA 10 nM 1/ 15 min III

MβCD 10 mM 15 min III

MβCD 10 mM 15/ 30 min IV
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MTT viability assay (Papers III-IV)
An MTT viability assay was used to measure cell survival colorimetrically, 3-[4, 5-
dimethylthiazol-2-yl]-2, 5-diphenyl-tetrazolium bromide (MTT) being added to the cells.

Cholesterol assay (Papers III-IV)
Cholesterol content was measured colorimetrically.

RNA extraction and purification (Papers I-II)
After treatment with 17β-estradiol the cells were harvested in PBS or RNAlater™After treatment with 17β-estradiol the cells were harvested in PBS or RNAlater™After treatment with 17β-estradiol the cells were harvested in PBS or RNAlater , a solution 
which preserves and protects RNA from degradation by RNases. RNA was extracted either 
by using Trizol™, a phenol-based solution, and established protocols; or with Qiagen RNeasy 
Mini Kit, followed by further cleaning and concentration using an RNeasy MinElute 
Cleanup Kit. 

RNase protection assay (Paper II)
RNase protection assay was used to measure gene expression by quantifying a specific 
mRNA sequence. Here a radioactive probe is used that hybridizes to a sequence of 
interest. This is followed by digestion with RNase, and finally the samples are subjected 
to urea polyacrylamide gel electrophoresis and the remaining mRNA is quantified with 
radioactivity. 

cDNA synthesis, PCR and relative quantitative (RQ) real-time PCR 
(Papers I-II)
cDNA was synthesized from the extracted total RNA, which in turn was used in either 
PCR to identify the expression of certain genes or in RQ real-time PCR to measure their 
expression. Both regular PCR and real-time PCR are techniques where a few copies of 
nucleotide sequence are amplified with specific primers that are complementary to the 
mRNA sequence coding for the target. This amplification takes place under specific thermal 
cycling conditions. In real-time PCR the number of DNA copies is measured ‘in real time’, 
i.e. during amplification.

Gene expression microarray analysis (Papers I-II)
Gene expression microarray analysis is a chip-based method used to study gene expression 
changes in a multitude of genes simultaneously. In this study the effect of estradiol treatment 
was evaluated using commercially available chips with probe sets representing ≈ 16 000 
genes.

SDS-PAGE and western blot (Papers II-IV)
SDS-PAGE and western blot constitutes a method used to detect and measure protein 
expression using specific antibodies. Here it was used to measure for example the effect 
of estradiol on protein expression of enzymes and the effect of estrogen and MβCD on 
phosphorylation of proteins involved in cellular signaling. The antibodies used are listed 
in Table 2. 

Immunocytochemistry (Papers I-III)
Immunocytochemistry was used to identify and/or localize proteins together with 
neuronal and glial specific markers, which in turn were used to specify cell type. The 
antibodies used are listed in Table 2.
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Table 2. Antibodies used in this study.

Protein Antibody class Manufacturer Technique Paper

class III β-tubulin Monoclonal mouse
R&Dsystems, UK or 

Covance, US
IF I-III

GFAP Monoclonal mouse
Transduction laboratories, 

US
IF I-III

Cyr61 Polyclonal goat
Santa Cruz Biotechnology, 

US
IF I

IGFBP7 Polyclonal goat
Santa Cruz Biotechnology, 

US
IF I

Transgelin Polyclonal goat
Santa Cruz Biotechnology, 

US
IF I

BACE Polyclonal goat Chemicon International, US WB, IF II

TACE Polyclonal rabbit Chemicon International, US WB, IF II

ADAM10 Polyclonal rabbit Chemicon International, US WB, IF II

Presenilin 1
Monoclonal mouse/ 

Polyclonal goat

Abcam, UK/ Santa Cruz 

Biotechnology, US
WB/ IF II

S473-Akt Polyclonal rabbit Cell signaling, US WB III

Akt Polyclonal rabbit Cell signaling, US WB III

S9-GSK3β Polyclonal rabbit Cell signaling, US WB III

GSK3β Polyclonal rabbit Cell signaling, US WB III

ERα Polyclonal rabbit
Santa Cruz  Biotechnology, 

US
IF III

Striatin Monoclonal mouse
Transduction laboratories, 

US
IF III

MNAR Polyclonal rabbit Bethyl lab,US IF III

5HT1A Polyclonal guinea pig Chemicon International, US WB IV

5HT7 Polyclonal  rabbit Sigma, Sweden WB IV

S133-CREB Polyclonal rabbit Millipore, Sweden WB IV

CREB Polyclonal rabbit Millipore, Sweden WB IV

T185/Y187-MAPK Polyclonal rabbit Cell signaling, US WB III-IV

MAPK Polyclonal rabbit Cell signaling, US WB III-IV

Fluorescence microscopy (Paper I)
Fluorescence microscopy was used to visualize proteins by fluorophores, i.e. fluorescent 
probes, attached to specific antibodies.

Confocal laser scanning microscopy (Papers II-III)
This is a microscopic technique where light from a specific area in the focal plane of the 
specimen is recorded. This permits the elimination of out-of-focus light. Three-dimensional 
data sets can be generated and cellular location and distribution may be analyzed. 
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RESULTS 
PAPER I

Transcriptional analysis of estrogen effects in human embryonic neurons 
and glial cells

Estrogen has numerous effects on brain physiology and pathology that are mediated by direct 
action on neuronal morphology, function and survival (discussed under ‘Background’). 
However, the molecular mechanisms behind these trophic, protective or modulatory effects 
are not fully understood. In addition, while brain development is influenced by estrogen 
in rodents (e.g. sexually dimorphic structures; McCarthy 2008), very little is known as to 
whether estrogen is able to influence signaling pathways important for development of the 
nervous system in humans.

To examine estrogen effects on gene transcription in developing human brain, we performed a 
large-scale transcriptome analysis, using gene-expression microarray, of estrogen treatment 
in primary cell cultures of human fetal neuronal and glial cells. Cells were exposed to 
long-term estrogen treatment (7 days) and changes in gene expression were detected with 
microarray technology to identify estrogen-regulated genes. A cut-off level of 1.2-fold 
change was used to denote a gene expression as altered, since it has been noted before 
that microarray analysis in brain yields expression-level changes in the range of 1.2-2-fold 
(discussed in Ginsberg and Mirnics 2006). We identified 199 genes, 76 up-regulated and 
123 down-regulated, which we considered to be important in neuronal development and 
function and/or neurodegeneration. These genes are listed in Table 2 in paper I.

Relative quantitative real-time PCR was used to verify gene expression changes 
obtained with microarray analysis in a new sample group: six genes had significantly 
altered expression in cell cultures treated with estrogen (see Fig.1 in paper I). These genes 
are all involved in neuronal function or development of the nervous system at the cellular 
or structural level and three of them have been linked to neurodegenerative diseases. Two 
genes, Sox2 and Notch1 are proposed to be involved in maintaining the neural progenitor 
state of neural precursor cells in, for example, developing telencephalon (Corbin et al. 
2008; Wegner and Stolt 2005). In addition, Cyclin-dependent kinase 5, regulatory subunit 
1 (p35;CDK5R1) has been suggested to have a role in neuronal migration during cortical 
development by phosphorylation of cytoskeletal proteins (Xie et al. 2006). Transcription 
factor 7-like 2 (TCF7L2) is a member of the Wnt-signaling pathway and is suggested to be 
involved in pituitary development (Brinkmeier et al. 2003). Furthermore, Synaptotagmin Synaptotagmin S
XI, a member of the synaptotagmin family, is involved in membrane-trafficking of synaptic XI, a member of the synaptotagmin family, is involved in membrane-trafficking of synaptic XI
vesicles while the last gene, Transgelin, which had the highest expression change in the 
microarray analysis, is an actin-binding protein and has, as yet, an unknown function in 
brain. However, it has been suggested to be associated with AD pathology as has CDK5R1, 
while Synaptotagmin XISynaptotagmin XIS  is implicated in Parkinson’s disease ynaptotagmin XI is implicated in Parkinson’s disease ynaptotagmin XI (PD; Huynh et al. 2003; 
Maccioni et al. 2001; Muller et al. 2007).

Since transgelin is a protein that has thus far not been studied in the human nervous 
system, we continued by identifying its cellular localization in fetal neurons and glial cells 
(see Fig. 4 in paper I).

Conclusions:
− Estrogen regulates the expression of genes that are involved in neuronal function and 

brain development and are associated with neurodegenerative diseases  
− The actin-binding protein transgelin is expressed in human neurons and glia cells and is 

transcriptionally regulated by estrogen.
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PAPER II

Analysis of estrogen regulation of α-, β- and γ-secretase gene and protein 
expression in cultured human neuronal and glial cells

Studies in vivo in animals and in vitro in different paradigms support the protective role of 
estrogen in AD pathology. Further, estrogen not only protects cells from the neurotoxicity 
and cell death involved in AD, but also affects the generation of the Aβ peptide, which is a 
major constituent of senile plaques, a cellular characteristic of AD (e.g. Nilsen et al. 2006; 
Xu et al. 1998). 

To explore possible mechanisms by which estrogen may directly influence APP metabolism, 
and thereby Aβ peptide generation, we examined whether estrogen regulates the APP-
processing enzymes, i.e. BACE, TACE ADAM10 and presenilin 1, at the gene and/ or 
protein level in human neuronal and glial cells in culture. Estrogen down-regulated the 
gene expression of α-secretase TACE and presenilin 1, which is part of the γ-secretase 
complex and is mutated in familial AD (Vetrivel and Thinakaran 2006). This effect of 
estrogen on gene expression of TACE and presenilin 1 was seen in both cell cultures used in 
this experiment, i.e. neuronal cell culture (TACE: p< 0.05; presenilin 1: p< 0.01) and mixed 
neuronal/ glial cell culture (TACE: p< 0.01; presenilin 1: p< 0.05; see Fig. 2 in paper II). 
There was also a strong tendency to down-regulation of BACE in the neuronal cell culture BACE in the neuronal cell culture BACE
measured with relative quantitative real-time PCR. However, this difference did not reach 
statistical significance (p≈0.06). Most importantly, estrogen significantly down-regulated 
the protein expression of BACE in the mixed neuronal/ glial cell culture (p< 0.05; see Fig. 
3 in paper II).
 Cellular localization was also examined with fluorescence confocal microscope for all 
four secretases since it is not well described in human neurons or glial cells. Further, where 
the processing of APP takes place relative to the localization of the involved enzymes is 
still an open issue, especially for presenilin 1. Images are shown in figures 4 and 5 in 
paper II. In summary, the cellular localization was as follows for the four secretases: BACE 
immunoreactivity was seen throughout the cell body of both neurons and glial cells and in 
neurites and glial cell processes. TACE immunoreactivity indicated a perinuclear localization 
with no or very little staining in neurites or glial processes. ADAM10 showed a curious 
staining pattern with strong nuclear punctate staining and very little immunoreactivity 
outside the nucleus. In contrast, presenilin 1 immunoreactivity indicated perinuclear 
localization with staining in both neurites and glial processes.

Conclusions:
− Estrogen down-regulates gene expression of TACE and presenilin 1 in human fetal 

neurons and glial cells in culture
− BACE protein expression is down-regulated by estrogen in primary cell cultures of 

human neurons and glial cells
− The cellular location of the four studied secretases in human neurons and glial cells 

are:
1) BACE: is expressed throughout the whole cell, included neurites and glial 
 cell processes
2) TACE immunoreactivity indicates perinuclear location
3) ADAM10 immunoreactivity indicates nuclear location in a punctate fashion
4) Presenilin 1 immunoreactivity indicates perinuclear location, but in contrast 
 to TACE, neurites and glial processes are also positive for presenilin 1 staining.
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PAPER III

Non-genomic estrogen signaling via Akt is attenuated by cholesterol 
reduction in human embryonic neurons

Estrogen may influence brain physiology through other mechanisms beside classical 
transcription regulation. These non-genomic effects are mediated by second messengers 
such as calcium or NO or via different cell-signaling pathways. Rapid estrogen signaling via 
these signaling cascades is believed to be initiated at or near the cell membrane. However, 
the identity of such a membrane-bound estrogen binding receptor remains unknown 
(reviewed in e.g. Raz et al. 2008).

This study shows that E2-BSA, which is believed to be unable to pass through the cell 
membrane, is able to activate PI3K signaling via Akt phosphorylation in human fetal neurons 
in culture. This effect was attenuated by MβCD, which is a cholesterol sequestering agent, 
used to disturb the cell membrane integrity (p< 0.05; Fig. 6a).  Removing cholesterol from 
the cell membrane leads to dissociation of lipids and proteins in lipid rafts, i.e. microdomains 
in the plasma membrane reportedly involved in cell-signaling events (Simons and Toomre 
2000). The effect of E2-BSA and MβCD was also studied on a down-stream target of 
Akt, GSK3-β. However, estrogen treatment failed to increase phosphorylation of GSK3-β, 
which would lead to its inhibition, compared to control. 

In an additional experiment we examined the effect of E2-BSA and MβCD on 
phosphorylation of MAPK in primary neuronal cell culture and found that E2-BSA 
treatment lead to increased MAPK phosphorylation compared to control (p< 0.05). Prior 
MβCD treatment did not suppress this effect. In addition, MβCD treatment alone also led 
to increased MAPK phosphorylation compared to control (p< 0.05; Fig. 6b).

The mechanisms behind the initiation of non-genomic estrogen signaling, i.e. whether 
and how it is initiated at the membrane, are still a subject of debate. Therefore, we 
investigated whether E2-BSA may affect the cellular localization of ERα, i.e. whether more 
cytoplasmic ERα could be seen in neurons and glial cells after treatment with E2-BSA with 
immunofluorescence confocal microscopy. In addition, the effect of cholesterol depletion 
by MβCD on ERα mobility was also studied. Cells were scored 1 to 3 according to nuclear 
staining intensity with 3 as most intense nuclear staining (Figures 4 and 5 in Paper III). 
E2-BSA treatment caused a shift in ERα immunoreactivity toward the cell membrane in 
neurons, which was not affected by prior MβCD treatment. The effect of E2-BSA on ERα 
localization in glial cells was the opposite, with more nuclear immunoreactivity; and here 
MβCD treatment led to more dispersed ERα localization (Fig. 6 in paper III).

Further, we investigated the expression of two proteins, striatin and MNAR, which 
have been suggested to act as scaffolding proteins for ERα at the cell membrane, by 
immunofluorescence confocal microscopy. Double-immunostaining of striatin together 
with ERα indicated no co-localization. Striatin immunoreactivity showed staining as a 
structural protein, with no apparent nuclear localization. MNAR on the other hand had 
almost exclusively nuclear localization which tallies with previous studies in rodent brain 
(Fig. 7; Khan et al. 2005).

Conclusions:
− E2-BSA activates the PI3K/ Akt pathway in human neurons and this effect is 

attenuated by cholesterol depletion of the cell membrane by MβCD
− E2-BSA treatment causes a shift in ERα immunoreactivity towards the cell 

membrane in neurons.  

Results
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Figure 6.
Effect of estrogen coupled to BSA (E2-BSA) and methyl-β-cyclodextrin (MβCD) on phosphorylation 
of Akt and MAPK in human neurons. Levels of phosphorylated A) Akt and B) MAPK were normalized 
to total protein levels. Control samples, i.e. cells treated with BSA, were set to 100%. *p<0.05 vs. 
control with Wilcoxon signed rank test and Wilcoxon matched pairs test between treatments. In the 
upper part of the figure are representative immunoblots. Cells were either treated with BSA, E2-
BSA, MβCD, MβCD and E2-BSA or only the medium was changed. 



41

��������

���

����

�����������

����

�����

��

��

��

Figure 7. 
Striatin and MNAR immunoreactivity in neuronal and glial cells. Representative images of  double-
immunostaining for A) striatin (red) and ERα (green) and nuclei counterstained with DAPI (blue) 
B) MNAR (green) and class III β-tubulin (red; neuronal marker) and C) MNAR and GFAP (red; 
astrocyte marker) and nuclei counterstained with DAPI. Size bar = 10µm.

Results
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PAPER IV

Cholesterol reduction attenuates 5-HT1A receptor-mediated signaling in 
human primary neuronal cultures

The effect of cholesterol depletion of the cell membrane was also investigated for cell 
signaling mediated by serotonin receptors in human neurons. Association of other GPCRs 
with lipid rafts has been shown earlier (e.g. Pucadyil and Chattopadhyay 2006) and here 
we wanted to investigate whether signaling via endogenous serotonin receptors is affected 
by MβCD treatment. 

Of the two receptors investigated, 5-HT7 and 5-HT1A, only 5-HT1A was detected by 1A was detected by 1A
immunoblot in human neurons in culture. Activation of 5-HT1A using a 5-HT1A using a 5-HT1A 7/1A agonist 8-7/1A agonist 8-7/1A
OH-DPAT led to significant reduction in MAPK phosphorylation compared to control (p< 
0.001). This effect could be blocked by WAY100635, which is a 5-HT1A antagonist, supporting 1A antagonist, supporting 1A
the finding that 5-HT1A mediates the effect of 8-OH-DPAT on MAPK phosphorylation (p< 
0.01; see Fig. 1c in paper IV). This accords with previous reports of 5-HT1A-mediated 
reduction of MAPK phosphorylation (Kushwaha and Albert 2005). Additionally, the effect 
of 8-OH-DPAT was also investigated on CREB-phosphorylation, a down stream target 
of PKA, which is known to be inhibited by 5-HT1A receptors (Mork and Geisler 1990). 8-
OH-DPAT caused a reduction also in CREB phosphorylation and this effect, in addition to 
8-OH-DPAT-induced reduction of MAPK phosphorylation, was significantly attenuated by 
pre-treatment with MβCD (p< 0.05; see Fig. 2c in paper IV).

Conclusions:
− 5-HT1A are endogenously expressed in primary human neurons in culture and these 

receptors, when activated by 8-OH-DPAT, induce a reduction in phosphorylation 
of  MAPK and CREB

− This effect of 8-OH-DPAT on MAPK phosphorylation is blocked by 5-HT1A
antagonist WAY100635 and the effect on MAPK and CREB by 8-OH-DPAT is 
attenuated by cholesterol depletion of the plasma membrane by MβCD.



43

DISCUSSION AND FUTURE PERSPECTIVES

The present work comprised studies regarding possible mechanisms of estrogen action in 
the human brain by the use of primary cell cultures of human fetal nervous tissue. A major 
finding is that estrogen regulates genes involved in processes underlying brain development. 
In addition we show, to the best of our knowledge, for the first time that estrogen may act 
through non-genomic signaling in human fetal neurons. Further, estrogen was found to 
regulate the expression of several of the enzymes involved in APP metabolism, which is 
central in AD pathology. The finding of estrogen-induced reduction of BACE protein in 
human neurons and glial cells may offer a mechanism for direct action of estrogen on the 
neurodegeneration involved in AD.  Our results also highlight the role of cholesterol levels 
in cellular signaling activated by estrogen and serotonin receptors in human neurons. 

Developmental effects of estrogen in the nervous system often denote the establishment 
of sexually dimorphic structures which are proposed to be the basis of differences between 
sexes in for example cognitive abilities (Sherwin and Henry 2008) and susceptibility to 
different neurodegenerative diseases (Czlonkowska et al. 2006). However, little is known 
about possible overall effects of estrogen on human brain development. We have identified 
genes that are regulated by estrogen, all of which are involved in processes fundamental to 
the development of the nervous system, i.e. Sox2, Notch 1 and also TCF7L2. In addition, 
the regulation of CDK5R1 by estrogen was an interesting finding, in view of the proposed 
role of CDK5R1 in neuronal migration. The importance of CDK5R1 (also called p35) in 
cortical lamination is highlighted in the p35 null mouse which shows inverted layering of the 
neocortex. In these animals the interaction was compromised between the migrating neurons 
and radial glial cells that usually guide the migration important for correct organization of 
the cortex (Gupta et al. 2003). It has been suggested that estrogen influences neuronal 
migration as indicated by findings in ERβ knock-out mice, which show a disturbed cortical 
development. This defect was in part attributed to impaired radial migration (Wang et al. 
2003).

The results from the present paper I need further elucidation by investigating whether the 
estrogen-induced changes in gene expression correlate with physiological events, i.e. what 
physiological outcomes they may mediate. Moreover, the results are from mixed neuronal/ 
glial cell culture, while microarray data are also available from the other cell culture, i.e. 
neuronal, and need further analysis.

In addition to classical transcription regulation we also examined whether non-genomic 
estrogen signaling takes place in these primary cell cultures of human neurons and glial 
cells. Our results of E2-BSA-induced Akt phosphorylation in human neurons are interesting 
considering that PI3K/Akt signaling is believed to activate cell survival pathways (Alessi 
and Cohen 1998; Pugazhenthi et al. 2000). Moreover, it has been proposed that Akt mediates 
some of estrogen’s effects on structural plasticity since rapid estrogen signaling via Akt and 
CREB has been implicated in initiating neurite outgrowth. Estrogen for example influences 
subcellular localization of phosphorylated Akt in dendrites (Znamensky et al. 2003).

Our additional results concerning E2-BSA-induced MAPK phosphorylation support 
estrogen’s potential of non-genomic signaling in human neurons. However, in contrast to the 
attenuating effect of cholesterol reduction on estrogen induced Akt phosphorylation, MβCD 
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treatment had no effect on the estrogen- mediated increase of MAPK phosphorylation. 
Additionally, cholesterol reduction by MβCD, without subsequent E2-BSA treatment, 
also led to increased MAPK phosphorylation. This stimulating effect of MβCD treatment 
on MAPK phosphorylation has been observed before in Jurkat T cells (Kabouridis et al. 
2000) and in EGF-induced MAPK stimulation in Rat-1 fibroblasts (Furuchi and Anderson 
1998). This indicates that cholesterol depletion of the cell membrane by MβCD may affect 
cell signaling pathways differently in human neurons in culture, as shown by attenuating 
estrogen activation of Akt compared to increased MAPK phosphorylation, which was 
observed independently of estrogen treatment.

Our results confirm, to the best of our knowledge for the first time, that estrogen may act 
through non-genomic mechanisms in human fetal neurons, which has been in doubt before 
(McCarthy 2008). One may speculate that this may be one mechanism by which estrogen 
is able to exert its neurotrophic abilities involved in neural plasticity. Another proposed 
function of non-genomic signaling in brain is to potentiate the genomic action of estrogen 
(Vasudevan and Pfaff 2008). This idea stems from studies of reproductive behavior in 
female rodents and it would be interesting to see whether this concept could be applied to 
cell survival in these primary cell cultures.

Non-genomic signaling by estrogen is still a field of debate, mostly because of two 
questions: 1) are these effects elicited by physiological concentrations of estrogen? and 2) 
how are these effects mediated? Is it through classical ERs and if so by what mechanism; 
or by another unknown estrogen-binding factor? Concern has been expressed regarding 
both the experimental design (e.g. with regard to the use of E2-BSA; Woolley 2007) and 
the physiological relevance of non-genomic signaling due to high experimental estrogen 
levels. Many of the rapid estrogen effects demonstrated in vitro need high levels of estrogen 
to be activated. These levels have been considered as incompatible with normal physiology, 
i.e. to be supraphysiological, since they exceed levels measured in serum plasma (Warner 
and Gustafsson 2006). An interesting new area of research regarding the role of estrogen 
in brain, which may answer concerns regarding estrogen levels, is local production of 
estradiol by aromatization (Cornil et al. 2006). Regional expression of the aromatase 
enzyme, together with observed rapid regulation of its activity and its cellular localization 
at synapses, contribute to the proposed function of brain-produced estrogen: paracrine or 
autocrine action to acutely alter the function of nearby neurons. It has thus been suggested 
that this local estrogen production acts as an endogenous stimulus of estrogen action in 
brain. It has been further argued that brain aromatization of testosterone leads to locally 
higher concentrations of estrogen than what is measured in serum (Balthazart and Ball 
2006; Cornil 2009; Cornil et al. 2006). It is plausible that estrogen is locally produced in 
the human fetal brain, since this is where aromatase expression was first demonstrated 
(Naftolin et al. 1971), and this may also be of importance for our results, discussed in 
papers I and III. However, the question of what levels estrogen may reach locally in brain is 
still unanswered. While efforts have been made to measure estradiol content in for example 
the developing rat brain (Amateau et al. 2004), knowledge of estrogen content in human 
brain is still elusive.

The other debated question regarding rapid effects of estrogen is how these effects 
are initiated. Our results regarding the influence of MβCD on estrogen-induced Akt 
phosphorylation in neurons indicate that cholesterol content and membrane integrity are 
important for estrogen induction of Akt signaling in these cells. This, together with use of 
E2-BSA, which is believed to be unable to cross the cell membrane, indicates that estrogen 
signaling via Akt in human neurons may be initiated at the cell membrane. In contrast, 
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cholesterol reduction in the cell membrane did not reduce estrogen induced phosphorylation 
of MAPK. One may speculate that perhaps these two pathways are initiated in different 
manners by estrogen, maybe even at different sites in the cell.  Further, detailed studies 
regarding estrogen effects upstream of these kinases may help to elucidate the underlying 
mechanism. In an attempt to study possible mobility of ERα towards the cell membrane, 
we also investigated whether E2-BSA may induce a shift in the immunoreactivity of this 
ER in human neurons and glial cells. Our results are not conclusive, however; suggesting 
that E2-BSA may at least cause some mobility of ERα in human neurons. Further studies, 
for example dynamic experiments in live cells, are needed to see whether ERα might 
localize to the cell membrane in these cells. Another possibility would be co-localization 
experiments with cell-membrane markers, as in a study of cortical neurons in rodent primary 
cell cultures (Sheldahl et al. 2008). However, in that study, estrogen induced translocation 
of ERβ but not ERα to the cell membrane. We  chose to study ERα localization, since ERα  
is specifically involved in signaling via PI3K/Akt (Morissette et al. 2008 and references 
therein), instead of ERβ, although it is expressed in these cells (Fried et al. 2004). Moreover, 
we have identified two of the proposed candidates as scaffolding proteins, striatin and 
MNAR, in both neurons and glial cells. Our results show no obvious co-localization of 
striatin and ERα. MNAR on the other hand showed a similar staining pattern as ERα, i.e. 
predominately nuclear localization (Figure 7). Based on these preliminary results, it would 
be interesting to continue with more functional studies to see whether either of these is 
involved in estrogen signaling via Akt or MAPK in human neurons. 

Our results concerning serotonin signaling also contribute to the growing evidence 
regarding the importance of cholesterol and, by continuation, lipid rafts in cell signaling. 
Our results accord with those of previous studies of the 5-HT1A receptor in bovine 1A receptor in bovine 1A
hippocampal membranes where signaling through this receptor is attenuated by cholesterol 
depletion (Pucadyil and Chattopadhyay 2004). There are several links between estrogen 
and the serotonergic system function in the CNS. The serotonergic system is involved in 
regulating brain functions such as mood, sleep and cognition, areas where estrogen has 
also been implicated as regulator (e.g. McEwen and Alves 1999). Importantly, estrogen 
affects the serotonin system by regulating enzymes and transporters involved in the 
metabolism of serotonin, which leads to increased availability of serotonin. This provides 
a possible mechanism by which menopause may have a role in the etiology of depression 
since serotonin deficit has been implicated as a cause of depression (reviewed in Sherwin 
and Henry 2008). It would be interesting to investigate the effect of cholesterol-lowering 
agents such as statins used in therapy on cellular signaling initiated both by estrogen and 
serotonin in these primary cell cultures. This may have clinical relevance since certain 
studies indicate that serum cholesterol levels are related to pathology of mood and anxiety 
disorders (Papakostas et al. 2004).

Cholesterol has also been suggested to have a role in AD (e.g. Ostrowski et al. 2007), 
where mounting evidence supports estrogen’s protective effects. The present results suggest 
different mechanisms for the protective effects of estrogen on neurodegeneration. Our 
results of estrogen-mediated downregulation of BACE protein expression, together with 
regulation of genes that may be associated with pathology of AD and PD, i.e. CDK5R1, 
Synaptotagmin XI and Synaptotagmin XI and Synaptotagmin XI Transgelin, indicate that estrogen may have direct effects on 
processes leading to neurodegeneration. The downregulation of BACE protein by estrogen 
is especially interesting in view of the finding that levels of BACE protein affect β-secretase 
activity directly (Li et al. 2006).

Discussion and future perspectives
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 Further studies are needed to explore the possible effect of estrogen on APP metabolism, 
e.g. whether estrogen influences BACE or presenilin 1 activity. It would be interesting 
to evaluate the effect of other estrogens than 17β-estradiol on secretase activity such as 
17α-estradiol or selective estrogen receptor modulators (SERMs) as well as cholesterol-
modulating agents. The combined effect of estrogen and cholesterol-lowering substances 
would be especially relevant to study since combined therapy for AD has been proposed 
where estrogen replacement therapy may have positive effects (Schmitt et al. 2004). 
Recent findings suggest that both 17α-estradiol and SERMs have neuroprotective effects 
and have therefore been proposed as alternatives to traditional estrogen preparations in 
therapy (Brann et al. 2007; Toran-Allerand et al. 2005). The ultimate goal of elucidating the 
neuroprotective effects of estrogen should be to harness them as therapy for neurological 
and neurodegenerative brain diseases. The question regarding the ‘to-be-or-not–to-be’ of 
hormonal replacement treatment of women has long been discussed in the field of estrogen 
action in AD. It may seem hard to reconcile the wealth of data on protective estrogen effects 
shown by in vitro and animal studies (Pike et al. 2009) with discouraging clinical findings 
such as the WHIMS study (e.g. Shumaker et al. 2004). It has been proposed that the timing 
of treatment may influence the outcome since the brain is believed to lose its sensitivity 
to estrogen the longer it is in a hypoestrogenic state, after for example ovariectomy or 
menopause. This may be avoided by initiating estrogen therapy while the brain physiology 
is still normal, with positive outcome of treatment. This concept of estrogen action in the 
aging brain is called the ‘healthy cell bias’ theory and states that estrogen has positive 
effects on the healthy nervous system in preventing neurodegeneration. Once the system 
is beginning to deteriorate, however, the effect becomes detrimental. The idea originates 
from in vitro and in vivo models which are commonly prevention models, i.e. cells were 
treated with estrogen prior to insult (Brinton 2005). Consequently, it has been proposed 
that estrogen treatment should begin as soon as possible after menopause or ovariectomy 
in order to have protective effect. This critical window of opportunity needed to maintain 
estrogen sensitivity has been observed in studies in rodents, non-human primates and women 
(Sherwin 2006; Sherwin and Henry 2008; Spencer et al. 2008 and references therein). An 
improved understanding of the action of estrogen in human cells may bring us closer to 
developing protective therapies against neurodegenerative disease. 

Furthermore, we need to know whether these effects of estrogen on the secretases are 
ER-dependent, and if so which receptor mediates these potential effects on APP metabolism. 
It may be of importance since the expression of ERβ and ERα in hippocampus of AD 
patients is altered differently, and the two receptors are suggested to have important roles in 
estrogen-mediated neuroprotection against AD (reviewed in Pike et al. 2009).

Our knowledge regarding the role of estrogen in the CNS is constantly expanding. 
However, the majority of contributions to the findings regarding estrogen action in the 
nervous system use rodents or other animals as model systems. In the present study we were 
privileged to work with primary cell cultures of human fetal nervous tissue, rendering this 
model of neuronal development unique. During the dissections when establishing the cell 
cultures, all the pieces of brain tissue obtained were included without regional discrimination, 
i.e. all the dissections included pieces of forebrain – that is, telencephalon and diencephalon 
– hindbrain and cortex when found. Only the spinal cord was excluded since the focus of 
the study was the development of the nervous system in the brain. Since the abortions were 
performed by vacuum suction no samples were intact at the time of dissection, which made 
it difficult to identify brain regions in greater detail. Therefore the material is referred to as 
‘whole brain’ in the papers when described and this lack of regional specificity is discussed 
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in paper I. The cells when grown in culture form networks with neurites and processes. 
These are primary cultures, and the information that we may acquire from experiments is 
valuable. However this is also a source of large variation in responses compared to more 
homogenous cultures of cell lines. This was seen especially in the mixed neuronal/ glial 
cell culture. Additionally, these cultures are sensitive to manipulation and some techniques 
such as RNAi have as yet failed to work. Therefore we need to further develop methods 
for using these cell cultures at their full potential. However the possible drawbacks are, I 
believe, on balance outweighed by the fact that the data were derived from primary human 
brain cells.  Further, we used two cell-type markers in immunocytochemistry throughout 
this study, i.e. neuronal class III β-tubulin and GFAP as marker for glial cells. Both markers 
were chosen since they are acknowledged markers for neurons respectively glia cells 
(Nakamura et al. 2000). GFAP is the major intermediate filament in astrocytes while class 
III β-tubulin is considered to be one of the earliest neuron-associated cytoskeletal marker 
proteins. It has been proposed that class III β-tubulin may be regulated by transcription 
factors that are required for neural lineage commitment (Katsetos et al. 2003 and references 
therein). However, since these cell cultures consist of neuronal and glial cells in the process 
of differentiation and are possibly a mixture of cells at different stages of differentiation, it 
would be interesting to further characterize them with additional markers. 

In summary, our results indicate that estrogen may influence brain development by 
regulating important genes involved in this complex process. In addition, estrogen may 
exert some of its neuroprotective effects by directly influencing the secretases involved 
in APP metabolism and subsequent AD pathology at the gene or protein level, and also 
other genes that have been associated with neurodegenerative diseases. We further show 
that estrogen may activate rapid non-genomic effects in human neurons through Akt and 
possibly MAPK signaling. In addition, the present work supports the role of cholesterol in 
cellular signaling, both mediated by E2-BSA and by serotonin receptor 5HT1A. In conclusion, 
the results extend our knowledge, from animal models to human cells, regarding estrogen 
action in brain as a neuronal growth factor and protector against neurodegeneration. 

Discussion and future perspectives
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CONCLUSIONS

•  Estrogen regulates gene expression in human neurons and glial cells that have 
important functions in processes such as neurogenesis and neuronal migration and 
may thereby influence the development of the nervous system

• Estrogen may have direct impact on processes leading to neurodegeneration by 
regulating expression of enzymes involved in and genes associated with pathology 
of neurodegenerative diseases

• Akt and MAPK may mediate rapid non-genomic signaling initiated by estrogen 
in human neurons, and it is proposed that signaling via Akt is initiated at the cell 
plasma membrane

• Cholesterol content and membrane integrity are important for signaling activated 
by serotonin receptor 5HT1A and via Akt by estrogen in human neurons.1A and via Akt by estrogen in human neurons.1A
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SVENSK SAMMANFATTNING

Östrogen är ett hormon som är mest känt för sin roll i kvinnlig fysiologi och fortplantning. 
Det har dock även andra effekter i kroppen. Det kan påverka hjärnans utveckling samt 
plastiska förmåga, dvs. ändringar i hjärnans organisation som uppkommer utifrån dess svar 
på omgivningen. Östrogen kan även skydda mot skador som uppkommer vid t.ex. stroke 
eller sjukdomar, som leder till förtvining av nervsystemet. 

Verkningsmekanismerna för östrogens effekter i hjärnan är fortfarande inte helt kända. 
Dessutom grundar sig vår kunskap angående östrogens roll i hjärnan främst på djurstudier. 
I denna avhandling har syftet varit att utröna hur östrogen kan påverka utvecklingen av 
den mänskliga hjärnan och vilka mekanismer som bidrar till dess skyddande förmåga. Ett 
ytterligare mål var att studera hur kolesterol, vilket är en viktig beståndsdel i cellernas 
membran, kan påverka signalering i nervceller. Som modell för den utvecklande hjärnan 
användes primära cellkulturer av human fetal hjärnvävnad. 

Vi har studerat hur östrogenbehandling av dessa primärkulturer påverkar gen- och 
proteinuttryck av viktiga faktorer som är inblandade i neuronal utveckling eller 
neurodegeneration. Vi har identifierat östrogenreglering av gener som är inblandade i viktiga 
processer under hjärnans utveckling såsom neurogenes, dvs. bildandet av neuron (Sox2 och
Notch 1) och neuronal migration, dvs. processen där neuron migrerar från sin födelseplats 
till sin slutgiltiga destination under t.ex. utvecklingen av hjärnbarken (CDK5R1). Dessutom 
har vi visat att östrogen reglerar genuttrycket av både faktorer som är associerade med 
neurodegenerativa sjukdomar (CDK5R1, Synaptotagmin 11 och Transgelin) samt enzymer 
som är inblandade i metabolism av APP-proteinet, vilket är viktigt för Alzheimers sjukdom. 
Det viktigaste fyndet är att östrogen minskar proteinuttrycket av det s.k. β-sekretas BACE, 
vilket spjälkar APP till amyloid β-peptid, vilken i sin tur bildar skadliga s.k. amyloida plack 
i hjärnan hos Alzheimerpatienter.

Vi har även påvisat att s.k. icke-genomisk signalering, vilken inte är beroende av 
proteinproduktion, sker i humana nervceller. Östrogenbehandling leder till att ett enzym 
kallat Akt, som är viktigt i intracellulära signaleringsvägar, blir fosforylerat vilket leder 
till dess aktivering. Denna signalering aktiveras av en form av östrogen, som inte kan 
passera cellmembranet, samt hämmas när cellmembranen urlakas på kolesterol. Detta 
tyder på att östrogen aktiverar denna signal vid cellmembranet och inte behöver komma 
in i cellen för att verka. Tillika har vi visat att urlakning av kolesterol från cellmembranet 
även hämmar signalering via en serotoninreceptor, 5-HT1A i humana neuron. Serotonin är 1A i humana neuron. Serotonin är 1A
en neurotransmittor i hjärnan som reglerar viktiga funktioner såsom kognition, humör och 
sömn, vilka är funktioner där även östrogen har föreslagits ha verkan.

Sammantaget visar denna avhandling att östrogen har förmågan att påverka utvecklingen 
av den mänskliga hjärnan genom att reglera uttrycket av faktorer som är inblandade i denna 
process. Dessutom visas att östrogen har förmågan att verka i humana nervceller via icke-
genomisk signalering. Detta, tillsammans med östrogens förmåga att reglera faktorer som 
föreslagits vara viktiga i neurodegenerativa sjukdomar samt specifikt Alzheimers sjukdom, 
kan ha skyddande effekter i humana hjärnceller. 
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