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Abbreviations  
 
 

CA1  - cornu ammonis field 1 

CA3  - cornu ammonis field 3 

CNS  - central nervous system  

DAB  - diaminobenzidine 
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DHEA  - dehydroepiandrosterone 

E2  - 17β-estradiol 

ER   - estrogen receptor 

GABA - γ-aminobutyric acid 

GFAP  - glial fibrillary acidic protein  

ICAM-1 - intercellular adhesion molecule-1 

iNOS - inducible nitric oxide synthase 

i.p. - intraperitoneal 

LPS  - lipopolysaccharide 

MHC  - major histocompatibility complex  

ND  - numerical densities  

NMDA - N-methyl-D-aspartate 

ORCH  - orchidectomized 

OVX - ovariectomized 

PGE2  - prostaglandin enoic acid 

ROI  - Region of Interest  

SERMs - selective estrogen receptor modulators  

TNF-α      - tumor necrosis factor-alpha 
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1. Introduction 
 

Neurodegeneration and/or injury of the nervous system is a question of fundamental 

importance and priority in all countries, because among the many diseases affecting human 

health, disorders of the brain are major causes of mortality and impaired quality of life. The 

World Health Organisation estimates that more than one billion people are affected by various 

disorders of the central nervous system (CNS). According to a 2011 study about one-third of 

the 514 million population suffers from disorders of the brain in Europe (Olesen et al. 2012). 

The number of diagnoses of brain disorders was ~ 380 millions, which indicated that many of 

the affected persons have two (or more) diagnoses. The cost of treatment accounts for 

approximately 30% of the total burden of all diseases. In 2010 the EU countries + Norway, 

Iceland and Switzerland spent 798 billion Euros to cover expenses connected to brain diseases 

(1550 Euros/capita). With the increasing average life-expectancy this percentage will continue 

to raise, as the incidence of neurodegenerative conditions increases with age. This is the 

reason why research focusing on neurodegeneration, neuroprotection and its translation into 

diagnostic and therapeutic measures is of high priority. 

There are numerous possible ways of research strategies which may help us to 

understand the cellular and molecular mechanisms responsible for the malfunctioning of the 

diseased nervous system. Although we are talking about neurodegeneration, it has always 

been generally accepted that in this process not only neurons, but other elements of the 

nervous system are also affected. 

In the last decades, intense research efforts aiming to get data on the function of 

neuroglia have revealed a number of previously unsuspected features of these cells. They 

were long considered as relatively passive structural elements of the brain, but on the basis of 

new results the traditional neuron-centric concept of the CNS has been increasingly 

challenged. It became quite clear that a plethora of cooperative physiological processes and 

interactions exists between glial cells and neurons. It became also evident that these reciprocal 

interactions between glia and neurons are essential for many critical functions both in the 

healthy and diseased brain. 

Experimental and clinical data have clearly suggested that a well defined inflammatory 

reaction is present in both acute and chronic CNS injuries. In is now generally accepted that 
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glia plays active roles in most neurodegenerative diseases and CNS damage is accompanied 

by reactive gliosis (Marchetti et al. 2005; Marchetti and Abbracchio 2005). It is also evident 

that inflammatory mediators (thought to be restricted to peripheral immune reactions) are now 

considered to be part of the pathogenesis of major neurodegenerative diseases. Practically a 

complete immune system (scavenger receptors, complement system, etc.) has been found in 

the CNS and is thought to be extremely efficient to fight pathogens and clear cell debris. A 

complex set of proinflammatory mediators, such as cytokines (eg. interleukin 1-beta or tumor 

necrosis factor alpha (TNF-α), cyclooxygenase-2, and inducible nitric oxide synthase (iNOS), 

are elevated in the cerebrospinal fluid of patients affected by neurodegenerative diseases 

(Alzheimer’s, Parkinson and Huntington’s diseases, amyotrophic lateral sclerosis, multiple 

sclerosis) (Marchetti et al. 2005). The overproduction of pro-inflammatory cytokines together 

with a variety of highly cytotoxic mediators, including reactive oxygen and nitrogen species 

may trigger further neuronal damage and  increase neuronal vulnerability to cell death 

(McNaught and Jenner 1999; Bal-Price and Brown 2001; Ekdahl et al. 2003). 

Contrary to the generally accepted view that astrocyte response to injury is harmful, 

accumulating evidence clearly indicates that there is another function of glia. Responding to 

brain injury astrocytes and microglia act in a very dynamic and cell-type dependent way, they 

may exert harmful, pro-inflammatory effects (as discussed above), but in certain 

circumstances they behave as highly protective cells, and exert beneficial (anti-inflammatory) 

and neurotrophic functions. This behavior possibly depends on the brain region involved, time 

elapsed, and the given physiological condition, i.e. it is the result of a complex interaction 

between genetic and environmental factors. 

 

In the present project we focused on the early phase of CNS inflammation and 

examined some cellular participants and neuroendocrinological features that play a role in it, 

taking into account possible sexual differences, too. 
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1.1. Microglia 

Microglia comprise a significant proportion in the adult CNS with estimates ranging 

from 5% to 20% (Hanisch and Kettenmann 2007). Microglial cells act as the primary immune 

effector cells in the brain and they are considered as resident cells of the CNS that are 

functionally equivalent to macrophages, thus their role includes phagocytosis and antigen 

presentation (Kreutzberg 1996). 

Under normal physiological conditions microglial cells were thought to be quiescent, 

but the motility of their processes observed in vivo (Davalos et al. 2005; Nimmerjahn et al. 

2005) clearly indicates that they are highly active even in resting state. This motility helps the 

microglial processes to survey their local microenvironment and explains why these cells are 

the first to sense even a slight disturbance of the brain and are rapidly activated: as a result of 

inner cytoskeleton changes the cell body becomes enlarged, bearing shorter and thicker 

cytoplasmic processes (Nolte et al. 1996; Stence et al. 2001). Apart from the high motility of 

the microglial processes, cells can migrate to the site of injury or toward damaged neurons. In 

case of focal lesion microglial cells polarize and converge their processes within hours toward 

the lesion site (Davalos et al. 2005; Haynes et al. 2006). Later they may transform into 

macrophage-like cells that have phagocytic activity, they engulf toxic molecules and cellular 

debris (Beyer et al. 2000). Microglia present antigens to infiltrating lymphocytes and play a 

crucial role in T-cell activation, like other cells of the mononuclear-phagocyte lineage (Cash 

and Rott 1994). With healing, neural macrophages may either disappear or revert back to 

quiescent microglial cells (Ladeby et al. 2005). 

 Microglia can express major histocompatibility complex (MHC) antigens, Fc 

receptors, complement receptors, β2 integrins and intercellular adhesion molecule-1 (ICAM-

1) in both resting and activated states (Akiyama and McGeer 1990; Bell and Perry 1995; Streit 

2002). In response to injury, activated microglia may exert pro-inflammatory effects and can 

cause neuronal damage and cell death through release of cytokines, chemokines, free radicals, 

and other small molecules. The products of activated glia are thought to be important for 

guiding the infiltration of immune cells and for regulating their activities in the nervous tissue 

(Marchetti et al. 2005). On the other hand, microglia are able to turn into highly protective 

cells, produce trophic factors and trigger the synthesis of astroglial-derived neurotrophic 

factors that are essential for promoting neuronal survival, promote axonal sprouting and exert 
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anti-inflammatory effects, possibly as a function of time, the brain region involved and as a 

result of complex interaction between cellular and environmental factors (Streit et al. 2005). 

This dual profile of microglial reaction may be of practical importance, because by controlling 

microglial activation it is possible to utilize its therapeutic benefit in treating diseases of the 

CNS. 

Several factors have been shown to interfere with microglia reactions, and sex 

steroids, in particular estrogen, have also been demonstrated to play a major role in 

modulating changes of glial reactivity. Alterations of microglia morphology, cell number and 

immunoreactivity, have been reported to occur, in vivo, as a function of hormonal 

environment (Long et al. 1998; Mor et al. 1999; Mouton et al. 2002; Lei et al. 2003). These 

data suggest that microglial cells are targets for steroids and mediate some of the effects of 

these molecules on neurons, influencing neuroregeneration and the regulation of cell survival 

(Garcia-Ovejero et al. 2005). 

 

1.2. Estradiol action in the CNS 

In the last decades we have been witnessing an important change in our approach 

concerning the biological effects of gonadal hormones. Accumulating pieces of evidence 

show that sex steroids have more complex function in the brain: beyond their “classical” role 

in regulating reproductive and/or neuroendocrine events, they participate in brain 

development and they are also implicated in higher brain functions, such as mood and 

cognition in adult animals (Garcia-Segura 2008). 

The hormones produced by the ovaries and the testis exert a variety of regulatory 

effects in the nervous system. They influence the development of numerous regions of the 

brain and the spinal cord, affecting the survival and differentiation of specific neuronal and 

glial populations as well as the establishment of synaptic connectivity. These hormonal 

actions result in permanent structural changes of the CNS, providing the morphological 

background for sexual differences observed in neuroendocrine regulation and behavior. 

Gonadal hormones are also influencing synaptic and glial plasticity in specific regions of the 

brain (Parducz et al. 1993; Garcia-Segura et al. 1994) and the spinal cord during puberty and 

adult life, regulating dendritic morphology, innervation patterns and the number of synaptic 
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inputs. Effects of gonadal hormones on synaptic remodeling are well documented in neural 

circuits that are involved in the control of reproductive and neuroendocrine events. Indeed, 

there is abundant literature available on the effects of gonadal hormones on the synaptic 

circuits that control the innervation of muscles involved in copulation and on the brain centers 

that control reproductive behavior. Experimental data show that gonadal hormones influence 

synaptic remodeling in brain cognitive regions, such as the hippocampal formation, as well 

(Leranth et al. 2004; Maclusky et al. 2005). 

 Estradiol effects on neuronal plasticity after brain injury are well documented. Since 

the pioneering work of Matsumoto and Arai (Matsumoto and Arai 1979), it has been known 

that estradiol may promote synaptic sprouting in response to injury. These authors tested the 

effect of estradiol in the arcuate nucleus after deafferentation, a treatment that results in a loss 

of axo-dendritic synapses. Treatment with estradiol benzoate for three weeks, beginning on 

the day of surgery, effectively restored the axodendritic synaptic population of the 

deafferented arcuate nucleus in adult ovariectomized rats (Matsumoto and Arai 1979; 

Matsumoto and Arai 1981). Further studies showed that the arcuate nucleus of aged female 

rats still retains plasticity to react to deafferentation under the influence of estrogen 

(Matsumoto et al. 1985). Other studies have shown that estrogen enhances synaptic sprouting 

in the hippocampus of ovariectomized female rats after entorhinal cortex lesions (Morse et al. 

1986; Morse et al. 1992) and that estrogen accelerates regeneration rates of axotomized facial 

motoneurons (Tanzer and Jones 1997; Islamov et al. 2002). Estradiol may influence synaptic 

sprouting by regulating the expression or activity of a variety of molecules that participate in 

the process of axonal growth and axonal target recognition, including cytoskeletal 

components, adhesion and guidance molecules and soluble factors, such as growth factors and 

neurotrophins. Estradiol induces the expression of the microtubule associated protein Tau in 

axons (Ferreira and Caceres 1991; Diaz et al. 1992; Lorenzo et al. 1992) and regulates Tau 

phosphorylation in the brain (Cardona-Gomez et al. 2004; Alvarez-De-La-Rosa et al. 2005; 

Goodenough et al. 2005) and this may result in the stabilization of microtubules and the 

promotion of axonal growth. GAP-43 may also be involved in estrogen-induced axonal 

regeneration. This presynaptic protein is implicated in the growth and regeneration of axons 

(Oestreicher et al. 1997). The expression of GAP-43 is modulated by estrogen in the 

mediobasal hypothalamus of adult rats (Lustig et al. 1991), in the preoptic area of developing, 
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adult and aged rats (Shughrue and Dorsa 1993; Singer et al. 1996) and in the medial septum 

and the vertical limb of diagonal band of Broca in aged rats (Ferrini et al. 2002). 

Another important action of estradiol on the remodeling of neural tissue under 

pathological conditions is the regulation of the plastic modifications of glial cells. The effect 

of estradiol on astroglia is different depending on whether they are acting under physiological 

or pathological conditions. Thus, estradiol increases GFAP expression and promotes the 

extension of GFAP immunoreactive processes under physiological conditions, while the 

hormone decreases GFAP and vimentin expression in gliotic injured tissue (Garcia-Estrada et 

al. 1999; Ciriza et al. 2004a; Hoyk et al. 2004b). For instance, estradiol decreases astrocyte 

proliferation and glial scar formation after a stab wound injury in the cerebral cortex and in 

the hippocampus (Garciaestrada et al. 1993; Barreto et al. 2007), decreases reactive 

astrogliosis in the hippocampus after kainic acid administration (Ciriza et al. 2004a) and 

decreases proliferation and increases cell death in primary cortical astrocytic cultures (Zhang 

et al. 2002). 

Several studies have analyzed the effect of estradiol on microglia, in search for a basis 

for the neuroprotective effects of this steroid and the data show that the hormone exerts well 

defined anti-inflammatory actions in the brain acting on microglia. (Mor et al. 1999; Vegeto et 

al. 2006). The hormone reduces the number of reactive microglia in different models of brain 

inflammation (Vegeto et al. 2003; Vegeto et al. 2006) and brain injury (Barreto et al. 2007) in 

vivo. It enhances ApoE secretion by microglia in the brain (Stone et al. 1997) and inhibits 

apoptosis in microglia cultures by a receptor-mediated enhancement of Nip2 protein 

production (Vegeto et al. 1999). Studies in microglia cultures have shown that estradiol 

inhibits the induction of iNOS and several other inflammatory mediators in response to 

lipopolysacharide (LPS) and to pro-inflammatory cytokines (Bruce-Keller et al. 2000; Drew 

and Chavis 2000; Vegeto et al. 2001; Bruce-Keller et al. 2001; Baker et al. 2004; Dimayuga et 

al. 2005; Vegeto et al. 2006). 

 

1.3. Molecular mechanisms of estradiol action 

Although the neuroprotective effects of estrogen are now generally accepted (Gibson 

et al. 2006) the exact molecular mechanisms are still debated. Earlier studies indicated 



 12 

receptor-independent action of estrogen (Culmsee et al. 1999), but recent data clearly suggest 

the involvement of estrogen receptors (ER) in the process. The general picture became 

undoubtedly more complicated by the cloning of a second type of ER (Kuiper et al. 1996). At 

the same time it has become clear that the existence of another receptor with different tissue 

distribution and different functions makes possible a more sophisticated regulation of 

molecular events connected with neuroprotection. 

The two types of ERs, ERα and ERβ, belong to the nuclear receptor superfamily, they 

bind 17β-estradiol and activate several target genes (Kuiper et al. 1996). ERα plays an 

important role in mediating reproductive functions and the sexually dimorphic effects of 

estrogens in females; it is highly expressed in female reproductive organs. Although ERβ is 

also involved in reproductive functions, it clearly exhibits a distinct distribution pattern. Both 

receptors are expressed in the brain too, but their distribution is quite different in specific 

brain regions (Kuiper et al. 1997; Laflamme et al. 1998). Very few data are available on the 

expression and functions of ERα and ERβ in specific subsets of microglia and astrocytes. 

According to molecular data the DNA binding domains of ERα and ERβ are highly 

conserved (~98%), while their ligand-binding domains exhibit less conservation (~59%). It is 

interesting to note that ERα and ERβ bind selectively a group of natural, plant-derived and 

synthetic steroids (Kuiper et al. 1997). This made possible the development of synthetic 

ligands that exhibit preferential affinity for ERα or ERβ (Minutolo et al. 2009). By using 

different model systems (eg. experimental autoimmune encephalomyelitis as an animal model 

of multiple sclerosis), several laboratories studied the anti-inflammatory effects of estrogens 

within the CNS (Vegeto et al. 2000; Tiwari-Woodruff et al. 2007a; Gold and Voskuhl 2009). 

It was shown that estrogen represses certain proinflammatory mediators including 

chemokines, cytokines, and matrix metalloproteinase-9 in dendritic cells (Gold et al. 2009) 

and in microglia (Vegeto et al. 2000). This effect has not been observed in ERα knockout 

mice, which suggests that the protective effect of estrogen is mediated by ERα (Gold and 

Voskuhl 2009). On the other hand, another research group has reported neuroprotective 

effects of a ERβ-selective ligand, 2,3-bis (4-hydroxy-phenyl)-propionitrile, but this result may 

not be clearly associated with anti-inflammatory activity (Tiwari-Woodruff et al. 2007b). 
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1.4. Possible therapeutic alternatives of estrogen administration 

Estradiol is a steroid derived from cholesterol that is produced mainly in the ovary and 

to a lesser extent in other tissues, including the brain. Estradiol exerts a variety of actions in 

the CNS, including regulation of neurogenesis, neuronal and glial differentiation, neuronal 

survival, synaptic plasticity, learning, memory and affective status (Garcia-Segura et al. 

2001). The estrogen replacement therapy is proposed for the treatment of different symptoms 

connected with the menopause, including vegetative nervous disorders, osteoporosis (Lobo 

1995) and it has also been shown to have beneficial effect on the circulatory system as well 

(Schwartz et al. 1995). Many epidemiological studies have pointed to the protective role of 

estrogen in different neurodegenerative diseases. The incidence and severity of symptoms of 

Alzheimer`s disease were decreased in women taking the hormone and the therapy improved 

certain cognitive and motor functions (Fillit et al. 1986; Honjo et al. 1989; Henderson et al. 

1994; Schneider et al. 1996; Tang et al. 1996). Although recent data indicate that estrogen 

replacement therapy is ineffective in patients diagnosed with Alzheimer`s disease, it is 

effective to delay its onset (Henderson et al. 1994; Paganinihill and Henderson 1994; Tang et 

al. 1996). Inspite of the neuroprotective and pro-cognitive actions of estradiol (McEwen 2002; 

Resnick et al. 2006; MacLennan et al. 2006; Walf and Frye 2007; Heldring et al. 2007; Young 

et al. 2007) in rodents and humans, its therapeutic use presents some limitations. For instance, 

hormonal therapy with estradiol increases the risk of mammary and ovarian cancer and of 

stroke (Nelson et al. 2002; Beral et al. 2003). Therefore, it is important to examine alternative 

therapeutic approaches based on the neuroprotective mechanisms of estradiol, while avoiding 

undesirable peripheral effects of this hormone. Currently three possible alternatives are being 

extensively studied: i) selective estrogen receptor modulators (SERMs), ii) 

dehydroepiandrosterone (DHEA), and iii) synthetic derivatives of DHEA. 

 

i) SERMs are compounds that selectively activate ERs in the CNS. The activity of ERs is 

regulated by its association with transcriptional cofactors that have tissue or cell-specific 

expression (Klinge 2000; McKenna and O'Malley 2002; Belandia and Parker 2003). This 

association depends on the tridimensional conformation of the ERs (Norris et al. 1999), which 

is modified differently by various ER ligands (Brzozowski et al. 1997; Paige et al. 1999), 

resulting in tissue and cell specific induction or repression of the activity of ERs by SERMs. 



 14 

Thus, SERMs either synthetic or natural, such as phytoestrogens, may represent an alternative 

to estradiol for studying the mechanisms of the neuroprotective effects of the hormone. 

SERMs may have estrogenic actions in the brain and may lack estrogenic actions, or even 

possess anti-estrogenic effects in other tissues, avoiding the peripheral risks associated to 

estrogen therapy. The in vitro studies from the laboratory of Roberta Diaz Brinton at the 

University of Southern California in Los Angeles (Zhao et al. 2005; Zhao et al. 2006) and 

from the Cajal Institute using in vivo models of neurodegeneration (Ciriza et al. 2004b; 

Azcoitia et al. 2006), have shown that some synthetic SERMs, such as tamoxifen, raloxifene 

or bazedoxifene, and some natural SERMs, such as genistein, are neuroprotective. 

 

ii) DHEA is the precursor of both testosterone and estradiol. It is a known agonist of ERβ 

(Chen et al. 2005), and it can allosterically modulate the GABA receptor type A (Genud et al. 

2009). DHEA may also exert its effect via conversion to estradiol or to sulfated or 

hydroxylated metabolites. Its sulfated form (DHEAS) can modulate NMDA (Johansson and 

Le Greves 2005) and sigma 1 receptors (Zou et al. 2000). Furthermore, its 7alpha- and 7beta-

hydroxylated metabolites may also play a role in its action (Jellinck et al. 2001; Jellinck et al. 

2005). DHEA may also act through increasing the level of insulin like growth factor I 

(Baulieu and Robel 1996). In animal experiments it has been proven to be neuroprotective: in 

hippocampal primary cultures and in vivo it was able to diminish the toxic effect of kainic 

acid (Kimonides et al. 1998). According to supporters of DHEA administration, DHEA 

treatment has several beneficial effects on physical, psychological and cognitive status of both 

women and men without increasing the risk of any pathological disorder and without causing 

any endocrine changes (Morales et al. 1994). However, since DHEA can be converted into 

more potent steroids like androgens and estrogens, caution is needed concerning its 

administration. In vivo studies showed a positive correlation between DHEA and DHEAS 

levels and ER/progesterone receptor positive breast cancer (Dorgan et al. 1997; Tworoger et 

al. 2006). In vitro studies demonstrated that treatment of MCF-7 cell line with DHEA 

increased the proliferation rate of these cells (Schmitt et al., 2001). Consequently, not only 

DHEA is being investigated in search of new neuroprotective and/or anti-inflammatory drugs, 

but efforts are being made to synthesize DHEA derivatives in order to provide the beneficial 

effects of estrogen action without causing dangerous side effects (Auci et al. 2009).  
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iii) Synthetic DHEA derivatives are being produced, but, at least to our knowledge, currently 

there is only one compound, 16alpha-bromo-epiandrosterone, which has been shown to have 

biological effects with possible clinical implications. It may be useful in treating progressive 

pulmonary tuberculosis (Hernandez-Pando et al. 2005), and it may have significant anti-viral 

activity in experimental feline immunodeficiency virus infection (Pedersen et al. 2003). 

 

 

Our previous results studying DHEA effect on reactive astrogliosis suggest that DHEA 

action on injury-induced astroglia reaction is similar to that observed following estrogen and 

testosterone administration (Barreto et al. 2007), namely, DHEA treatment attenuates astroglia 

reaction to denervation (Hoyk et al. 2004a). In the present project we investigated the 

influence of a new synthetic DHEA derivative, 16α-iodomethyl-13α-dehydroepiandrosterone 

(16α-iodomethyl-13α-DHEA), on reactive astrocytes using the same denervation model. 

 
 
 

1.5. Aims of the work 

The main aims of our studies were the following: 

1. To study the effect of 17β-estradiol on the injury-induced microglia reaction in the 

oculomotor nucleus. 

2. To examine whether the effects of testosterone, DHEA (a testosterone and estrogen 

precursor), raloxifen (a SERM) and genistein (a phytoestrogen) are similar to 17β-estradiol 

action. 

3. To determine the distribution and cellular localization of ERα and ERβ within the 

oculomotor nucleus. 

4. To compare the effect of a new synthetic DHEA derivative, 16α-iodomethyl-13α-

DHEA, with that of DHEA on reactive astroglia reaction in the denervated olfactory bulb. 
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2. Materials and methods 

 

2.1. Animals and surgical procedures 

All animals were raised and maintained on a 12h:12h dark-light cycle in standard 

laboratory conditions, with tap water and regular mouse chow available ad libitum. During 

handling of animals, the principles of laboratory animal care (86/609/EEC) were followed. 

3-month-old Balb/c mice (20-25g) were gonadectomized (n=5) and two weeks later 

axotomy/target deprivation was performed by the removal of the right eyeball and the orbital 

contents including the extraocular muscles. During both procedures deep Avertin (Fluka) 

anaesthesia was applied. The mice were subcutan injected daily with steroid: 17β-estradiol 

(Sigma Aldrich, 5 µg/100g dissolved in sesame oil), testosterone (Fluka, 5 mg/100g in 20% β-

cyclodextrin), raloxifen (1.6 mg/kg b.w.), genistein (Sigma Aldrich, 5 mg/kg b.w.), or DHEA 

(Fluka, 4 mg/kg b.w. in 20% β-cyclodextrin). The control group received subcutan injections 

with vehicle. 

The chemical deafferentation of the rat olfactory bulbs was achieved by destroying the 

primary olfactory neurons with 200 µl of an aqueous solution of 0.17 M ZnSO4 administered 

into both nasal cavities of 3-months-old Wistar rats (250-300g, n=5 per each experimental 

group). 2h following nasal irrigation animals were injected intraperitoneally (i.p.) either with a 

single dose of 16α-iodomethyl-13α-DHEAd (synthesized at the Department of Organic 

Chemistry, University of Szeged, 50 mg/kg b.w.) dissolved in 10% dimethyl sulfoxide and 

20% β-cyclodextrin, or with vehicle. The aromatase inhibitor letrozole (1 mg/kg b.w.) was 

injected i.p. 24h before ZnSO4 irrigation. After one week of survival animals were sacrificed, 

protein samples were prepared from the olfactory bulbs and GFAP expression was assessed in 

Western blots. 

 

2.2. Immunohistochemistry 

The animals were transcardially perfused under terminal anaesthesia with phosphate 

buffered saline (PBS; pH 7.4) followed by 3% paraformaldehyde in 10 mM PBS (pH 7.4). 

The brains were removed, immersed in the same fixative for 12 hours (4°C), washed and were 
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sectioned through with series of coronal sections (30 µm) on a cryostat at the plane of the 

oculomotor nucleus. 

The immunohistochemistry was performed on free floating sections according to the 

routine ABC procedure (Gyenes et al. 2010). In the experiments the following antibodies were 

used: rat anti-mouse CD11b (1:500; Serotec) for microglia, ERα mouse monoclonal antibody 

(1:500; Vector) and ERβ rabbit polyclonal antibody (1:500; H-150, Santa Cruz 

Biotechnology) for detection of the estrogen receptors. Biotinylated secondary antibodies: 

goat anti-rat IgG antibody (1:800; Vector), goat anti-mouse IgG antibody (1:1000; Vector) 

and donkey anti-rabbit IgG antibody (1:1000; Jackson ImmunoResearch). The sections were 

incubated with avidin-biotin-peroxidase complex (1:1600; Vector Elite kit), the reaction was 

visualized with 5% 3,3’-diaminobenzidine (DAB, Sigma). After dehydration sections were 

mounted on silane-coated glass slides and cover-slipped with Entellan (Merck, Darmstadt, 

Germany). 

In the case of immunofluorescence histochemistry the same primary antibodies were 

used, while secondary antibodies were 1 : 100 DyLightTM549-conjugated goat anti-rabbit IgG 

(Jackson ImmunoResearch), 1 : 100 DyLightTM549-conjugated goat anti-mouse IgG (Jackson 

ImmunoResearch) for 2h at room temperature. Nucleus staining was performed in 1:100 000 

4’6-diamino-2-phenylindole (DAPI) (Sigma Aldrich) in 0.1 M PB, pH 7.4 for 5 min. Sections 

were coverslipped with Confocal-Matrix® (Micro-Tech-Lab, Graz, Austria) and examined 

with a confocal laser scanning microscope (Olympus Fluoview FV1000, Olympus Life 

Science Europa GmbH, Hamburg, Germany). Microscope configuration was the following: 

objective lense: UPLSAPO 40x (oil, NA: 1.35); sampling speed: 10 µs/pixel; scanning mode: 

sequential unidirectional; excitation: 405 nm (DAPI), and 543 nm (DyLight 549). 

 

2.3. Morphometry 

2.3.1. Determination of the increased CD11b immunopositivity 

Activation of the microglial cells after unilateral enucleation was determined as the 

fold increase of the microglia marker CD11b staining intensity and/or significantly stained 

area fraction measured at the operated side in relation to the contralateral side. For 

quantification, a systematic sampling and an interactive, automated image analysis algorithm 
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was used, as described by Paizs et al. (Paizs et al. 2009). Briefly, 6 consecutive sections from 

each series containing the oculomotor nucleus, starting at the most caudal position of the 

nucleus, were selected for the analysis. Sections were examined in an Olympus Vanox T 

microscope, equipped with a Spot RT CCD camera, attached to a computer. Images, 

containing both sides of the oculomotor nucleus in each section were recorded at 1600 x 1200 

pixel resolution and stored for further processing. Analysis of the staining intensity and the 

area fraction with immunopositivity was performed with a macro program running in the 

environment provided by the Image-Pro-Plus image analysis program (ver.5.0, Media 

Cybernetics) and the Windows XP operating system. Borders of the nuclei of the cranial nerve 

III at the operated side were first identified, and marked as the Region Of Interest (ROI). A 

symmetrical area for each ROI at the contralateral side (ROI’) was then automatically 

generated and used as a control to determine the background intensity and for internal 

reference during calculations. The intensity and the significantly stained area fraction values 

were determined in each section in the ROI and ROI’, which values were then pooled to the 

animals, to express a single fold-increase value in each animal. The fold-increase values were 

then averaged in each experimental group. 

 

2.3.2. Determination of the number of microglial cells 
The numerical density of microglia was determined on CD11b immunostained 

sections by the unbiased optical disector method (Bjugn and Gundersen 1993). High power 

images were photographed from the oculomotor nucleus in two different optical planes of a 

40x objective lens using a digital camera. The reference plane of the optical dissector was set 

at near the top of the section and the lookup plane was set at 10 µm below (e.g. the disector 

height was 10 µm). The images were printed on a laser printer and the analysis was performed 

with the help of a counting frame (175 x 230 µm). The criteria for counting were that the 

CD11b stained soma of the microglial cell was in focus in the reference plane and missing or 

not in focus in the lookup plane within the counting frame. Cells touching the exclusion lines 

of the counting frame were not counted. 

 The numerical densities (ND) were evaluated according to the formula: 

  ND=ΣQ- /Vdis 
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where ΣQ- was the number of disector counted cell bodies, Vdis (175 x 230 x 10 µm3) was the 

disector volume. There were five mice in each experimental group and three sections/animal 

were counted. 

 

2.4. Western immunoblotting 

The protocol described elsewhere was used with some modifications (Hoyk et al. 

2004a). Nitrocellulose membranes (Schleicher & Schuell) containing the blotted protein 

samples were incubated overnight at 4°C with a monoclonal anti GFAP antibody (1:60 000; 

Sigma), β-actin (1:5000; Sigma, overnight 4°C) was used as loading control. Protein bands 

were detected using a chemiluminescent ECL assay kit. Autoradiographic films were 

analyzed with the Image Pro Plus 6.2 software. The results from each membrane were 

normalized to the β-actin values. 

 

2.5. X-ray crystallography 

X-ray diffraction studies were accomplished with a Siemens SMART 6000 area 

detector system (radiation: Cu Kα, λ = 1.54178 Ǻ). Data collection, cell refinement and data 

reduction were carried out with Stoe X-Area. The structure was solved with program 

SHELXS-97 and it was refined with program SHELXL-97. X-ray crystallography was 

performed in collaboration with professor Rühl at Georg August University, Göttingen, 

Germany. 

 

2.6. Molecular modeling calculations 

Two-step analyses were performed to explore the conformation space of the 

molecules. First, 500 geometries were generated by simulated annealing using molecular 

mechanics level of calculation with the amber9 program package. Taking the lowest energy 

conformations, a quantum mechanical optimization was performed using Gaussian 03 code as 

the second step. The optimization was always followed by a frequency calculation for the sake 
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of checking the minima of the final structure. Molecular modelling calculations were carried 

out in collaboration with Dr. Gábor Paragi from the Supramolecular and Nanostructured 

Materials Research Group of the Hungarian Academy of Science at the University of Szeged. 

 

2.7. Statistics 

Statistical analysis of the morphometry data was performed by 2-way ANOVA using the 

Statistica for Windows program (StatSoft). The normalized data obtained from Western blots 

were analyzed using one-way ANOVA followed by Tukey test. A P value of less than 0.05 

was considered significant. 
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3. Results 

3.1. Injury-induced microglia reaction in the oculomotor nucleus 

We analyzed the morphological characteristics and the extent of microglia activation 

in the oculomotor nucleus in an in vivo animal model of motor neuron injury. The animals 

were killed at different time points after unilateral lesion of the oculomotor nerve and the 

microglia reaction was quantified in every group. 

CD11b immunostaining performed on coronal cryostat sections at the level of the 

oculomotor nucleus clearly shows a homogenous, even distribution of microglia. A multitude 

of microglial processes extend over non-overlapping territories, thus covering the entire area. 

There was no difference in either the numerical density or the morphology of microglia 

between the right and left side of the oculomotor nucleus. 

Following unilateral injury of oculomotor axons we could observe a time dependent 

increase of immunostaining in control ovariectomized mice, which indicates the activation of 

microglia in the affected area (Figure 1.). 

 
Figure 1. CD11b-stained coronal sections of the mouse midbrain at the plane of the 
oculomotor nucleus from control (A) and operated (B) animals. Four days after axotomy the 
affected nucleus displays increased immunoreactivity (arrow). Scale: 200µm 
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As shown in higher magnification (Figure 2.) this activation was restricted to the 

oculomotor nucleus and reached its maximum at 4 days following axotomy. It was maintained 

at high levels at 4-8 days after the nerve injury before returning to baseline in about three 

weeks (Figure 3.). Taking into account the time course of the microglia reaction, we focused 

on the 4th post-operative day in all further experiments studying the influence of various 

compounds on microglia reactivity. 

 

 
 
Figure 2. Microglia activation at the 1st (A) 2nd (B) and 4th day (C) after unilateral injury. Note 
the time dependent changes in staining intensity Scale: 100µm 
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Figure 3. Time course of injury induced microglial activation in the oculomotor nucleus. 
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3.2. Estrogen treatment reduces injury-induced microglia reaction 

In animals receiving daily injection of 17β-estradiol (5 µg/100g b.w.) after unilateral 

injury, the microglia reaction was following the same time course until day 3 and at the 4th 

day we observed an attenuation of CD11b immunoreactive structures. 

Before axotomy there was no difference in either the numerical density or the 

morphology of microglia between the right and left side of the oculomotor nucleus; microglia 

had small cell somata with a few delicate cell processes (Figure 4A and 4D). On the 4th 

postoperative day the cells displayed the activated bushy appearance with shorter and thicker 

processes in both control and hormone treated mice (Figs. 4E and 4F). In 17β-estradiol treated 

animals, however, we observed an attenuation of CD11b immunoreactive structures at the 4th 

day (Figure 4C). 

 

 
 
Figure 4. 17β-estradiol attenuates injury-induced microglia activation in the oculomotor 
nucleus of ovariectomized mice. In control animals the CD11b immunoreactive cells are 
evenly distributed (A), they have long branching processes and a small cell body typical of the 
resting state (D). Four days after axotomy an increased immunoreactivity can be observed in 
the ipsilateral part of the nucleus of ovariectomized mice (B), the activated cells are of bushy 
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character with short and thick processes (E). In animals receiving daily 17β-estradiol 
treatment, the microglia reaction is reduced at day 4 (C), the immunoreactive cells are of 
activated character (F). Scale: 100µm (A-C) and 10µm (D-F). 

 

 

Quantitative analysis of the CD11b immunohistochemical staining revealed a 

significantly reduced microglial activation after enucleation in estrogen treated 

ovariectomized mice at postoperative day 4 compared to the non-estrogen-treated, enucleated 

group of animals (Figure 5.). 

 

 
Figure 5. Microglial activation at the operated side of the oculomotor nucleus is expressed as 
a fold-increase of the CD11b immunopositive area fraction at the ipsilateral side relative to 
the contralateral side. In unoperated mice this ratio equals one (column C). The microglial 
activation, characterized by the CD11b immunopositive area fraction was significantly 
reduced in the 17β-estradiol-treated mice compared to the ovariectomized animals lacking 
hormone treatment by day 4 after operation (*** p < 0.001). 
 

Following axotomy an increase in the numerical density of labeled microglia was also 

found on the operated side which became significant on day 4 in control mice lacking 17β-

estradiol. In animals treated with 17β-estradiol the axotomy-induced increase in numerical 

density of microglia was significantly smaller at the fourth day compared to the increase in 

density observed in animals without hormone treatment (Figure 6.). 
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Figure 6. Injury-induced 
changes in the number of 
microglia in the oculomotor 
nucleus. In non hormone-
treated animals axotomy 
results in an increase in the 
numerical density of CD11b 
immunoreactive cells on the 
third postoperative day. At day 
4 the number of activated 
microglia cells was 
significantly lower in mice 
receiving a daily dose of 17β-
estradiol as compared to the 
non-treated animals. *** p < 
0.001 

 

3.3. Effect of DHEA on ovariectomized mice 

 Although our general aim is to get information on the neuropotective effects of 

estrogen, for theoretical and practical (clinical) reasons we extended these studies on one of 

the best known compounds of the neurosteroid family, dehydroepiandrosterone (DHEA). In 

these experiments we used the same experimental protocol as above, but the animals were 

treated with DHEA (4 mg/kg b.w. in 20% β-cyclodextrin). In the first series of these 

experiments only female mice were used. As shown in Figure 7., DHEA treatment resulted in 

a reduction of injury-induced microglia activation. Both the area fraction and the number of 

microglia cells were decreased. Comparing to estradiol treatment, DHEA has a similar effect  

on microglia activation. 

 

 

 
Figure 7. Both 17β-estradiol 
and DHEA significantly 
decrease the microglia 
activation in ovariectomized 
mice at the 4th day after 
injury. ** p < 0.01 
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3.4. Sexually dimorphic character of microglia staining in the oculomotor nucleus 

 In other series of experiments we have tested if there is a gender difference in the 

microglia density of control, non-operated rats and performed morphometric analysis of 

CD11b immunostained cells of intact and orchidectomized males and ovariectomized female 

mice. We found the highest microglia density in intact males, the value of ovariectomized 

female group was significantly different (lower), while data from the orchidectomized animals 

were between the two previous group, not differing significantly (Figure 8.). 

 

 

 
 
Figure 8. Microglia density in the 
oculomotor nucleus of control animals. 
The ovariectomized females differ 
significantly from the intact male group. 
* p < 0.02 (compared to the MALE 
group) 
 

 

 

 

 

In other series of experiments effects of 17β-estradiol (5 µg/100g), DHEA (4 mg/kg b.w.), and 

testosterone (5 mg/100g) were studied on injury-induced microglia activation in 

ovariectomized females, orchidectomized males. As in previous experiments, microglial area 

fractions were compared. It is interesting to note that in orchidectomized males axotomy 

results in a microglia activation which is less expressed compared to ovariectomized mice, 

although this difference is not statistically significant. The male gonadal hormone testosterone 

does not have any effect on the injury-induced microglia activation in neither ovariectomized 

nor orchidectomized mice. In the orchidectomized group we observed a decrease of reaction 

in 17β-estradiol and DHEA treated animals, but the changes were not statistically significant. 

These results may indicate certain sexual dimorphic pattern, i.e. in males peripheral axotomy 

tends to induce a less pronounced microglia reaction than in ovariectomized females, and 
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estradiol and DHEA treatments also seem to be less effective in reducing microglia reactivity 

in orchidectomized males as observed at postoperative day 4 (Figure 9.). 
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Figure 9. 17β-estradiol and DHEA decrease the injury-induced microglia activation only in 
ovariectomized (OVX) mice. Testosterone treatment does not have any effect on this reaction. 
* p < 0.05 (compared to the injured values) 
 

3.5. Effects of raloxifen and genistein on microglia activation 

 

 Having established that estradiol and DHEA were able to reduce the injury-induced 

microglia reaction in ovariectomized mice, in another series of experiments we assessed if 

other molecules with similar character had any effect in our animal model. 

 Following injury ovariectomized female mice were injected with raloxifen (1.6 mg/kg 

b.w.), a selective estrogen receptor modulator, and genistein (5 mg/kg b.w.), a phytoestrogen. 

Using the same protocol we quantified the CD11b immunopositive structures and the data 

showed that similarly to the effect of estradiol and DHEA, the postoperative treatment of the 

mice with raloxifen resulted in a significant decrease of activated microglia density (Figure 

9.). Genistein did not produce significant effect. 
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Figure 10. Similarly to 17β-estradiol, raloxifen was able to decrease the microglia activation 
in ovariectomized mice. The phytoestrogen genistein was not effective. * p < 0.05 
 

 

 

3.6. Immunohistochemical localization of estrogen receptors in the oculomotor nucleus 

The expression of estrogen receptors in the oculomotor nucleus was explored by 

immunohistochemistry. Using antibodies of different sources we could not visualize any 

microglial localization in orchidectomized, intact male or ovariectomized mice, but we found 

intense staining in the motoneurons indicating the presence of both ERα and ERβ in these 

cells. However, the staining patterns of the two receptor types were different. In the case of 

ERα the DAB reaction product was found in the cytoplasm, the nuclei were not labeled, while 

ERβ immunostaining showed punctuate staining pattern both in the cytoplasm and in the 

nuclei (Figure 11-12.). It is important to note that in the neighboring brain areas we could 

visualize typical nuclear staining of the two estrogen receptor types (Figure 11.).  
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Figure 11. ERα immunostaining of the oculomotor motoneurons. Note the cytoplasmic 
localization of the electron-dense precipitation, the nuclei are not stained. In the neighboring 
areas one can see typical nuclear receptor staining. Scale: 100µm 
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Figure 12. Representative confocal microscopy images of ERα and ERβ immunostainings in 
the oculomotor nucleus of ovariectomized mice. A clear difference can be observed between 
the intracellular distribution of ERα and ERβ immunoreactivity: ERα immunostaining is 
present only in the cytoplasm and neuronal processes (A), while ERβ immunoreactivity 
product is detected in the nuclei, showing a characteristic punctuate or irregular pattern, and in 
the cytoplasm (B). Scale: 10µm 
 
 

3.7. Biological activity of 16α-iodomethyl-13α-DHEA derivative under conditions of 

reactive gliosis 

Considering the fact that DHEA application in humans needs precaution, effects of a 

synthetic DHEA derivative, 16α-iodomethyl-13α-DHEAd, on glial reactions were also 

studied. Our previous experiments showed that DHEA significantly reduced reactive 

astrogliosis in the chemically denervated olfactory bulb of the rat. As a continuation of these 

studies we examined the effect of 16α-iodomethyl-13α-DHEAd on GFAP levels using the 

same model system. Surprisingly, the synthetic DHEA derivative did not reduce the injury-

induced increase in GFAP as observed in western blot experiments. However, when 16α-
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iodomethyl-13α-DHEAd was applied together with the aromatase inhibitor letrozole, it had 

the same effect as the natural DHEA.  

 
Figure 13. Representative Western blot showing GFAP levels in the olfactory bulb and 
quantitative analysis of the optical densities of the bands corresponding to each experimental 
group. β-actin was used as loading control. GFAP expression is significantly (P < 0.05) 
increased in animals treated with 0.17 M ZnSO4 (Zn) when compared with controls. This 
increased GFAP expression is significantly (P < 0.05) reduced in Zn treated animals after 
receiving a single dose of 16α-iodomethyl-13α-DHEA (aD) (50 mg/kg b.w.) combined with 
the aromatase inhibitor letrozole (1 mg/kg b.w.) (L), while there was no statistical difference 
between Zn treated groups that received aD or L alone compared with animals that suffered 
Zn treatment. Significant changes are indicated compared with control value (a) and value 
measured in L treated group (b). 

 

This difference in action of the synthetic molecule may result from its 3D structure. 

Calculating and comparing the molecular structures of DHEA and 16α-iodomethyl-13α-

DHEAd it could be demonstrated that the epimerization at position 13 introduced during the 

synthesis of 16α-iodomethyl-13α-DHEAd resulted in a bend of the sterane framework, while 
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the sterane skeleton of DHEA is nearly planar. This is shown in Figure 14., where DHEA and 

13α-DHEA are fitted at the C(10), C(5) and C(6) atoms. 

 

 
A      B 

Figure 14. A: Fitted structures of DHEA and 13α-DHEA. B: calculated structure of 16α-
iodomethyl-13α-DHEA derivative. 
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4. Discussion 
 

4.1. 17β-estradiol attenuates microglia activation 

In the present experiments we have used the axotomy model of the oculomotor nerve 

and investigated the nerve injury induced reactive microgliosis within the oculomotor nucleus. 

We could demonstrate the morphological signs of microglia activation and proliferation which 

were affected by 17β-estradiol. 

Changes in CD11b immunostaining intensity have already been observed on the first 

postoperative day. The morphometric analysis of labeled microglia has indicated an increase 

of area fraction of immunoreactivity within the injured side of the nucleus, but until day 4 no 

significant difference was observed between the non hormone-treated and the 17β-estradiol-

treated animals. The earliest sign of microglia activation is its morphological transformation, 

which can be recognized as a partial retraction and a slight hypertrophy of the microglial cell 

processes. The time course of the microglia reaction observed in the present study is very 

similar to that reported earlier in different CNS injury models. In a classical model for acute 

neural injury, the perforant path axonal lesion paradigm (Ladeby et al. 2005), an activated 

morphology was detected from 12 to 24 h after the axotomy (Jensen et al. 1994; Jensen et al. 

1997) and microglia attained a typical “bushy” character at day 3. These morphological 

changes were accompanied by an upregulation of CD11b immunoreactivity (Jensen et al. 

1997; Jensen et al. 1999). The response reached its maximum between days 5 to 7 after 

lesioning: at that stage reactive microglia displayed “bushy” morphology, with multiple 

hypertrophic cellular processes (Jensen et al. 1994; Jensen et al. 1997). In another model, 

where the injury affected a motor (facial) nerve, the microglia proliferation peaked at day 3 

which occurred in parallel with the expression changes, i.e. the upregulation or de novo 

expression of several marker proteins, e.g., CD11b, complement receptor CR3 (Perry et al. 

1985; Graeber et al. 1988), CD4 (Perry and Gordon 1987) and MHC antigens (Streit et al. 

1989). 

The increased CD11b immunostaining observed on the injured side of the oculomotor 

nucleus in control animals lacking estradiol may be, at least in part, the consequence of the 
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morphological transformation of microglia, triggered by the injury, and the changes in the 

CD11b expression. Moreover, the unbiased morphometric analysis has indicated an increase 

in microglial cell density, which also can contribute to the more dense appearance of the 

injured side of the nucleus. This is in accordance with literature data showing that a change in 

numerical density is one of the characteristic features of the microglia response (Ladeby et al. 

2005). 

When examining the hormone treated group, quantitative analysis of CD11b 

immunostaining intensity clearly demonstrates that 17β-estradiol attenuates the axotomy 

induced microglial reaction in the oculomotor nucleus. At the same time the unbiased 

stereological measurements of microglial cell density in the nucleus showed a significant 

decrease in hormone treated animals 4 days after axotomy. We conclude that microglial 

response to injury varies according to the estrogenic status and the hormone may be a key 

factor in the regulation of microglia expression profile in the injured nervous system. 

These data support earlier results showing that gonadal steroids exert their anti-

inflammatory actions in the nervous system by acting not only on neurons, but on non-

neuronal cells too, and their main target is microglia (Mor et al. 1999). In different injury 

models the authors reported microglial activation and cell population expansion which was 

regulated by estradiol. In rats estradiol decreases microglial reaction induced by the injection 

of 1-methyl-4-phenylpyridium (Tomas-Camardiel et al. 2002). Lei et al. (Lei et al. 2003) 

reported that long-term treatment with estradiol reduced the total number of microglia in two 

regions of the hippocampal formation in aged female ovariectomized B6 mice. The hormone 

inhibits the proliferation and the activation of cultured microglia (Ganter et al. 1992; Vegeto 

et al. 2001; Vegeto et al. 2003) and it was shown that estradiol clearly prevented the LPS-

induced morphologic reactivity (Vegeto et al. 2003). 

Looking for the cellular mechanisms it was found that estradiol enhances 

apolipoprotein E secretion by microglia in vivo (Stone et al. 1997). Maggi et al. (Maggi et al. 

2000) demonstrated that the hormone inhibits apoptosis in microglia cultures by a receptor-

mediated decrease of Nip2 protein production. Studies in microglia cultures have shown that 

estradiol inhibits the induction of iNOS, and the production of nitric oxide (NO), in response 

to LPS and to the pro-inflammatory cytokines interferon-g and TNF-α (Vegeto et al. 2000; 

Bruce-Keller et al. 2000; Drew and Chavis 2000). They have also shown that estradiol 
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reduces LPS-induced production of other inflammatory mediators, such as PGE2 and 

metalloproteinase-9 in microglia culture. These effects are produced also in vivo, and in both 

cases are mediated by ERα (Vegeto et al. 2001; Vegeto et al. 2003). 

 

4.2. Effect of DHEA 

 Due to its crucial position in the metabolic pathway of the biosynthesis of gonadal 

steroids DHEA is considered as one of the most important neurosteroid. Our results clearly 

showed that similarly to 17β-estradiol it has also attenuated the injury-induced activation of 

microglia in the oculomotor nucleus of ovariectomized mice. 

 This is not surprising, because DHEA is regarded as a multifunctional steroid involved 

in a variety of functions within the CNS and several studies clearly show that it is 

neuroprotective (Juhasz-Vedres et al. 2006) and may also have a regulatory function in the 

immune system. However, relatively few experimental data are available about its effects on 

neuroglia in the CNS. It was shown that DHEA downregulates reactive astrogliosis in adult 

male rats after a penetrating wound of the cerebral cortex and the hippocampal formation 

(Garcia-Estrada et al. 1999). Using another animal model of nerve injury our laboratory 

reported (Hoyk et al. 2004a) that postoperative application of DHEA attenuates astroglia 

reaction to denervation and may regulate glial plasticity in the olfactory glomeruli of adult 

rats. It has also been found that DHEA inhibited LPS-induced TNF-α and IL-6 production in 

astrocytes (Kipper-Galperin et al. 1999). In an in vivo experiment it was shown that DHEA 

inhibited the NO production in BV-2 cultures stimulated by LPS (Wang et al. 2001). The 

author has also observed a decrease of LPS-induced iNOS mRNA and protein levels. 

 DHEA has an important position in the steroid metabolic pathway and being a 

precursor of 17β-estradiol and testosterone it is a relevant question if this neurosteroid has the 

same effect on activated microglia in both sexes. Analyzing our data we have found a well 

defined sexually dimorphic character of action: in contrast to the OVX mice, in the 

orchidectomized animals we could not observe significant attenuation of injury-induced 

microglia activation after DHEA treatment. It is very important to note that in this animal 

group 17β-estradiol produced a more pronounced effect than DHEA, but this was not 

statistically significant, either. It is worth mentioning that the microglia response to injury is 
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somewhat smaller in orchidectomized animals. The male gonadal hormone testosterone was 

ineffective in both sexes. 

4.3. Sex differences in microglia 

 To get further information on this kind of sexual dimorphism we compared the 

microglia density of the oculomotor nucleus in control (non-operated) mice. We found that in 

this brain area there is a significant (p < 0.02) difference in microglia density between the 

male and ovariectomized female animals. 

 This observation is supported by literature data which show that microglia has many 

well-known sexually dimorphic functions within the adult rodent brain. Schwarz at al. 

(Schwarz et al. 2012) demonstrated that the number and morphology of microglia is 

dependent upon the sex and age of the individual, as well as the brain region of interest. They 

showed that males have significantly more microglia than females at postnatal day (P) 4, 

within the parietal cortex, the CA1, CA3 and dentate gyrus of the hippocampus, and the 

amygdala. In contrast, females have significantly more microglia than males within these 

same brain regions at P30 and again at P60. In other regions of the brain, like the 

paraventricular nucleus of the hypothalamus, no sex differences were found in glial 

colonization. Nevertheless, they reported that gene expression of a large number of cytokines, 

chemokines and their receptors shifts dramatically over development, and are highly 

dependent upon sex, so the sexual dimorphism exists as part of the immune response. 

 Our present findings indicate a gender difference of microglia staining between 

ovariectomized and intact male mice within the oculomotor nucleus. Using morphometric 

analysis of CD11b immunostained cells, we have confirmed the highest microglia density in 

intact males, the value of ovariectomized female group was significantly lower, while data 

from the orchidectomized animals were between the two previous groups, not differing 

significantly. It is important to note that both in intact and orchidectomized males axotomy 

results in a microglia activation which is less expressed compared to ovariectomized mice, 

although this difference is not statistically significant. This observation theoretically correlates 

with other analyses: clear sex differences have emerged in neurological disorders in which the 

disease mechanisms are accompanied by chronic inflammation, including Alzheimer’s 

disease, Parkinson’s disease, stroke, and multiple sclerosis (Turgeon et al. 2006). 
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4.4. Raloxifen and genistein 

 Looking for new neuroprotection strategies it is generally accepted that therapies 

based on estrogen effect are worth considering and experimental data clearly show that 

estrogen receptors are good candidate targets for protective action. Knowing the unfavorable 

side effects of hormones, the research is focusing on other molecules acting on estrogen 

receptors. Both SERMs and phytoestrogens were found to be neuroprotective and some 

species of these molecule families may represent an alternative to estradiol for the treatment 

of neuronal damage. This is the reason why we have extended our studies in this direction and 

tested the effects of the SERM raloxifen and the phytoestrogen genistein on the microglia 

reaction. 

 Our results are supporting literature data, because in ovariectomized mice raloxifen 

produced a significant decrease in injury-induced microglia activation – the effect was in the 

same magnitude as observed in the case of 17β-estradiol. 

Several laboratories have been studying the effects of SERMs on neuroprotection. In 

different in vivo models tamoxifen has been shown to decrease the damaged brain area after 

ischemia (Mehta et al. 2003; Kimelberg et al. 2003), it prevented hippocampal neuronal loss 

following kainic acid injection (Ciriza et al. 2004b). Using in vitro systems Benvenuti et al. 

reported that tamoxifen exerted neuroprotective effects against beta-amyloid-induced toxicity 

in long term neuroblast cell cultures (Benvenuti et al. 2005). Although the authors concluded 

that the neuroprotective effect of SERMs is direct, in vivo and in vitro studies suggest that 

microglia may also be involved. Studying the brain of aged animals (female mice) Lei et al. 

reported that similarly to 17β-estradiol, long term raloxifen treatment lowered the microglia 

density in the hippocampus which may indicate the influence of SERMs on the microglia 

mediated inflammatory processes (Lei et al. 2003). Using primary cell cultures of mouse (N9) 

and rat (hippocampal) microglia the LPS-induced NO and IL-6 secretion were measured 

(Suuronen et al. 2005). In these experiments SERMs triggered a significant anti-inflammatory 

response, while 17β-estradiol was ineffective, which suggests that the process is not estrogen 

receptor mediated. 

More recently Tapia-Gonzalez et al. used peripheral LPS administration and assessed 

the microglia activation in the white matter of the cerebellum following immunostaining by 

major histocompatibility complex-II (MHC-II) (Tapia-Gonzalez et al. 2008). This molecule is 
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a good marker of microglia activation – it is practically undetectable in resting microglia, but 

it is overexpressed in activated cells. The authors demonstrated that LPS treatment resulted in 

a significant increase of labeled microglia. 17β-estradiol, tamoxifen and raloxifen treatment 

reduced the number of MHC-II immunoreactive cells in both male and ovariectomized female 

rats. 

The phytoestrogens are non-steroid molecules synthesized in plants, their molecular 

structure is very similar to estradiol and they are able to mimic or produce estrogenic or 

antiestrogenic effects. This is the reason why these compounds are considered as selective 

estrogen receptor modulators. Genistein is the most intensively studied naturally occurring 

plant-derived phytoestrogen but the literature data concerning its mode of action are still 

controversial. Although only a few papers have been published in connection with microglia, 

most of the studies confirmed their direct or indirect involvement in neuroprotection. In 

mesencephalic neuron glia and microglia-enriched cultures the primary soybean isoflavone 

genistein attenuated the LPS-induced loss of tyrosine hydroxylase-immunoreactive neurons. 

In parallel with these effect the authors measured lower TNF-α, NO and superoxid 

concentrations and they interpret these data as inhibition of microglia activation, which can be 

a part of the protective mechanism (Wang et al. 2005). 

Cortical microglia cultures of ovariectomized rats from anaimals pretreated for two 

weeks with a mixture of phytoestrogen compounds responded differently to LPS. In control 

animals the LPS treatment resulted in typical inflammatory microglia response: increase of 

cytokines TNF-α, IL-1β, IL-6, and TGF-β. Cultures from rats receiving phytoestrogen 

produced significantly lower level of proinflammatory cytokines and higher level of anti-

inflammatory TGF-β (Marotta et al. 2006). 

It is known that in diabetic retinopathy the cellular source of increased levels of 

inflammatory cytokines is the activated microglia. In streptozotocin-induced diabetic Sprague 

Dawley rats it was shown that genistein effectively reduced the diabetes-induced retinal 

inflammation. According to the authors genistein interferes with the signaling mechanisms 

(ERK and P38 MAPKs) of the activated microglia (Ibrahim et al. 2010). 

In our injury model the phytoestrogen genistein proved to be ineffective, it did not 

attenuate the microglia activation. On the basis of literature data in the present experiments we 

used 5 mg/kg b.w. genistein and our result supports the observation of Azcoitia et al. (Azcoita 
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et al. 2006) who were studying the neuroprotective effect of soy phytoestrogens and genistein. 

They reported that soy extract at a very wide dose range (1 to 20 mg/kg b.w.) prevented 

neuronal loss induced by kainic acid. Genistein, however, showed neuroprotective effects 

only at high dose (10 mg/kg), which may indicate that other components in the soy extract are 

responsible for the neuroprotective effect. We plan further experiments to determine the dose–

response curve of genistein in our system. 

 

4.5. Localization of estrogen receptors 

For the understanding of the molecular mechanisms involved in the estradiol effect on 

microglia, it is important to know if it is mediated by estrogen receptors. Previous studies 

have reported the presence of ERs in microglial cells of different brain areas, in microglia cell 

lines and in primary microglia cultures (Vegeto et al. 2001; Baker et al. 2004; Dimayuga et al. 

2005). Both ERα and ERβ are expressed in the microglia of the CNS, but their distribution in 

different brain regions is not fully explored. Interpreting the results of several studies on the 

protective effect of estradiol, the involvement of both receptor subtypes is evidenced (Baker et 

al. 2004; Tapia-Gonzalez et al. 2008). 

 In the oculomotor nucleus we could visualize both ERα and ERβ, but the distribution 

pattern was somewhat surprising. The microglial cells were not labeled, the immunoreaction 

was detected exclusively in motoneurons. This suggests that estradiol action on reactive 

microglia is a complex phenomenon, it is mediated indirectly, through neuron-microglia 

communication. The staining pattern of the two ER subtypes in the motoneurons is different, 

ERα is localized in the cytoplasm, while ERβ shows a characteristic punctuate staining pattern 

mostly in the nuclei and, to a lesser extent, in the cytoplasm. In the cerebellum of the rat a 

similar punctiform ERα staining pattern was described (Tapia-Gonzalez et al. 2008) and the 

authors reported an intensification of staining after LPS administration. In our model injury 

did not influence the intensity of ER staining. 

The presence of both ERs in the motoneurons suggests that estradiol may trigger 

different signalizing pathways and induce expression of different genes in the same type of 

neurons depending on the type of receptor activated, which altogether may lead to the 
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enhancement of signals that calm microglial reaction. However, this possible mode of 

estradiol action on reactive microgliosis needs further investigation. 

 

4.6. DHEA analogues 

When analyzing the mode of action of DHEA, there are several possibilities that have 

to be taken into account, such as acting through conversion into androgens and/or estrogens 

(Akwa et al. 1991; Zwain and Yen 1999), and acting directly on GABA receptor type A 

(Perez-Neri et al. 2008) or through its sulfated form on NMDA or sigma 1 receptors (Zou et 

al. 2000; Johansson and Le Greves 2005). Little is known, however, on the mechanisms of 

action when it comes to newly synthesized DHEA derivatives. In the case of synthetic 

compounds it is essential to analyze their 3D structure before testing their binding to possible 

acceptor sites.  

Our results clearly indicate that 16α-iodomethyl-13α-DHEA derivative regulates 

GFAP expression under conditions of reactive gliosis in a different way than DHEA does. It 

can be concluded that this is due to the epimerization at position 13 of the sterane skeleton, 

which introduces a bend into the originally planar sterane framework of DHEA. The bent 3D 

structure of 16α-iodomethyl-13α-DHEA compared to DHEA makes it possible that 16α-

iodomethyl-13α-DHEA might bind to DHEA binding sites with a different affinity, and it 

might also bind to other sites, where the nearly planar structure of DHEA does not fit. 

Consequently, it exerts a DHEA-like effect only if binding sites which accept bent 3D 

structures with high affinity are occupied. On the other hand, the possibility of acting through 

conversion to unknown metabolites cannot be ruled out. 
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5. Summary 
 

 Recent studies provide increasing number of data indicating the prominent role of 

estrogens in protecting the nervous system against the noxious consequences of nerve injury. 

It is also clear that in the process of nerve injury and recovery not only the neurons, but the 

glial cells are also involved and they are important components of the protective mechanisms. 

In the present thesis we studied the effect of 17β-estradiol, testosterone, DHEA, raloxifen and 

genistein on injury-induced microglia activation in an animal model. Peripheral axotomy of 

the oculomotor neurons was achieved by the removal of the right eyeball including the 

extraocular muscles of ovariectomized adult mice. The time course and the extent of 

microglia activation were followed by the unbiased morphometric analysis of CD11b 

immunoreactive structures within the oculomotor nucleus. 

 

On the basis of our data we may conclude the following: 

 

1. 17β-estradiol attenuates the axotomy induced microglial reaction in the oculomotor 

nucleus of mice, there is a significant decrease of microglia density 4 days after the injury. 

2. DHEA acts in a sexually dimorphic way: in ovariectomized mice it reduced the 

microglia response, in orchidectomized animals we did not find significant effects. 

3. The selective estrogen receptor regulator raloxifen decreased the microglia 

reactivity, testosterone and the phytoestrogen genistein were ineffective in our model. 

4. We have demonstrated the presence of both ERα and ERβ in the motoneurons of the 

oculomotor nucleus, the cellular localization of the two receptors is different. No ER receptors 

were visualized in the microglial cells. 

5. By comparing the molecular structure of DHEA and its synthetic derivative 16α-

iodomethyl-13α-DHEA we concluded that the altered 3D structure of the sterane framework 

may be responsible for the difference in action of the two molecules. 

 

 Our results show that the microglia response to nerve injury is affected by gonadal 

steroids and/or neurosteroids, which indicates that the hormonal effects may contribute to 
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protective mechanisms resulting in the structural and functional recovery of the nervous 

system. 

The estrogen sensitive activity of microglia may help elucidating the molecular 

mechanisms involved in the regulation of pro- and anti-inflammatory reactions of the CNS. 

The better understanding of the influence of estrogen on microglial reactions may render these 

cells a potential target for the anti-inflammatory use of steroid hormones, i.e. it may open the 

way to new theoretical approaches in understanding the neurodegenerative processes and 

neuroprotective mechanisms, as well. 
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