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CHAPTER 1: GENERAL INTRODUCTION

1.1 INTRODUCTION

The hypothalamus integrates endocrine, autonomic and somato-motor aspects of 

adaptive responses to specific cues from the environment to ensure the individual’s survival 

and to propagate its species. This integrative function of the hypothalamus is accomplished at 

the level of its neuronal circuits, which receive sensory activation from the brain stem and from 

the olfactory and limbic systems, while sending direct projections to preganglionic autonomic 

neurons and to the neurohypophysis. It also sends projections to regions that mediate somato

motor responses.

In addition to the neuronal input, the function of many cells in the integrative circuits is 

influenced by hormones of endocrine glands, which in turn are under the control of the 

pituitary gland. These feedback effects of certain hormones on hypothalamic neurons are 

crucial in fine-tuning the hypothalamo-hypophyseal-peripheral gland axes, and they play 

important roles in the regulatory processes of both homeostasis and reproduction.

The goal of our experimental work was to reveal neuronal connections primarily 

related to the control of reproductive functions, such as the hypothalamic regulation of 

gonadotropin, prolactin and oxytocin secretion, and sexual and maternal behaviour of female 

rats. All these control mechanisms are sexually dimorphic, with a basic female pattern that 

becomes masculinised under the influence of specific steroid hormones acting during 

development. In the adult female rat, a hormonal event essential for reproduction is the 

peaking of serum estrogen levels every 4 days of the estrous cycle. In concert with other 

hormonally mediated events ovulation is co-ordinated with the display of sexual lordosis 

behaviour, thereby dramatically increasing the potential for successful fertilisation. After 

parturation, maternal behaviour is the dominating behaviour; this involves nursing the pups and 

thereby ensuring the survival of the new generation.

In our work we began to identify the particular neurons involved in each physiological 

and behavioral response to estrogens by using immunocytochemistry and in situ hybridisation 

techniques for the detection of estrogen target cells of the hypothalamus. We also investigated 

the chemical constituents such as neuropeptides and neurotransmitters of these estrogen 

receptor-expressing neurons and of their afferent systems.
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1.2 AIMS OF THESIS

The estrogens play crucial roles in the organisation and function of forebrain cells; 

estrogen-receptivity characterises certain cell populations of hypothalamic nuclei and areas. 

Several investigations have demonstrated the involvement of these estrogen-sensitive regions 

in the central regulation of physiological events related to reproduction and ontogeny. This 

thesis summarises our results concerning the identification of connections and chemical 

constituents of neurons located in the preoptic area and in the hypothalamic paraventricular 

and arcuate nuclei, which are principal sites for estrogen action. The thesis expresses our 

efforts to investigate central regulatory mechanisms at intercellular (innervation of certain 

neurons) and subcellular (receptor, transmitter and peptide content of certain neurons) levels.

The first part of the introduction reviews in general the action of estrogens in the brain 

(1.3-1.5). The second part describes the diverse regulatory functions accomplished by neural 

populations in the preoptic area, and in the paraventricular and arcuate nuclei under the 

influence of estrogens (1.6).

In “Chapter 2” the applied techniques are listed with a special emphasis on the 

hormonal milieu of animals and on technical considerations.

The “Chapter 3” contains a brief summary of the revealed estrogen sensitive neuronal 

circuits of the preoptic area, paraventricular and arcuate nuclei. Some of the results, i.e. 

established synaptic connections, colocalization of intracellular molecules are demonstrated in 

this chapter by light- and electron microscopic micrographs (referred to them with Fig.No), 

additional illustrations are provided at the end of the thesis in the attached publications (quoted 

as Publ.RomanNo).

Finally, the “General Discussion” surveys the current problems and future trends in the 

field of estrogen signalling in the neuroendocrine regulatory centers of the forebrain.

1.3 BIOCHEMISTRY OF ESTROGENS

Estrogens are hormones, which promote cell proliferation and hypertrophy of female 

secondary sex organs and induce the synthesis and secretion of cell type-specific proteins 

(Hertz, 1985). Estrogens are synthesized from the same precursor molecule cholesterol, as the

other four major classes of steroid hormones; progestins, androgens, glucocorticoids and 

mineralocorticoids. In the normal non-pregnant female animals estrogens are secreted by the 

ovaries and adrenal gland, while in pregnancy very 

the placenta, as well. There are three estrogens/estradiol, estrone and estriol, by far the most

■e-^mounts of estrogens are secreted by

.
%Ул N <> S- i & /of
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important of which is estradiol; the estrogenic potency of estradiol is 12 times that of estrone 

and 80 times that of estriol. Estrogens are synthesized from androgens by loss of the C-19 

angular methyl group and formation of an aromatic A ring. These reactions require NADPH 

Estrone is derived from androstenedione, whereas estradiol is formed fromand 02.

testosterone.

Before puberty, estrogens are secreted only in minute quantities, but at and after 

puberty the quantity of estrogens secreted under the control of pituitary gonadotropic 

hormones increase some 20 fold or more. At the time of menopause the amount of estrogens 

secreted by the ovaries decreases abruptly and during senescence remains at a low level.

Estradiol is also produced locally in the brain. Neurons are able to convert testosterone 

to estradiol by the enzyme cytochrome P450 aromatase (Naftolin, 1994) while glia cells play 

an important role in the conversion of the weak estrogen, estrone to that more potent estrogen 

(Pelletier et al., 1995).

Furthermore as a result of pharmaceutical contraception and hormonal treatment of 

some benign and malignant diseases, and the presence of natural and artificial estrogens in the 

food (phyto and xenoestrogens), exogenous estrogens get into the circulation and exert either 

synergistic or antagonistic effects on the processes regulated by endogenous estrogens 

(Sonnenschein & Soto, 1998).

In the blood estrogens are bound to plasma proteins. There is an increased dissociation 

of the hormone from the protein in the brain microcirculation (Pardridge, 1987) and the free 

moiety gains access to the brain by simple diffusion - as estrogen molecules are small and 

sufficiently lipophylic.

Some of the effects of estrogens on cells of the central nervous system (CNS) are very 

rapid - they occur within seconds to minutes of the estrogen application. These effects are

Estrogens nevertheless trigger 

genomically mediated responses generally occuring with a latency of hours, even days. The 

latter involve specific receptors to estrogens, which act as ligand-activated transcription factors 

in the target cell nucleus.

considered to be membrane effects of the hormone.

1.4 MOLECULAR EFFECTS OF ESTROGENS

1.4.1 Nuclear receptors

The estrogen receptor is a member of the steroid receptor superfamily, that includes 

receptors not only for steroid or thyroid hormones and certain vitamins but many other 

proteins, referred to as orphan receptors, whose ligand has yet to be identified. The steroid
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hormone receptors are encoded by unique genes, that comprise eight coding exons. The 

receptors have also been divided into six regions, А-F, based on their sequence homology with 

other receptors (Parker, 1993).

Two major types of estrogen receptor have been identified so far, estrogen receptor 

alpha and estrogen receptor beta, but their splicing variants also exist both in peripheral organs 

and in the central nervous system. Estrogen receptor alpha and beta consist of 595 and 485 

amino acids, respectively. The highly conservative DNA binding (C) region of the alpha and 

beta proteins are homologous in 95%, while in the hormone binding (E) region the homology 

is only 65% (Kuiper et al., 1997). The most variable regions (A/В) of the receptor show little 

if any homology with either each other or with that of the other members of the family. The 

estrogen receptors bear also a nuclear localization signal, which targets the receptor protein 

into the nucleus. The receptor undergoes a process of nucleo-cytoplasmic shuttling; it 

constantly diffuses into the cytoplasm but is rapidly transported back into the cell nucleus in an 

energy-dependent step so that the receptor is predominantly nuclear under equilibrium 

conditions (Dauvois et al., 1993).

ER-a
595185 3151

ER-ß
1 1(13 485

lilllLЯШWm mm : j■
16.5% 95.5% 53.5%

Fig.l. Main domains of estrogen receptor alpha and beta. The homology between certain domains is 
expressed as a percentage.

A/B Transcriptional activation (TAF 1)
Protein-protein interactions
DNA sequence recognition, DNA binding. Dimerization
Dimerization, Nuclear localization
Ligand binding, Transcriptional activation (TAF 2)
Binding sites for HSP 90, Nuclear localization. Dimerization 
Transcriptional activation?

C
D
E

F
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Prior to estrogen binding, the receptor exists in an inactive oligomeric complex that 

contains other proteins, including the heat-shock protein hsp90. Upon hormone binding the 

complex dissociates, a process referred to as activation or transformation and the receptor is 

then capable of either binding directly to DNA as homodimers (to simple response elements on 

DNA) or interacting with other transcription factors by protein-protein interactions (forming 

composite response elements on DNA).

Two transcriptional activation functions (AFs) have been defined in the ER. The 

activity of AF-1, located in the N-terminal domain, is constitutive and can stimulate 

transcription even in the absence of estrogen. AF-2, in the hormone-binding domain, is 

markedly affected by the ligand bind and is still dependent on the binding of estrogen for full 

activity (see Parker, 1995).

Estrogen receptors are degraded in the cytoplasm, possibly in the lysosomes.

1.4.2 Membrane receptors

Some rapid effects of estrogens on brain function are presumed to be mediated through 

membrane-bound receptors rather than intracellular receptors. Some are pharmacologically 

and immunologically similar to intracellular receptors, and might be modified intracellular 

receptors anchored to the plasma membrane (Pappas et al., 1995). Membrane receptors for 

steroids are coupled to ion channels and transmitter receptors by second messengers such as G 

proteins, cyclic nucleotides, and kinases (Orchinik etal., 1992).

1.5 CELLULAR EFFECTS OF ESTROGENS

1.5.1 “Organizational” and “Activational” effects

Sex differences in mammalian brain structure and functioning are believed to result 

from developmental “organizational” and adult “activational” influences of gonadal steroids. 

Gender differences in structure, known as sexual dimorphism, in the adult nervous system refer 

to the volumes of nuclei due to differences in absolute neuron number, density and size of 

individual neurons. Sexual dimorphism of the brain is mediated by the epigenetic action of 

gonadal steroids acting during the so-called “critical period” of development.

In the late prenatal and neonatal period in males the concentration of testosterone 

increases dramatically and induces the masculanization of the brain. The paradoxical potent 

ability of estrogen to mimic the effects of androgens during the “critical period” in the brain led
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to the aromatization hypothesis. The brain converts testosterone to estradiol, which then binds 

to estrogen receptors leading to structural differences in the male brain.

In female newborn pups a-fetoprotein (AFP) has an important role in protecting the 

CNS from natural estrogens in the mother’s milk; estrogens such as diethylstilbestrol and 

moxestrol, which do not bind to AFP, gain access to neural estrogen receptors and defeminize 

the brain (see Naftolin, 1994).

Structural changes in brain can not be confined to early development. Estrous cycle 

changes in dendritic morphology, glial ensheathing and consequently the number of synapses 

on hypothalamic neurons in the preoptic area (Raisman & Field, 1971), ventromedial 

(Matsumoto & Arai, 1986) and arcuate (Leedom etal, 1994) nuclei have been described.

“Activational” influences of gonadal steroids appear as changes in synaptic transmission 

at the regulatory neural circuits. In vivo these changes can be monitored with 

electrophysiological methods, which give a dynamic picture of acute, membrane effects of 

estrogens. Chronic effects of these hormones can be followed up by detecting changes in the 

cell protein machinery and second messenger systems.

1.5.2 Localisation of target cells for estrogens in the forebrain

The observation that certain parts of the brain are sensitive to circulating estrogens can 

be traced back to the pioneer studies in the 1950s. Bilateral lesioning of the preoptic-anterior 

hypothalamic area and, in another experiment, the implantation of a small piece of ovarian 

tissue into the third ventricle (Flerko & Szentagothai, 1957) led to the first indirect 

experimental evidences for the existence of hormone-sensitive nerve cells in the brain through 

which the so-called long loop feedback controls the secretion of anterior pituitary hormones. 

Implantation of crystalline estradiol into different regions of the brain (Lisk, 1967; Davidson, 

1969) confirmed the predominant role of the “basal” hypothalamus, anterior hypothalamic- and 

preoptic area in mediating effects of hormones on the brain.

Introduction of tritiated estradiol in vivo and the subsequent autoradiography of brain 

tissue slices made the first direct visualisation of estrogen-accumulating cells possible and soon 

detailed mapping studies on the distribution of these radioactively labelled cells were published 

(Stumpf et al., 1975). Many of the serious drawbacks of this in vivo approach were overcome 

by the development of in vitro binding assays, which allowed measurement of estrogen 

receptor concentrations in tissue sections and to quantify the occupied and unoccupied form of 

the receptor (Brown et al, 1995). The recently developed immunocytochemical (King & 

Greene, 1984; Cintra et al, 1986) and hybridization (Simerly et al, 1990; Pelletier et al,
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1988) procedures have provided insight concerning the abundance of receptor transcripts and 

the cellular localisation of immunoreactive receptor protein.

By using these morphological methods, the highest level of estrogen sensitive neurons 

was detected in the medial and periventricular preoptic areas, anterior hypothalamic area, 

preoptic and lateral compartments of the bed nucleus of the stria terminális, arcuate, 

centrolateral part of the ventromedial and premammillary nuclei. Neurons of the lateral 

preoptic, lateral septum, preoptic suprachiasmatic, lateral habenular and posterior 

hypothalamic nuclei and certain cell groups of the amygdaloid complex were noted for 

moderate ER protein expression. The nucleus of the cells accumulated the radioactively 

labelled ligands and the immunocytochemical reaction product was also confined to the nuclei 

of the cells. The cytoplasm was free of immunoreaction.

The very recent discovery of the ß form of ER (Kuiper et al., 1996) has reopened the 

issue for mapping and colocalising studies, in which the usage of specific antibodies and probes 

for ER a and ER ß is an absolute requirement (Fig. lid & f).

1.6 ROLE OF ESTROGENS IN THE CENTRAL REGULATION OF

1.6.1 LH and FSH secretion

The episodic release of GnRH into the hypophyseal portal system from nerve terminals 

located in the median eminence appears to govern the secretion of both LH and FSH. 

Fluctuations in the pattern of GnRH release, combined with alterations in the secretory 

capacity of the pituitary gonadotrophs, generate the marked changes in LH secretion profile 

observed over the course of the ovarian cycle. Most dramatically, the midcycle LH surge, 

which is responsible for initiating ovulation, is known to result from an abrupt and massive 

increase in hypophyseal portal GnRH secretion.

Estrogen is one of the principal determinants of the activity of GnRH neurons, acting as 

a feedback molecule between gonad and brain; it is critical in enabling these cells to exhibit 

fluctuating patterns of biosynthetic and secretory activity. For the greater part of the ovarian 

cycle, estrogen helps restrain LH secretion through what has been termed its “negative 

feedback” action. This has been shown to occur, in part, through an inhibiton of GnRH 

secretion, but it also involves potent actions of estrogen on the pituitary gonadotrophs. 

Estrogen also exhibits a “positive feedback” influence upon the GnRH neurons and pituitary 

gonadotrophs to generate the preovulatory LH surge. The medial preoptic area-anteroventral 

periventricular area have been implicated as the site for the “positive feedback” action of
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estrogen, while more than one brain region, including the preoptic area and arcuate nucleus 

may be involved in the inhibition of GnRH secretion by estrogen (see Freeman, 1994).

The GnRH-producing neurons in the rat hypothalamus are clustered medially in the 

neuronal tissue extending rostro-caudally from the septal-diagonal band of Broca to the 

medial preoptic area-retrochiasmatic region (Sétáló et al., 1976). One of the principal 

findings in GnRH neurobiology is that GnRH neurons appear neither to concentrate estradiol 

(Shivers et al., 1983) nor express proteins (Herbison & Theodosis, 1992). Despite the lack of 

nuclear receptors, direct actions on GnRH neurons by estrogen include the alteration of their 

electrical activity (Kelly et al., 1984). Indirectly, estrogen targets other neurons to regulate 

GnRH neurons in a transsynaptic fashion, and it exerts also a regulatory role in glial-GnRH 

interactions.

Thus, the GnRH neurons, the glial cells directly associated with them, and the non- 

GnRH neuronal populations involved in excitation or inhibition of the activity of GnRH 

neurons are the major components of the neural circuitry in the hypothalamus responsible for 

the two patterns, the “pulsatile” and the “surge” release of GnRH.

Fig. 2. Schematic drawing of the GnRH network regulating the secretion of FSH and LH via the portal 

circulation of the hypophysis. Neurons of the network are marked with different colours; GnRH is turquoise, 

excitatory neurons are green, inhibitory ones are blue. Brown indicates either the presence of estrogen receptor 

protein in the cell nucleus or the uptake of estradiol. Glia cells are yellow. See further explanation in the text 

1.6.1.

1.6.2 Prolactin secretion

During lactation, prolactin (PRL) plays a decisive role in the preparation, maintenance, 

and secretory activity of the mammary gland. Prolactin has several physiological roles also 

during the estrous cycle. For the major portion of the cycle PRL is secreted in low basal 

amounts, and in association with LH and FSH there is a surge of plasma PRL during the
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afternoon of proestrus. The surge can be eliminated by ovariectomy and reinstated in OVX 

animals by exogenous estrogen treatment (Caligaris et al., 1974; Legan et al, 1975). Estrogen 

action on the anterior pituitary can alter only basal PRL secretion; the surge has been shown to 

be evoked from the hypothalamus where the prolactin releasing (PRF) and inhibiting factor 

(PIF) - producing cells reside (Pan & Gala, 1985).

Dopamine, produced by neurons of the arcuate-periventricular nucleus is the major 

physiological hypothalamic PIF. The hormone is delivered to the adenohypophysis by way of 

the long and the short portal vessels from the tuberoinfundibular (ТГОА) and 

tuberohypophysial (THDA) dopaminergic systems, respectively (see Neill & Nagy, 1994). y- 

aminobutyric acid (GABA) is also found in virtually all ТША neurons, this transmitter has 

been shown to directly inhibit the release of prolactin (Schally et al., 1977). GABA neurons 

have been visualized in the median eminence and arcuate nucleus, but we can not exclude the 

possibility that other GABA cell populations can be involved in the regulatory process. 

Estrogens might evoke the proestrous prolactin surge by acting direct on dopamine and/or 

GABA neurons; hence reducing the prolactin inhibiting capability of these transmitters. Only 

approximately 10% of the tyrosine-hydroxylase (Sar, 1984) immunoreactive cells have been 

shown to accumulate the radio-labelled estradiol; whether this subset of dopaminergic neurons 

regulates the prolactin release needs further investigation.

Thyrotropin - releasing hormone (TRH; Koch et al., 1977), vasoactive intestinal 

peptide (VIP;Murai et al., 1989), its homologous peptides, and oxytocin (ОТ; Johnston & 

Negro-Vilar, 1988) have been shown to act as prolactin-releasing factors. A great deal of 

evidence suggests a complex interplay between hypothalamic dopamine and the putative PRFs 

in the stimulatory regulation of prolactin secretion, under various physiological and 

pharmacological conditions.

The recent characterisation of the prolactin releasing hormone - description of coding 

and amino acid sequence of the mRNA and peptide (Hinuma et al., 1998), respectively - opens 

new fields in the morphological and physiological investigation of prolactin secretion, including 

the estrogen influenced regulatory processes.



Fig. 3. Schematic drawing of the hypothalamic network regulating the secretion of prolactin; both the long and 

short portal vessels are involved in the signal transduction. Neurons of the network are marked with different 

colours; PRF is turquoise, PIF is purple - one represents the TIDA while the other one the TFIDA systems. 

Excitatory neurons are green, inhibitory ones are blue. Brown indicates either the presence of estrogen receptor 

protein in the cell nucleus or the uptake of estradiol. See further explanation in the text 1.6.2.

1.6.3 Oxytocin and vasopressin secretion

Oxytocin (ОТ) and vasopressin (VP) are secretory products of the hypothalamic 

paraventricular and supraoptic neurons; these nonapeptides released in the neurohypohysis 

exert effects as hormones carried by the systemic circulation to distant target organs, perhaps 

the most important of which are the mammary gland, uterus and the kidney. In addition, ОТ 

and VP may serve as hypophysiotrophic factors, released from nerve terminals in the median 

eminence into the pituitary portal vasculature, to affect anterior pituitary secretion, as 

peptidergic neurotransmitters or neuromodulators acting within the CNS to influence a variety 

of neuroendocrine, behavioral and autonomic functions.

Oxytocin is primarily involved in the regulation of reproductive functions, including 

parturition, sexual, maternal behaviour and the ejection of milk. Vasopressin’s main functions 

are the central control of water and electrolyte balance (see Armstrong, 1995).

Along with neuronal mechanisms controlling OT-ergic and VP-ergic outputs, the 

influence of humoral agents, such as the estrogens, on the magnocellular system have also 

been studied extensively. Estrogens have been shown to influence the serum ОТ and VP 

levels and the expression of ОТ and VP messenger RNA (Miller et al., 1989; Van Toi et al, 

1988). Ligand binding (Rhodes et al., 1981), ICC (Herbison, 1994a) and ISH (Simerly et al., 

1990) studies failed to demonstrate estrogen-receptivity in most magnocellular neurons in the
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rat, therefore intemeuron - mediated action of estrogens on ОТ and VP neurons has been 

postulated thus far, as also in the case of the GnRH network.

The recently cloned estrogen receptor, termed ER-ß, shows a wide distribution in the 

brain and high levels of the ER-ß protein and mRNA have been detected in the PVN and SON 

of the hypothalamus (Shughrue et al., 1996, 1997). These observations suggest that direct 

estrogen effects on the magnocellular systems exist conveyed by the ER-ß mechanisms.

Fig. 4. Schematic drawing of the magnocellular system secreting ОТ and VP in the neural lobe, some of the 

fibres terminate at the capillary loops of the median eminence. Neurons of the network are marked with different 

colours; ОТ and VP neurons are grey - Estrogen receptor positive GABA neurons around the SON (blue cell on 

the left) have been suggested to convey the estrogen signal to the ОТ neurons (Herbison, 1994a). Excitatory 

neurons are labelled green, inhibitory ones blue. Brown indicates either the presence of estrogen receptor protein 

in the cell nucleus or the uptake of estradiol. See further explanation in the text 1.6.3.

1.6.4 Somatotrophic axis

Growth hormone (GET) as a major element of the somatotrophic axis, regulates the 

postnatal growth in rats. The secretion pattern of this hormone is pulsatile and sexually 

dimorphic; greater spontaneous GH peaks and lower GH troughs characterise the male as 

compared to the female rat. The prepubertal gonad is actively producing sex hormones, which 

might be important in the control of GH production since early childhood. At puberty a 

marked increase of gonadal steroid output increases GH production causing gender 

differences in growth rate and body composition (Gatford et al., 1998).

Two antagonistic neuropeptides have been implicated in the hypothalamic regulation 

of GH secretion: growth hormone releasing hormone (GHRH) synthesised mostly in arcuate 

nucleus (ARC) neurons, and somatostatin (SS), synthetized both in periventricular (PvN) and 

ARC neurons. Mutual synaptic connections exist between these stimulatory and inhibitory 

neuronal systems. Gonadal steroid hormones affect the GHRH-SS balance; differential
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distribution of sex steroid receptors in the ARC and the PvN is likely to account for the 

different pattern of GH secretion in male and female animals. Estrogen has been shown to 

suppress GHRH synthesis and secretion; 20-30 % of GHRH-neurons in the central portion of 

the ARC show nuclear concentration of [3H] estradiol (Shirasu et al., 1990). In contrast, 

estrogen actions on the periventricular SS neurons seem to be indirect, as they do not possess 

estrogen receptors in either sex; androgen receptors have, however, been reported within these 

cells in male rats (Herbison & Theodosis, 1993; Herbison, 1995).

Fig. 5. Schematic drawing of the hypothalamic network regulating the secretion of growth hormone. Neurons of 

the network are marked with different colours; GHRH is turquoise, SS is purple - the well-known hypothalamic 

synaptic interplay between these systems is not labelled. Excitatory neurons are green, inhibitory ones are blue. 

Brown indicates either the presence of estrogen receptor protein in the cell nucleus or the uptake of estradiol. 

See further explanation in the text 1.6.4.

1.6.5 Social behaviours
Sexual behaviour

Sexual dimorphism characterises also sexual behaviour, the pattern of it is determined 

by the action of sex hormone present in the circulation at the critical period of brain 

differentiation. Binding of circulating estrogens by a carrier protein prevents this hormone 

from crossing the blood-brain barrier, therefore the female brain develops in the absence of 

estrogens. In contrast, testosterone enters the male brain and is readily converted to estrogen 

by the enzyme aromatase. Development of the male brain is mediated by estrogen receptors; 

estrogen receptor knock-out animals generally take the female attitude, while rats with 

inherited androgen receptor deficiency exhibit male-like sexual behaviour.

Female sexual behaviour is dependent on the circulating titer of ovarian hormones. 

During the estrous cycle the sequential secretion of estradiol and progesterone results in a
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period of sexual behaviour (heat, behavioural estrus) that is linked to the time of ovulation. 

Preceptive and receptive components of the sexual behaviour can be distinguished. The 

receptive behaviour is an estrogen-sensitive postural reflex called lordosis reflex and 

somatosensory pressure stimulation of the skin of the flank region elicits this reflex. On the 

other hand, anticipatory locomotor activity, such as the hopping-and-darting gaits and ear 

wiggling depends on visual and olfactory cues. The latter component has been termed 

preceptive behaviour (see Sakuma, 1997).

Ovariectomy abolishes the appearance of the female sexual behaviour by eliminating the 

cyclic release of steroid hormones. Estrogen alone is sufficient to induce lordosis reflex in 

ovariectomized female rats, progesterone complements the expression of the preceptive 

behaviour (McEwen et al., 1979). The necessity of the presence of estrogen receptors in 

mediating the effects of estrogen on the female sexual behaviour have been demonstrated in 

experiments with estrogen receptor blocked (Roy et al., 1979) and estrogen receptor knock

out animals (Rissman et al., 1997).

The ventromedial nucleus of the hypothalamus (VMN) is generally accepted as the 

essential site of estrogen action to promote the lordosis reflex. On the other hand, the reflex is 

tonically inhibited from the preoptic area, a region of the brain, which is also a major target of 

estrogen in eliciting preceptive behaviour.

Maternal behaviour

Maternal behaviour in rats includes pronurturant activities such as retrieval and licking 

of pups, and nest building, which precede prolonged periods of quiescent nursing. The medial 

preoptic area is critical for the expression of active maternal behaviours and their estradiol- 

induced onset. The MPO shows increased c-fos activity in response to maternal behaviour 

(Numan, 1994; Luckman, 1995). Anti-estrogen implants into the preoptic area have been 

demonstrated to block estradiol-stimulated maternal behaviour (Ahdieh et al., 1987). More 

interestingly, Giordano et al. (1989) observed that an increase in the concentration of cell 

nuclear estrogen receptors is seen within the preoptic area but not in the hypothalamus by day 

10 of pregnancy. The MPO is interconnected with several brain areas; the integrity of these

regions, such as the septum, lateral habenula, bed nucleus of the stria terminális, nucleus 

accumbens and periaqueductal gray, is also necessary for the normal expression of 

pronurturance. Given the importance of sensory input in evoking maternal behaviour during

ensitive neurons in the medialand after labour, investigation of afferents to the estrogei 

preoptic area is subject to provide further data about the regulatory circuit.
<5*

Nf
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CHAPTER 2: MATERIALS AND METHODS

2.1 ANIMALS

Some of the experiments were carried out on adult male Wistar (n ~ 60) rats. In studies 

on the estrogen receptive neurons, adult female Wistar (n ~ 200) rats weighing 200-250 grams 

were used. The animals were kept under standard environmental conditions (light-dark cycle, 

at room temperature (21±2°C) , water and food ad libitum). The ovarian cycle was monitored 

by taking daily vaginal smears; cornification of epithelial cells reflected the high level of 

estrogen in the circulation.

2.2 SURGERY

2.2.1 DeafTerentation

The disribution of hypophysiotrophic neuronal systems extends from the rostral 

preoptic area to the posterior hypothalamus. To assess the contribution of the neuronal inputs 

of regions other than the ARC to the ME, complete unilateral surgical isolation of the MBH 

was carried out. Subsequent immunocytochemistry showed axons proximal to the cut to 

accumulate the immunoreactive material, while axons distal to that became immuno-negative. 

Any decrease in the immunoreactivity in the ME reflected the presence of hypophysiotrophic 

neurons residing outside the MBH <Publ.I>.

2.2.2 Ovariectomy

Changes in circulating estrogen levels have been shown to alter the detectability of 

estrogen receptors for several reasons:

(a) Binding of estrogen to target tissues results in conformational changes in its receptor 

structure. Some of the estrogen receptor antibodies were raised against the ligand binding 

domain of the receptor protein - the capability of the antiserum to recognise the receptor 

might change upon ligand binding.

(b) Estrogens have been shown to decrease the ER mRNA and protein level in certain nuclei 

of the brain, while chronic absence of estrogen elevated them (Meredith et al., 1994; 

Shughrue et al, 1992; Zhou et al., 1995).

In order to gain the maximal signal for ER protein and mRNA, our animals were 

ovariectomized two weeks before the experimentation.



21

2.2.3 Adrenalectomy

Small, but not insignificant amounts of estrogens derive from the adrenal glands. 

Removing the adrenal glands eliminates the source of these steroid hormones, but also radically 

decreases the circulating level of gluco- and mineralocorticoids. 

glucocorticoids from the circulation results in a cytoplasmic distribution of glucocorticoid 

receptors, while corticosteroid replacement to adrenalectomized animals elicits translocation of 

the receptor from the cytoplasm to the cell nucleus (Liposits et al, 1987b). Adrenalectomy has 

also deleterious effects in the central nervous system, it induces granule cell loss in the 

hippocampal dentate gyrus (Sloviter et al, 1993). Degeneration and death of granule cells 

have been demonstrated with a silver method that selectively stains the “dark” collapsed 

neurons in a Golgi-like manner. <Publ. XI>. Animals received 0.9% saline in drinking water 

to counterbalance the resulting sodium loss.

The absence of

2.2.4 Colchicine treatment

Colchicine has been reported to interrupt the axoplasmatic transport and also to 

increase the mRNA level of some proteins in the cells. In our colocalization studies we applied 

colchicine into the lateral ventricle of the experimental animals. Accumulation of 

neurotransmitters and peptides in the perikaryon made them detectable in the estrogen receptor 

containing neurons. In contrast, colchicine treatment decreases estrogen receptor 

immunoreactivity, but it does not prevent the nuclear localization of the receptor protein (Yuri 

& Kawata, 1992).

2.3 PERFUSION

The animals were deeply anaesthetised with an intraperitoneal injection of pentobarbital 

and perfused through the ascending aorta, first with 30-50 ml of phosphate buffered saline 

(PBS; pH 7.4; 420 mosmol) followed by certain fixatives, the chemical constituents of which 

were chosen to preserve morphology of the brain tissue and also to allow specific detection of 

target molecules. The solutions were delivered into the animal’s circulation via a gravity 

perfusion system at a relatively low speed (~10 ml/min). Lower flow rate of fixative resulted 

in “under perfusion” and consequently bad ultrastructure of the brain tissue, while higher speed 

of delivery often caused loss of signal, especially for estrogen receptor. This might be because 

of “over fixation” of tissue i.e. formation of much cross linking between the fixative molecules
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and tissue, which prevents either the recognition of the epitopes by antibodies or sufficient 

penetration of reagents during the immunocytochemical procedure.

Preserved cell membrane is a requirement for the electron microscopy. Application of 

higher amount of glutaraldehyde in fixative solutions improved the ultrastructure of neural 

cells, but also caused a non-specific labelling of cell nuclei. This drawback was overcomed by 

removing the excess aldehyde from the tissue with sodium borohydride (1% in PBS, 30 min) 

during the preincubation steps. Brains were postfixed in 4% paraformaldehyde (2 hours - 4 

days).

2.4 IMMUNOCYTOCHEMISTRY (ICC) 

2.4.1 Single labelling

Coronal sections (25-50 pm) were cut with a Vibratome and then rinsed in PBS for 2 

hours. Prior to incubation in the primary antibodies, the sections were permeabilized with 0.05 

% Triton X-100 in PBS for 20 min and then treated against non-specific labelling by immersion 

in 1% normal serum solution in PBS for 10-30 minutes.

Primary antibodies used in our experiments:

SourceName Working dilution
Abbott Laboratories, Chicago, IL, USA1:800Rat (monoclonal) (H222Sp-y)

a-human estrogen receptor
Rabbit (polyclonal) (#AS409) 
a-rat estrogen receptor

Dr. S. Hayashi1:30000

Rabbit (polyclonal)
a-porcine NPY

Peninsula Laboratories, Inc., Belmont, 
CA, USA

1:4000

Rabbit (polyclonal) 
a-porcine ACTHi.39

Incstar Corporation, Stillwater, MN, USA1:8000

Rabbit (polyclonal) 
a-5-HT

Incstar Corporation, Stillwater, MN, USA1:8000

Rabbit (polyclonal) (2/2) 
a-rat PNMT

Dr. M.C. Bohn1:3000

Rabbit (polyclonal) (505 D3) 1:20000 Dr. P. Petrusz
a-SP

Dr. S. KeyMouse (monoclonal) (PS-38)
a-neurophysin-OT

1:1000

Rabbit (polyclonal) 
a-VP

Incstar Corporation, Stillwater, MN, USA1:4000

Rabbit (polyclonal) (R 567) 
a-rhGHRH

1:5000 Dr. I. Merchenthaler

Rabbit (polyclonal) (669) 
a-somatostatin-14

1:8000 Dr. S. Reichlin

Rabbit (polyclonal) 
a-TH

1:1000 Dr. T.H. Joh

Rabbit (polyclonal) 
a-TRH

1:4000 Dr. V. Csemus

Rabbit (polyclonal) 
a-galanin_______

1:4000 Peninsula
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These antibodies were tested first on sections from brains fixed with different fixatives. 

The final studies were carried out on sections giving the best ICC results with the particular 

antiserum. The location of the primary antibodies bound to the tissue antigen in question was 

visualised either with the PAP or the ABC technique using DAB as chromogen.

2.4.2 Silver-gold intensification

Amplification of the DAB chromogen by the silver-gold intensification technique 

(Liposits et al, 1982) turned the brown, floccular reaction product into a black precipitate 

with high contrast to the background. This allowed recognition of the immunopositive 

structures which were undetectable with DAB i.e. increased the sensitivity of the technique and 

also offered a possibility for subsequent detection of a second antigen.

2.4.3 Double labelling

The different physico-chemical properties of the silver-gold intensified and non- 

intensified DAB (black and highly electron dense vs. brown with a medium degree of electron 

density) allowed a clear separation of two tissue antigens in the same section (Liposits et al, 

1986). When the innervation of a chemically identified cell group was the question, the 

afferents were labelled with the silver grains, and the innervated neurons with DAB. In some 

experiments the neurotransmitter or neuropeptide content of estrogen receptor positive 

neurons were investigated. The site for the receptors was revealed with the black, silver-gold 

intensified DAB, while the neuropeptides or transmitters in the cytoplasm were detected with 

the brown DAB chromogen.

2.4.4 Pre-embedding electron microscopy

After the immunocytochemical staining, some of the sections were flat embedded and 

areas showing labelled neural elements to be in contact were chosen for semithin and ultrathin 

cutting. Serial ultrathin sections were laid onto single slot grids and the labelled profiles were 

identified and traced in neighbouring sections.
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2.5 Ш SITU HYBRIDIZATION (ISH) 

2.5.1 Probes

restriction endonuclease anti-sense probe sense probeCDNA vector

T7RNA SP6RNApBluescript at 

EcoRI site

ВатШ285- and 558-bp 

fragment of rat 

ERß receptor

polymerasepolymerase

PGEM-4Z at SP6RNA T7 RNA486-bp fragment of 

rat TRH receptor

Xbal

EcoRI-Xbal site polymerase polymerase

Transcriptions of cDNA were carried out in the presence of 35S-UTP.

2.5.2 Preparation of sections

Fresh frozen sections including the hypothalamic PVN, SON of the ovariectomized 

female rat and ARC of male rat were used. Sections were thaw-mounted onto poly-L-lysine 

coated slides and processed according to a standard hybridization protocol. For single-cell 

analysis of the hybridization signal, the autoradiograms were visualized on KODAK NTB-3 

photographic emulsion.

2.6 COMBINATION OF ICC AND ISH

Steps of the tissue processing included perfusion-fixation of rats with 4% 

paraformaldehyde (pH 7.6), and then, sucrose infiltration of the brains. Small tissue blocks 

containing the hypothalamic PVN, SON and ARC were snap-frozen on dry-ice, and 20-pm 

thick floated sections were prepared on a freezing microtome. The sections were stored in a 

cryoprotectant solution at - 20 °C until hybridized with the probe. Following stringent post

hybridization treatments antigens of interest were visualised by means of ICC, and then, the 

hybridization signals were developed <Publ. X>.
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CHAPTER 3: RESULTS
3.1 DISTRIBUTION OF ER-IR CELLS IN THE FOREBRAIN

The estrogen receptor antiserum (H222) used in our immunocytochemical experiments 

recognises the ligand binding domain of estrogen receptor. In spite of the relatively high 

homology of that region (-65%) of the a and ß proteins, this antibody does not to recognise 

the ß subtype as has been shown recently (Kuiper et al., 1996). 

immunocytochemical findings can be regarded as characterising estrogen receptor a in the 

brain.

Therefore our

In concordance with previous radio-labelled estradiol uptake and immunocytochemical 

studies, we found estrogen receptor immunoreactive cells throughout the forebrain. The 

reaction product was restricted to the cell nucleus but an oval or ring shaped immunonegative 

patch corresponding to the nucleolus was often apparent. The highest density of labelled cells 

was in the rostro-caudal extent of the medial preoptic area (Fig. 6a.) and arcuate and 

ventromedial hypothalamic nuclei <Publ. П, IV>. These areas have been implicated before as 

the major regulatory centers of reproductive functions. Less density of the labelled cells was 

observed in the lateral preoptic and anterior hypothalamic areas, rostral portion of the 

hypothalamic paraventricular nucleus and premammillary region. Immunoreactivity for ER 

was also present in the lateral septum, bed nucleus of the stria terminális and different 

subnuclei of the amygdala, but almost entirely absent from the supraoptic and suprachiasmatic 

nuclei <Publ.VH>.

Sections of the preoptic area, obtained from female rats demonstrating various stages 

of the gonadal cycle and processed under the same conditions, indicated that receptor 

immunoreactivity is exhibited throughout the cycle and it is slightly stronger during proestrus 

than oestrus or diestrus <Publ. H>.

The strongest immunoreactivity was observed after withdrawal of estrogen by 

ovariectomy or ovariectomy (Fig. 6ab) plus adrenalectomy. In contrast to the glucocorticoid 

receptor, which is redistributed in the target cell cytoplasm after adrenalectomy, the removal of 

ovaries, or ovaries together with the adrenal glands, failed to change the distribution pattern of 

the immunoreactive estrogen receptor <Publ. П, IX>. This confirms previous data concerning 

the nuclear dominance of estrogen receptor irrespective of the hormonal status of the animal. 

Estradiol replacement one hour before sacrifice failed to alter either the pattern or intensity of 

the staining. In contrast, estradiol admininstration 24 h before sacrifice resulted in a dramatic 

loss of ER immunoreactivity in the medial preoptic nucleus <PubI. IX>.
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Fig. 6. Estrogen receptor (ER) - immimoreactive (IR) neurons in the medial preoptic area (MPO). The DAB 

reaction product was intensified with silver, (a) The periventricular preoptic (PvPO) and the medial preoptic 

(MPN) nuclei exhibit one of the sites of highest density of estrogen receptors in the forebrain, (b) Most of the 

reaction product resides in the nucleus, but a faint staining is often present in the perikaryon, (cd) Low and 

medium power ultramicrographs of preoptic neural tissue. Although the labelled (black arrow) and unlabelled 

(grey arrow) neurons are intermingled, due to the high electron density of silver-gold particles they are easily 

distinguishable.
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Fig. 7. Ultrastructural characteristics of estrogen receptor immunoreactive (ER-IR) neurons. The metallic 

grains are deposited to the chromatin of the nucleus in the receptor positive (a) but not in the receptor negative 

(b) cells. Nucleoli are free of the reaction product in both cases, (c) A “stigmoid” body (arrow) in the cytoplasm 

of the ER-IR neuron (the IR nucleus is not shown). This organelle contains the enzyme aromatase, as shown 

before, (d) The majority of the immunoreactivity is located in the nucleus (big arrowheads), but a few grains 

(small arrowheads) in the perinuclear cytoplasm mark the site for receptor synthesis and/or degradation. The 

Golgi apparatus and the mitochondria are immunonegative.
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Hence the decreased immunoreactivity for estrogen receptor observed after estradiol 

treatment is probably due to downregulation of the receptor synthesis rather than 

conformational changes of the receptor protein upon ligand binding.

3.2 INTRACELLULAR LOCALIZATION OF THE RECEPTOR

For the ultrastructural detection of ER we used a sensitive immunocytochemical 

technique. Estrogen receptor containing elements were marked by the silver-gold 

intensification method (Fig. 6ab) <Publ. П, IV, IX>. Deposition of metallic grains onto the 

moderately electron dense diaminobenzidine chromogen made the weakly labelled subcellular 

compartments also recognisable. By our experimental conditions we found only neurons to be 

labelled - glia and endothelial cells were immunonegative in the preoptic area of the brain. 

Ependymal cells often showed immunoreactivity for ER <PubI. VH>; this staining could not 

be removed by absorption of the primary antiserum with purified ER (Cintra et al., 1986), 

therefore one should consider this as non-specific staining.

The immunoreactivity for ER was mainly located in the nucleus; the metallic grains 

were distributed in clusters over the condensed chromatin, whereas the nucleolus was not 

labelled (Fig. 7a). Low number of metallic grains was also present in the cytoplasm 

surrounding the cell nucleus (Fig. 7d) <Publ. П, IV, VH, EX>. Neurons in the preoptic area, 

arcuate nucleus contain aromatase positive stigmoid bodies and about 80% of these cells also 

express estrogen receptors (Nagano & Shinoda, 1994). We also found stigmoid bodies in 

preoptic ER immunopositive neurons; they never appeared to be labelled with the grains (Fig. 

7c).

3.3 COEXPRESSION OF ER WITH VARIOUS NEUROTRANSMITTERS AND -

PEPTIDES

3.3.1 LH-RH and galanin

In the rostral preoptic area we found most of the LHRH neurons to be intermingled with ER-IR 

neurons, none of the LHRH neurons exhibited an ER-positive nucleus (data not shown). In contrast, we found 

galanin immunoreactive neurons expressing estrogen receptors in their nuclei (Fig.8). Double-labelled neurons 

were localized in the MPN and the BNST suggesting the classical genomic pathway for the influence of 
estrogen on these galaninergic neurons. Indeed, we found estrogen sensitivity of these neurons; estradiol 

treatment of female rats increased the galanin immunoreactivity in the MPN (Fig.9ab).
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Fig. 8. Section of the medial preoptic area double labelled for estrogen receptor and galanin. Galanin 

immunoreactivity is marked with the brown diaminobenzidine reaction product, while estrogen receptors are 

labelled with its silver-intensified precipitate, which is black in colour. Neurons double labelled for galanin and 

estrogen receptor (black arrow) and single labelled for galanin (white arrow) and for ER (black arrowhead) are in 

the medial preoptic nucleus (MPN).
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Fig. 9. Effect of circulating estrogen level on galanin immunoreactivity. Estradiol treatment of ovariectomized 

(OVX) animal (b) causes a dramatic increase of galanin immunoreactivity in both the periventricular preoptic 

(PvPO) and medial preoptic nuclei (MPN) compared to the OVX state (a). Note the increased number of cells 

visible after the treatment.
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This increase may result from an increased galanin synthesis; but the decreased release 

of this peptide also cannot be excluded.

3.3.2 GABA synthesizing enzyme - GAD

As discussed in the introduction, either none of the hypophysiotrophic neurons or only 

a subset express estrogen receptors, thus the activity of GnRH, PRF, РШ, SS, GHRH, ОТ and 

VP neurons may be regulated through pathways, involving ER-containing neurons as 

intermediaries. Estrogen can act at brain sites remote from these neurons to influence their 

activity. There is substantial evidence for a role of the inhibitory amino acid gamma 

aminobutyric acid (GABA) within the GnRH (see Herbison, 1997), prolactin (Schally et al., 

1977); (Wagner et al, 1994), somatotrophic (Kakucska et al., 1988), ОТ and VP (Herbison, 

1994a) network. Furthermore, accumulated evidence indicates that endogenous GABA is 

involved in the neural circuitry controlling lordosis and that tonic activity of the GABAergic 

system in the hypothalamus and midbrain central grey has a stimulatory effect on sexual 

receptivity, whereas in the POA, GABA inhibits lordosis behaviour (McCarthy et al., 1990; 

McCarthy et al., 1991).

Based upon these findings we carried out double labelling immunocytochemistry for 

GAD and ER, and revealed GAD immunoreactive neurons in the medial preoptic area to 

contain estrogen receptors in their nucleus (Fig.lOab). This result is in concordance with 

previous [H3] estradiol uptake studies (Flügge et al., 1986). GAD immunoreactive neurons 

have also been shown to colocalise estrogen receptors in other nuclei of the hypothalamus, 

such as the perinuclear zone of the SON (Herbison, 1994).

Our results indicate that preoptic GABA neurons are targets of circulating estrogens, 

and that the activity of GABA neurons, and therefore the above mentioned physiological 

processes, may be influenced by this steroid via a genomic route.
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Fig. 10. Section of the medial preoptic area double labelled for estrogen receptor (ER) and glutamic acid 

decarboxylase (GAD). GAD-immunoreactivity (IR) is labelled with the brown diaminobenzidine chromogen, 

while estrogen receptors are marked with the black, silver- gold intensified DAB. (a) Neurons double labelled 

(arrows) for GAD and estrogen receptor are numerous in the medial preoptic nucleus (MPN), there are also some 

in the periventricular preoptic nucleus (PvPO). (b) GAD-IR cells of the medial preoptic area are small (6-12 pm) 

in size. Note the relatively large nucleus occupying most of the cell body.

3.3.3 Oxytocin and Vasopressin

Autoradiographic studies revealed some estradiol-concentrating neurons in the PVN 

and SON of the hypothalamus (Rhodes et al., 1981). A large amount of data supports the 

estradiol sensitivity of the magnocellular system, but immunocytochemical studies (Fig. 11a) 

showed only few or no ОТ and VP neurons to express estrogen receptor alpha in rat 

(Herbison, 1994a). The possibility of answering the question of the site of estrogen action, 

direct or interneuron-mediated, emerged recently with the localization of ERß in the 

hypothalamic PVN and SON (Shughrue et al., 1997). Using combined ICC and ISH methods 

we revealed that the majority of ОТ neurons in the caudal portion of PVN, and many in the 

mid PVN and SON express mRNA for ERß, while the VP neurons seem to contain the ß type 

receptor only in the SON (Fig. 11 be) <Publ. XIV>.
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Fig.ll. Co-localisation of estrogen receptor (ER) immunoreactivity (IR) (a,d,f) and mRNA of beta ER (b,c,e) 

with oxytocin (ОТ) in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus, (a) ОТ 

neurons (brown perikarya) are overlapping with ER a expressing cells (black dots) in the rostral (r) PVN. No 

double-labelled cells are visible, (b) In contrast, the mRNA for the ß-ER (represented by the autoradiographic 

silver grains) is expressed by the ОТ neurons (labelled with the brown DAB) in the anterior magnocellular 

nucleus, (c) In the SON mRNA for the ß-ER is expressed mainly in the ventral portion of nucleus, where 

vasopressin (VP) neurons dominate, (e) Indeed, there are autoradiographic silver clusters not associated with OT- 

IR (black arrowheads) suggesting the coexistence of the ß-ER with VP in the SON. Many ОТ-IR neurons 

transcribe the receptor mRNA in the SON (black arrows), but some are “silent” (white arrows), (d) An anti ER- 

a antibody (#AS409) seems to recognise antigen sites for estrogen receptor in the SON. The distribution of ER- 

IR nuclei is similar to that of the ß-ER mRNA. (f) At higher power one can see a mixture of double-labelled 

neurons (black arrows) for ОТ (brown perikaryon) and ER (black nucleus), single labelled for ОТ (white arrows) 

and ER (black arrowheads), which is comparable to the results shown in (e). CHO optic chiasm
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A recently published paper confirmed our data with a similar methodological approach 

in colchicine treated, gonad intact animals (Laflamme et al., 1998). The presence of ERß 

mRNA in ОТ and VP neurons indicates that estrogens might activate the novel type of 

estrogen receptors in the paraventricular and supraoptic magnocellular systems and regulate 

the secretion of ОТ and VP. We found various signal levels for beta estrogen receptor mRNA 

in the supraoptic and certain subnuclei of paraventricular nuclei; this suggests a differential 

expression of estrogen receptor beta in functionally different subgroups of the ОТ and VP 

systems.

Using a polyclonal antibody (#AS409), which was raised against a protein containing 

all major domains of the alpha estrogen receptor, we succeeded in detecting immunoreactive 

cell nuclei in the supraoptic nucleus of the rat (Fig. lldf). This was rather surprising, as 

previous studies failed to show any ER immunoreactivity in the SON of this species. The 

distribution of ER-IR nuclei was comparable to that of the mRNA for the beta ER; the labelled 

nuclei were mainly present in the ventral portion of the nucleus and some of those were in 

colocalization with ОТ-IR perikarya (Fig. llcdef). This finding warns about using highly 

specific antibodies in the ICC protocol; even with the highest care in chosing an antibody, it 

might turn out that the antiserum recognises an as yet unknown protein. The potential cross

reactivity of the anti-estrogen receptor a (#AS409) antiserum with the beta type receptor 

protein has to be tested before we evaluate our double-label ICC results, as positivity would 

confirm the findings gained with the combined ICC and ISH methods <Publ. XTV>.

3.4 AFFERENTS TO CHEMICALLY IDENTIFIED, KNOWN ESTROGEN- 

SENSITIVE SYSTEMS

3.4.1 Adrenergic innervation of ОТ-Ш neurons in the PVN

The paraventricular nucleus integrates neuroendocrine and autonomic mechanisms. It 

consists of at least eight subnuclei (Swanson & Sawchenko, 1980); the local neurons are 

classified as large, medium or small according to their size (Kiss et al., 1991). Oxytocin 

neurons belong to the large or medium category and occupy the magnocellular, and also the 

parvocellular subnuclei. The afferent and efferent connections and consequently the function 

of oxytocin neurons vary with their different morphology and intranuclear location. Brainstem 

adrenergic innervation of PVN neurons targets primarily the parvocellular subnuclei (Liposits, 

1993), but some axon terminals also project to the posterior magnocellular division (Hornby & 

Piekut, 1987).
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Fig. 12. Adrenergic innervation of paraventricular oxytocin (ОТ) -immunoreactive (IR) neurons, (a) Phenyl- 

ethanolamine-N-methyltransferase (PNMT) - IR fibres are distributed mainly in the dorsal (DP) and medial 

(MP) parvocellular subnuclei of the PVN, but scattered axons are also present in the posterior magnocellular 

(PM) subdivision, (b) PNMT-IR boutons (arrowheads) are in juxtaposition to ОТ-IR neurons (arrows) in the DP 

subdivision, as shown in a semithin section, (c) At the EM level, the abutting axon terminal (PNMT - labelled 

with silver grains) is often proved not to form synapse on the ОТ-IR (the characteristic large secretory granules 

exhibit increased electron density because of the deposited diaminobenzidine) neuron. In this case a neural 

process (arrow) separates the immuno-labelled structures and the synapse (arrowheads) actually is formed on the 

neighbouring parvocellular neuron, (d) A PNMT-IR axon terminal forms an asymmetric synapse on the ОТ 

dendrite. Silver grains in the PNMT-IR axon are deposited near to the synaptic specialization (arrowheads).
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In agreement with the latter studies we found that oxytocin neurons in the dorsal 

parvocellular and the posterior magnocellular division are innervated by adrenergic fibres 

(Fig.l2ab). In addition, we confirmed this light microscopic finding at EM level; we revealed 

the presence of synaptic relationships by demonstrating axo-dendritic synapse formation 

between the labelled profiles (Fig.l2d). We also found that ОТ neurons in the dorsal 

parvocellular division express ERß mRNA <Publ. IX>; this group of neurons has been shown 

to project to the spinal cord (Swanson & Sawchenko, 1980).

In conclusion, our results indicate that adrenaline containing fibres arising from the Cl- 

C2 catecholaminergic cell group innervate a particular subset of ОТ neurons in the PVN; these 

neurons express mRNA for ERß and project to the brainstem and spinal cord.

3.4.4 Adrenergic innervation of SOM-IR neurons in the PvN

Hypophysiotrophic GHRH neurons are located in the ARC nucleus and in the 

perifornical region of the MBH; this was revealed in our earlier study by isolating the latter cell 

group from the median eminence <Publ. I>. Shirasu et al1990 revealed that 20-30% of the 

GHRH neurons in the arcuate nucleus and some in the perifornical region accumulate the 

radiolabelled estradiol.

Hypophyseotrophic somatostatin neurons are concentrated in the rostál periventricular 

nucleus of the hypothalamus (Alpert et al, 1976), this area also contains a high density of ER- 

IR cell nuclei <Publ. II, VII>. In contrast to the VMN where approximately half of the SS 

neurons express ER (Herbison, 1994b), SS neurons in the PvN do not contain ER (Herbison & 

Theodosis, 1993). As the adrenergic system carries partially the viscero-sensory information 

from the brain stem to the ARC and PvN, the potential innervating role of adrenergic fibres 

was investigated in regard to the SS and GHRH neurons. We demonstrated that adrenergic 

fibres reach both the excitatory (Liposits et al., 1989) and inhibitory <Publ. III> components 

of the somatotrophic axis. These morphological findings support the view that the central 

adrenergic system might influence the production and secretion of growth hormone by forming 

direct monosynaptic connection with both GHRH and somatostatin synthesising neurons.

3.4.5 TRH - dopamine interaction in the ARC

In episodes of stimulated prolactin secretion, a transient blockade of the inhibitory 

tuberoinfundibular dopaminergic (TIDA) neuronal system potentiates thCaction of the putative
$

V
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prolactin-releasing factor, thyrotropin-releasing hormone (TRH), upon lactotrophs. To 

partially elucidate the central mechanisms underlying the reciprocal regulation of dopamine and 

TRH secretion into the portal blood, we investigated the possibility of an intrahypothalamic 

communication between the neurosecretory TRH and the ТША neuronal systems of the rat.

The light microscopic examination of double-immunostained sections revealed axo- 

somatic and axo-dendritic contacts between TRH-immunoreactive (Ш) fibres and tyrosine 

hydroxylase (TH)-IR, dopaminergic neurons in the arcuate nucleus of both the male and the 

female rat. By means of preembedding dual-label immuno-electron microscopy, we identified 

synapses of TRH-containing axons established with TH-Ш neurons. Furthermore, by 

combining the immunocytochemical localization of TH and simultaneous in situ hybridization 

(ISH) detection of TRH receptor mRNA, we demonstrated the co-expression of TRH receptor 

in a population of ТША neurons. <Publ. XD>

Our data indicate an intrahypothalamic link between TRH-possessing fibres and the 

ТША system and contribute to the understanding of the complex central mechanisms which 

regulate PRL secretion via the hypophyseotrophic dopamine-and TRH-secreting neuronal 

pathways.

3.5 AFFERENTS TO CHEMICALLY UNIDENTIFIED ER-UR NEURONS

The medial preoptic area is involved in the regulation of a variety of autonomic, 

behavioural, and neuroendocrine functions. In corcondance with previous studies, we found 

estrogen receptor immunoreactive neurons in the subnuclei of the medial preoptic area i.e. the 

anteroventral periventricular (AvPO), periventricular preoptic nucleus and medial preoptic 

nucleus. (Fig. 6a.) <Publ. П, TV>. The function of estrogen sensitive neurons clustered in the 

different subdivisions of the MPO may be differentially modulated by changes in levels of 

circulating estrogens. Conversely, expression of estrogen receptors by otherwise separate 

populations of neurons in the medial preoptic area may serve to co-ordinate the activity of 

these estrogen-sensitive neurons.

Each compartment of the MPO receives a unique complement of inputs and may, 

therefore respond differently to specific modalities. To reveal the chemical nature of the 

neurotransmitters or neuropeptides used by the afferent fibre system of the estrogen receptor 

containing neurons, double labelling immunocytochemistry was undertaken and the stained 

sections were investigated at both light and electron microscopic levels <PubI. VI, VH, УШ, 

ХШ>
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(using y-amino butyric acide (GABA) as 

transmitter) and estrogen receptor (ER) - immunoreactive (IR) neurons in the medial preoptic area (MPO). (a) 

The ER-IR neurons are embedded in a rich network of GAD-IR fibres, (b) Often multiple contacts (arrowheads) 

exist between the immuno-labelled structures, as shown on a semithin section, (cd) In the electron microscope 

many of these juxtapositions were found to be synaptic contacts. The typical symmetrical type of synapses 

(thought to transmit inhibitory signal) is formed in both cases on the soma of an ER-IR neuron.

Fig. 13. Connection of glutamic acide decarboxylase (GAD)
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In agreement with previous mapping studies (Simerly & Swanson, 1986) we found 

subnuclei of the medial preoptic area to be innervated differentially by various transmitter and 

peptide containing fibre systems. The periventricular and medial preoptic nuclei received the 

most abundant innervation from GABA (Fig.13), ACTH, NPY <Publ. VII> and SP <Publ. 

ХШ> immunoreactive axon terminals. The rich galanin innervation of the medial preoptic area 

became apparent after estradiol treatment (Fig.9b). Ascending adrenergic fibres from the brain 

stem were distributed primarily to the periventricular preoptic nucleus <Publ. УП>, whereas 

serotoninergic afferents were largely localised to the lateral part of the medial preoptic nucleus 

<Publ. VII>.

GABAergic synapses represent about half of the total synapses in the hypothalamus 

(Decavel & van den Pol, 1990). Indeed, we found the estrogen receptor immunoreactive 

neurons embedded within a extremely rich network of GAD-IR axonterminals in the MPO 

(Fig. 13a). On semithin sections the GAD-IR axon varicosities were often in apposition to ER- 

Ш. neurons (Fig. 13b); when observed at the EM level some of these juxtapositions were 

found to form symmetrical synaptic connections (Fig. 13cd). The evidence for direct 

innervation of ER-containing cells by GABAergic terminals and for the coexistance of GAD 

with ER in some MPO perikarya (Fig. lOab) indicates that GABA belongs to both afferent 

and efferent limbs of the estrogen-responsive systems in this region of the female rat brain.

GAD-immunoreactive terminals often contained dense core vesicles (Fig. 13d), it is 

thought that these particular vesicles are transport/storage sites for many of the neuropeptides 

to and in the synaptic terminals (Chan-Palay & Palay, 1977). It is also established that 

neuropeptides may coexist with one another as well as with classical neurotransmitters such as 

GABA (Lundberg & Hokfelt, 1983). One candidate peptide for the coexistence with GABA is 

substance P (SP); we have shown SP-IR axon terminals forming symmetric synapses with ER- 

IR neurons in the MPO <Publ. ХШ>, suggesting an inhibitory function for these terminals. In 

contrast, substance P itself is regarded to be an excitatory neuropeptide, released from 

synapses which are asymmetrical in type. We also found asymmetrical synapses in the same 

study <Publ. ХШ>.

Another example of coexistence is neuropeptide Y with PNMT in cells of the Cl and 

C2 regions of the brainstem (Everitt et al., 1984). Interestingly the density of PNMT-IR fibres 

is lower compared with NPY-IR processes in association with ER-synthesizing cells in the 

MPO <Publ. УП>. The abundant quantity of NPY-IR fibres in the MPO suggests that a 

significant proportion of these axons may derive from the arcuate nucleus, the second major 

source of NPY in the brain (Bai et al., 1985). We observed NPY-IR axon terminals in
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synaptic connection with ER-containing neurons in the MPO; the axo-somatic and axo

dendritic synaptic junctions belonged to the symmetrical category <Publ.VII> Given that the 

bimodal effects of NPY on LH release is estrogen-dependent, it may be significant that we 

have found direct interactions between NPY- and ER-IR neuronal structures in the MPO in 

addition to the previously reported NPY-IR (Liposits et ah, 1987a; Tsuruo et ah, 1990) inputs 

to the GnRH neurons. Taken together, our results indicate that the activity of preoptic 

estrogen-receptive

neurotransmitters/neuropeptides via nuclear receptors and synaptic contacts. Interaction of the 

estrogen-activated and the neuropeptide- or neurotransmitter-activated signalling pathways is 

the issue of many recent studies; will now be discussed.

may be influnced by both estrogen andneurons
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CHAPTER 4: GENERAL DISCUSSION
4.1 MULTIMODAL ACTION OF ESTROGENS

Using specific antiserum against estrogen receptor alpha and riboprobes for estrogen 

receptor beta mRNA we identified estrogen-target neurons in different nuclei of the forebrain. 

The expression of either estrogen receptor type in a cell suggests that endogenous or 

exogenous ligands of these receptors can activate genomic pathways. Altered transcription rate 

of genes encoding certain neuropeptides has been described before. One good example is that, 

in the anterior pituitary, galanin mRNA is increased up to 4000-fold and galanin-like 

immunoreactivity is increased up to 50-fold in response to estrogen treatment in 

ovariectomised female rats (Kaplan et al., 1988). In the preoptic-hypothalamic region, galanin 

gene expression is induced in both the GnRH and GHRH neurons at puberty, in parallel with 

the rising level of estrogens (Rossmanith et al., 1994; Delemarre-van de Waal et al., 1994). In 

the preoptic region approximately 15% of the galanin neurons have been shown to coexpress 

estrogen receptors (Bloch et al., 1992), while in the arcuate nucleus the coexistence is 

approximately 50% (Horvath et al., 1995) - our results also confirmed the presence of 

estrogen receptor alpha in the galaninergic neurons of MPO and bed nucleus of the stria 

terminális (Fig. 9). The rat galanin gene has been shown to bear 3 half-palindromic estrogen 

response element (ERE) sites (Zhang & Vrontakis, 1997) whether these sites are responsible 

for ER dependent activation of the galanin gene on their own or in combination with other 

trans-acting entities is currently unknown.

More than 80 % of the GnRH neurons contain galanin in adult female rat (Coen et al., 

1990; Merchenthaler et al., 1990) and expression of both peptides appears to be regulated by 

estrogens (Gore & Roberts, 1997; Sagrillo et al., 1996; Finn et al., 1996) in the absence of 

detectable estrogen receptors in GnRH neurons of mature nervous tissue (Shivers et al., 1983; 

Herbison & Theodosis, 1992). However in immortalized GnRH neurons (GT1-7 cells), Shen 

et al. (1998) demonstrated the existence of functional estrogen receptors by using an ERE- 

driven reporter gene construct; furthermore they revealed estrogen receptor-mediated 

estrogenic control of galanin gene expression in this cell line. Kepa et al. (1994) also used 

GT1-7 hypothalamic neuronal cells and demonstrated that estrogen negatively regulates 

rGnRH promoter activity in a ligand and receptor dependent fashion. These studies suggest 

that techniques including ours - previously employed to identify ER in GnRH neurons in 

preoptic sections may have been insufficiently sensitive. Reverse transcription PCR might
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provide enough sensitivity to detect the few transcripts for ER alpha that might be present in 

LHRH neurons in situ.

Oxytocin mRNA levels change throughout the estrous cycle (Van Toi et al., 1988) and 

estrogen has been shown to influence ОТ mRNA expression in ovariectomized rats (Chung et 

al., 1991). The possibility of a direct effect of the estrogen receptor on transcription is 

indicated by the presence of three partial estrogen-response elements upstream of the oxytocin 

transcription start site (Mohr et al., 1988). However, attempts to demonstrate a substantial 

number of magnocellular neurons expressing estrogen receptor alpha failed in the rat (Liposits, 

1993; Herbison, 1994a). The mechanism underlying estrogen effects on ОТ mRNA levels 

were unclear until the recent cloning of the beta type estrogen receptor (Kuiper et al., 1996). 

We have now shown that a large percentage of ОТ neurons in the PVN and SON expresses 

the novel estrogen receptor; this was later confirmed by (Laflamme et al., 1998). The 

functional significance of having the beta form instead of the alpha to mediate the estrogen 

action on the ОТ neurons is not yet established.

There is accumulating evidence to suggest that estrogen might promote gene 

transcription by signalling through pathways other than those traditionally associated with 

estrogen-induced gene transcription. Expression of the neurotensin/neuromedin (NT/N) gene 

in the preoptic area neurons is dramatically enhanced by estrogen in vivo (Alexander et al., 

1989) and (Axelson et al., 1992) inferred that approximately a quarter of NT cells are 

immunoreactive for the alpha estrogen receptor. In contrast to the estrogen receptor-mediated 

regulation of galanin- and oxytocin gene transcription, the neurotensin gene expression seems 

to be activated without the involvement of classical estrogen receptors, as its promoter lacks 

palindromic estrogen response elements (Watters & Dorsa, 1998). Instead the neurotensin 

gene contains cAMP response element-binding protein (CREB) recognition sites, and other 

potentially important transcription factor binding sites such as those for AP-1 complexes and 

glucocorticoid receptors (Kislauskis et al., 1988). (Watters & Dorsa, 1998) revealed, that the 

NT/N gene is activated via a cAMP/protein kinase А-dependent signalling pathway, as 

estrogen increases the cAMP level and the phosphorylation of the cAMP response element

binding protein in a time frame that precedes induction of NT gene transcription. The classical 

estrogen receptor mediated pathway may target the transcription of other intracellular peptides 

or proteins in the neurotensin-containing cells, as demonstrated for the progesterone receptor 

by the same group. Future studies may reveal other genes which are activated by estrogen 

through intracellular signalling pathway other than the classical steroid-receptor mediated 

enhancement or inhibiton.
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Besides the neuropeptide synthesising cells of the hypothalamus, estrogen receptors 

were localized in neurons that produce either excitatory or inhibitory amino acids (Thind & 

Goldsmith, 1997; Flügge et al, 1986) (Fig. 10) and/or gaseous transmitters (Okamura et al., 

1994). Recent studies have demonstrated that nitric oxide (NO) plays a critical role in the 

control of reproductive functions (Bonavera et al, 1993; Moretto et al., 1993). Estrogens in 

the medial preoptic area and ventromedial nucleus appear to stimulate the NO synthesis by 

activating neuronal NADPH-diaphorase (NADPH-d), which is NO synthase (NOS)(Hope et 

More than 80 % of NADPH-d neurons contained estrogen receptor 

immunoreactivity (Okamura et al., 1994), a phenomenon which is apparent in the female brain. 

Neither NADPH-diaphorase neurons nor neurons containing NOS-IR or mRNA have been 

shown in the MPOA of male rat (Bredt & Snyder, 1992; Vincent & Kimura, 1992). It is 

possible that this sexually dimorphic distribution of estrogen sensitive NADPH-d neurons in 

the MPO contributes to the sex difference in the mechanism of action of estrogen.

In contrast to the stimulatory effect of estrogen on the NO synthase activity, several 

studies now indicate that GAD enzyme activity in the preoptic area is unaffected by estrogen 

(Wallis & Luttge, 1980; Munaro et al., 1986). It has been also shown, that neither estrogen 

treatment (Wilson et al., 1990) nor ovariectomy (Herbison et al., 1992) alters the GAD67 

mRNA expression within the preoptic area. If GAD is not the prime target for estrogen to 

influence GABA release in the preoptic area, the estrogen dependence of GABA transporter 

mechanisms, another principal determinant of extracellular GABA concentrations, must be 

considered. Interestingly, the estrogen caused an approximate 25% increase in GABA 

transporter-1 mRNA expression within the MPN and AvPN and a similar increase in 

radiolabelled GABA uptake within the MPO (Herbison, 1997). Given the estrogen influence on 

GABA secretion and the presence of estrogen receptors in a subset of GAD immunoreactive 

neurons, the challenge for the future is to establish the intracellular mechanisms mediating the 

stimulatory effect of estrogen on this main inhibitory transmitter system.

Estrogen has the ability to influence transmitter and peptide receptor mRNA 

expression, as shown for GABAa receptor (Herbison & Fenelon, 1995)and for a)B 

adrenoceptors (Karkanias et al., 1996) in the MPN or for oxytocin receptors in the VMN 

(Quinones-Jenab et al., 1997). 

transmitter/peptide receptors available for ligand binding. Hence the membrane excitability of 

the estrogen sensitive neurons can be altered via a genomic route; this mechanism is distinct 

from the direct effect of the estrogens on membrane receptors and/or ion channels.

Conversely, neurotransmitter release can regulate the concentration of intracellular 

estrogen receptors. A variety of experiments have demonstrated that the catecholamines

al., 1991).

Estrogens can therefore influence the number of
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regulate the concentration of cytosol estrogen and progestin receptors in the rat hypothalamus 

and preoptic area (Blaustein et ah, 1986; Blaustein & Turcotte, 1987). We have shown that 

estrogen-receptive neurons in the medial preoptic area, paraventricular and arcuate nuclei are 

innervated by afferents immunoreactive for several transmitters and peptides. Whether these 

peptide and transmitter molecules are candidates to alter the synthesis and/or activation of 

estrogen receptors in the target neurons needs further investigation.

4.2 TEMPOROSPATIAL RESOLUTION

In the experiments giving the basis for this thesis, the medial preoptic area, arcuate, 

paraventricular and supraoptic nuclei of the hypothalamus have been investigated from a

These regions of the forebrain are thought to be the main 

regulatory centers of reproductive processes and related behaviours, as the neural components 

of these regions are under the influence of a changing estrogen signal. By identification of 

some components of estrogen sensitive neuronal circuits, our results supplement the huge 

amount of data gained in the field of reproductive biology during the past 40 years. However, 

much work remains to be done; we still do not know which cell population triggers the 

episodic and the surge release of LHRH, which ultimately determines many other hormonal 

and behavioural changes related to reproduction. The cyclicity observed in the hormonal and 

behavioural changes may help us to get nearer to the answer, hence we now know and can 

elucidate further the starting points of many events in the central regulatory processes. By 

using ICC and ISH methods we can detect the immediate early gene transcripts or products 

(Hoffman et ah, 1993), and even earlier, the expression of heteronuclear mRNA in the 

activated cells (Petersen et ah, 1995). Multiple unit activity can be recorded from the medial 

basal hypothalamus, which has been shown to reflect the pulsatile activity of LHRH neurons 

(OByrne & Knobil, 1993). Intracellular electrophysiology offers the possibility of recording 

rapid membrane effects of estrogen, which may be related to the feedback action of this steroid 

on a certain cell type (Kelly et ah, 1984). Dye-labelling and subsequent immunocytochemistry 

would enable us to identify the transmitter and/or peptide content of the recorded neurons. A 

task of future studies will therefore be to combine and apply the above techniques in an effort 

to further our understanding of the temporospatial activation of different parts of the 

regulatory circuits controlling reproduction.

histological point of view.
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SUMMARY

Finally I would like to summarise our results in the light of the applied techniques:

By using immunocytochemistry we demonstrated the distribution of estrogen receptor 

alpha-containing neurons in different regions of the rat forebrain. Silver-gold 

intensification of the reaction product enabled us to detect weakly labelled cells; 

furthermore it was possible to establish the subcellular distribution of the receptor as 

the metallic particles were highly electron dense at the ultrastructural level.

We investigated the changes of ER-alpha immunoreactivity throughout the estrous 

cycle and in gonadectomized animals before and after estradiol-treatment.

The transmitter/peptide content of estrogen target neurons was revealed using double

label ICC (in the case of ER-a) or combination of ICC and ISH techniques (for ER-ß). 

We demonstrated the presence of ER-a in GAD- and GAL-IR neurons of the MPO. 

These neurons may mediate the estrogen signal to hypophyseotrophic systems (Fig. 

15abd). This theory was postulated, because no or only a small percentage of GnRH, 

PIF, PRF, SS and GHRH neurons express ER-a.

Estrogen may affect the magnocellular system directly, as we co-localised ОТ and VP 

neurons with mRNA for estrogen receptor ß in the PVN and SON (Fig. 15c)

We have shown that ascending, adrenergic fibres innervate ОТ neurons in the PVN 

(Fig. 15c) and also SS neurons in the PvN (Fig. 15d). A synaptic relationship was 

demonstrated at EM level.

We also revealed an intrahypothalamic link between TRH-possessing fibers and the 

ТША system. This may contribute to the understanding of the complex mechanisms 

which regulate PRL secretion via the hypophysiotrophic dopamine- and TRH secreting 

neuronal pathways.

The medial preoptic area plays a crucial role in the central regulation of reproductive 

We demonstrated that its neurons are targets of circulating estrogens by 

expressing receptors for this ligand, and that they receive afferents from neurons 

immunoreactive for GAD or for different neuropeptides, such as NPY, galanin, SP, 

which have previously been shown to have a profound effect on GnRH secretion and 

reproductive behaviour. They are also innervated by brainstem adrenergic and 

serotoninergic fibres (cover page).

1.

2.

3.

4.

5.

6.

7.

8.

events.



45

GAL
GAD (GABA)

GAL/ GAD (GABA)/

Fig. 14. Illustrated summary of results achieved with double label immunocytochemistry and combined immuno- 

and in situ hybridization techniques. The revealed synaptic connections and co-expression of 

neuropeptides/transmitters with estrogen receptor a and/or ß are drawn in red. abed neural networks of 

hypophysiotrophic systems of the hypothalamus
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