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Abstract

Abstract
The neuropeptides galanin and neuropeptide Y (NPY) play an important role in the re-
production of rodents, e.g. by modulating the release of gonadal hormones, the nutritio-
nal status by effects on feeding behavior and also by infl uencing mating behavior. There 
are age- and gender- differences in galanin- and NPY like immunoreactivities (LIs) in 
brain areas important for higher functions, including the hippocampal formation (HiFo) 
and cortex, effects that are related to the concentrations of 17β-estradiol. 
Neuropeptides in general are currently not considered critical in normal intergrative 
neuronal functions but are rather thought to act as slow modulators during periods of 
stress or injury. In the present thesis we attempted to investigate, if the normal cyclical 
changes in the female sex-hormone 17β-estradiol can affect neurotransmission in brain 
areas important for memory, cognition and mood. We studied not only ”long term” 
(days and weeks) - but also ”short-term” (one hour) - effects on galanin and NPY con-
centration in 17β-estradiol-primed ovariectomized rats and mice.
Radioimmunoassay (RIA) of galanin-like immunoractivity (LI) in extracts of brain tis-
sues  from ”long-term” 17β-estradiol-treated ovx rats showed that its effects on galanin 
is dependent on both dose and on duration. Galanin- and NPY-LI in brain tissues of 
young ovx rats and mice increased in response to 17β-estradiol treatment  in the HiFo, 
frontal cortex and striatum already within an hour. This effect was not blocked by Tam-
oxifen®. Species differences were observed with regard to galanin, possibly due to tis-
sue and species differences in the distribution of estrogen receptors. The mechanism(s) 
underlying the 17β-estradiol effects on galanin levels in the HiFo may be decreased 
release of galanin to the extracellular fl uid since galanin-LI decreased in microdialysis 
samples two hours after a single injection of 17β-estradiol. 
In the HiFo and caudate nucleus of mice, we found an increase in NPYtranscript after 
two hours by means of in-situ hybridization, perhaps a compensatory up-regulation of 
NPY mRNA after increased 17β-estradiol- induced release in these areas. Taken to-
gether with no effects of Tamoxifen® on the levels on galanin in the HiFo of rats, the 
short duration, and the fact that the density of classical estrogen receptors (ERs) seems 
to be limited in the striatum, we suggest that these effects are mediated through a mem-
brane-related mechanism, perhaps not involving the classical ER route.
With an antiserum raised against the C-terminal end of the fi rst 16 aminoacids of ga-
lanin - the sequence important for binding of galanin(1-29) to its receptor - we found 
evidence for a novel compound which appears to be a homologue to galanin. Chroma-
tographical analysis revealed that it was not galanin(1-29) or the galanin related peptide 
GALP, but was with immunohistochemistry localised in the galanin systems in the brain 
and was further infl uenced by 17β-estradiol in the HiFo and frontal cortex in a similar 
manner  as galanin(1-29). 
Tissue concentrations of galanin, a putative galanin homologue and NPY can be altered 
within one hour by 17β-estradiol treatment i.a. in the HiFo. These ”short-term” effects 
are most likely to be due to effects on estrogen-primed peptide release which might 
infl uence mechanisms important for memory, cognition and mood.



6



List of papers

7

List of the papers 
1. Hilke, S. Theodorsson, A. Fetissov, S. Åman, K. Holm, L. Hökfelt, T. Theo-

dorsson, E. Estrogen induces a rapid increase in galanin levels in female rat 
hippocampal formation - possibly a nongenomic⁄indirect effect. European 
Journal of Neuroscience 2005;21:2089-2099

2. Hilke, S. Theodorsson, A. Rugarn, O. Hökfelt, T. Theodorsson, E. Galanin in 
the hippocampal formation of female rats – effects of 17β-estradiol. Neu-
ropeptides 2005;39:253-257.

3. Hilke, S. Åman, K. Hökfelt, T. Theodorsson, E. Rapid versus prolonged 
treatment with 17β-estradiol induces different effects on galanin and neu-
ropetide Y concentrations in the brain of ovariectomized mice. Submitted 
for publication.

4. Hilke, S. Hökfelt, T. Theodorsson, E. A short estrogen-responsive N-termi-
nal galanin homologue found in rat brain and gut with antiserum raised 
against rat galanin(1-16). Neurochemistry Research, In Press.

Related papers

Kokaia, M. Holmberg, K. Nanobashvili, A. Xu, Z-Q D. Kokaia, Z. Lendahl, U. 
Hilke, S. Theodorsson, E. Kahl, U. Bartfai, T. Lindvall, O. Hökfelt, T. Suppres-
sed kindling epileptogenesis in mice with ectopic overexpression of galanin. 
Proceedings of the National Academy of Science 2001;98:14006-14011.

Holmberg, K. Kuteeva, E. Brumovsky, P. Kahl, U. Karlström, H. Lucas, GA. 
Rodriguez, J. Westerblad, H. Hilke, S. Theodorsson, E. Berge, OG. Lendahl , 
U. Bartfai, T. Hökfelt, T. Generation and phenotypic characterization of a 
galanin overexpressing mouse. Neuroscience. 2005;133:59-77.

The published papers are reprinted with the permission of the publishers Blackwell 
Science (Paper I) and Elsevier (Paper II)

 



8



Contents

9

Contents
Abstract 5

List of the papers  7

Abbreviations 11

Introduction 13
Galanin  16
Neuropeptide Y  19
Co-existence and co-release of neurotransmitters in the brain 21
Estrogens  23
Functional aspects of hippocampal galanin, NPY and estrogens 27

Hypothesis 29

Aims  30

Material and methods 31
Animals and surgery 31
Antisera against galanin(1-16) 34
Labelling of galanin(1-16), (1-29) and NPY(1-36) with 125I 34
Extraction of tissue and plasma samples 35
Radioimmunoassay 35
Chromatography 36
Histochemistry 36

Results and Discussion 39
Long term effects of 17β-estradiol 40
Short-term effects of 17β-estradiol 40
Species differences 41
Effects of 17β-estradiol on neuropeptide release 42
Conclusions 46
Perspectives 47

Acknowledgements 53

References 57

Paper I 77
Estrogen induces a rapid increase in galanin levels in female rat hippocampal 
formation - possibly a nongenomic⁄indirect effect  

Paper II 89
Galanin in the hippocampal formation of female rats – effects of 17β-estradiol  

Paper III 95
Short- vs long-term treatment by 17β-estradiol induces different effects on 
neuropeptide Y and galanin concentrations in the brain of ovariectomized mice  



Contents

10

Paper IV 121
A short estrogen-responsive N-terminal galanin homologue found in rat brain and 
gut with antiserum raised against rat galanin(1-16) 121



11

Abbreviations

Abbreviations
5HT 5-Hydroxytryptamine = serotonin
ACh Acetylcholine
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Introduction

Introduction

Steroid hormones in general and sexual hormones in particular play a role in a 
large number of crucial bodily functions utilizing a multitude of sophisticated 
signalling systems (see Knobil et al., 1994). The internal sexual hormone en-

vironment in females changes both during the entire life cycle (menarche, fertile age 
and menopause) and monthly during the estrous cycle of fertile age. The variation is 
particularly evident in the concentrations of 17β-estradiol (see de Vries 2004). Thus, in 
contrast to fertile males, the females ‘normal basal conditions’ mean continuously, over 
decades, fl uctuating concentrations of sex hormones. Such fl uctuations of 17β-estradiol 
are known to induce biological effects in the brain, in addition to their direct effects on 
the reproductive organs. The main purpose of the present thesis was to investigate the 
possible role played by the neuropeptides galanin and neuropeptide Y (NPY) for the 
biological effects of rapidly changing 17β-estradiol concentrations on the brain.

The most obvious role for estrogens in mammals is its negative and positive feedback 
action on the hypothalamic-pituitary axis to regulate the reproductive cycle (Knobil et 
al., 1994). The physiological meaning of the fl uctuations in the plasma levels of estro-
gen is to create optimal conditions for reproduction, that is to induce ovulation and to 
prepare the uterus for implantation and growth of the fertilised egg, to control develop-
ment and maintainance of the genitalia, as well as body habitus and the characteristics 
of sexual behaviour. Fertilization accomplishes the combination of the genes derived 
from the two parents and the creation of new organism(s). However, organisms will 
only reproduce, if they have some urge (conscious or unconscious) to do so. Therefore, 
apart from these processes, the variation of hormone concentrations is important for 
the mental status and behaviour of the individual. In fact, it is now well established that 
sex-steroids, including 17β-estradiol and its receptors, are present in brain areas bey-
ond the hypothalamus (and the pituitary), not directly involved in reproduction, since 
many higher processes are required for this overall aim (see McEwen, 2002 a). Indeed, 
it is not diffi cult to imagine the importance of e.g. an intact memory, or increase in at-
tention, when it comes to taking care of, and defending the offspring, which involves 
brain structures such as e.g. the hippocampal formation (HiFo) and the cerebral cortex. 
Since steroid hormones – including 17β-estradiol – exert powerful effects on manifold 
biological processes including chemical neurotransmission, there is a comprehensive 
interplay of all involved neurotransmitters and neuromodulators, which is intricate and 
may differ between females and males. However, the intricate effects of sex hormones 
on the brain milieu internal is far from completely understood.

Role of neuropeptides 
Neuropeptides are amongst the phylogenetically oldest messengers known (see Johnsen 
1998; Larhammar & Salaneck, 2004). The concept that neuropeptides produced in the 
brain and gut have direct effects on neurons was initially formulated by de Wied, Kastin 
and coworkers (see Kastin et al., 1983; de Wied 1984). 

Neuropeptides affect both non-neural tissues and neurons, and they may be particularly 
important for integrative processes in cells and organs (see Strand, 1999). They are 
known to co-exist with, and modulate the effects of, classical neurotransmitters, inclu-
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ding monoamines and amino acids (see Hökfelt et al., 1980; see Merighi 2002). Several 
neuropeptides including galanin are also involved in the growth and maintenance of the 
nervous system. It is also established that steroids modulate neuropeptide production 
and release (see Merchenthaler et al., 1998; Moenter et al., 2003). Steroids are therefore 
likely modulators of neuronal functions in general and of neurotransmission in particu-
lar.

The three decade-long surge of discoveries of new mammalian neuropeptides starting in 
the late ninteen sixtees (see e.g. Schally 1970; Mutt 1976, 1978, 1980; Gullemin 1978; 
Leeman 1980) was followed by ongoing detailed studies of their complex biological 
roles in central/peripheral systems, including higher brain functions, homeostasis and in 
pathophysiological processes.

The basic hypothesis directing the present work has been that neuropeptides in the brain 
can be infl uenced by sex steroids, in fact even by the distinct changes in their concen-
trations during the ovarian cycle in the brain areas beyond those related to reproduction. 
This concept received support from work in our laboratory showing effects of gender 
and age and of 17β-estradiol on concentrations of several neuropeptides in the HiFo 
of ovariectomized rats (Rugarn et al., 1999 a, b). Neuropeptides may then exert direct 
transmitter- like effects, infl uencing functions such as memory, cognition and mood. 

The hippocampal formation (HiFo)
Ever since the pioneering work of Brenda Milner and associates, the HiFo has been as-
cribed an important role in learning and memory (Scoville & Milner, 1957). However, 
the HiFo has also been referred to as a structure sensing changes in the body and con-
necting to the neuroendocrine system (see Lathe, 2001), that is being of importance, e.g. 
for emotion and stress (McEwen 2002 b). 

The HiFo is a bilaminar grey-matter structure that in humans forms the fl oor of the in-
ferior temporal horn of the lateral ventricle and extends from the anterior margin of the 
ventricular horn to the splenium of the corpus callosum (see Witter & Amaral, 2004). In 
the rat the HiFo is C-shaped with a septal and temporal pole and consists of the dentate 
gyrus (DG) and the hippocampus proper – Cornu Ammonis (CA). The latter is divided 
into the regions CA1 – CA3. The circuitry of the HiFo encompasses the following major 
pathways: 1) the perforant pathway – the main input – which mainly projects from the 
entorhinal cortex to the granule cells of the dentate gyrus; 2) the mossy fi ber pathway, 
which projects from granule cells to the pyramidal cells in CA3 region; and 3) the Schaf-
fer collateral pathway, which projects from CA3 pyramidal cells to pyramidal cells in 
the CA1 region. The CA1 pyramidal neurons in turn represent the output and project to 
the pyramidal neurons of subiculum, a relay which conveys information from the HiFo 
to the enthorinal cortex. In addition there are several populations of interneurons (see 
Freund & Buzaki, 1996). The main neuron populations in the HiFo are glutamatergic. 
The remaining 10% are primarily gamma-aminobutyric acid (GABA)-producing inter-
neurons. HiFo also receives input from subcortical structures such as: 1) cholinergic 
and GABAergic neurons in the medial septum and the diagonal band that ramify ex-
tensively throughout the HiFo to release acetylcholine (ACh) and GABA, respectively 
acting on a diverse range of muscarinic and nicotinic ACh and GABA receptors; 2) a 
noradrenergic pathway from the locus coeruleus (LC) acting at adrenoreceptors; 3) 
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serotonergic input from the dorsal and medial raphe exerting their infl uence via various 
types of of serotonin receptors.

Hippocampal functions are manifold and involve a wide variety of messenger molecu-
les and their receptors. From the view point of the present thesis the steroid receptors 
are particularly intriguing. Thus there is a high density of glucocorticoid receptors in the 
HiFo (McEwen et al., 1968). The glucocorticoids (cortisol in humans and corticosterone 
in rodents) are produced and secreted by the adrenal glands and play an important role 
in mobilizing the body for fi ght or fl ight responses. There is evidence that the HiFo 
plays a major role in regulating the secretion of glucocorticoids via negative feedback 
to the hypothalamus and the pituitary (Sapolsky et al., 1986). Damage to the HiFo can 
result in over-activation of the hypothalamic-pituitary-adrenal (HPA) axis, which, in 
turn, has been associated with cognitive impairments and hippocampal damage (McE-
wen, 2002 b ). Rapid, non-genomic effects by glucocorticoids have also shown to alter 
neuronal activity (see Joels et al., 1997). There is now evidence that receptors for sex 
steroids are present in the HiFo. Thus, both estrogen receptor α (ERα) (see Jensen et al., 
1996) and β (ERβ) (Kuiper et al., 1996; Mosselman et al., 1996) have been shown to be 
expressed in subpopulations of hippocampal neurons (as well as in neurons projecting 
to the HiFo) both in rodents and in humans (Shughrue et al., 1997 a, b; Wieland et al., 
1997; Österlund et al., 2001; Mitra et al., 2003; Merchenthaler et al. 2004). 



16

Introduction

Galanin 
Galanin was discovered by the late Victor Mutt, Kazuhiko Tatemoto and co-workers  
based on presence of cleavable COOH-amide – a characteristic feature of many cur-
rently known biologically active peptides (Tatemoto & Mutt, 1978, Tatemoto et al., 
1983). Rat and mouse galanin consists of the 29 amino acids Gly-Trp-Thr-Leu-Asn-Ser-
Ala-Gly-Tyr-Leu-Leu-Gly-Pro-His-Ala-Ile-Asp-Asn-His-Arg-Ser-Phe-His-Asp-Lys-
Tyr-Gly-Leu-Ala-NH2. Human galanin is not C-terminally amidated and includes the 
additional amino acid serine. Galanin is a peptide cleavage product of the preprogalanin 
produced from the preprogalanin gene (Vrontakis et al., 1987; Kaplan, et al., 1988). 
The promoter contains binding sequences for factors shown to be regulated by estrogen 
(Vrontakis et al., 1987).

Since its discovery, numerous investigations have shown tissue specifi c distribution of 
galanin in several neuronal systems in the brain, spinal cord, and in peripheral tissues 
of rats and mice (Rökaeus et al., 1984; Ch’ng et al., 1985; Melander et al., 1985, 1986 
a; Skofi tsch & Jacobowitz, 1985, 1986; Gundlach et al., 1990, 2001; Jacobowitz & 
Skofi tsch, 1991; Ryan & Gundlach, 1996; see Jacobowitz et al., 2004). Galanin was 
furthermore shown to co-exist with monoamines, amino acid transmitters and with oth-
er neuropeptides in the rat central nervous system (CNS) (Melander et al., 1986 b) and 
is thought to participate in a wide range of physiological functions, mainly as studied in 
rat. Galanin has been shown to co-exist with noradrenaline (NA) in the LC (Holets, et 
al., 1988), and the majority of the NA fi bers in the hippocampal formation contain gala-
nin (Melander et al., 1986 c; Xu et al., 1998). However, biochemical studies combined 
with neuronal lesions suggest presence also in other systems such as the cholinergic and 
serotonergic pathways (Gabriel et al., 1995). 

Galanin receptors
Molecular cloning studies have identifi ed three different G-protein-coupled galanin re-
ceptors (GalR) (Habert-Ortoli et al., 1994; Burgevin et al., 1995; see Jacoby et al., 1997; 
Branchek et al., 1998, 2000; Iismaa & Shine, 1999) activating several intracellular sig-
nalling cascades. GalR1 is linked to a Gi protein subtype, and activation of this receptor 
inhibits the forskolin-mediated cAMP production (Wang & Gustafsson, 1998). GalR2 
(Fathi et al., 1997) activation has been associated with elevation of inositol triphosphate 
(IP3) as well as a reduction of the forskolin-elevated cyclic adeno monophosphate (c 
AMP) concentrations (Kask et al., 1997; Wang & Gustafsson, 1998), suggesting that 
GalR2 activation in some cases can mimic GalR1-mediated effects. In situ hybridiza-
tion data indicate that GalR2 is the dominant galanin receptor present in the dorsal HiFo 
(O´Donnell et al. 1999; Burazin et al., 2000), although there are some studies reporting 
expression of GalR3 mRNA (Kolakowski et al 1998; Waters & Krause 2000). 

N-terminal galanin and the possible existence of other members of the a galanin family 
of neuropeptides
Initially, galanin(1-29) did not appear to share structural features with any other neuro-
peptide (Vrontakis et al., 1987), and was therefore assumed not to belong to any known 
peptide family. However, in 1999 the novel galanin-like, 60 amino acid long peptide 
GALP was cloned, and the amino acids in position 9-21 were shown to be identical with 
positions 1-13 in galanin(1-29) (Ohtaki et al., 1999). It has been suggested that other 
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members of the galanin family may exist. The four following observations are argu-
ments for such homologues: 1) Galanin-like immunoreactivity (galanin-LI) was early 
on shown to be quite heterogeneous in extracts of the rat gastrointestinal tract (Rökaeus 
et al., 1984; Norberg et al., 2004). Rökeus et al., showed that tissue-extracts cross-reac-
ted with antiserum raised against porcine galanin, also shown to be distinctly different 
from galanin(1-29) in chromatographic characterizations. This was also supported by 
using an antiserum raised against rat galanin (Theodorsson & Rugarn 2000); 2) the low 
affi nity in the binding of galanin(1-29) to human GalR3 suggests that there are other 
endogenous ligands, structurally related to galanin; 3) more than ten years ago Hedlund 
and colaborators (1992) demonstrated, in quantitative receptor autoradiographic stu-
dies, a widespread distribution of 125I-galanin(1-15) binding sites in the rat brain, e.g. 
in the dorsal HiFo; 4) the fact that three different galanin receptors have been cloned 
suggests that there could be a family of galanin-related homologues. 

In electrophysiological studies, Xu and co-workers (1999) have shown, in a subpopu-
lation of cells in the HiFo, a response selectively to galanin(1-15) but not to galanin(1-
16) or galanin(1-29). In contrast, neurons in the LC responded to galanin(1-29) and 
galanin(1-16) but not to galanin(1-15). Since areas like the dorsal HiFo had been shown 
to have only very few binding sites for the parent peptide galanin(1-29) (Melander et 
al., 1988), these studies together indicated presence of a new type of galanin receptor 
selective for N-terminal galanin fragments.

The N-terminal portion of galanin(1-29) is highly conserved up to position 14 in all 
species investigated (see Rökaeus et al., 1987), and binds preferentially to the receptor 
(Lagny-Pourmir et al., 1989). This is in contrast to most other neuropeptides that bind 
to their receptor with their C-terminal end. Substitution of the individual amino acids in 
the N-terminal part of galanin(1-29) with Alanine have shown that Trp2, Asn5 and Tyr9 
are important for receptor binding (Land, et al., 1991). Studies of galanin metabolism 
have shown that the C-terminus of galanin seems to protect the N-terminal portion from 
proteolytic attacks (Land et al., 1991; Bedecs et al., 1995). 

However, there is so far no evidence that biologically active partial sequences of galanin 
are generated in vivo from endogenous galanin(1-29), and no naturally occurring 
galanin-related peptides with similar structure as the N-terminal part of galanin have 
been found.

Examples of the biological roles of galanin in the rodent nervous systems
Galanin plays numerous roles in the brain and in the peripheral nervous system. For a 
recent overview of the galanin fi eld, see Hökfelt (2005). Although a prominent general 
function is inhibition of neuronal excitability, other effects have also been described, in 
turn modulated by the concentrations of other neurotransmitters in the environment, the 
receptor subtypes and transduction mechanisms. Below is a brief overview of its func-
tions related to the HiFo and of interest for the present thesis. 
Aqusition and retention
Galanin attenuates neuronal long term potentiation (LTP) (Sakurai et al., 1996; Mazarati 
et al., 2000; Coumis & Davies, 2002) and has been shown to impair spatial learning in 
the rat, an effect suggested to at least partly be due to reduction of ACh in the extracel-
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lular fl uid (ECF) (Fisone et al., 1987, Ögren et al., 1996). However, galanin infused into 
the medial septum increases hippocampal ACh in the ECF and improves spatial lear-
ning, suggesting that galanin in medial septum excites hippocampal cholinergic neurons 
(Elvander et al., 2004). Galanin and GalRs are overexpressed in brain areas associated 
with cognition in Alzheimer´s disease (AD), suggesting a role for the galanin system. 
However, the functional consequences of this overexpression are still being investigated 
(see Schött et al., 1998; Crawley, 1996; Counts et al., 2003; Mufson et al., 2005; Rustay 
et al., 2005). 
Mood and stress
Galanin has been ascribed roles in stress-related responses. The fi ring rate of noradren-
ergic neurons in the LC is attenuated by galanin, leading to subsequent hyperpolariza-
tion (Xu et al., 2005). This was also shown in 5-hydroxytryptamine (5HT) (serotonin) 
neurons in the dorsal raphe nucleus (DRN) (Xu et al., 1998). Furthermore, microdialysis 
studies of the ECF in the rat HiFo show that galanin causes a reduction of extracellular 
5HT when galanin is injected intraventricularly and into the DRN in both rats and mice 
(Kehr et al., 2001; 2002).

Galanin has also been implicated in epileptic disorders (see Mazarati, 2004), feeding 
behavior (see Leibowitz, 2005), injury and neuronal repair (see Holmes et al., 2005, 
Shen et al., 2005) and in pain (see Wiesenfeld-Hallin et al., 2005). However, this is far 
from a complete list of functions related to galanin. 
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Neuropeptide Y 
NPY, another neuropeptide discovered in the laboratory of Viktor Mutt, is a 36-amino 
acid peptide, initially isolated from tissue extracts of the porcine brain (Tatemoto 1982; 
Tatemoto et al., 1982). NPY is, together with peptide tyrosine, tyrosine (PYY) and pan-
creatic polypeptide, a member of the pancreatic polypeptide family, and one of the most 
conserved peptides amongst species (see Larhammar, 1996), and highly abundant in the 
brain (Allen et al., 1983; Chronwall et al., 1985; de Quidt & Emson 1986 a, b; Gehlert 
et al. 1987). NPY has been shown to co-exist with catecholamines in some cell groups in 
the rat CNS (Everitt et al., 1984). In the HiFo, NPY coexists with GABA in interneurons 
both in the ventral and dorsal parts (see Freund & Buzsaki, 1996).

Neuropeptide Y receptors
Five NPY receptors have until now been cloned, all members of the 7-transmembrane 
G-protein-coupled receptor family (see Larhammar & Salaneck, 2004). All NPY recep-
tors seem to couple in the same manner to G-proteins, primarily activating Gi which 
causes inhibition of adenylyl cyclase, but additional signal-transduction systems may 
be involved (see Gehlert 1998; Larhammar et al., 2001). The receptor Y1, Y2 and Y5, are 
mainly expressed in the CNS, while Y4 is expressed almost exclusively in the gastro-
intestinal tract in mammals (see Gehlert, 1998; Larhammar & Salaneck, 2004). 

NPY receptor 1 (Y1), fi rst cloned in rat by Eva et al., (1990), is to date the best charac-
terized receptor, exhibiting 93% homology with the human receptor (see Larhammar, 
1996). Y1 predominates in the cerebral cortex, thalamus and amygdala, although species 
differences were early on reported (Eva et al., 1990). Y1 requires the full molecule of 
NPY and PYY for its activation while having lower affi nity for C-terminal fragments 
such as NPY 3-36 and PYY 3-36 (Dumont et al., 1994). The NPY receptor Y2 (Y2), 
cloned by Rose et al., (1995) is distinguished from Y1 by its preference for C-terminal 
fragments of NPY, and binds PYY with similar affi nity (Fuhlendorff et al.,1990). Hu-
man and rat Y2 exhibit a high degree of homology (98%). In the brain, Y2 is found in 
the HiFo, substantia nigra, thalamus, hypothalamus and in the brain stem (Gehlert 1992; 
Dumont, 1994). The longer C-terminal sequences NPY 3-36 and PYY 3-36 were pro-
posed to be selective Y2 agonists, but they also have equal affi nity for Y5. The less stud-
ied Y3 receptor has high affi nity for NPY, but in contrast to Y2, lower affi nity for PYY 
(Glaum et al., 1997). The Y4 receptor was cloned by several groups (Bard et al., 1995; 
Gregor et al., 1996; Lundell et al., 1995) and exhibits only 75% homology compared to 
human (Lundell et al., 1996) and has a higher affi nity for PYY than for NPY (Eriksson 
et al., 1998; Berglund et al., 2001). The Y5  receptor was isolated from rat hypothalamus 
(Gerald et al., 1996; Hu et al., 1996) and is very conserved (88-90%) across mammal-
lian species. Additional subtypes of NPY receptor binding sites in the rat brain have 
recently been suggested by Dumont and co-workers (2005). 

Examples of the biological roles of NPY in the rodent nervous systems
NPY plays a role in numerous important physiological processes, both in the CNS and 
in the peripheral nervous system. 
Mood and stress
One of the fi rst reported CNS actions of NPY was a long lasting synchronization of the 
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EEG pattern (Fuxe et al., 1983) which mimics effects of established sedative/anxiolytic 
compounds such as bensodiazepines or barbiturates (Ehlers et al., 1997). It is now well 
established that centrally administered NPY induces potent anxiolytic effects in both 
rats (Kask et al., 2002; see Heilig, 2004) and mice (Karlsson et al., 2005). 

Electroconvulsive stimuli and administration of the clinically established stabilizer of 
affective functions lithium, induce up-regulation of hippocampal NPY levels (Stenfors 
et al. 1989) and synthesis (Husum et al., 2000). Evidence for an involvement of NPY 
in depression comes amongst others from the fi nding of differential NPY expression in 
genetic animal model of depression (Caberlotto & Hurd, 1999). The effects are brain 
region specifi c and the HiFo appears to be a candidate structure for a possible functional 
involvement in depression. 
Memory and cognition and other functions
In the HiFo, NPY is mainly localized to GABA interneurons (see Freund & Buzsaki, 
1996)), but is also present in cholinergic neurons (Milner et al., 1997). Septal choliner-
gic de-afferentation was shown to result in loss of a distinct subpopulation of hippocam-
pal NPY-containing neurons. Furthermore, studies have shown a signifi cant decrease of 
NPY-LI in cortical, amygdaloid and hippocampal areas in AD (Beal et al., 1986). Ho-
wever, the mechanisms underlying the decrease in NPY in cognitive disorders remain 
to be further established (see Heilig, 2004). 

The role of NPY in feeding behaviour (Kalra et al., 1988; see Hökfelt et al., 1999), neu-
roproliferation (Howell et al., 2005) and epilepsy (Baraban, 2004; Woldbye & Kokaia, 
2004) – to mention only a few – is well established. 
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Co-existence and co-release of neurotransmitters in the brain
The mechanisms of synthesis, storage, release, reuptake etc. of neuropeptides are mar-
kedly different from that of “classical” transmitters such as monoamines and amino-
acids (see Hökfelt et al. 1980; Zupanc 1996, Merighi et al., 2002). 
Neuropeptide synthesis 
Neuropeptides are synthesized on ribosomes in the nerve cell soma as large precursor 
molecules (prepro- and propeptides), cleaved into appropriate size and posttranslatio-
nally modifi ed by specifi c enzymes (see Strand, 1999). They are stored in large dense 
core vesicles (LDCVs) and centrifugally transported to the nerve terminals. In contrast 
classical transmitters can be synthesised both in the soma and within the nerve endings 
and are stored in small synaptic vesicles (SSV) and, at least in some cases, also in 
LDCVs. Some SSVs are located in close apposition to the active zone, whereas the 
LDCVs mainly are located at some distance from the active zone, and are mobilized and 
recruited for exocytosis tethered to cytosolic elements such as actin (see Shakiryanova 
et al., 2005). 
Neuropeptide release
The kinetics of the LDCVs appear to vary considerably depending on the cell type, 
release site and the messengers involved (Seward et al., 1995). In the peripheral ner-
vous system the release of neuropeptides has been found to be dependent on the stimu-
lus frequency (Lundberg 1981, 1996; Lundberg et al. 1982, 1983, 1986). Interestingly, 
whereas action potentials originating at the neuronal soma trigger neuropeptide release 
from terminals, Ca+2 released from intracellular stores can result in independent release 
from dendrites (Ludwig et al., 2002). Thus, the release from SSVs versus LDCVs is 
suggested to be differently regulated (see e.g. Verhage et al., 1991). 

Other mechanisms in addition to changes in the release of the neuropeptides from 
LDCVs into the extracellular fl uid, may play a role in modulating the effects of pepti-
dergic neurons. This includes the enzymatic degradation of peptides after their release 
and receptor binding and possible re-uptake of neuropeptides into the nerves. Accord-
ing to a widely accepted paradigm there is no re-uptake of neuropeptides after fusion 
of the LDCV with the cell membrane and transmitter release. However, there is a study 
suggesting re-uptake of calcitonin gene-related peptide (CGRP) into nerve terminals 
(Sams-Nielsen et al., 2001). In addition there are rapid effects on neuropeptide synthesis 
near to the site of release. Indeed, there is evidence for presence of neuropeptide mRNA 
pools in nerve terminals of the posterior pituitary originating in the hypothalamic mag-
nocellular supraoptic and paraventricular nuclei (Trembleau et al., 1996, Mohr et al., 
2002), possibly also for galanin mRNA (Landry & Hökfelt, 1998). In this case galanin 
may be synthetized close to the site of release, allowing synthesis close to the release 
sites, which might be an additional mechanism for modulating peptidergic transmis-
sion.
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Figure 1 
A graphic representation of a 4 day estrous-cycle in rats representing plasma concentrations 
of estradiol, progesteron, prolactin as well as follicle-stimulating hormone (FSH) and luteinizing 
hormone (LH). Adapted and modifi ed from Knobil et al., 1994.
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Estrogens 
Synthesis
Androgens and estrogen are derived from cholesterol starting with the rate limiting con-
version to the precursor pregnenolone by cytochrome p-450 and further a conversion to 
progesterone (see Knobil et al., 1994). In a further step, androgens are synthesized by 
hydroxylation of progesterone to androstenedione (an androgen), and the reduction of a 
methyl group and formation of an aromatic A ring then forms estrogen. The cytochrome 
p-450 aromatase enzyme complex (Naftolin & MacLusky 1982), involving multiple, 
specifi c cytochrome P-450 containing enzymes, is differently distributed in organelles, 
cells and organs (Jefcoate et al., 2000). In females, estrogens (Falck 1959) and pro-
gestins (Allen & Wintersteiner, 1934) are mainly, but not exclusively, produced by the 
ovaries (see Knobil et al., 1994). In the mammalian brain, there are two separate aro-
matase systems; a gonad-sensitive hypothalamic system and a gonad-insensitive limbic 
system (see Naftolin 1994). Amongst the estrogens, 17β-estradiol has the dominating 
endogenous biological activity. The production of all ovarian hormones in both rodents 
and human is controlled by the pituitary hormones luteninzing hormone (LH) and follic-
le-stimulating hormone (FSH) which in turn are regulated by gonadotrophin-releasing 
hormone (GnRH) (see Bousfi eld et al., 1994) (Fig. 1) synthetized in the hypothalamus. 

Estrogen receptors
Mueller and co-workers showed early (1957) that estrogen enhances the biosynthesis 
of phospholipids, nucleic acids and proteins in the rat uterus (see Knobil et al., 1994). 
Further on it was found that both estrogen and progesterone regulate mRNA and protein 
synthesis, leading to the conclusion that estrogens have direct effect at the level of RNA 
production. According to todays knowledge, estrogen diffuses easily through the cell 
membrane and binds to specifi c receptors within the cytoplasma or at the nucleus (see 
Jensen et al., 1996; Koehler et al., 2005). Without ligand the receptor associates with a 
large complex of chaperones (heat-chock proteins) and then dissociates by phosphory-
lation upon ligand-binding. The estrogen/receptor complex then form dimers resulting 
in a conformational change - turning the complex to an active structure with abilities to 
bind estrogen responsive elements (EREs), which are regulatory DNA-sequences (see 
Matthews & Gustafsson; 2003). 

Estrogens actions in the brain
The fi rst detailed insights into how estrogens infl uence the organism were made possible 
by the availability of hormones labeled with radioactive isotopes, enabling the monito-
ring of the transport from the site of synthesis in the endocrine glands, through the blood 
circulation to the target tissues (see Jensen, 1996). Subsequent binding-studies demon-
strated specifi c high-affi nity steroid receptor complex that could induce expression of 
hormone induced genes (see Jensen, 2005). The estrogen receptor fi rst discovered is 
now called ERα. When Jan-Åke Gustafsson and co-workers (Kuiper et al., 1996; Mos-
selman et al., 1996) more recently discovered the second estrogen receptor (ERβ) it was 
a reason to re-evaluate many of the earlier conclusions about estrogen effects, e.g. how 
to use estrogens more appropriately for therapeutic purposes (see Barkhem et al., 2004). 
It was found that both ERs share common structural and functional domains, bind to 
estrogen with high affi nity, and bind EREs in a strictly regulated manner, but they differ 
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in many ways in respect to their tissue distribution and transcriptional activities.

Thus, using immunohistochemistry and insitu hybridization techniques, the mRNA and 
immunoreactivity of ERβ were shown to be more widespread than those of ERα. Thus 
ERβ is found in the cerebral cortex, HiFo and the cerebellum, as well as in the cardio-
vascular and immune systems and other tissues in both rodents and in humans, tissues 
traditionally not considered to be directly involved in reproduction (Shughrue et al., 
1997; Weiland et al., 1997; Österlund et al., 1998; Österlund & Hurd, 2001; Mitra et al., 
2003; Merchenthaler et al., 2004). It is now very well recognized that 17β-estradiol acts 
on a variety of physiological parameters both in the brain (McEwen, 1987; 2002 a, b) 
and in the pheripheral nervous system (Amandusson et al., 1999). It is, however, as yet 
not clear what this difference in the distribution of ERα and β means for the functions of 
HiFo and neurotransmission processes. Further studies in this area will be challenging 
e.g. since distinct differences whithin the same species (e.g. in LC) are reported (Mitra 
et al., 2003; Vanderhorst et al., 2005) as well as between species such as e.g. in the se-
rotonergic neurons in the DRN (Sheng et al., 2004). 

Estrogens also activate a variety of alternative signaling pathways, not directly invol-
ving the cell nucleus, some of which are independent of the classical nuclear estrogen 
receptors ERα and ERβ (Kelly et al., 1976, 1977; Pietras & Szego, 1977; see Kelly & 
Levin, 2001; Toran-Allerand, 2005). In the present thesis, we use a simplifi ed distinc-
tion between the classical nuclear ERs (ERα and ERβ), acting by regulating the expres-
sion of specifi c genes through EREs (genomic), and effects mediated by other signaling 
pathways acting rapidly on transcriptional factors other than the ERE (e.g. activator 
protein 1 (AP 1) and cAMP-responsive element (CRE)) (indirect genomic) and effects 
not depending on transcription, translation, and productions of proteins (non-genomic), 
e.g. direct interaction with ion-channels (Fig. 2). These non-genomic effects share the 
following characteristics: 1) the responses are too rapid to be generated by de novo 
protein synthesis (occurs within minutes); 2) they can be reproduced in the presence of 
inhibitors of RNA or protein synthesis; and 3) they can be reproduced in cells by estro-
gen coupled to a membrane-impermeable molecule (e.g. estradiol plus bovine serum 
albumin (BSA)).

Since the receptors and signaling elements for the rapid indirect genomic and non-ge-
nomic effects of estrogens are not yet fully characterized, the nomenclature currently 
used in the fi eld is not suffi ciently harmonized and precise. It is likely to change as new 
details in the receptors and signaling systems are revealed. 

Rapid effects of steroids on the brain
Estrogen exposure, acting on the classical nuclear receptors ERα and β, changes the 
expression of genes and synthesis of the proteins they encode. The resulting fl uctuations 
in the amounts/levels of proteins underlie the overall physiological response that takes 
place hours following estrogen exposure (McEwen et al., 1987). 

However, steroids act also in a rapid manner. In fact, the fi rst reported ‘rapid’ effect of 
steroids on the brain was the immediate anaesthetic effect of progesterone demonstrated 
in 1942 by Hans Selye (Selye, 1942 a, b). Later these rapid effects were also shown to 
be induced by 17β-estradiol (Kelly et al., 1976, 1977, Pietras & Szego, 1977). Rapid, 
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non-genomic effects – possibly mediated through G-protein coupled mechanisms – was 
subsequently shown in the rat HiFo by means of electrophysiology (Gu & Moss, 1996). 
The ER-independent mechanism of the effect was supported also in ER knock-out mice 
by the same group (Gu & Moss, 1999). These results suggest a role for estrogen in the 
modulation of excitatory synaptic transmission in the HiFo mediated by the G-protein, 
c-AMP cascade. Furthermore, rapid effects of 17β-estradiol in rats on the immediately 
early gene c-Fos was also demonstrated by Rudick and co-workers (Rudick & Woolley, 
2003). They found that 17β-estradiol fails to increase c-Fos at 2 h in the ventral hippo-
campus, where many pyramidal cells express a nuclear ER, but increases c-Fos in CA1 
pyramidal cells of the dorsal HiFo – a brain region which expresses very few nuclear 
ERs (Shughrue et al., 1997; Hart et al., 2001). However, Abraham et al., (2003) found 
rapid effects of 17β-estradiol on phosphorylated -cAMP responsive element binding 
protein(CREB) in the mouse HiFo, dependent on ERβ.

Of functional interest in the view of these fi ndings are the rapid effects of 17β-estradiol 
on the HiFo as shown in the electrophysiologic studies by Terasawa et al. (1968) in the 
HiFo, demonstrating that the seizure threshold decreases in the afternoon of proestrous, 
when the estrogen plasma levels peak. 

Evidence has been presented for the presence of a novel estrogen receptor – ER x – lo-
cated in the cell membrane and interacting with other membrane proteins to initiate a 
number of alternative signaling cascades and subsequent rapid intracellular responses 
(Toran-Allerand et al., 2002). This receptor may be localized within small vesicular in-
vaginations of the plasma membrane called caveolae (see Toran-Allerand, 2005), onto 
which this novel estrogen membrane receptor and other signaling molecules dock. For-
cing a variety of molecules into close proximity, caveolae are suggested to expedite the 
activation by estrogen of the Ras–Raf–mitogen-activated protein kinase (MAPK) cas-
cade. MAPKs are strongly activated by neurotrophins and neurotransmitters (see e.g. 
Grewal et al., 1999) and have been implicated in the cellular and molecular mechanisms 
of various forms of memory (Thiels et al., 2002), cell growth and differentiation (Wade 
et al., 2001). 

Estrogens also infl uence the morphology of pyramidal cells in the hippocampal CA1 
region by stimulating the growth of dendritic spines and the genesis of new synapses, 
changes that are paralleled by an increase in N-methyl-D-aspartate (NMDA) glutamate 
receptor function (Frankfurt et al., 1990, Woolley & McEwen, 1992, Woolley et al., 
1997). 

Taken together, present evidence indicates that the biological effects of 17β-estradiol 
are induced by receptors and signaling mechanisms in addition to the classical nuclear/
genomic effects. In the present context the effects of estrogens on neurotransmitters in 
general, and on neuropeptides in particular, are especially intriguing (see Merchentha-
ler, 2005).
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Functional aspects of hippocampal galanin, NPY and estrogens
The functional implications of estrogen in brain areas related to memory, cognition, 
aurosal and mood are plentiful (McEwen, 2002 a, b), and the effects of estrogen and 
galanin, and NPY earlier presented separately show considerable overlaps; 

1) Estrogen, galanin and NPY have all been shown to modulate excitability in the ro-
dent HiFo. Galanin and NPY inhibit glutamate release though presynaptic mechanisms 
(Colmers et al., 1988; Ben-Ari 1990), and both have been shown to attenuate or inhibit 
the generation of LTP (Whittaker et al., 1999; Coumis & Davies 2002; see Mazarati 
2004). Estrogen, on the other hand, acts in the opposite functional direction in the HiFo, 
enhancing the excitability in distinct populations of cells (Woolley et al., 2000; Foy et 
al., 2001).

2) Galanin in the cholinergic forebrain neurons is co-localized with choline acetyltrans-
ferase (ChAT) (Melander et al., 1985, 1986 c), inhibits ACh release in the HiFo (Fisone 
et al., 1987), and impairs cognitive performance (see Crawley 1996; Ögren, 1996; Schött 
et al., 2000), suggesting a possible role of galanin in acquisition and retention and a pos-
sible signifi cance in AD (see Crawley, 1996, Ögren et al., 1999;  Counts et al., 2003), 
although acting in an opposite direction when injected in the medial septum (Elvander 
et al., 2004, see Elvander 2005). NPY is to some extent present in cholinergic neurons 
(Milner et al., 1997) and signifi cantly reduced NPY-LI is found in cortical, amygdaloid 
and hippocampal areas in AD (Beal et al., 1986). On the other hand, estrogen increases 
the density of dendritic spines in the rat HiFo (Frankfurt et al., 1990) in the pro-estrous 
phase (Woolley & McEwen 1992), and is suggested to improve memory and cognition 
in animal models (Luine et al., 1998; Bimonte et al., 2000),

3) A growing body of evidence supports a role for galanin (Xu et al., 1998; Kuteeva et 
al., 2005) and NPY (Redrobe et al., 2002; see Heilig, 2004) in the mediation of stress 
and anxiety. Galanin infl uences 5HT receptors both at the levels of the cell bodies in 
DRN and in forebrain areas such as the HiFo (see Fuxe et al., 1998) and inhibits 5HT 
and NA release in the HiFo (Yoshitake et al., 2003; 2004). Low levels of plasma and 
cerebrospinal fl uid NPY have been found in patients with depression and anxiety dis-
orders (Ekman et al., 1996; Nilsson et al., 1996), while galanin binding is upregulated 
in the LC in response to both acute and chronic restraint stress in male rats (Sweerts et 
al., 2000) 17β-estradiol modulates catecholamine biosynthesis in the LC (Serova et al., 
2005). Increased release of NA in the brain has been implicated in mood disorders inclu-
ding depression (see Delgado & Moreno 2000). The relation between 17β-estradiol and 
stress seems to be dose- and time-dependent (Young et al., 2001). Thus, physiological 
doses of 17β-estradiol inhibit the responsiveness to stress, whereas blocking the effects 
of estradiol in gonadally intact female rats leads to exaggerated stress responses.

4) Estrogen has been shown to stimulate neurogenesis in the DG of adult female rats 
(Tanapat et al., 1999; 2005). In fact, short-term but not long-term treatment with 17β-
estradiol was shown to stimulate neurogenesis in the DG of adult female rats. Further-
more, female rats show a lower degree of dendritic atrophy in the HiFo than male rats, 
suggesting that estrogen acts as a trophic factor in the HiFo (Galea et al., 1997). Galanin 
exerts neurotrophic actions in the adult male rat brain during growth and in response to 
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injury (Burazin & Gundlach, 1998; see Wynick et al., 2001), and the galanin receptors 
(GalR1 and GalR2) are located in the stem cell rich areas of the DG in the adult brain 
(Shen et al., 2003). However, surprisingly, isolated neural stem cells from the subgra-
nular zone of the DG show decreased cell proliferation/survival in response to galanin 
(see Shen et al., 2005). NPY has been shown to stimulate growth and proliferation in the 
olfactory bulb (Hansel et al., 2001) and induces an increase in total cell counts and cell 
proliferation in the HiFo (Howell et al., 2005). 

However, the effects of estrogen and its interactions with neuropeptides, e.g. by modu-
lation of other classical neurotransmitters (e.g. NA etc.) in HiFo, are only in the early 
stages of investigation. 
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Hypothesis
The main focus of the present thesis is on how galanin and NPY systems are affected 
by the female sexhormone 17β-estradiol, both in estrogen-treated ovx rats and mice and 
during a normal estrous cycle in rats .

Earlier fi ndings from our laboratory, showed age- and gender dependent changes in the 
concentrations of several neuropeptides in the rat brain (Rugarn et al., 1999a), indicat-
ing involvement of neuropeptides in brain communication related to the normal varia-
tion of sex-hormones. This work showed that the levels of galanin and NPY are changed 
in the HiFo and cortex – areas not directly related to reproduction – also after long-term 
treatment for several weeks with 17β-estradiol to ovx rats (Rugarn et al. , 1999 b), in-
dicating that galanin and NPY may be involved in hippocampal and cortical functions 
infl uenced by estrogen. 

The main idea in this thesis work is that, in addition to the infl uences on galanin and 
NPY levels after long-term exposure to 17β-estradiol – most likely to be mediated 
through the classical ER pathway, this steroid can also affect neuropeptide levels in a 
rapid fashion, perhaps through a membrane-related mechanism. These rapid changes 
of neuromodulators could subsequently affect classical neurotransmitters that more di-
rectly control the synaptic plasticity in brain areas related to cognitive functions such as 
the HiFo and cortex. 

This hypothesis is also extended by the idea that there are other members in the galanin 
family - yet not identifi ed - with similarities in binding properties to the N-terminal part 
of the peptide and with the ability to modulate neurotransmission in the brain. To test 
this hypothesis we raised antibodies against the C-terminal part of galanin(1-16) in rab-
bits with the aim to identify further members of the galanin family.
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Aims 
To

● investigate the effects of dose and duration of 17β-estradiol treatment on galanin con-
centrations in the female rat and mouse HiFo.

● study rapid (hours) effects of 17β-estradiol on hippocampal galanin- and NPY-LIs and 
on gene expression in rats and mice. 

● raise antisera against the C-terminal portion of galanin(1-16) in rabbits in order to 
identify putative endogenous molecules with structural similarities to the N-terminal 
part of galanin

● explore the possible occurrence of additional galanin family members in various rat 
tissues, particularly the brain, by means of these antisera and a radioimmunoassay, as 
well as gel-fi ltration and high performance liquid chromatography.
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Material and methods
Animals and surgery
Housing
Female Sprague Dawley rats (body weight 250-350g) and female Balb/C mice (body 
weight 22-25g; fi ve weeks old) (all from B&K, Universal, Stockholm, Sweden) were 
kept at constant temperature (21±1°C) with free access to rat and mouse chow and water 
(Lactamin, Kimsta, Sweden) under a controlled 12 h dark/12 h light cycle (light on at 
8.00 am). For studies of the effects of hormonal changes during the estrous cycle, the 
animals were housed in a separate room with reversed 12 h light/12h dark cycle (light 
on at 8.00 p.m.). The studies and their experimental protocol were designed according 
to the guidelines of, and approved by, the local ethics committee on animal research in 
Linköping. 
Ovariectomy
The anaesthesia used in the present experimental surgery on rats and mice was in most 
cases 0.5-1.5% isofl uorane, Forene (Abbott Scandinavia, Kista, Sweden) in an oxy-
gen/nitrous oxide mixture (30%/70%). However, anaesthesia was in some experiments 
achieved with intraperitoneal injections of xylazin 12 mg/kg and ketamine 80 mg/kg 
(paper II). The ovaries were retracted from the abdominal cavity using the dorsal route. 
The junction between the fallopian tube and the uterine horn was sutured, the ovaries 
were carefully removed, and the uterine horns were reinplanted in the abdominal cavity. 
The animals were left for a two-week washout period, in order to eliminate circulating 
estradiol levels.
Administration of 17β-estradiol
To investigate rapid (one hour) effects of 17β-estradiol (Sigma, Aldrich, Sweden), a 
single injection was administered subcutanously under the skin of the back of the lower 
neck of the rats and mice. For studies of the effects of prolonged treatment with 17β-
estradiol, slow-release pellets were used (Innovation Research of America, Sarasota, 
USA, http://www.innovrsrch.com/). The concentrations of 17β-estradiol achieved in 
plasma in response to treatment were similar to those obtained in the pro-estrous phase 
and during pregnancy, but  in some instances the concentrations were pharmacologi-
cal. 
Administration of the selective estrogen receptor modifi er Tamoxifen®
Tamoxifen citrate (Tocris, Bristol, UK) was dissolved in 99% ethanol and dimethyl sul-
foxide and subsequently diluted in physiological saline. It was administered (1.5 mg/kg) 
30 min before the 17β-estradiol in order to investigate, whether or not it blocked certain 
effects of estrogen.
Analysis of estrous cycles by vaginal smear
By monitoring the vaginal smear we made sure that all rats had at least two regular 
4-day-cycles before starting the experiments. Cytology of vaginal smears was monito-
red daily according to the following schedule; 7.00-8.00 a.m. (light), proestrous phase, 
characterized by nucleated cells and lack of leukocytes; 1.00-2.00 p.m. (dark) estrous 
phase, swollen cornifi ed cells lacking nuclei; 3.00-4.00 p.m. (dark), diestrous phase, 
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numerous leucocytes and nucleated cells. 

Brain dissection
The dissection procedure in both rats and mice in all papers was modifi ed from that 
described by Glowinski and Iversen (1966) (Fig. 3). First, the rhombencephalon was 
separated from the rest of the brain, the cerebellum was removed and the remaining 
piece (pons plus medulla oblongata) – termed medulla oblongata – was used for ana-
lysis. Next, using the optic chiasm as a landmark, a transverse section was made, crea-
ting the anterior limit for the ‘hypothalamus’, whereby the anterior commisure was the 
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Figure 3 
Photographs showing the detailed procedure of dissecting the hippocampal formation and other 
brain regions in mice 
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dorsal horizontal border. In the rat the lateral border was approximately 2 mm from the 
midline. From this (approximately 5 mm thick slice), the hypothalamus was dissected. 
In the next slice (approximately 2 mm thick in the rat), the striatum (caudate nucleus 
– putamen) was removed (Fig 3 C). This was followed by blunt separation of the whole 
section of parietal, occipital and temporal cortex (Fig. 3 D). The left and right HiFo were 
then separated from the midbrain as shown in Fig 3 E. In papers II and IV the HiFo was 
divided in a dorsal and ventral portion. The frontal cortex piece was then removed from 
the remaining frontal part of the brain.

Microdialysis
An ’in vitro’ recovery experiment was performed prior to the proper study of the ’in vivo’ 

release of galanin in the rat HiFo. 
Dialysis probes (35kD, MAB 2.14, 
Microbiotech AB, Stockholm, 
Sweden) were immersed in Ep-
pendorf vials containing standard 
concentrations of synthetic gala-
nin(1-29) (250 and 1000 pmol/L) 
and perfused with Krebs-Ringer 
solution (138 mmol/L NaCl, 
5mmol/L KCL, 1 mmol/L CaCl2 
11 mmol/L NaHCO2, 1 mmol/L 
NaH2PO4) containing 0.2% bo-
vine serum albumin (Sigma) and 
0.03% of the peptidase inhibitor 
Bacitracin® (Sigma). The perfu-
sate was collected for one hour in 
37°C at the fl ow rate 1 µL/min and 

4 µL/min, respectively (Microbiotech AB). Microdialysates and samples of the outer 
medium – representing the total galanin concentrations – were then measured by means 
of RIA and the relative recovery calculated.

For analysis of the in vivo release of galanin, the animals were anaesthetised, intubated 
with a tracheal cannula and placed in a stereotaxic frame for microdialysis experiments. 
The body temperature, heart rate and blood pressure were continuously monitored and 
blood gases were measured at the beginning of the experiment to regulate the tidal vol-
ume and frequency of the respirator. Prior to the experiments, the probes, 35 kD, MAB 
2.14 (Microbiotech AB) with a membrane length of 2 mm, were placed in an Eppendorf 
vial and perfused for 10 min with Krebs Ringer solution adjusted to pH 7.0. According 
to the atlas of Paxinos & Watson (1998) dual probes were implanted vertically in the left 
and right dorsal hippocampus at the coordinates 0.38 mm posterior to the bregma, 0.22 
mm lateral to the midline, and 0.38 mm below the surface of the dura mater. 

The probes were perfused with the Krebs Ringer solution described above at a constant 
rate of 1 µL/min and only used once. The perfusate from the fi rst 45-60 min was dis-
carded to reach a steady baseline for the concentration of galanin-LI (Consolo et al., 
1994), and further collected in one hour intervals in cold tubes containing 2% ethylele 

Figure 4
The position and verifi cation of the position of the microdia-
lysis probe in the dorsal HiFo during sampling.
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glycol-bis(β-aminoethyl ether)-n,n,n´,n´-tetraacetic acid (EGTA)/Glutathion (Sigma). 
The dialysate after the fi rst hour represents baseline (100%). After one hour, the ani-
mals received a subcutaneous injection in the neck of 40 mg/kg 17β-estradiol in 30 µL 
sesame oil. Dialysate was collected at the baseline and at one and two hours after injec-
tion of 17β-estradiol or vehicle. The dialysates from the right and left HiFo were pooled 
into one vial for each period, immediately frozen in liquid nitrogen and stored at -70°C 
until analysis by RIA. 

The location of the probe was verifi ed in all animals by injecting cresyl-violet into the 
probe at the end of the experiment (Fig 4), slicing 1 mm thick and computer-scanning 
the slices. Two rats in the control group and one in the estrogen-treated group were ex-
cluded, since the probes in these cases were not optimally located.

Immunohistochemical studies
For immunohistochemistry, the rats were anesthetized, intubated, and perfused via the 
ascending aorta with Tyrode’s Ca+2-free solution at 37oC, followed by a mixture of 4% 
paraformaldehyde and 0.4% picric acid in 0.16 mol/L phosphate buffer (pH 6.9, 37oC) 
(Zamboni & De Martino 1967) and then by the same, but ice-cold mixture. The brains 
were rapidly dissected out, immersed in the same fi xative for 90 min and rinsed over-
night in 10% sucrose in 0.1 mol/L phosphate buffer (pH 7.4). For in situ hybridization, 
the rats were sacrifi ced by decapitation, and the brains were dissected out, briefl y im-
mersed in ice-cold phosphate-buffered saline, sliced and immediately frozen on dry 
ice.

Antisera against galanin(1-16)
Galanin(1-16) antisera were raised in New Zealand white female rabbits. One milligram 
synthetic rat galanin(1-16) (Neosystem, Strasbourg, France) was coupled to 4 mg bo-
vine serum albumin (Sigma) with 20 mg carbodiimide in 0.3 mL 0.025 mol/L phosphate 
buffer (pH 7.4). The mixture was gently stirred for 24 hours at 4º C, and dialyzed against 
2 L saline for 24 hours. The dialysate was emulsifi ed in Freund’s complete adjuvant 
(DIFCO, Laboratories, Detroit, USA). Each of 10 rabbits received a single-site subcuta-
neous injection containing 100 µg galanin(1-16). Three booster doses of the conjugate 
were administered in Freund’s incomplete adjuvant at 5-6 weeks intervals. 

Labelling of galanin(1-16), (1-29) and NPY(1-36) with 125I
125I - Labelling 
Synthetic galanin(1-16), (1-29) and NPY(1-36) (Neosystem) were labelled with radio-
active iodine (125I), using the chloramine-T method (Greenwood et al., 1963). The pepti-
des (10 µg) were then dissolved in 10 µL each of 0.25 mol/L phosphate buffer (pH 7.4), 
and subsequently 1 mCi of 125I was added (Amersham, Pharmacia, Biotech, Sweden). 
Fifteen µg of chloramine-T in 0.25 mol/L phosphate buffer (pH 7.4) were added to the 
mixture. The peptide, 125I and buffer cocktail were then mixed continuously for 15-20 
sec. Finally, the reaction was stopped with 15 µg sodium bisulfi te (Sigma) in 10 µL 0.25 
mol/L phosphate buffer. After mixing, 100 µL phosphate buffer and 100 µL 0.5% BSA 
in phosphate buffer were added. 
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Purifi cation
The reaction mixtures were purifi ed by reverse-phase high pressure liquid chromato-
graphy (HPLC) using a Nucleosil C18, 5 µm 4.6 x 300 mm column (Merck) and eluted 
(1 mL/min) with a 40 min linear gradient of 20-50% acetonitrile in water containing 
0.1% trifl uoroacetic acid. Fractions of 1 mL were collected. The specifi c activity of the 
radioligand was about 70 Bq/fmol as determined by self- displacement.

Extraction of tissue and plasma samples
Tissues
The tissues were cut into small pieces on ice, and 10 mL of 1 mol/L acetic acid (Merck) 
were added per gram tissue and boiled for 10 min. The tissues were homogenized with a 
polytron CAT X520D (Zipperer, Staufen, Germany) and centrifuged at 1,500 x g in 4°C 
for 10 min. Immediately after collection of the supernatants, a second extraction was 
performed with 10 mL of distilled water per gram tissue. The supernatants from each 
sample were combined, lyophilized and stored at –70ºC. All samples were extracted and 
analyzed in randomized order.

Plasma
Two mL diethyl ether was added to 200 µL plasma in glass tubes and vortex-mixed for 
30 sec. The tubes were subsequently frozen in 95% ethanol containing dry ice. When 
the aqueous fraction was frozen, the supernatant was decanted into another glass tube. 
The ether was evaporated at 40oC. The extracted samples were dissolved in 0.05 mol/L 
phosphate buffer, pH 7.4, containing 0.2% BSA (Sigma) and 0.1% Triton X-100, and 
kept at 40oC for 30 min before vortexing and cooling to room temperature. 

Radioimmunoassay
Galanin and NPY in tissue extracts
The lyophilized samples were reconstituted in 1 mL of phosphate buffer (0.05 mol/L, 
pH 7.4), and 100 µL of each sample, antiserum and calibrator were used. The concentra-
tions of galanin- and NPY-LI were measured using, respectively, a rabbit anti-galanin(1-
29) antiserum (GAL4) (Theodorsson & Rugarn, 2000), a rabbit anti-galanin(1-16) rat 
antiserum (paper IV) and a rabbit anti-porcine NPY antiserum (Theodorsson-Norheim 
et al., 1985). HPLC–purifi ed, rat 125I galanin was used as radioligand. Rat galanin(1-29), 
rat galanin(1-16) and rat NPY(1-36) were used as calibrators (Neosystem). All samples 
were analyzed in randomized order. Detection limit was 7.8 pmol/L.

Galanin in microdialysis samples
The microdialysis samples were concentrated (3.2- times) by lyophilizing 80 µL sam-
ples and dissolving them in 25µL phosphate buffer (0.05 mol/L, pH 7.4). The detection 
limit of the galanin RIA (Theodorsson & Rugarn 2000) was improved by using a total 
incubation volume of 75µL (25µL of each sample/standard, antiserum and radioligand), 
1,000 cpm of radioligand and amount of antiserum suffi cient for 30% binding. Sample/
standard and antibody (GAL4) were pre- incubated (in carefully closed vials) for 48h 
and the radioligand subsequently added and incubated for further 18 hours.

Bound and free radioligand were separated using 50 µL SacSel (IDS, Boldon, UK). 
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After 30 min incubation in room temperature and 10 min of centrifugation at 2,500g, 
the bound fractions were counted on a GammaMaster for 10 min/vial, and the detection 
limit was 3.9 pmol/L.

17β-estradiol in plasma
17β-estradiol was analyzed using a commercially available radioimmunoassay kit (Es-
tradiol Double Antibody kit KE2D; Diagnostic Products Co, Los Angeles, CA, USA), 
and the detection limit was 0.02 nmol/L.

Samples from tissue extracts, plasma extracts and microdialysis in vitro- and in vivo-
release samples and calibrators were measured on a GammaMaster 1277 (LKB Wallac, 
Turku, Finland). 

Chromatography
High performance liquid chromatography 
Reversed-phase HPLC was performed by elution with a linear gradient of acetonitrile 
(20-50%) in water containing 0.1% trifl uoroacetic acid. Samples were passed through 
Millipore GS fi lters (0.22 µm) prior to the chromatography, and 200 µL were then in-
jected. Fractions (0.5 mL) were collected at an elution rate of 1.0 mL/min Each fraction 
was lyophilized and re-dissolved in 100 µL of 0.05 mol/L phosphate buffer, pH 7.4, 
containing 0.2% BSA before analysis. The fractions were assayed for immunoreactivity 
with RIA in the tubes used for their collection.

Gel-permeation chromatography
Gel-permeation chromatography was performed using Superdex Peptide HR 10/30 co-
lumn (10 x 300 mm) (Amersham) eluted with 30% acetonitrile in distilled water con-
taining 0.1% trifl uoroacetic acid. A Pharmacia P-500 FPLC pump provided an elution 
rate of 0.5 mL/min Fractions of 1 mL were collected and lyophilized before analysis by 
RIA.

Histochemistry
Immunohistochemistry
The formalin-picric acid fi xed brains were snap-frozen using CO2. Fourteen-µm-thick 
coronal brain sections were cut on a cryostat (Microm, Heidelberg, Germany), and 
thaw-mounted on to chrome alum-gelatin-coated object slides. The tyramide signal 
amplifi cation immunohistochemical technique (Adams 1992) was applied using com-
mercial kit, employing the same rabbit polyclonal antisera raised against galanin(1-29) 
(GAL4) and galanin(1-16) (K2), respectively, as used in the RIA (Theodorsson and Ru-
garn 2000; Paper IV). Incubation with primary antiserum GAL4 (1:4,000-1.000.000) 
and K2 (1:5,000 - 1:40,000) overnight at 4oC was followed by horseradish-peroxidase-
conjugated, swine anti-rabbit IgG (1:100, Dako A/S, Copenhagen, Denmark) and incu-
bations according to the TSA-Plus Fluorescein System (DuPont, New England Nuclear, 
Boston, MA, USA). The specifi city of antibodies was tested by preadsorption tests with 
an excess (10-6 or 10-5 mol/L) of galanin or galanin(1-16), respectively (Bachem, Bis-
sendorf, Switzerland). Sections were mounted in a mixture of glycerol and 0.1 mol/L 
phosphate buffered saline (3:1), pH 7.4, containing 0.1% para-phenylenediamine (Sig-
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ma) as anti-fading agent (Platt and Michael, 1983). After processing, the sections were 
examined in a Nikon Eclipse E600 fl uorescence microscope (Nikon, Tokyo, Japan). 

In-situ hybridization
The frozen brains were cut at 14 µm thickness using a cryostat (Microm) and thaw-
mounted onto “Probe On” slides (Fisher Scientifi c, Pittsburgh, PA, USA). Antisense 
oligoprobes complementary to nucleotides 152-199 of galanin mRNA (Vrontakis et al., 
1987) and to nucleotides 546-586 of NPY (Eva et al., 1990) were synthesized by Cyber-
Gene AB (Huddinge, Sweden). The oligonucleotides were labeled at the 3’ end using 
terminal deoxynucleotidyltransferase (Amersham, Buckinghamshire, UK) with [33P] 
dATP (Du Pont-NEN) to a specifi c activity of 1-4 x 106 cpm/ng oligonucleotide. The 
oligoprobe was purifi ed through ProbeQuant G-50 Micro Columns (Amersham). Sec-
tions were hybridized as described previously (Schalling et al., 1988; Dagerlind et al., 
1992). Briefl y, air dried sections were incubated in a hybridization buffer [50% forma-
mide, 4xSSC, 1xDenhardt’s solution (1% sarcosyl, 0.02 mol/L phosphate buffer, 10% 
dextran sulfate), 500 µg/mL heat-denatured salmon sperm DNA and 1x107 cpm/mL of 
the labeled probe] in a humidifi ed chamber for 16-18 hours at 420C. After hybridiza-
tion the sections were washed in 1xSSC at 55oC for 4x15 min and for 30 min at room 
temperature, then air-dried and dipped into Kodak NTB 2 emulsion (Kodak, Rochester, 
NY, USA) diluted 1:1 with water. After exposure at 4oC for 2-6 days, the slides were 
developed in Kodak D19, fi xed in Kodak Unifi x and mounted in glycerol-phosphate 
buffer. For specifi city control adjacent sections were incubated with an excess (x100) 
of unlabelled probe. 

A total of four sections from a series through the rostro-caudal extension of the LC 
was examined using a Nikon Eclipse E600 fl uorescence microscope equipped with a 
dark-fi eld condenser. Digital images acquired with Nikon DXM1200 digital still camera 
(using a x20 objective) were analyzed for mRNA levels in Scion Image 4.0 (Bethseda, 
MD, USA). Each captured image was calibrated to 256 pixel grey values (0 = white and 
256 = black), and the mean pixel density was measured. The background levels were 
measured in separate images from outside of the section area. We assumed that silver 
grain density overlying neurons correlates directly with their level of mRNA expres-
sion. To estimate silver grain density, the mean pixel density was converted into relative 
optic density (ROD) using formula – log (256-grey value)/256). The background ROD 
level was calculated in the same way and was ultimately subtracted from the neuronal 
ROD. Data were expressed as a percentage of mean ROD relative to the control group 
equal 100% ± SD. The levels of galanin mRNA were examined in the rat LC, and NPY 
mRNA lebels were analyzed in several regions of the mouse brain (HiFo, caudate nu-
cleus, cingulate cortex).
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Results and Discussion
The main objective of the present thesis was to investigate, if 17β-estradiol treatment 
induces short-term (after 1 hour) effects on the levels of the neuropeptides galanin and 
NPY in brain areas not directly involved in reproduction. Biochemical (RIA, chromato-
graphy, microdialysis), anatomical (immunohistochemistry) and molecular biology (in 
situ hybridization) methods were used for studies in rats and mice. 

The most notable fi nding was that the concentrations of galanin- and NPY-LI can be 
rapidly altered by 17β-estradiol treatment in brain areas important for memory and 
mood, including the HiFo and cortex of rats and mice (papers I and III). The effects of 
17β-estradiol on galanin in the HiFo were not only present in the model situation of ovx 
rats, but also at pro-estrous in rats with intact ovaries having normal estrous cycles. See 
Table 1 and 2 for a summary of previous results from our laboratory and results within 
the present thesis.

Our results indicate that the rapid effects of 17β-estradiol on galanin and NPY are not 
mediated through the ’slow’ classical nuclear estrogen receptor pathway, but rather via 
a rapid membrane-related mechanism. The effect of 17β-estradiol appeared within one 
hour, which is a too short time period for the classic nuclear mechanism of the 17β-es-
tradiol effects, and it was not affected by Tamoxifen® which is known to block the ef-
fects of 17β-estradiol treatment via classical nuclear receptors in the HiFo. Furthermore, 
the effects of 17β-estradiol treatment were dose- and duration- dependent (paper II and 
III). The rapid effects of 17β-estradiol on neuropeptide levels are likely to contribute to 
the fi ne-tuning of the target neurons, e.g. by modulation of the release and/or effects of 
classical neurotransmitters, including catecholamines, ACh, 5HT and amino acids. 

Most published studies on the effects of estrogen mediated through membrane-related 
mechanisms have been performed in vitro using cell cultures (see Toran-Allerand et al., 
2005). In these models the term ‘rapid’ or ‘short-term’ effects are used to refer to effects 
taking place on a time-scale from milliseconds to minutes, whereas ‘long-term’ effects 
are those that occur after hours to days. Our studies were performed in brain tissue of 
intact animals, where 17β-estradiol needs to be absorbed from the site of injection, 
transported to effector sites before acting on receptor elements on the effector cells. 
The time scale for the detection of the effects of 17β-estradiol in intact brain tissues is 
therefore naturally longer. The terminology used in the present thesis is consequently 
the following: short-term (1 hour or less) and long-term (more than 1-2 hours), since we 
use it to describe the time-scale of changes in neuropeptide levels in intact brains after 
systemic administration of 17β-estradiol. 

Neuropeptides usually belong to families of related peptides having similar chemical 
structures and biological effects. The biological effects of galanin are mediated by the 
N-terminal end of the molecule, and no other naturally occurring molecules have been 
shown to contain this structure except GALP. Therefore we immunized rabbits with a 
conjugate containing galanin(1-16) and were fortunate to raise an antiserum specifi c for 
the C-terminal end of galanin(1-16). Using a RIA based on this antiserum we found a 
component in the female rat brain consisting of approximately 8 amino acids (paper 
IV). This putative galanin homologue was found in the same nerve fi bers in the rat 
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brain as galanin(1-29) and responded to 17β-estradiol in a similar manner. However, the 
component found has lipophilic properties and a Stokes radius distinctly different from 
that of galanin(1-29). Therefore we hypothesize that the component may be a novel 
galanin(1-29) homologue with the same steric properties as the C-terminal end of the 
fi rst 16 amino acids.

Long term effects of 17β-estradiol
In papers II and III the dose-duration relationships of the effects of 17β-estradiol on 
hippocampal galanin and NPY levels were investigated in ovx and naïve female rats 
and mice. Galanin-LI was analysed in extracts of brain tissues in response to three treat-
ment periods with two different doses of 17β-estradiol. In rats the doses were chosen 
to achieve a state of high physiological exposure (near-term pregnancy) as well as a 
pharmacological concentrations. Only high physiological doses were used in mice. In 
rats we found that that 17β-estradiol induces a signifi cant effect of dose (p<0.001) and 
duration (p<0.001) on galanin-LI concentration in the rat HiFo, but found no signifi cant 
difference between the ventral and dorsal region (paper II). 

In contrast to the results in rats, we found no evidence of effects on galanin- or NPY-LI 
in the HiFo of mice after 14 days of treatment (paper III). However, in both rats and 
mice there was a signifi cant increase of galanin-LI in the pituitary gland (p<0.001). 
The responsiveness of galanin to changes in estrogen concentrations has been shown 
earlier in the rat (Vrontakis et al., 1987; Kaplan et al., 1988) and mouse (Shen et al., 
1999) pituitary. The long-term effects of 17β-estradiol (weeks) on neuropeptide levels 
described above in both rats and mice are likely to be mediated through the classical 
ERα or ERβ.

Short-term effects of 17β-estradiol
Papers I & III demonstrate that already one hour of treatment with 17β-estradiol alters 
the concentrations of galanin- and NPY-LI in the brain of young adult ovx rats and mice 
and the concentrations of NPY transcript in the HiFo and striatum (caudate nucleus) of 
mice. In the female rat, galanin-LI increased in the HiFo (paper I), but we found no 
evidence of changes in the other brain regions studied. The rapid onset and the lack of 
effect of Tamoxifen® indicate that these effects may be mediated through mechanisms 
initiated by ERs in the plasma membrane. 

We hypothesized that the rapid increase was at least partly due to a decreased release of 
galanin into the extracellular fl uid, resulting in accumulation of galanin within the NA 
terminals in the HiFo and thus to an increase in its tissue concentrations. Microdialysis 
of ECF in the dorsal HiFo of nine ovx 17β-estradiol-treated rats (paper I) supported 
the hypothesis showing that the concentration of galanin-LI signifi cantly (p<0.001) de-
creased (36.9%) at 2 h – when compared to eight control rats – after treatment with a 
single injection of 17β-estradiol. 

Microdialysis – apart from being expensive and time-consuming – can be technically 
challenging, since neuropeptides including galanin tend to adhere to the microdialysis 
membrane e.g. by van der Vaals forces, possibly resulting in confounding changes in 
the measured concentrations of neuropeptides in the extracellular fl uid due to the probe 



41

Results and discussion

itself. Therefore an experimental protochol using a control group is crucial. Our results, 
including such a control group, indicate that the decrease in the extracellular concentra-
tions of galanin-LI in response to 17β-estradiol is due to decreased release of galanin 
from the nerve terminals and not the confounding result of galanin being adsorbed to 
the microdiaysis membrane. 

In order to elucidate the physiological role of the 17β-estradiol-induced increase in 
galanin concentrations found in ovx rats, we studied the changes in galanin concen-
trations in the HiFo in 30 female rats during the normal fl uctuations of 17β-estradiol 
during regular estrous cycles. Compared to the diestrous phase, the levels of galanin-LI 
increased (125%) signifi cantly (p<0.05) in the proestrous phase (paper I), perhaps also 
indicating a decresed release and thereby increase in intracellular concentrations. Thus 
galanin levels in HiFo also change in rats with intact ovaries during the natural varia-
tions in 17β-estradiol concentrations. 

Rat estrous cycles are in the order of 4 days and plasma estrogen concentrations change 
over hours and days. The effects of 17β-estradiol on galanin concentrations are there-
fore most likely to be exerted both by rapid signalling systems through cell membrane 
estrogen receptors and through the classical nuclear ERα- or ERβ-dependent mecha-
nisms – related to the time frame of the estrogen effects. 

In the HiFo, striatum and frontal cortex of ovx mice, NPY-LI decreased (44% (p<0.001) 
in the HiFo, to 59 % (p<0.05) in the striatum, to 75% (p<0.05) in the cingulate cortex 
(Fig. 1) and to 53% (p<0.001) in the frontal cortex (paper III), 1 h after a single injec-
tion of 17β-estradiol, hypothetically refl ecting an increased release of NPY and a subse-
quent compensatory increase in NPY mRNA - shown with the same protocol after two 
hours treatment (paper III). The increase in the NPY transcript was found in the HiFo 
and striatum, but was not evident in the cingulate cortex. In the HiFo, these effects are 
likely to occur mainly in GABA interneurons (see Freund & Buzsaki, 1996). 

The effects of 17β-estradiol on the brain have shown to be dose-dependent (MacLusky 
et al., 2005). Our observations that the lower dose (2.5 µg) of 17β-estradiol administe-
red to ovx mice induced a more profound change in NPY-LI after one hour compared to 
the higher dose (5 µg) lend further support to this fi nding. 

Species differences
The species difference between rats (Sprague Dawley) and mice (Balb/C) demonstrated 
in the present thesis (papers I and III) is possibly due to difference in the distribution 
of ERs in the brain (Shughrue et al., 1997 a,b Sheng et al., 2004). Both ERα and ERβ 
mRNA have been found in similar abundance in the HiFo and LC of ovx rats when com-
pared to mice (Shughrue et al., 1997; Österlund et al., 1998). However, ERβ is abundant 
in the DRN of female and male mice, where Sheng et al. (2004) found no expression 
of the receptor in rats. In the 5HT galanin system, species differences between rats and 
mice have also been reported (Larm et al., 2003) 

However, currently available data on the distribution of estrogen receptors even within 
the same species seems to be controversial. Immunohistochemistry showed immuno-
reactivity for ERβ in the LC (Mitra et al., 2003), whereas Vanderhorst and co-workers 
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(2005) found no evidence for the presence of ERβ-LI in the LC area, using another an-
tibody. Anyhow, perhaps there are differences in the distribution of ERs between these 
two species that are related to the different effects on galanin-LI in the HiFo and cortex. 
Interestingly, species differences, when studying effects of 17β-estradiol on HiFo mor-
phology, have been demonstrated by others comparing Sprague Dawley rats and Balb/C 
mice (Li et al., 2004). They showed that the estrogen-induced increase in spine density 
observed in the HiFo of female rats (Frankfurt et al., 1990; Wolley & McEwen 1992) 
could not found in the Balb/c mice or in several other mice strains. The doses used in 
our mice protocol were similar (2.5 and 5 µg) to those used in the study by Li and cow-
orkers (2004) (1 and 5 µg). 

Effects of 17β-estradiol on neuropeptide release
The mechanisms of release of neuropeptides from LDCVs in the brain are beginning to 
be elucidated in detail (see Hilfi ker et al., 1999; Merighi 2002). However, at present we 
can only speculate as to the detailed direct and/or indirect mechanisms of the action of 
17β-estradiol on the release of neuropeptides. 

Molecules known to be crucial for exocytosis of neuropeptides in presynaptic nerve 
terminals (see Jahn & Südhof, 1994) are: 1) syntaxin, a pre-synaptic terminal protein, 
important for vesicle-plasma membrane docking processes (Bennett et al., 1993); 2) 
synaptophysin – important for vesicle fusion system;  3) synaptotagmin – interacts with 
plasmamembrane proteins (e.g. syntaxin) (Jahn et al., 1985; see Südhof & Rizo, 1996); 
4) Ca+2-dependent activator protein for secretion (CAPS) are neural/endocrine specifi c 
proteins (Walent et al., 1992; Ann 1997), present on LDCVs but not on SSVs (Berwin et 
al., 1998) and essential for LDCV secretion. In the brain, 17β-estradiol has been shown 
to alter the concentrations of several synaptic proteins important for regulated vesicle 
traffi cking and exocytosis (Brake et al., 2001; Li et al., 2004; Ohtani-Kaneko et al., 
2004; Lee et al., 2004). The presence of estrogen receptors in nerve terminals (Milner 
et al., 2001, 2004) as well as the presence of other novel estrogen-related membrane 
receptors (see Toran-Allerand et al., 2005) may mediate the short-term actions on neu-
ropeptide release reported in paper I, and possibly those reported in paper III, but the 
detailed mechanisms remain to be further elucidated. 

The frequency dependence of the release of neuropeptides is well established in the 
peripheral nervous system (Lundberg 1981, 1996; Lundberg et al. 1982, 1983, 1986). 
Analogous direct experimental evidence for the dependence of neuropeptide release 
on stimulus frequency in the CNS is less well elucidated. However, interneurons in the 
HiFo fi re at high frequency after a seizure (Lacaille et al., 1990) in response to ACh 
(Pitler & Alger, 1992) and NA (CA1 interneurons) (Bergles et al., 1996), and NPY has 
been suggested to be released spontaneously from mossy fi bers in the DG (Tu et al., 
2005). Estrogen increases hippocampal excitability in hippocampal CA1 neurons (see 
Woolley, 2000) and enhances LTP (Foy et al., 2001; Kim et al., 2002). It is possible that 
the increase of estrogen and the subsequent increase in excitability in the HiFo enable 
neuropeptide release. This – hypothetically – might then result in different patterns and 
extra-cellular concentrations of neuropeptides during the pro-estrous phase. Both galanin 
and NPY are potent inhibitors of excitability in the HiFo through inhibition of glutamate 
release (see Mazarati 2004). The effects of estrogen on the release could be mediated 
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through the classical estrogen receptors, recently found in pre-synaptic membranes in 
the rat brain (Milner et al., 2001, 2004) or through novel membrane- related receptor(s) 
(see Toran-Allerand et al., 2005). 

In mice there was a signifi cant increase (153%) (p<0.001) of galanin-LI in the medulla 
oblongata, including the pons (paper III). Since many galanin-positive cell bodies are 
located in the LC it is possible that this increase mirrors an effect on the LC neurons, 
although this is a rather speculative explanation. Interestingly and on the contrary, NPY-
LI was almost abolished in the this area of the same mice. 

The rapid, 17β-estradiol-induced increase of galanin-LI in the HiFo of female rat was not 
blocked by the selective estrogen receptor modulator (SERM) Tamoxifen®, suggesting 
a membrane related effect rather than an effect on the genome. However, Tamoxifen® 
is not a specifi c antagonist, since it is known to exert agonistic effects in non-neuronal 
cells as well (Peach et al., 1997). However, the same dose of Tamoxifen®  as was used in 
paper III has been shown to function as an antagonist in the female rat HiFo (Rudick et 
al., 2003). They showed an induction of c-Fos in hippocampal CA1 area, 2 h after acute 
injection of 10 µg of 17β-estradiol in 100 µg sesameoil (Rudick et al., 2000, 2003) (we 
used 15 µg in our rat protocol). This was followed by a decrease in c-Fos induction and 
a second increase after 24h. When administering Tamoxifen® before or at the same time 
as estrogen, the induction of c-Fos was totally blocked after 24h but not after 2h in the 
dorsal part of the HiFo.

As mentioned above, the concentration of NPY-LI decreased one hour after exposure to 
17β-estradiol in the striatum (caudate - putamen). The effects of Tamoxifen® were not 
evaluated on this decrease. However, according to the machinery responsible for these 
rapid effects of 17β-estradiol on galanin and NPY in the brain of rodents, the effects in 
the striatum of mice are intriguing. Ever since 1973 the striatal tissue has been considered 
devoid of classical estrogen receptors (Pfaff & Keiner, 1973) and has served as a model 
“knock-out” area when investigating rapid non-genomic/indirect genomic effects. This 
paradigm is controversial, but it seems that in the adult rat there are very few of classical 
ERs of both types in the striatum (Shughrue et al., 1997 a,b). Rapid effects of estrogen 
and differences between genders have been reported in striatum and in dopaminergic 
functions, suggested to be mediated through a membrane-related mechanism (see Becker, 
1999). 

The mechanisms underlying our fi ndings of rapid effects of 17β-estradiol in the HiFo 
remain to be investigated, e.g. how 17β-estradiol is functionally related to the suggested 
release of these two peptides and the estrogen membrane receptor protein involved. Also, 
simultaneous monitoring of GABA and NPY in the HiFo, of dopamine and NPY in the 
striatum and of NA and galanin in the rat would be valuable. Left for future investiga-
tions is also in which cells these events take place, and which galanin and NPY receptors  
are involved. 
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Radioimmunoassay of galanin-LI in brain tissue extracts

Brain region
Pre-
pubertal 
vs adult

Early pro-
estrus

Ovx + 17β-estradiol 
short-term (hours)

Ovx + 17β-estradiol, long-
term (days-weeks)

Rat Mouse Rat Mouse
Hippocampal 
formation increase increase increase no effect increase no effect

Frontal cortex increase * no effect no effect increase no effect
Striatum no effect * no effect no effect no effect no effect
Hypothalamus no effect * no effect no effect no effect no effect
Medulla 
oblongata 
pons

* * no effect increase * no effect

Pituitary increase * no effect no effect increase increase
* Not investigated

Table 1: Summary of the results of galanin analyses in the experimental paradigms of 
the present thesis

Radioimmunoassay of NPY-LI in brain tissue extracts

Brain region
Pre-
pubertal 
vs adult

Early pro-
estrus

Ovx + 17β-estradiol 
short-term (hours)

Ovx + 17β-estradiol, long-
term (days-weeks)

Rat Mouse Rat Mouse

Hippocampal 
formation no effect no effect NS effect 

(decrease) decrease  * no effect

Frontal cortex no effect * NS effect 
(decrease) decrease * increase

Striatum no effect * NS effect 
(decrease) decrease * no effect

Hypothalamus no effect * no effect no effect * no effect
Medulla 
oblongata 
pons

* * no effect decrease * no effect

Pituitary increase * no effect no effect * no effect
* Not investigated, NS, not signifi cant 

Table 2: Summary of the results of NPY analyses in the experimental paradigms of the 
present thesis



45

Results and discussion

Putative galanin homologues
In addition to studies of 17β-estradiol and its effect on galanin(1-29) and NPY, we 
investigated the possible presence of homologues to N-terminal sequences of galanin 
by raising antisera in ten rabbits, using the C-terminal end of galanin(1-16) as hapten. 
We found (paper IV) the presence of an immunoreactive component, possibly a novel 
homologue to the N–terminal sequence of galanin. This component had a Stokes radius 
corresponding to a peptide of about eight amino acids and was apparently located in the 
same cell bodies and fi bers as galanin(1-29) but with no overlap with the pattern previ-
ously shown for GALP. Importantly, chromatographic analysis (using Stokes radius and 
lipophilic properties) of the endogenous immunoreactive material revealed that it was 
different from galanin(1-16) and galanin(1-29). The concentration of this homologue 
increased in the HiFo in response to 17β-estradiol treatment of ovx rats after four hours 
but not after one hour. This is congruent with the results obtained in paper I except that 
the effect was not as rapid. However, OVX itself did not infl uence the concentration of 
the newly found component – in contrast to what has been shown for galanin(1-29) (Ru-
garn et al., 1999b). Our data support the existence of a novel endogenous galanin homo-
logue with similar structure and biological effects as N-terminal sequences of galanin. 

In electrophysiological studies Xu and co-workers (1999) showed a subpopulation of 
cells in the HiFo, responding selectively to galanin(1-15) but not to galanin(1-16) or 
galanin(1-29). In contrast neurons in the LC nucleus responded to galanin(1-29) and 
galanin(1-16) but not to galanin(1-15). Since areas like the dorsal HiFo had been shown 
to have only very few binding sites for the parent peptide galanin(1-29) (Skofi tsch & 
Jacobowitz, 1986; Melander et al., 1988), these studies together indicated presence of a 
new type of galanin receptor selective for N-terminal galanin fragments.
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Conclusions
♦ the levels of galanin-LI in the rat HiFo are infl uenced by a raise in the concentration 

of 17β-estradiol both after short- and long-term exposure.

♦ the short-term effect of 17β-estradiol on galanin-LI in the HiFo of female rats could 
not be blocked by Tamoxifen®, indicating an effect different from the classical tran-
scriptional machinery of ERs.

♦ there are species differences between rats and mice, particularly with  regards to the 
long-term effects of 17β-estradiol on galanin-LI. 

♦ Short-term treatment with 17β-estradiol alters the concentration of galanin-LI in the 
ECF from the dorsal HiFo, indicating a decreased release from hippocampal nerve 
endings.

♦ Galanin-LI fl uctuates during a normal estrous cycle - that is increased in tissue extracts 
in the pro-estrous phase.

♦ 17β-estradiol rapidly infl uences NPY transcript in the mouse HiFo and striatum (cau-
date nucleus-putamen), the latter an area most likely not expressing ERs - indicating 
a membrane-related effect.

♦ the higher dose (5 µg) of 17β-estradiol used in the mouse model did not affect the levels 
of NPY in the same manner as the lower dose (2.5 µg).

♦ A novel, estrogen-infl uenced approximately 8-aminoacid-long galanin homologue is 
present in the rat brain and gut, with steric properties similar to the C-terminal part 
of galanin(1-16). 
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Perspectives
Already four decades ago it became apparent that estrogens infl uence not only the re-
productive organs, but also higher functional centers in the brain. An impressive body 
of evidence has since accumulated showing 17β-estradiol to be much more than a re-
productive hormone (see Pfaff et al. 1983; McEwen 1987, 2002 a, b; Wang et al. 2002). 
Besides its well known action on the hypothalamus and other brain areas involved in 
reproduction, 17β-estradiol infl uences e. g. the widespread serotoninergic and catecho-
laminergic pathways of the brain in addition to the basal forebrain cholinergic system 
and the HiFo. It also affects cognition and mood and contributes to the maintainance of 
the structural and functional integrity of the CNS e.g. by regulating synapse turnover in 
the hippocampus during the 4- to 5-day estrous cycle of the female rat inducing the for-
mation of new excitatory synapses through NMDA receptors (see McEwen, 2002 a). 

The overwhelming majority of earlier cell culture and animal experimental studies in-
dicate that 17β-estradiol exerts benefi cial/neuroprotective effects on the brain. It was 
therefore hoped that 17β-estradiol administration could reduce the risk of dementias and 
other brain diseases, cardiovascular diseases, osteoporosis, etc. During the late 1990’ies 
and early 2000’ies physicians therefore increasingly prescribed estrogen not only short 
term for alleviating menopausal symptoms, but also long term in the hope of alleviating 
risks of disease. The results of the experimental studies have only recently been put to 
the test in large controlled epidemiological studies which show that estrogen treatment 
in postmenopausal women increases the risk of cardio- and cerebrovascular diseases 
and of breast cancer (Hulley et al. 1998; Viscoli et al. 2001; Rossouw et al. 2002). Gi-
ven the observed increase in risks, it has been recommended that hormone replacement 
therapy be used only for management of menopausal symptoms and for as short a du-
ration as possible (Cheung et al. 2004; Turgeon et al. 2004). 17β-estradiol appears to be 
a hormone which needs to be tightly regulated for normal tissue function and used with 
caution in the clinic. 

The present thesis indicates that changes in the concentration of 17β-estradiol in females 
at menarche, during estrous cycles, at pregnancy and parturition and at menopause may 
infl uence brain functions partially by infl uencing the concentrations of the neuropepti-
des galanin and NPY. Altered concentrations of these two peptides in the extracellular 
space can e.g. modulate the biological functions of NA and serotonin which possibly 
contribute to the mood swings and cognitive effects common in periods of changes in 
the levels of 17β-estradiol in females. Decreased concentrations of galanin in the ex-
tracellular space in response to elevated concentrations of 17β-estradiol could lead to 
decreased galanin-induced inhibition of the biological effects excerted by NA neurons 
(see Xu et al., 2005) (see Fig 5).

Neuropeptides are commonly considered to be primarily modulators of other transmit-
ters, acting slowly and mainly in extreme conditions of e.g. injury and other types of di-
sease. Our results indicate that neuropeptides may participate in neurotransmission also 
under physiological conditions, e.g. when the concentrations of 17β-estradiol change. 
Thus in the present work changes in the concentration of sex hormones during a normal 
ovulatory cycle infl uenced galanin concentrations in the rat hippocampus. 
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Several brain disorders in females seem to be related to the variation of sex hormones, 
including mood disorders (premenstrual syndrome, post-partum depression/ migraine)  
and epilepsy (e.g. catamenial epilepsy) (see Backström et al., 2003; Maguire et al., 
2005). Both galanin and NPY are potent mediators of e.g. neuronal excitability and 
changes in their levels may be of physiological importance both in experimental ani-
mals and in humans. 

In the present thesis, animal models were used in order to explore some aspects of the 
complex signalling systems of the intact brain. Since ovariectomy dramatically changes 
the overall hormonal homeostasis, we also investigated whether the same effect could 
be demonstrated during a normal ovarial cycle in intact rats. It turned out that galanin 
levels in the HiFo are also increased at proestrus in the normal cycle, though to a lesser 
extent than in the ovx rats subsquently treated with estrogen. The natural cyclical varia-
tion in the plasma concentrations of sex-hormones during the estrous cycle, in particular 
of 17β-estradiol, are known to influence excitability, dendritic spine outgrowth and the 
number of synapses in the HiFo (see McEwen 2000 a). Our data support that 17β-estra-
diol does not only exert its effects on the structural properties of the brain, but also on 

Figure 5 
Dramatic and smaller 
changes in the levels 
of sex-hormones in 
general and of 17β-
estradiol in particular 
influence cell- and 
bodily functions in 
females. Some of 
these effects may be 
mediated through the 
neuropetides galanin 
and NPY.
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the functional details in the neurochemical interactions between neurons.  

Notably, it seems also that the effects of e.g. estrogen on the body depends on age 
(Sherwin, 2003, 2005). Therefore the results of the present thesis should be interpreted 
against the background that the rodents used in the studies were exclusively young. 

It is also noteworty that there is considerable overlap between today’s knowledge about 
estrogens effect on the rodent brain compared to those obtained in the human brain. 
Therefore the possibility exists that short-and long term exposure of the brain to 17β-
estradiol – e.g. during a normal menstrual cycle or during pregnancy – have effects on 
galanin and NPY also in the human brain. This could be important for the regulation of  
acquisition, retention and mood. However, this requires to be shown. In fact the spe-
cies differences between rat and mouse already shown here are reason for caution when 
extending our hypothesis to humans.

Memory 
Memory studies in women generally indicate better performance during the luteal phase 
compared with the menstrual phase, suggesting that 17β-estradiol facilitates verbal and 
fi ne motor skills (Broverman et al., 1981). Functional magnetic resonance imaging stu-
dies in young women support the evidence of the constructive effects of estrogens on 
brain morphology reported in animals (Frankfurt et al., 1990, Woolley & McEwen, 
1992) showing that neural recruitment in a cognitive task is highly responsive to fl uc-
tuations of gonadal steroid hormones (Fernández et al., 2003). These studies are in line 
with studies in rats using 125I estrogen showing labelling to ERs in pyramidal cells of 
CA1 and CA3 in the ventral HiFo –  areas important for memory (Shughrue & Mer-
chenthaler, 2000), and early studies showing that estrogen increases the concentration 
of choline acetyltransferase, the synthetic enzyme for ACh (Luine et al., 1975), a neuro-
transmitter critically implicated in memory functions and which is markedly reduced in 
levels in AD (Davies & Maloney, 1976). 

Galanin can be expressed in cholinergic forebrain neurons, that is co-localized with 
choline acetyltransferase (ChAT) in some species (Melander et al., 1985, 1986c) and 
inhibits ACh release in the HiFo (Fisone et al., 1987) which provides for a possible 
role of galanin in acquisition and retention (see Crawley, 1996; Ögren et al., 1999) and 
for a possible signifi cance in AD in both animals and human (see Counts et al., 2003). 
Galanin impairs cognitive performance injected intraventricularly (Schött et al., 2000), 
while acting in an opposite direction when injected in the medial septum (Elvander et 
al., 2004). Taken together a rapid 17β-estradiol-induced decrease in extracellular gala-
nin concentrations in the HiFo indicate that the effects of 17β-estradiol on galanin may 
participate in the facilitation of memory induced by estradiol at the level of the HiFo.
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Mood & depression
Women (all ages) have been shown to suffer from a higher incidence of depression than 
men (Weissman et al., 1993). Clinical observations in women with premenstrual disor-
ders or with major depression beginning in the post-partum period or during menopause 
point toward the importance of sex-hormones as neuroendocrine modulators of mood. 
Thus, estrogens have been suggested to decrease the susceptibility for depression (Hal-
breich et al., 1997). Dysfunctions in serotonin and NA transmission are implicated in 
depressive disorders. In rats estrogen increases the serotonin activity by improving the 
effect of serotonin reuptake inhibitors (see Birkhäuser 2002) and by affecting the sero-
tonin receptors (Österlund et al., 1998). In the human brain, the ERα and ERβ mRNA 
are present both in the HiFo and LC (Österlund 2000) and ERβ has been found to be 
decreased in persons committing suicide (Östlund et al., 2003). Galanin-LI is expressed 
in a population of 5HT neurons in DRN and in NA neurons of the LC (Melander et al., 
1986 b, c), and this peptide can affect the release of  5-HT and NA  in the HiFo (Kehr 
et al., 2001; 2002). Hypothetically, a 17β-estradiol- induced decrease in galanin release 
in the HiFo (paper I) can affect both serotonin and NA transmission in the HiFo. NPY 
mRNA has been shown in the human brain, e.g. in the HiFo (DG) (Caberlotto et al., 
1999 a, b), but data addressing a correlation between affective disorders and estrogen 
are limited.

Galanin homologue
Galanin –  in contrast to NPY – is the only member of the galanin family with the excep-
tion for the recently discovered GALP. Normally neuropeptides belong to families of 
neuropeptides with similar structure and functions. Three galanin receptors have been 
cloned which only share amino acid identities in the order of 30-50%. Functional and 
radioligand binding studies indicate presence of galanin receptor subtypes in addition to 
the presently known receptors. However, there are no reports of endogenous galanin ho-
mologues with amino acids in the tree-dimensional conformation required for binding 
to the suggested additional galanin receptor(s). Another unique feature of galanin is that 
it exerts its biological effects by its N-terminal end while most other neuropeptides use 
the C-terminal end. Therefore we investigated a possible occurrence of homologues to 
the N-terminal part of galanin using an antiserum raised against galanin(1-16). 

Since antibodies recognize three-dimensional structures of 3-5 amino acids in a peptide 
they may be able to recognize a similar three-dimensional structure in a related peptide, 
possibly an additional member of the galanin peptide family. We found a component 
consisting of about eight amino acids with different Stokes radius to that of galanin(1-
29), galanin(1-16) but similar to galanin(9-16) and with different lipophilic characteris-
tics compared to galanin(1-29), galanin(1-16) and to galanin(9-16). Furthermore, this 
homologue had similar distribution pattern in the brain as galanin(1-29) but with no 
overlap with the distribution pattern previously found for GALP. Moreover, the concen-
tration of the new component increased in response to estrogen treatment in the same 
brain regions as shown for galanin(1-29). The homologue found may be a peptide struc-
turally and functionally related to the galanin peptide family utilizing steric properties 
similar to that of galanin(1-16).



51

Results and discussion

Electrophysiological studies (Xu et al., 1999) demonstrated a subpopulation of cells in 
the HiFo, which responded selectively to galanin(1-15) but not to galanin(1-16) or ga-
lanin(1-29). In contrast neurons in the LC responded to galanin(1-29) and galanin(1-16) 
but not to galanin(1-15). Since areas like the dorsal HiFo have been shown to have only 
very few binding sites for the parent peptide galanin(1-29) (Melander et al., 1988), and 
since the peptide is present in equal amounts in both dorsal and ventral HiFo (Skofi tsch 
and Jacobowitz, 1986) these studies together indicate that a N-terminal galanin homo-
logue may exert novel effects in the HiFo.



52

Results and discussion



53

Acknowledgements

Acknowledgements
Professor Elvar Theodorsson, supervisor. First of all I would like to thank you for 
creating a ‘family friendly’ environment, giving me and us at the laboratory possibility 
to live intact personal lives ‘beyond science’. This should not be misunderstood to mean 
the absence of hard work. It is all about self-government, confi dence and faith in people, 
and the fact that it is the fi nal outcome that really counts. Thank you for trusting me and 
for all encouragement during these seven years. Thanks also for ‘knocking in’ the con-
cept of ‘statistical power’ in my head, which means a lot of more work, but also gives 
confi dence and calm sleep when you fi nd results you did not expect. I’m confi dent in 
this philosophy for a life time. I also really appreciate your complete lack of ‘bad hair 
days’ and your positive attitude to new ideas.

Professor Tomas Hökfelt, co-supervisor. Thank you Tomas for guiding me, not only 
into the brain - shedding the light on the neuropeptide pathways and systems, but also in 
‘how to write and publish a paper’ (and how to not write). The writing part with you is 
something I enjoy very much. I also would like to express my gratitude for your never 
ending patience and for advice (such as ‘there are no free lunches’) and for sharing some 
of your vast knowledge in neuroscience. You are also the most critical scientist I have 
ever met – and very few things make you impressed – which has helped me to keep both 
my feet on the ground. These seven years have been a privilege, and I admire you in that 
you still actually are curious in how the brain works after so many years of science. It 
gives me hope. Thank you for introducing me into your lab!!!!

Lovisa Holm. The outstanding technician, ‘partner’, co-author in paper I, very good 
friend and the very next student at our lab. Thanks Lovisa for teaching me ovariectomy, 
for sampling the micro-dialysate and for keeping me (almost) sane. I really, really enjoy 
to work with you and beside you - high pace and focus. I wish for you a happy ‘scientifi c 
journey’. I have a lot to thank you for (kram). 

Annette Theodorsson. Neurosurgeon, PhD student in our lab and co-author in paper 
I and II. Thanks for all valuable chats about science in general and how to manage the 
motherhood combined with work. It’s time for ‘turning the leaf’s’ also in your life and 
I wish you all luck.

Late Katarina Åman. I would like to thank Katarina for all education, generosity, cakes 
she did to me and for the super, super documentation during the mice project, when we 
looked for NPY transcript. I’m so sorry I didn’t have time to really thank you for all 
help before you left us. 

Agneta Eliasson-Fahlgren from AgnTho’s AB. Thank you for a two days excellent 
’hands on’ lecture in microdialysis.

Siv Nilsson for technical assistance in paper IV.

Karin Lagerman. Secretary and ‘spider in the net’ – Karolinska Institutet. What can I 
say? After spending days, and weeks, staring at, and working on, my reference list I’m 
really impressed by your profession. Thanks for helping me fi nd the bed in the house 
next door. 



Acknowledgements

54

Malin Bardon. Chemist at the Division of Clinical Chemistry. Thanks for the exhaus-
tive help with the HPLC and gel-chromatography in paper IV.

Dan Linghammar, Jan Szymanowski and all of you at the animal house. Thanks for 
taking so good care of the animals and for all help and advices during these years.

Pablo Brumosky. Thank you very much for the excellent lecture in Scion Image in 
‘Hökfelt’s lab’. There is surely a teacher living inside of you. Hope you’ll enjoy USA 
next year and good luck in the future.

Lise-Lott Jahrl for teaching me the radioimmunoassay.

Dr Olof Rugarn for giving me the estrogen/galanin start.

Karolinska Institutet. For the hospitality during my stays and for creating such a great 
scientifi c atmosphere.

The Foundation of Strategic Research. For stipend during the ‘Graduate Year in Bio-
medical Research’ and the additional stipend during my start as a PhD student.

Graduate Year in Biomedical Research. I sincerely would like to thank Torbjörn 
Bengtsson, Lillemor Fransson and also Jan Gillqvist. This ‘prep’- year between un-
dergraduate and PhD student was one of the best year in my life as a student. So to 
speak – it warmed me up. Thank you – all the other students in our small group; Hanna, 
Kristina, Nahreen, Camilla, Sara, Charlotte, Peo, Robert, Johan x 2, Tobias.

Elin Elvander. My new friend in the ‘hippocampaI society’. I’m so glad I met you at 
the Galanin 2004-meeting in San Diego. Thanks for all valuable discussions about me-
mory & cognition (especially the invented new idea’s over a Margeritha and very much 
Guacamole). I hope that my road will cross your road some day. Good luck Elin!!!!

Professor Jan Ernerud. You made me realize that science were something for me. 
Sorry I left the neuroimmunology fi eld but thanks for support these years. Thank you 
for inviting me to your ’journal club’ in immunology.

Jeanette S, Ewa G, Annika I, Elaine S, Carina A, Lotta D, Christina Ekerfelt. 
Thanks for all nice evenings with sushi etc. and all advices – although I’ve been a ‘don’t 
show up’ person the last years.  

Inger Fagerberg and Kerstin Gustafsson. For taking good care of me when I arrived 
to Elvars lab in 1998. And to all of you at the Division of Clinical Chemistry. I’m sorry 
I never really joined your socials.

Ludmila Mackerlova and David Engblom. Thanks for introducing me into the world 
of stereotactic and retrograde tracing studies. It was really exciting. 

Simin Mohseni. Thank you for involving me in the international course in advanced 
neurobiology. You know I really enjoy both the course and the students.

Barbro Fjällgård & Gun Ohlsson – teachers when I was an undergraduate student. 
You infl uenced me to take valuable decisions in my life, although you may not have 
thought I listened to what you said at that time. Well, I did, and here I am.

Karin Backteman and Ingegerd Gustavsson. Thank you for forcing me to choose 



55

Acknowledgements

between cellular immunology and neurochemistry – it turned out to be great for me 
anyhow. Actually, I found my own way from one exciting system to another, but here 
the similarities end. 

Marie Hagbom. Thanks for all help with Emilia and for enjoying it. You have been so 
nice to me.

Per Hilke and Lena Erixcon. You have been invaluable for us these last years. Thanks 
for taking care of Emilia when needed.

Joakim Kågemyr. The best of brothers.

Daniell Jörnsten. VITASPORTSCLUB. Thanks for keeping me away from stress using 
tuff exercises in the morning before work. I really needed this. THANKS.

Humlan Cilla, Anki, Annika, Lena and Carina. It feels safe to leave Emilia with you 
during my/our working hours. Thank you – it means a lot to me.

Röda paviljongen Ewa B and all you others for taking so good care of Rebecca and 
Max during all their years at school. I will never forget you.

Åsa L, Kicki L, Lena M, Lena C, Sofi a A, Madde S, Mia R, Maria G, Louise R. My 
very old and very good friends. I really hope we can spend more time together in the 
future, even though I’m a dedicated scientist with a lot of things going on in my brain.

Annika and Staffan Bogg, Clara Spetz and Anders Holm, Lovisa and Peter Holm. 
Thanks for planning the dinner and show. A special THANK to our neighbours and 
friends, Annika and Staffan for support during the years with the kids and for all nice 
evenings and trips we spent together.

Stefan and Kicki, Katarina and Lasse, Mia and Jimmy, Andrea and Linda and Mo-
nica (La Nonna). Thanks for help and for being fl exible during my periods in other 
countries and for sharing the compassion to the children.

Harry and Irene Johansson. My grandfather and grandmother. You made me very 
much the person I am today in terms of ‘how to behave’. Thanks for endless love and for 
caring so much for me and my kids. I’m so happy that you share with me this particular 
period in my life and I partly dedicate this thesis to you. 

Lillemor and Hasse Kågemyr, my mother and father. Mom, in my eyes you’ve al-
ways been a fi ghter. Giving up has never been your style. That was something I took 
with me when I left home (some years ago) and have since used every single day. Thank 
you for teaching me the meaning of responsibilities, both for oneself and for others. 
Thank you also for giving me the ‘humour genes’- making the life more pleasant (when 
you work all alone in the lab). Dad, I’m sure that I gave you some of your grey hair 
when I was younger. Order (dad) and creative chaos (me). I always found my own way 
– as the philosopher I was and still am. In some way however – you managed to teach 
me some very important things – e.g. documentation (even if I actually still feel more 
comfortable in chaos) and this thesis would not exist without order. I really could need 
you in my lab in the future. Thank you for trying. I love you!!!!!

Ronnie Johansson and Britt-Inger Berglund. Uncle and aunt. Two more beloved rela-



Acknowledgements

56

tives with ‘humour genes’ and warm charisma. You both mean a lot to me.

Jörgen Hilke, my husband, ‘life-line’, friend and ‘superior-support’ in and outside 
science. There are no words to explain these last years but the fact is - we are still alive. 
Thanks for being so open-minded about almost everything. I have always enjoyed our 
endless discussions about life in general and about attitude to life in particular. Thanks 
for tremendous teamwork, especially during the last year. I know - that you know – that 
I’m a scientist in my personality, and will always be. I’m so pleased that your mind 
works in the same direction – we simply just have different targets. I’m looking forward 
spending more time with you. I love you so much!!!!

Giovanna, Rebecca, Max, Emilia, Michaela and Josefi ne. My children and bonus-
children. You very much live your life without ‘nybakade bullar’ and a mother always 
concentrating on house-keeping and cleaning. However, I hope I´ve given you a lot of 
apetite for life in general and I know I made at least some of you curious about science 
(although it seems to be different topics). You are my energy source - always - and you 
mean everything - and I mean everything - to me.

Finally, I Susanne am fi rmly convinced that ‘what’s goes around, comes around’. What 
you give eventually comes back to you - either if its good or bad. This was not a ‘one 
man show’ - I will never forget that. Thanks to you all for a great show!!!!

This work was supported by research grants from: The Swedish Medical Reserach 
Council (33X-07464 an 04X-2887), The County Council of Östergötland, Marianne 
and Marcus Wallenberg’s foundation, and a Grant from the EC (NEWMOOD; LSHM-
CT-2004-503474) and an Unrestricted Bristol- Myers Squibb Neuroscience Grant



57

References

References
Abraham, I.M., Han, S.K., Todman, M.G., Korach, K.S., Herbison, A.E. (2003) Estro-

gen receptor beta mediates rapid estrogen actions on gonadotropin-releasing hor-
mone neurons in vivo, J Neurosci. 2,  5771-5777.

Adams, J.C. (1992) Biotin amplifi cation of biotin and horseradish peroxidase signals in 
histochemical stains, J Histochem Cytochem. 40,  1457-1463.

Allen, Y.S., Adrian, T.E., Allen, J.M., Tatemoto, K., Crow, T.J., Bloom, S.R. & Polak, 
J.M. (1983) Neuropeptide Y distribution in the rat brain. Science. 221,  877-879.

Allen, W.M. & Wintersteiner, O.S. (1934). Crystalline progestine, Science. 80,  190-
191.

Amandusson, Å., Hallbeck, M., Hallbeck, A.L., Hermansson, O., Blomqvist, A. (1999) 
Estrogen-induced alterations of spinal cord enkephalin gene expression, Pain. 83,  
243-248.

Ann, K., Kowalchyk, J.A., Loyet, K.M. & Martin, T.F. (1997) Novel Ca2+-binding 
protein (CAPS) related to UNC-31 required for Ca2+-activated exocytosis, J Biol 
Chem. 272,  19637-19640.

Backström, T., Andersson, A., Andree, L., Birzniece, V., Bixo, M., Björn, I., Haage, D., 
Isaksson, M., Johansson, I.M., Zingmark, E., et al., (2003) Pathogenesis in men-
strual cycle-linked CNS disorders, Ann N Y Acad Sci. 1007,  42-53.

Baraban, S.C. (2004) Neuropeptide Y and epilepsy: recent progress, prospects and con-
troversies, Neuropeptides. 38,  261-265. 

Bard, J.A., Walker, M.W., Branchek, T.A. & Weinshank, R.L. (1995) Cloning and func-
tional expression of a human Y4 subtype receptor for pancreatic polypeptide, neu-
ropeptide Y, and peptide YY, J Biol Chem.  270,  26762-26765.

Barkhem, T., Nilsson, S., Gustafsson, J.Å. (2004) Molecular mechanisms, physiological 
consequences and pharmacological implications of estrogen receptor action, Am J 
Pharmacogenomics. 4,  19-28.

Beal, M.F., Mazurek, M.F., Chattha, G.K., Svendsen, C.N., Bird, E.D. & Martin, J.B. 
(1986) Neuropeptide Y immunoreactivity is reduced in cerebral cortex in Alzheimer’s 
disease, Ann Neurol. 20,  282-288.

Becker, J.B. (1999) Gender differences in dopaminergic function in striatum and nu-
cleus accumbens, Pharmacol Biochem Behav. 64,  803-812.

Bedecs, K., Langel, U. & Bartfai, T. (1995) Metabolism of galanin and galanin (1-16) 
in isolated cerebrospinal fl uid and spinal cord membranes from rat, Neuropeptides. 
29,  137-143.

Ben-Ari, Y. (1990) Galanin and glibenclamide modulate the anoxic release of glutamate 
in rat CA3 hippocampal neurons, Eur J Neurosci. 2,  62-68. 

Bennett, M.K., Garcia-Arraras, J.E., Elferink, L.A., Peterson, K., Fleming, A.M., Ha-
zuka, C.D. & Scheller, R.H. (1993) The syntaxin family of vesicular transport re-
ceptors, Cell. 74,  863-873.

Bergles, D.E., Doze, V.A., Madison, D.V. & Smith, S.J. (1996) Excitatory actions of 



58

References

norepinephrine on multiple classes of hippocampal CA1 interneurons, J Neurosci. 
16,  572-585.

Berglund, M.M., Saar, K., Lundell, I., Langel, U. & Larhammar, D. (2001) Binding of 
chimeric NPY/galanin peptides M32 and M242 to cloned neuropeptide Y receptor 
subtypes Y1, Y2, Y4, and Y5, Neuropeptides. 35,  148-153.

Berwin, B., Floor, E. & Martin, T.F. (1998) CAPS (mammalian UNC-31) protein lo-
calizes to membranes involved in dense-core vesicle exocytosis, Neuron. 21,  137-
145.

Bimonte, H.A., Hyde, L.A., Hoplight, B.J. & Denenberg, V.H. (2000) In two species, 
females exhibit superior working memory and inferior reference memory on the 
water radial-arm maze, Physiol Behav. 70,  311-317.

Birkhäuser, M. (2002) Depression, menopause and estrogens: is there a correlation?, 
Maturitas. 41  3-8.

Bousfi eld, G., Perry, M. & Ward, D. (1994) Gonadotropins, chemistry and biosynthesis, 
in: Knobil, E., Neill, J. D., Greenwald, G. S., Markert, C. L., Pfaff, D.W. (Eds) The 
physiology of reproduction, Volume 1, Raven Press, New York.

Brake, W.G., Alves, S.E., Dunlop, J.C., Lee, S.J., Bulloch, K., Allen, P.B., Greengard, P. 
& McEwen, B.S. (2001) Novel target sites for estrogen action in the dorsal hippo-
campus: an examination of synaptic proteins, Endocrinol. 142,  1284-1289.

Branchek, T.A., Smith, K.E., Gerald, C. & Walker, M.W. (2000) Galanin receptor sub-
types, Trends Pharmacol Sci. 21,  109-116.

Branchek, T.A., Smith, K.E., Walker, M.W. (1998) Molecular biology and pharmaco-
logy of galanin receptors, Ann N Y Acad Sci. 863,  94-107.

Burazin, T.C., Gundlach, A.L. (1998) Inducible galanin and GalR2 receptor system in 
motor neuron injury and regeneration, J Neurochem. 71,  879-882. 

Burazin, T.C., Larm, J.A., Ryan, M.C. & Gundlach, A.L. (2000) Galanin-R1 and -R2 
receptor mRNA expression during the development of rat brain suggests differential 
subtype involvement in synaptic transmission and plasticity, Eur J Neurosci. 12, 
2901-2917.

Broverman, D.M., Vogel, W., Klaiber, E.L., Majcher, D., Shea, D. & Paul, V. (1981) 
Changes in cognitive task performance across the menstrual cycle, J Comp Physiol 
Psychol. 95,  646-654.

Burgevin, M.C., Loquet, I., Quarteronet, D. & Habert-Ortoli, E. (1995) Cloning, phar-
macological characterization, and anatomical distribution of a rat cDNA encoding 
for a galanin receptor, J Mol Neurosci. 6,  33-41.

Caberlotto, L. & Hurd, Y.L. (1999 a) Reduced neuropeptide Y mRNA expression in the 
prefrontal cortex of subjects with bipolar disorder, Neuroreport. 10, 1747-1750.

Caberlotto, L., Jimenez, P., Overstreet, D.H., Hurd, Y.L., Mathe, A.A., Fuxe, K. (1999 
b) Alterations in neuropeptide Y levels and Y1 binding sites in the Flinders Sensitive 
Line rats, a genetic animal model of depression, Neurosci Lett. 265,  191-194. 

Cheung, A.M., Chaudhry, R., Kapral, M., Jackevicius, C. & Robinson, G. (2004) Peri-
menopausal and postmenopausal health, BMC Womens Health. 4,  23.



59

References

Ch’ng, J.L., Christofi des, N.D., Anand, P., Gibson, S.J., Allen, Y.S., Su, H.C., Tatemoto, 
K., Morrison, J.F., Polak, J.M. & Bloom, S.R. (1985) Distribution of galanin immu-
noreactivity in the central nervous system and the responses of galanin-containing 
neuronal pathways to injury, Neurosci. 16,  343-354.

Chronwall, B.M., DiMaggio, D.A., Massari, V.J., Pickel, V.M., Ruggiero, D.A. & 
O’Donohue, T.L. (1985) The anatomy of neuropeptide-Y-containing neurons in rat 
brain, Neurosci. 15,  1159-1181.

Colmers, W.F., Lukowiak, K., Pittman, Q.J. (1988) Neuropeptide Y action in the rat 
hippocampal slice: site and mechanism of presynaptic inhibition, J Neurosci. 8,  
3827-3837.

Consolo, S., Baldi, G., Russi, G., Civenni, G., Bartfai, T., Vezzani, A. (1994) Impulse 
fl ow dependency of galanin release in vivo in the rat ventral hippocampus, Proc 
Natl Acad Sci U S A. 16,  8047-8051. 

Coumis, U. & Davies, C.H. (2002) The effects of galanin on long-term synaptic plasti-
city in the CA1 area of rodent hippocampus, Neurosci. 112,  173-182.

Counts, S.E., Perez, S.E., Ginsberg, S.D., De Lacalle, S. & Mufson, E.J. (2003) Galanin 
in Alzheimer disease, Mol Interv. 3,  137-156.

Crawley, J.N. (1996) Galanin-acetylcholine interactions: relevance to memory and 
Alzheimer’s disease, Life Sci. 58,  2185-2199.

Dagerlind, A., Friberg, K., Bean, A.J. & Hökfelt, T. (1992) Sensitive mRNA detection 
using unfi xed tissue: combined radioactive and non-radioactive in situ hybridization 
histochemistry, Histochem. 98,  39-49.

Davies, P. & Maloney, A.J. (1976) Selective loss of central cholinergic neurons in 
Alzheimer’s disease, Lancet. 2,  1403.

Delgado, P.L. & Moreno, F.A. (2000) Role of norepinephrine in depression, J Clin Psy-
chiatry. 61,  5-12.

de Quidt, M.E. & Emson, P.C. (1986 a) Distribution of neuropeptide Y-like immuno-
reactivity in the rat central nervous system--I. Radioimmunoassay and chromato-
graphic characterisation, Neurosci. 18,  527-543.

de Quidt, M.E. & Emson, P.C. (1986 b) Distribution of neuropeptide Y-like immu-
noreactivity in the rat central nervous system--II. Immunohistochemical analysis, 
Neurosci. 18,  545-618.

De Vries, G.J. (2004) Minireview: Sex differences in adult and developing brains: com-
pensation, compensation, compensation, Endocrinol. 145,  1063-1068.

de Wied, D. (1984) The neuropeptide concept, Maturitas. 6,  217-223.
Dumont, Y., Cadieux, A., Pheng, L.H., Fournier, A., St-Pierre, S. & Quirion, R. (1994) 

Peptide YY derivatives as selective neuropeptide Y/peptide YY Y1 and Y2 agonists 
devoided of activity for the Y3 receptor sub-type, Mol Brain Res. 26,  320-324.

Dumont, Y., Moyse, E., Fournier, A. & Quirion, R. (2005) Evidence for the Existence 
of an additional class of neuropeptide Y receptor sites in the rat brain, J Pharmacol 
Exp Ther. E pub ahead of print.

Ehlers, C.L., Somes, C., Seifritz, E. & Rivier, J.E. (1997) CRF/NPY interactions: a 



60

References

potential role in sleep dysregulation in depression and anxiety, Depress Anxiety. 6,  
1-9.

Ekman, R., Juhasz, P., Heilig, M., Ågren, H. & Costello, C.E. (1996) Novel neuropep-
tide Y processing in human cerebrospinal fl uid from depressed patients, Peptides. 
17,  1107-1111.

Elvander, E., Schött, P.A., Sandin, J., Bjelke, B., Kehr, J., Yoshitake, T. & Ögren, S.O. 
(2004) Intraseptal muscarinic ligands and galanin: infl uence on hippocampal acetyl-
choline and cognition, Neurosci. 126,  541-557.

Elvander, E. & Ögren, S.O. (2005) Medial septal galanin and acetylcholine: infl uence 
on hippocampal acetylcholine and spatial learning, Neuropeptides. 39,  243-246.

Eriksson, H., Berglund, M.M., Holmberg, S.K., Kahl, U., Gehlert, D.R. & Larham-
mar, D. (1998) The cloned guinea pig pancreatic polypeptide receptor Y4 resembles 
more the human Y4 than does the rat Y4, Regul Pept. 75-76,  29-37.

Eva, C., Keinanen, K., Monyer, H., Seeburg, P. & Sprengel, R. (1990) Molecular clo-
ning of a novel G protein-coupled receptor that may belong to the neuropeptide 
receptor family, FEBS Lett. 271,  81-84.

Everitt, B.J., Hökfelt, T., Terenius, L., Tatemoto, K., Mutt, V. & Goldstein, M. (1984) 
Differential co-existence of neuropeptide Y (NPY)-like immunoreactivity with ca-
techolamines in the central nervous system of the rat, Neurosci. 11,  443-462.

Falck, B. (1959) Site of production of oestrogen in the ovary of the rat, Nature. 184,  
1082.

Fathi, Z., Cunningham, A.M., Iben, L.G., Battaglino, P.B., Ward, S.A., Nichol, K.A., 
Pine, K.A., Wang, J., Goldstein, M.E., Iismaa, T.P. & Zimanyi, I.A. (1997) Cloning, 
pharmacological characterization and distribution of a novel galanin receptor, Brain 
Res Mol Brain Res. 51,  49-59.

Fernández, G., Weis, S., Stoffel-Wagner, B., Tendolkar, I., Reuber, M., Beyenburg, S., 
Klaver, P., Fell, J., de Greiff, A., Ruhlmann, J., Reul, J. & Elger, C.E. (2003) Men-
strual cycle-dependent neural plasticity in the adult human brain is hormone, task, 
and region specifi c, J Neurosci. 23,  3790-3795.

Fisone, G., Wu, C.F., Consolo, S., Nordström, O., Brynne, N., Bartfai, T., Melander, T. 
& Hökfelt, T. (1987) Galanin inhibits acetylcholine release in the ventral hippocam-
pus of the rat: histochemical, autoradiographic, in vivo, and in vitro studies, Proc 
Natl Acad Sci U S A. 84,  7339-7343.

Foy, M.R. (2001) 17beta-estradiol: effect on CA1 hippocampal synaptic plasticity, Neu-
robiol Learn Mem. 76,  239-252.

Frankfurt, M., Gould, E., Woolley, C.S. & McEwen, B.S. (1990) Gonadal steroids mo-
dify dendritic spine density in ventromedial hypothalamic neurons: a Golgi study in 
the adult rat, Neuroendocrinol. 51,  530-535.

Freund, T.F. & Buzsaki, G. (1996) Interneurons of the hippocampus, Hippocampus. 6,  
347-470.

Fuhlendorff, J., Johansen, N.L., Melberg, S.G., Thogersen, H. & Schwartz, T.W. (1990) 
The antiparallel pancreatic polypeptide fold in the binding of neuropeptide Y to Y1 



61

References

and Y2 receptors, J Biol Chem. 265,  11706-11712.
Fuxe, K., Agnati, L.F., Härfstrand, A., Zini, I., Tatemoto, K., Pich, E.M., Hökfelt, T., 

Mutt, V. & Terenius, L. (1983) Central administration of neuropeptide Y induces 
hypotension bradypnea and EEG synchronization in the rat, Acta Physiol Scand. 
118,  189-192.

Fuxe, K., Jansson, A., Diaz-Cabiale, Z., Andersson, A., Tinner, B., Finnman, U.B., 
Misane, I., Razani, H., Wang, F.H., Agnati, L.F., Ögren, S.O. (1998) Galanin mo-
dulates 5-hydroxytryptamine functions. Focus on galanin and galanin fragment/5-
hydroxytryptamine1A receptor interactions in the brain, Ann N Y Acad Sci. 21,  274-
290.

Gabriel, S.M., Knott, P.J. & Haroutunian, V. (1995) Alterations in cerebral cortical gala-
nin concentrations following neurotransmitter-specifi c subcortical lesions in the rat, 
J Neurosci. 15,  5526-5534.

Galea, L.A., McEwen, B.S., Tanapat, P., Deak, T., Spencer, R.L. & Dhabhar, F.S. (1997) 
Sex differences in dendritic atrophy of CA3 pyramidal neurons in response to chro-
nic restraint stress, Neurosci. 81,  689-697.

Gehlert, D.R. (1998) Multiple receptors for the pancreatic polypeptide (PP-fold) family: 
physiological implications, Proc Soc Exp Biol Med. 218,  7-22.

Gehlert, D.R., Chronwall, B.M., Schafer, M.P. & O’Donohue, T.L. (1987) Localization 
of neuropeptide Y messenger ribonucleic acid in rat and mouse brain by in situ hy-
bridization, Synapse. 1,  25-31.

Gehlert, D.R., Gackenheimer, S.L. & Schober, D.A. (1992) [Leu31-Pro34] neuropep-
tide Y identifi es a subtype of 125I-labeled peptide YY binding sites in the rat brain, 
Neurochem Int. 21,  45-67.

Gerald, C., Walker, M.W., Criscione, L., Gustafson, E.L., Batzl-Hartmann, C., Smith, 
K.E., Vaysse, P., Durkin, M.M., Laz, T.M., Linemeyer, D.L., Schaffhauser, A.O., 
Whitebread, S., Hofbauer, K.G., Taber, R.I., Branchek, T.A. & Weinshank, R.L. 
(1996) A receptor subtype involved in neuropeptide-Y-induced food intake, Nature. 
382,  168-171.

Glaum, S.R., Miller, R.J., Rhim, H., Maclean, D., Georgic, L.M., MacKenzie, R.G. & 
Grundemar, L. (1997) Characterization of Y3 receptor-mediated synaptic inhibition 
by chimeric neuropeptide Y-peptide YY peptides in the rat brainstem, Br J Pharma-
col. 120,  481-487.

Glowinski, J. & Iversen, L.L. (1966) Regional studies of catecholamines in the rat brain 
- I, J. Neurochem. 13,  655-669.

Gregor, P., Millham, M.L., Feng, Y., DeCarr, L.B., McCaleb, M.L. & Cornfi eld, L.J. 
(1996) Cloning and characterization of a novel receptor to pancreatic polypeptide, a 
member of the neuropeptide Y receptor family, FEBS Lett. 381,  58-62.

Greenwood, F.C., H.W., Glower, J.S. (1963) The preparation of 131I labelled human 
growth hormone of high specifi c activity, Biochem J. 89,  114-123.

Grewal, S.S., York, R.D. & Stork, P.J. (1999) Extracellular-signal-regulated kinase sig-
nalling in neurons, Curr Opin Neurobiol. 9,  544-553.



62

References

Gu, Q. & Moss, R.L. (1996) 17 beta-Estradiol potentiates kainate-induced currents via 
activation of the cAMP cascade, J Neurosci. 16,  3620-3629.

Gu, Q. & Moss, R.L. (1999) Rapid action of 17beta-estradiol on kainate-induced cur-
rents in hippocampal neurons lacking intracellular estrogen receptors, Endocrinol. 
140,  660-666.

Guillemin, R. (1978) Peptides in the brain: the new endocrinology of the neuron, Sci-
ence. 202,  390-402.

Gundlach, A.L., Burazin, T.C. & Larm, J.A. (2001) Distribution, regulation and role of 
hypothalamic galanin systems: renewed interest in a pleiotropic peptide family, Clin 
Exp Pharmacol Physiol. 28,  100-105.

Gundlach, A.L., Wisden, W., Morris, B. & Hunt, S. (1990) Localization of preprogala-
nin mRNA in rat brain: in situ hybridization study with a synthetic oligonucleotide 
probe, Neurosci Lett. 114,  241-247.

Habert-Ortoli, E., Amiranoff, B., Loquet, I., Laburthe, M. & Mayaux, J.F. (1994) Mo-
lecular cloning of a functional human galanin receptor, Proc Natl Acad Sci U S A. 
91,  9780-9783.

Halbreich, U. (1997) Role of estrogen in postmenopausal depression, Neurol. 48,   16-
19.

Hansel, D.E., Eipper, B.A. & Ronnett, G.V. (2001) Neuropeptide Y functions as a neu-
roproliferative factor, Nature. 410,  940-944.

Hart, S.A., Patton, J.D. & Woolley, C.S. (2001) Quantitative analysis of ER alpha and 
GAD colocalization in the hippocampus of the adult female rat, J Comp Neurol. 
440,  144-155.

Hedlund, P.B., Yanaihara, N. & Fuxe, K. (1992) Evidence for specifi c N-terminal gala-
nin fragment binding sites in the rat brain, Eur J Pharmacol. 224,  203-205.

Heikkinen, T., Puolivali, J., Liu, L., Rissanen, A. & Tanila, H. (2002) Effects of ova-
riectomy and estrogen treatment on learning and hippocampal neurotransmitters in 
mice, Horm Behav. 41,  22-32.

Heilig, M. (2004) The NPY system in stress, anxiety and depression, Neuropeptides. 
38,  213-224.

Hilfi ker, S., Pieribone, V.A., Czernik, A.J., Kao, H.T., Augustine, G.J. & Greengard, P. 
(1999) Synapsins as regulators of neurotransmitter release, Philos Trans R Soc Lond 
B Biol Sci. 354,  269-279.

Hökfelt, T. (2005) Galanin and its receptors: Introduction to the Third International 
Symposium, San Diego, California, USA, 21-22 October 2004, Neuropeptides, 39,   
125-142.

Hökfelt, T., Broberger, C., Zhang, X., Diez, M., Kopp, J., Xu, Z., Landry, M., Bao, L., 
Schalling, M., Koistinaho, J., DeArmond, S.J., Prusiner, S., Gong, J. & Walsh, J.H. 
(1998) Neuropeptide Y: some viewpoints on a multifaceted peptide in the normal 
and diseased nervous system, Brain Res Rev. 26,  154-166.

Hökfelt, T., Johansson, O., Ljungdahl, A., Lundberg, J.M., Schultzberg, M. (1980) Pep-
tidergic neurones. Nature. 284,  515-521.



63

References

Holets, V.R., Hökfelt, T., Rökaeus, A., Terenius, L. & Goldstein, M. (1988) Locus coe-
ruleus neurons in the rat containing neuropeptide Y, tyrosine hydroxylase or galanin 
and their efferent projections to the spinal cord, cerebral cortex and hypothalamus, 
Neurosci. 24,  893-906.

Holmes, F.E., Mahoney, S.A., Wynick, D. (2005) Use of genetically engineered trans-
genic mice to investigate the role of galanin in the peripheral nervous system after 
injury, Neuropeptides. 39,  191-199. 

Howell, O.W., Doyle, K., Goodman, J.H., Scharfman, H.E., Herzog, H., Pringle, A., 
Beck-Sickinger, A.G. & Gray, W.P. (2005) Neuropeptide Y stimulates neuronal 
precursor proliferation in the post-natal and adult dentate gyrus, J Neurochem. 93,  
560-570.

Hu, Y., Bloomquist, B.T., Cornfi eld, L.J., DeCarr, L.B., Flores-Riveros, J.R., Friedman, 
L., Jiang, P., Lewis-Higgins, L., Sadlowski, Y., Schaefer, J., Velazquez, N. & McCa-
leb, M.L. (1996) Identifi cation of a novel hypothalamic neuropeptide Y receptor 
associated with feeding behavior, J Biol Chem. 271,  26315-26319.

Hulley, S., Grady, D., Bush, T., Furberg, C., Herrington, D., Riggs, B., et al. (1998) 
Randomized trial of estrogen plus progestin for secondary prevention of coronary 
heart disease in postmenopausal women. Heart and estrogen/progestin replacement 
study (HERS) research group, JAMA. 280,  605-613.

Husum, H., Mikkelsen, J.D., Hogg, S., Mathe, A.A. & Mork, A. (2000) Involvement of 
hippocampal neuropeptide Y in mediating the chronic actions of lithium, electro-
convulsive stimulation and citalopram, Neuropharmacol. 39,  1463-1473.

Iismaa, T.P. & Shine, J. (1999) Galanin and galanin receptors, Results Probl Cell Differ. 
26,  257-291.

Jacobowitz, D.M., Kresse, A., Skofi tsch, G. (2004) Galanin in the brain: chemoarchitec-
tonics and brain cartography--a historical review, Peptides, 25,  433-464.

Jacobowitz, D.M., Skofi tsch, G. (1991) Localization of galanin cell bodies in the brain 
by immunohistochemistry and in situ hybridization histochemistry, In: Galanin, a 
new multifunctional peptide in the neuro-endocrine system. Wenner-Gren series, 
International symposium, Vol. 58, MacMillan Press, Hondsmill and London, pp. 
69-92. 

Jacoby, A.S., Webb, G.C., Liu, M.L., Kofl er, B., Hort, Y.J., Fathi, Z., Bottema, C.D., 
Shine, J. & Iismaa, T.P. (1997) Structural organization of the mouse and human 
GALR1 galanin receptor genes (Galnr and GALNR) and chromosomal localization 
of the mouse gene, Genomics. 45,  496-508.

Jahn, R., Schiebler, W., Ouimet, C., Greengard, P. (1985). A 38,000-dalton membrane 
protein (p38) present in synaptic vesicles, Proc Natl Acad Sci USA. 82,  4137–
4141.

Jahn, R. & Südhof, T.C. (1994) Synaptic vesicles and exocytosis, Annu Rev Neurosci. 
17,  219-246.

Jefcoate, C.R., Liehr, J.G., Santen, R.J., Sutter, T.R., Yager, J.D., Yue, W., Santner, S.J., 
Tekmal, R., Demers, L., Pauley, R., Naftolin, F., Mor, G. & Berstein, L. (2000) Tis-
sue-specifi c synthesis and oxidative metabolism of estrogens, J Natl Cancer Inst 



64

References

Monogr. 27,  95-112.
Jensen, E.V. (1996) Steroid hormones, receptors, and antagonists, Ann N Y Acad Sci. 

784,  1-17.
Jensen, E.V. (2005) The contribution of ”alternative approaches” to understanding ste-

roid hormone action, Mol Endocrinol. 19,  1439-1442.
Joels, M. (1997) Steroid hormones and excitability in the mammalian brain, Front Neu-

roendocrinol. 18,  2-48.
Johnsen, A.H. (1998) Phylogeny of the cholecystokinin family, Front. Neuroendocri-

nol. 19,  73-99.
Kalra, S.P., Clark, J.T., Sahu, A., Dube, M.G. & Kalra, P.S. (1988) Control of feeding 

and sexual behaviors by neuropeptide Y: physiological implications, Synapse. 2,  
254-257.

Kaplan, L.M., Spindel, E.R., Isselbacher, K.J. & Chin, W.W. (1988) Tissue-specifi c ex-
pression of the rat galanin gene, Proc Natl Acad Sci U S A. 85,  1065-1069.

Karlsson, R.M., Holmes, A., Heilig, M. & Crawley, J.N. (2005) Anxiolytic-like actions 
of centrally-administered neuropeptide Y, but not galanin, in C57BL/6J mice, Phar-
macol Biochem Behav. 80,  427-436.

Kask, K., Berthold, M. & Bartfai, T. (1997) Galanin receptors: involvement in feeding, 
pain, depression and Alzheimer’s disease, Life Sci. 60,  1523-1533.

Kask, A., Harro, J., von Horsten, S., Redrobe, J.P., Dumont, Y. & Quirion, R. (2002) The 
neurocircuitry and receptor subtypes mediating anxiolytic-like effects of neuropep-
tide Y, Neurosci Biobehav Rev. 26,  259-283.

Kastin, A.J., Banks, W.A., Zadina, J.E. & Graf, M. (1983) Minireview. Brain peptides: 
the dangers of constricted nomenclatures, Life Sci. 32,  295-301.

Kehr, J., Yoshitake, T., Wang, F.H., Razani, H., Gimenez-Llort, L., Jansson, A., Yama-
guchi, M. & Ögren, S.O. (2002) Galanin is a potent in vivo modulator of mesencep-
halic serotonergic neurotransmission, Neuropsychopharmacol. 27,  341-356.

Kehr, J., Yoshitake, T., Wang, F.H., Wynick, D., Holmberg, K., Lendahl, U., Bartfai, T., 
Yamaguchi, M., Hökfelt, T. & Ögren, S.O. (2001) Microdialysis in freely moving 
mice: determination of acetylcholine, serotonin and noradrenaline release in galanin 
transgenic mice, J Neurosci Meth. 109,  71-80.

Kelly, M.J. & Levin, E.R. (2001) Rapid actions of plasma membrane estrogen recep-
tors, Trends Endocrinol Metab. 12,  152-156.

Kelly, M.J., Moss, R.L. & Dudley, C.A. (1976) Differential sensitivity of preoptic-sep-
tal neurons to microelectrophoresed estrogen during the estrous cycle, Brain Res. 
114,  152-157.

Kelly, M.J., Moss, R.L. & Dudley, C.A. (1977) The effects of microelectrophoretically 
applied estrogen, cortisol and acetylcholine on medial preoptic-septal unit activity 
throughout the estrous cycle of the female rat, Exp Brain Res. 30,  53-64.

Kim, J.S., Kim, H.Y., Kim, J.H., Shin, H.K., Lee, S.H., Lee, Y.S. & Son, H. (2002) 
Enhancement of rat hippocampal long-term potentiation by 17 beta-estradiol in-
volves mitogen-activated protein kinase-dependent and -independent components, 



65

References

Neurosci Lett. 332,  65-69.
Knobil, E., Neill, J. D., Greenwald, G. S., Markert, C. L., Pfaff, D.W. (Eds) The phy-

siology of reproduction, Second Edition, Volumes I and II, Raven Press, New York, 
1994. 

Koehler, K.F., Helguero, L.A., Haldosen, L.A., Warner, M., Gustafsson, J.Å. (2005) 
Refl ections on the discovery and signifi cance of estrogen receptor beta, Endocr Rev.  
26,  465-478.

Kolakowski, L.F., Jr., O’Neill, G.P., Howard, A.D., Broussard, S.R., Sullivan, K.A., 
Feighner, S.D., Sawzdargo, M., Nguyen, T., Kargman, S., Shiao, L.L., Hreniuk, 
D.L., Tan, C.P., Evans, J., Abramovitz, M., Chateauneuf, A., Coulombe, N., Ng, G., 
Johnson, M.P., Tharian, A., Khoshbouei, H., George, S.R., Smith, R.G. & O’Dowd, 
B.F. (1998) Molecular characterization and expression of cloned human galanin 
receptors GALR2 and GALR3, J Neurochem. 71,  2239-2251.

Kuiper, G.G., Enmark, E., Pelto-Huikko, M., Nilsson, S. & Gustafsson, J.Å. (1996) 
Cloning of a novel receptor expressed in rat prostate and ovary, Proc Natl Acad Sci 
U S A. 93,  5925-5930.

Kuteeva, E., Hökfelt, T., Ögren, S.O. (2005). Behavioural characterisation of transgenic 
mice overexpressing galanin under the PDGF-B promoter, Neuropeptides. 39,  299-
304. 

Lacaille, J.C. & Williams, S. (1990) Membrane properties of interneurons in stratum 
oriens-alveus of the CA1 region of rat hippocampus in vitro, Neurosci. 36,  349-
359.

Lagny-Pourmir, I., Lorinet, A.M., Yanaihara, N. & Laburthe, M. (1989) Structural re-
quirements for galanin interaction with receptors from pancreatic beta cells and 
from brain tissue of the rat, Peptides. 10,  757-761.

Land, T., Langel, U. & Bartfai, T. (1991) Hypothalamic degradation of galanin(1-29) 
and galanin(1-16): identifi cation and characterization of the peptidolytic products, 
Brain Res. 558,  245-250.

Landry, M. & Hökfelt, T. (1998) Subcellular localization of preprogalanin messenger 
RNA in perikarya and axons of hypothalamo-posthypophyseal magnocellular neu-
rons: an in situ hybridization study, Neurosci. 84,  897-912.

Larhammar, D. (1996) Structural diversity of receptors for neuropeptide Y, peptide YY 
and pancreatic polypeptide, Regul Pept. 65,  165-174.

Larhammar, D. & Salaneck, E. (2004) Molecular evolution of NPY receptor subtypes, 
Neuropeptides. 38,  141-151.

Larhammar, D., Wraith, A., Berglund, M., Holmberg, S., Lundell, I. (2001) Origins of 
the many NPY-family receptors in mammals, Peptides. 22,  295-307.

Larm, J.A., Shen, P.J., Gundlach, A.L. (2003) Differential galanin receptor-1 and gala-
nin expression by 5-HT neurons in dorsal raphe nucleus of rat and mouse: evidence 
for species-dependent modulation of serotonin transmission. Eur J Neurosci. 17,  
481-493.

Lathe, R. (2001) Hormones and the hippocampus, J. Endocrinol. 169,  205-231.



66

References

Lee, S.J., Romeo, R.D., Svenningsson, P., Campomanes, C.R., Allen, P.B., Greengard, 
P. & McEwen, B.S. (2004) Estradiol affects spinophilin protein differently in gona-
dectomized males and females, Neurosci. 127,  983-988.

Leeman, S.E. (1980) Substance P and neurotensin: discovery, isolation, chemical cha-
racterization and physiological studies, J Exp Biol. 89,  193-200.

Leibowitz, S.F. (2005) Regulation and effects of hypothalamic galanin: relation to die-
tary fat, alcohol ingestion, circulating lipids and energy homeostasis, Neuropepti-
des. 39,  324-329.

Li, C., Brake, W.G., Romeo, R.D., Dunlop, J.C., Gordon, M., Buzescu, R., Magarinos, 
A.M., Allen, P.B., Greengard, P., Luine, V. & McEwen, B.S. (2004) Estrogen alters 
hippocampal dendritic spine shape and enhances synaptic protein immunoreactivity 
and spatial memory in female mice, Proc Natl Acad Sci U S A. 101,  2185-2190.

Ludwig, M., Sabatier, N., Bull, P.M., Landgraf, R., Dayanithi, G. & Leng, G. (2002) 
Intracellular calcium stores regulate activity-dependent neuropeptide release from 
dendrites, Nature. 418,  85-89.

Luine, V.N., Khylchevskaya, R.I. & McEwen, B.S. (1975) Effect of gonadal steroids on 
activities of monoamine oxidase and choline acetylase in rat brain, Brain Res. 86,  
293-306.

Luine, V.N., Richards, S.T., Wu, V.Y. & Beck, K.D. (1998) Estradiol enhances learning 
and memory in a spatial memory task and effects levels of monoaminergic neuro-
transmitters, Horm Behav. 34,  149-162.

Lundberg, J.M. (1981) Evidence for coexistence of vasoactive intestinal polypeptide 
(VIP) and acetylcholine in neurons of cat exocrine glands. Morphological, bioche-
mical and functional studies, Acta Physiol Scand Suppl. 496,  1-57.

Lundberg, J.M. (1996) Pharmacology of cotransmission in the autonomic nervous sys-
tem: integrative aspects on amines, neuropeptides, adenosine triphosphate, amino 
acids and nitric oxide, Pharmacol Rev. 48,  114-178.

Lundberg, J.M., Hedlund, B., Änggård, A., Fahrenkrug, J., Hökfelt, T., Tatemoto, K. & 
Bartfai, T. (1982) Co-storage of neuropeptides and classical transmitters in neurons, 
In: S. Bloom, J. Polak & E. Lindenlaub (Eds) Systemic role of regulatory peptides, 
Schattauer, Stuttgart, pp. 93-119..

Lundberg, J.M. & Hökfelt, T. (1983) Coexistence of peptides and classical neuro-
transmitters, Trends Neurosci. 6,  325-333.

Lundberg, J.M., Rudehill, A., Sollevi, A., Theodorsson-Norheim, E. & Hamberger, B. 
(1986) Frequency- and reserpine-dependent chemical coding of sympathetic trans-
mission: differential release of noradrenaline and neuropeptide Y from pig spleen, 
Neurosci Lett. 63,  96-100.

Lundell, I., Blomqvist, A.G., Berglund, M.M., Schober, D.A., Johnson, D., Statnick, 
M.A., Gadski, R.A., Gehlert, D.R. & Larhammar, D. (1995) Cloning of a human 
receptor of the NPY receptor family with high affi nity for pancreatic polypeptide 
and peptide YY, J Biol Chem. 270,  29123-29128.

MacLusky, N. J., Luine, V. N., Hajszan, T., & Leranth, C. (2005) The 17alpha and 
17beta isomers of estradiol both induce rapid spine synapse formation in the CA1 



67

References

hippocampal subfi eld of ovariectomized female rats, Endocrinol. 146,  287-293.
Maguire, J.L., Stell, B.M., Rafi zadeh, M., Mody, I. (2005) Ovarian-cycle linked chan-

ges in GABA(A) receptors mediating tonic inhibition alter seizure susceptibility an 
anxiety, Nat Neurosci. 8,  697-699.

Matthews, J. & Gustafsson, J.Å. (2003) Estrogen signaling: a subtle balance between 
ER alpha and ER beta, Mol Interv. 3,  281-292.

Mazarati, A.M. (2004) Galanin and galanin receptors in epilepsy, Neuropeptides. 38,  
331-343.

Mazarati, A.M., Hohmann, J.G., Bacon, A., Liu, H., Sankar, R., Steiner, R.A., Wynick, 
D. & Wasterlain, C.G. (2000) Modulation of hippocampal excitability and seizures 
by galanin, J Neurosci. 20,  6276-6281.

McEwen, B.S. (2002 a) Estrogen actions throughout the brain, Recent Prog Horm Res. 
57,  357-384.

McEwen, B.S. (2002 b) Sex, stress and the hippocampus: allostasis, allostatic load and 
the aging process, Neurobiol Aging. 23,  921.

McEwen, B.S., Jones, K.J. & Pfaff, D.W. (1987) Hormonal control of sexual behavior 
in the female rat: molecular, cellular and neurochemical studies, Biol Reprod. 36,  
37-45.

McEwen, B.S., Weiss, J.M. & Schwartz, L.S. (1968) Selective retention of corticoste-
rone by limbic structures in rat brain, Nature. 220,  911-912.

Melander, T., Köhler, C., Nilsson, S., Hökfelt, T., Brodin, E., Theodorsson, E. & Bartfai, 
T. (1988) Autoradiographic quantitation and anatomical mapping of 125I-galanin 
binding sites in the rat central nervous system, J Chem Neuroanat. 1,  213-233.

Melander, T., Hökfelt, T. & Rökaeus, Å. (1986 a) Distribution of galaninlike immunore-
activity in the rat central nervous system, J. Comp. Neurol. 248,  475-517.

Melander, T., Hökfelt, T., Rökaeus, Å., Cuello, A.C., Oertel, W.H., Verhofstad, A. & 
Goldstein, M. (1986 b) Coexistence of galanin-like immunoreactivity with catec-
holamines, 5-hydroxytryptamine, GABA and neuropeptides in the rat CNS, J Neu-
rosci. 6,  3640-3654.

Melander, T., Staines, W.A., Hökfelt, T., Rökaeus, Å. (1986 c) Galanin-like immunore-
activity in hippocampal afferents in the rat, with special reference to cholinergic and 
noradrenergic inputs, Neurosci. 19,  223-240.

Melander, T., Staines, W.A., Hökfelt, T., Rökaeus, Å., Eckenstein, F., Salvaterra, P.M. 
& Wainer, B.H. (1985) Galanin-like immunoreactivity in cholinergic neurons of 
the septum-basal forebrain complex projecting to the hippocampus of the rat, Brain 
Res. 360,  130-138.

Merchenthaler, I. (1998) LHRH and sexual dimorphism, Ann N Y Acad Sci. 863,  175-
187.

Merchenthaler, I. (2005) Estrogen stimulates galanin expression within luteinizing hor-
mone-releasing hormone-immunoreactive (LHRH-i) neurons via estrogen receptor-
beta (ERbeta) in the female rat brain, Neuropeptides. 39,  341-343.

Merchenthaler, I., Lane, M.V., Numan, S. & Dellovade, T.L. (2004) Distribution of 



68

References

estrogen receptor alpha and beta in 
the mouse central nervous system: in vivo autoradiographic and immunocytochemi-
cal analyses, J Comp Neurol. 473,  270-291.

Merighi, A. (2002) Costorage and coexistence of neuropeptides in the mammalian CNS, 
Prog Neurobiol. 66,  161-190.

Milner, T.A., Drake, C.T., Tabori, N.E., McEwen, B.S., Mitra, S., Alves, S.E. (2004) 
Ultrastructural localization of estrogen receptor beta in the rat hippocampal forma-
tion. Program No. 72.6. In: Society For Neuroscience, 2004 (San Diego, Abstract 
Viewer/Itinerary Planner. Washington, DC).

Milner, T.A., McEwen, B.S., Hayashi, S., Li, C.J., Reagan, L.P. & Alves, S.E. (2001) 
Ultrastructural evidence that hippocampal alpha estrogen receptors are located at 
extranuclear sites, J Comp Neurol. 429,  355-371.

Milner, T.A., Wiley, R.G., Kurucz, O.S., Prince, S.R. & Pierce, J.P. (1997) Selective 
changes in hippocampal neuropeptide Y neurons following removal of the choliner-
gic septal inputs, J Comp Neurol. 386,  46-59.

Mitra, S.W., Hoskin, E., Yudkovitz, J., Pear, L., Wilkinson, H.A., Hayashi, S., Pfaff, 
D.W., Ogawa, S., Rohrer, S.P., Schaeffer, J.M., McEwen, B.S. & Alves, S.E. (2003) 
Immunolocalization of estrogen receptor beta in the mouse brain: comparison with 
estrogen receptor alpha, Endocrinol. 144,  2055-2067.

Moenter, S.M., Defazio, R.A., Straume, M. & Nunemaker, C.S. (2003) Steroid regula-
tion of GnRH neurons, Ann N Y Acad Sci. 1007,  143-152.

Mohr, E., Kachele, I., Mullin, C. & Richter, D. (2002) Rat vasopressin mRNA: a model 
system to characterize cis-acting elements and trans-acting factors involved in den-
dritic mRNA sorting, Prog Brain Res. 139,  211-224.

Mosselman, S., Polman, J. & Dijkema, R. (1996) ER beta: identifi cation and characte-
rization of a novel human estrogen receptor, FEBS Lett. 392,  49-53.

Mufson, E.J., Counts, S.E., Perez, S.E. & Binder, L. (2005) Galanin plasticity in the 
cholinergic basal forebrain in Alzheimer’s disease and transgenic mice, Neuropep-
tides. 39,  232-236.

Mutt, V. (1976) Further investigations of intestinal hormonal polypeptides, Clin Endo-
crinol, 5,  175-183.

Mutt, V. (1978) Progress in intestinal hormone research, Adv Exp Med Biol. 106,  133-
146.

Mutt, V. (1980) Chemistry, isolation and purifi cation of gastrointestinal hormones, Bio-
chem Soc Trans. 8,  11-14.

Naftolin, F. (1994) Brain aromatization of androgens, J Reprod Med, 39,  257-261.
Naftolin, F. & MacLusky, N.J. (1982) Aromatase in the central nervous system, Cancer 

Res. 42,  3274-3276.
Nilsson, C., Karlsson, G., Blennow, K., Heilig, M. & Ekman, R. (1996) Differences 

in the neuropeptide Y-like immunoreactivity of the plasma and platelets of human 
volunteers and depressed patients, Peptides. 17,  359-362.

Norberg, A., Griffi ths, W.J., Hjelmqvist, L., Jörnvall, H. & Rökaeus, A. (2004) Identifi -



69

References

cation of variant forms of the neuroendocrine peptide galanin, Rapid Commun Mass 
Spectrom. 18,  1583-1591.

O’Donnell, D., Ahmad, S., Wahlestedt, C. & Walker, P. (1999) Expression of the novel 
galanin receptor subtype GALR2 in the adult rat CNS: distinct distribution from 
GALR1, J Comp Neurol. 409,  469-481.

Ögren, S.O., Kehr, J. & Schött, P.A. (1996) Effects of ventral hippocampal galanin on 
spatial learning and on in vivo acetylcholine release in the rat, Neurosci. 75,  1127-
1140.

Ögren, S.O., Schött, P.A., Kehr, J., Misane, I. & Razani, H. (1999) Galanin and learning, 
Brain Res. 848,  174-182.

Ohtaki, T., Kumano, S., Ishibashi, Y., Ogi, K., Matsui, H., Harada, M., Kitada, C., Kuro-
kawa, T., Onda, H. & Fujino, M. (1999) Isolation and cDNA cloning of a novel ga-
lanin-like peptide (GALP) from porcine hypothalamus, J Biol Chem. 274,  37041-
37045.

Ohtani-Kaneko, I.M., Yokosuka, M., Yamashita, K., Watanabe, C., Hirata, K. (2004) 
Estradiol-17beta affects the localization of synapsin-I through non-genomic mecha-
nism, Proc. 16th Int. Congr. IFAA Anat. Sci. Int., p. 100 (p3-203)

Österlund, M.K. & Hurd, Y.L. (1998) Acute 17 beta-estradiol treatment down-regulates 
serotonin 5HT1A receptor mRNA expression in the limbic system of female rats, 
Mol Brain Res. 55,  169-172.

Österlund, M., Gustafsson, J.Å., Keller, E., Hurd, Y.L. (2000) Estrogen receptor beta 
(ERbeta) messenger ribonucleic acid (mRNA) expression within the human fore-
brain: distinct distribution pattern to ERalpha mRNA. J Clin Endocrinol Metab. 85,  
3840-6. 

Österlund, M.K. & Hurd, Y.L. (2001) Estrogen receptors in the human forebrain and the 
relation to neuropsychiatric disorders, Prog Neurobiol. 64,  251-267.

Österlund, M., Kuiper, G.G., Gustafsson, J.Å. & Hurd, Y.L. (1998) Differential distri-
bution and regulation of estrogen receptor-alpha and -beta mRNA within the female 
rat brain, Mol Brain Res. 54,  175-180.

Östlund, H., Keller, E. & Hurd, Y.L. (2003) Estrogen receptor gene expression in rela-
tion to neuropsychiatric disorders, Ann N Y Acad Sci. 1007,  54-63.

Paech, K., Webb, P., Kuiper, G.G., Nilsson, S., Gustafsson, J.Å., Kushner, P.J. & Scan-
lan, T.S. (1997) Differential ligand activation of estrogen receptors ERalpha and 
ERbeta at AP1 sites, Science. 277,  1508-1510.

Paxinos, G. & Watson, C. (1998) The rat brain in stereotaxic coordinates, Academic 
Press. San Diego. USA.

Pfaff, D. & Keiner, M. (1973) Atlas of estradiol-concentrating cells in the central ner-
vous system of the female rat, J Comp Neurol. 151,  121-158.

Pfaff, D.W. & McEwen, B.S. (1983) Actions of estrogens and progestins on nerve cells, 
Science. 219,  808-814.

Pietras, R.J. & Szego, C.M. (1977) Specifi c binding sites for oestrogen at the outer sur-
faces of isolated endometrial cells, Nature. 265,  69-72.



70

References

Pitler, T.A. & Alger, B.E. (1992) Cholinergic excitation of GABAergic interneurons in 
the rat hippocampal slice, J Physiol. 450,  127-142.

Platt, J.L. & Michael, A.F. (1983) Retardation of fading and enhancement of intensity 
of immunofl uorescence by p-phenylenediamine, J Histochem Cytochem. 31,  840-
842.

Redrobe, J.P., Dumont, Y., Quirion, R. (2002) Neuropeptide Y (NPY) and depression: 
from animal studies to the human condition, Life Sci. 71,  2921-2937.

Rökaeus, A. (1987) Galanin: a newly isolated biologically active neuropeptide, Trends 
Neurosci. 10,  158-164.

Rökaeus, A., Melander, T., Hökfelt, T., Lundberg, J.M., Tatemoto, K., Carlquist, M. & 
Mutt, V. (1984) A galanin-like peptide in the central nervous system and intestine of 
the rat, Neurosci Lett. 47,  161-166.

Rose, P.M., Fernandes, P., Lynch, J.S., Frazier, S.T., Fisher, S.M., Kodukula, K., Kienz-
le, B. & Seethala, R. (1995) Cloning and functional expression of a cDNA encoding 
a human type 2 neuropeptide Y receptor, J Biol Chem. 270,  22661-22664.

Rossouw, J.E., Anderson, G.L., Prentice, R.L., LaCroix, A.Z., Kooperberg, C., Stefa-
nick, M.L., Jackson, R.D., Beresford, S.A., Howard, B.V., Johnson, K.C., Kotchen, 
J.M. & Ockene, J. (2002) Risks and benefi ts of estrogen plus progestin in healthy 
postmenopausal women: principal results from the Women’s Health Initiative ran-
domized controlled trial, Jama. 288,  321-333.

Rudick, C.N. & Woolley, C.S. (2000) Estradiol induces a phasic Fos response in the 
hippocampal CA1 and CA3 regions of adult female rats, Hippocampus. 3,  274-83. 

Rudick, C.N. & Woolley, C.S. (2003) Selective estrogen receptor modulators regulate 
phasic activation of hippocampal CA1 pyramidal cells by estrogen, Endocrinol. 
144,  179-187.

Rugarn, O., Hammar, M., Theodorsson, A., Theodorsson, E. & Stenfors, C. (1999 a) 
Sex differences in neuropeptide distribution in the rat brain, Peptides 20,  81-86.

Rugarn, O., Theodorsson, A., Hammar, M. & Theodorsson, E. (1999 b) Effects of estra-
diol, progesterone, and norethisterone on regional concentrations of galanin in the 
rat brain, Peptides. 20,  743-748.

Rustay, N.R., Wrenn, C.C., Kinney, J.W., Holmes, A., Bailey, K.R., Sullivan, T.L., Har-
ris, A.P., Long, K.C., Saavedra, M.C., Starosta, G., Innerfi eld, C.E., Yang, R.J., 
Dreiling, J.L. & Crawley, J.N. (2005) Galanin impairs performance on learning and 
memory tasks: Findings from galanin transgenic and GAL-R1 knockout mice, Neu-
ropeptides. 39,  237-241.

Ryan, M.C. & Gundlach, A.L. (1996) Localization of preprogalanin messenger RNA in 
rat brain: identifi cation of transcripts in a subpopulation of cerebellar Purkinje cells, 
Neurosci. 70,  709-728.

Sakurai, E., Maeda, T., Kaneko, S., Akaike, A., Satoh, M. (1996) Galanin inhibits long-
term potentiation at Schaffer collateral-CA1 synapses in guinea-pig hippocampal 
slices, Neurosci Lett. 212,  21-24.

Sams-Nielsen, A., Orskov, C. & Jansen-Olesen, I. (2001) Pharmacological evidence for 



71

References

CGRP uptake into perivascular capsaicin sensitive nerve terminals, Br J Pharmacol. 
132,  1145-1153.

Sapolsky, R.M., Krey, L.C., McEwen, B.S. (1986) The adrenocortical axis in the aged 
rat: impaired sensitivity to both fast and delayed feedback inhibition, Neurobiol 
Aging. 7,  331-335. 

Schalling, M., Seroogy, K., Hökfelt, T., Chai, S.Y., Hallman, H., Persson, H., Larham-
mar, D., Ericsson, A., Terenius, L., Graffi , J. et al. (1988) Neuropeptide tyrosine 
in the rat adrenal gland--immunohistochemical and in situ hybridization studies, 
Neurosci. 24,  337-349.

Schally, A.V. (1970) Hypothalamic regulation of FSH and LH secretion, Res Reprod. 
2,  2-3.

Schött, P.A., Bjelke, B. & Ögren, S.O. (1998) Time-dependent effects of intrahippocam-
pal galanin on spatial learning. Relationship to distribution and kinetics, Ann N Y 
Acad Sci. 863,  454-456.

Schött, P.A., Hökfelt, T. & Ögren, S.O. (2000) Galanin and spatial learning in the rat. 
Evidence for a differential role for galanin in subregions of the hippocampal forma-
tion, Neuropharmacol. 39,  1386-1403.

Scoville, W.B. & Milner, B. (1957) Loss of recent memory after bilateral hippocampal 
lesions, J Neurochem. 20,  11-21.

Selye H. (1942 a) The antagonism between anesthetic steroid hormones and pentamet-
hylenetetrazol (metrazol), J Lab Clin Med. 27,  1051–1053.

Selye H. (1942 b) Correlations between the chemical structure and the pharmacological 
actions of the steroids, J Comp Neurol. 30,  437-453.

Serova, L.I., Maharjan, S. & Sabban, E.L. (2005) Estrogen modifi es stress response of 
catecholamine biosynthetic enzyme genes and cardiovascular system in ovariecto-
mized female rats, Neurosci. 132,  249-259.

Serova, L.I., Rivkin, M., Nakashima, A. & Sabban, E.L. (2002) Estradiol stimulates 
gene expression of norepinephrine biosynthetic enzymes in rat locus coeruleus, 
Neuroendocrinol. 75,  193-200.

Seward, E.P., Chernevskaya, N.I. & Nowycky, M.C. (1995) Exocytosis in peptidergic 
nerve terminals exhibits two calcium-sensitive phases during pulsatile calcium en-
try, J Neurosci. 15,  3390-3399.

Shakiryanova, D., Tully, A., Hewes, R.S., Deitcher, D.L. & Levitan, E.S. (2005) Acti-
vity-dependent liberation of synaptic neuropeptide vesicles, Nat Neurosci. 8,  173-
178.

Shen, E.S., Hardenburg, J.L., Meade, E.H., Arey, B.J., Merchenthaler, I. & Lopez, F.J. 
(1999) Estradiol induces galanin gene expression in the pituitary of the mouse in an 
estrogen receptor alpha-dependent manner, Endocrinol. 140,  2628-2631.

Shen, P.J., Larm, J.A. & Gundlach, A.L. (2003) Expression and plasticity of galanin 
systems in cortical neurons, oligodendrocyte progenitors and proliferative zones in 
normal brain and after spreading depression, Eur J Neurosci. 18,  1362-1376.

Shen, P.J., Yuan, C.G., Ma, J., Cheng, S., Yao, M., Turnley, A.M. & Gundlach, A.L. 



72

References

(2005) Galanin in neuro(glio)genesis: expression of galanin and receptors by pro-
genitor cells in vivo and in vitro and effects of galanin on neurosphere proliferation, 
Neuropeptides. 39,  201-205.

Sheng, Z., Kawano, J., Yanai, A., Fujinaga, R., Tanaka, M., Watanabe, Y. & Shinoda, 
K. (2004) Expression of estrogen receptors (alpha, beta) and androgen receptor in 
serotonin neurons of the rat and mouse dorsal raphe nuclei; sex and species differ-
ences, Neurosci Res. 49,  185-196.

Sherwin, B.B. (2003) Estrogen and cognitive functioning in women, Endocr Rev. 24,  
133-151.

Sherwin, B.B. (2005) Surgical menopause, estrogen, and cognitive function in women: 
what do the fi ndings tell us?, Ann N Y Acad Sci. 1052,  3-10.

Shughrue, P.J., Lane, M.V. & Merchenthaler, I. (1997b) Comparative distribution of 
estrogen receptor-alpha and -beta mRNA in the rat central nervous system, J Comp 
Neurol. 388,  507-525.

Shughrue, P.J. & Merchenthaler, I. (2000) Evidence for novel estrogen binding sites in 
the rat hippocampus, Neurosci. 99,  605-612.

Shughrue, P.J., Scrimo, P., Lane, M., Askew, R. & Merchenthaler, I. (1997a) The distri-
bution of estrogen receptor-beta mRNA in forebrain regions of the estrogen receptor-
alpha knockout mouse, Endocrinol. 138,  5649-5652.

Skofi tsch, G. & Jacobowitz, D.M. (1985) Galanin-like immunoreactivity in capsaicin 
sensitive sensory neurons and ganglia, Brain Res Bull. 15,  191-195.

Skofi tsch, G. & Jacobowitz, D.M. (1986) Quantitative distribution of galanin-like im-
munoreactivity in the rat central nervous system, Peptides. 7,  609-613.

Stenfors, C., Theodorsson, E. & Mathe, A.A. (1989) Effect of repeated electroconvul-
sive treatment on regional concentrations of tachykinins, neurotensin, vasoactive 
intestinal polypeptide, neuropeptide Y, and galanin in rat brain, J Neurosci Res. 24,  
445-450.

Strand, F.L. (Ed) (1999) Neuropeptides, regulators of physiological processes. MIT- 
Press, Cambridge, Massachusetts.

Südhof, T.C. & Rizo, J. (1996) Synaptotagmins: C2-domain proteins that regulate mem-
brane traffi c, Neuron. 17,  379-388.

Sweerts, B.W., Jarrott, B. & Lawrence, A.J. (2000) Acute and chronic restraint stress: 
effects on [125I]-galanin binding in normotensive and hypertensive rat brain, Brain 
Res. 873,  318-329.

Tanapat, P., Hastings, N.B. & Gould, E. (2005) Ovarian steroids infl uence cell proli-
feration in the dentate gyrus of the adult female rat in a dose- and time-dependent 
manner, J Comp Neurol. 481,  252-265.

Tanapat, P., Hastings, N.B., Reeves, A.J. & Gould, E. (1999) Estrogen stimulates a tran-
sient increase in the number of new neurons in the dentate gyrus of the adult female 
rat, J Neurosci. 19,  5792-5801.

Tatemoto, K. (1982) Neuropeptide Y: complete amino acid sequence of the brain pep-
tide, Proc Natl Acad Sci U S A. 79,  5485-5489.



73

References

Tatemoto, K., Carlquist, M. & Mutt, V. (1982) Neuropeptide Y--a novel brain peptide 
with structural similarities to peptide YY and pancreatic polypeptide, Nature. 296,   
659-660.

Tatemoto, K. & Mutt, V. (1978) Chemical determination of polypeptide hormones, Proc 
Natl Acad Sci U S A. 75,  4115-4119.

Tatemoto, K., Rökaeus, A., Jörnvall, H., McDonald, T.J. & Mutt, V. (1983) Galanin - a 
novel biologically active peptide from porcine intestine, FEBS Lett. 164,  124-128.

Terasawa, E. & Timiras, P.S. (1968) Electrical activity during the estrous cycle of the 
rat: cyclic changes in limbic structures, Endocrinol. 83,  207-216.

Theodorsson-Norheim, E., Hemsen, A. & Lundberg, J.M. (1985) Radioimmunoassay 
for neuropeptide Y (NPY): chromatographic characterization of immunoreactivity 
in plasma and tissue extracts, Scand J Clin Lab Invest. 45,  355-365.

Theodorsson, E. & Rugarn, O. (2000) Radioimmunoassay for rat galanin: immunoche-
mical and chromatographic caracterization of immunoreactivity in tissue extracts, 
Scand J Clin Lab Invest. 60,  411-418.

Thiels, E., Kanterewicz, B.I., Norman, E.D., Trzaskos, J.M. & Klann, E. (2002) Long-
term depression in the adult hippocampus in vivo involves activation of extracellular 
signal-regulated kinase and phosphorylation of Elk-1, J Neurosci. 22,  2054-2062.

Toran-Allerand, C.D. (2005) Estrogen and the Brain: Beyond ER-{alpha}, ER-{beta}, 
and 17{beta}-estradiol, Ann N Y Acad Sci. 1052,  136-144.

Toran-Allerand, C.D., Guan, X., MacLusky, N.J., Horvath, T.L., Diano, S., Singh, M., 
Connolly, E.S., Jr., Nethrapalli, I.S. & Tinnikov, A.A. (2002) ER-X: a novel, plasma 
membrane-associated, putative estrogen receptor that is regulated during develop-
ment and after ischemic brain injury, J Neurosci. 22,  8391-8401.

Trembleau, A., Morales, M. & Bloom, F.E. (1996) Differential compartmentalization 
of vasopressin messenger RNA and neuropeptide within the rat hypothalamo-neu-
rohypophysial axonal tracts: light and electron microscopic evidence, Neurosci. 70,  
113-125.

Tu, B., Timofeeva, O., Jiao, Y. & Nadler, J.V. (2005) Spontaneous release of neuro-
peptide Y tonically inhibits recurrent mossy fi ber synaptic transmission in epileptic 
brain, J Neurosc. 25,  1718-1729.

Turgeon, J.L., McDonnell, D.P., Martin, K.A. & Wise, P.M. (2004) Hormone therapy: 
physiological complexity belies therapeutic simplicity, Science. 304,  1269-1273.

Vanderhorst, V.G., Gustafsson, J.Å. & Ulfhake, B. (2005) Estrogen receptor-alpha and 
-beta immunoreactive neurons in the brainstem and spinal cord of male and female 
mice: relationships to monoaminergic, cholinergic, and spinal projection systems, J 
Comp Neurol. 488,  152-179.

Verhage, M., McMahon, H.T., Ghijsen, W.E., Boomsma, F., Scholten, G., Wiegant, 
V.M. & Nicholls, D.G. (1991) Differential release of amino acids, neuropeptides, 
and catecholamines from isolated nerve terminals, Neuron. 6,  517-524.

Viscoli, C.M., Brass, L.M., Kernan, W.N., Sarrel, P.M., Suissa, S., Horwitz, R.I. (2001) 
A clinical trial of estrogen-replacement therapy after ischemic stroke, N Engl J Med 



74

References

345,  1243-1249.
Vrontakis, M.E., Peden, L.M., Duckworth, M.L. & Friesen, H.G. (1987) Isolation and 

characterization of a complementary DNA (galanin) clone from estrogen-induced 
pituitary tumor messenger RNA, J Biol Chem. 262,  16755-16758.

Wade, C.B., Robinson, S., Shapiro, R.A. & Dorsa, D.M. (2001) Estrogen receptor 
(ER)alpha and ERbeta exhibit unique pharmacologic properties when coupled to 
activation of the mitogen-activated protein kinase pathway, Endocrinol. 142,  2336-
2342.

Walent, J.H., Porter, B.W. & Martin, T.F. (1992) A novel 145 kd brain cytosolic protein 
reconstitutes Ca(2+)-regulated secretion in permeable neuroendocrine cells, Cell. 
70,  765-775.

Wang, L., Andersson, S., Warner, M. & Gustafsson, J.Å. (2002) Estrogen actions in the 
brain, Sci. STKE, 29.

Wang, S. & Gustafson, E.L. (1998) Galanin receptor subtypes, Drug News Perspect. 
11,  458-468.

Waters, S.M. & Krause, J.E. (2000) Distribution of galanin-1, -2 and -3 receptor mes-
senger RNAs in central and peripheral rat tissues, Neurosci. 95,  265-271.

Weiland, N.G., Orikasa, C., Hayashi, S. & McEwen, B.S. (1997) Distribution and hor-
mone regulation of estrogen receptor immunoreactive cells in the hippocampus of 
male and female rats, J Comp Neurol. 388,  603-612.

Weissman, M.M., Bland, R., Joyce, P.R., Newman, S., Wells, J.E. & Wittchen, H.U. 
(1993) Sex differences in rates of depression: cross-national perspectives, J Affect 
Disord. 29,  77-84.

Whittaker, E., Vereker, E., Lynch, M.A. (1999) Neuropeptide Y inhibits glutamate re-
lease and long-term potentiation in rat dentate gyrus, Brain Res. 8,  229-233. 

Wiesenfeld-Hallin, Z., Xu, X.J., Crawley, J.N. & Hökfelt, T. (2005) Galanin and spi-
nal nociceptive mechanisms: recent results from transgenic and knock-out models, 
Neuropeptides. 39,  207-210.

Witter, M.P. & Amaral, D.G. (2004) Hippocampal formation, in: George Paxinos (Ed) 
The rat nervous system, Elsevier Academic Press, San Diego, London, pp. 635-
704.

Woldbye, D.P. & Kokaia, M. (2004) Neuropeptide Y and seizures: effects of exoge-
nously applied ligands, Neuropeptides. 38,  253-260.

Woolley, C.S. (2000) Estradiol facilitates kainic acid-induced, but not fl urothyl-indu-
ced, behavioral seizure activity in adult female rats, Epilepsia. 41,  510-515.

Woolley, C.S. & McEwen, B.S. (1992) Estradiol mediates fl uctuation in hippocampal 
synapse density during the estrous cycle in the adult rat, J Neurosci. 12,  2549-
2554.

Woolley, C.S., Weiland, N.G., McEwen, B.S. & Schwartzkroin, P.A. (1997) Estradiol 
increases the sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-
mediated synaptic input: correlation with dendritic spine density, J Neurosci. 17,  
1848-1859.



75

References

Xu, Z.Q., Ma, X., Soomets, U., Langel, U. & Hökfelt, T. (1999) Electrophysiological 
evidence for a hyperpolarizing, galanin (1-15)-selective receptor on hippocampal 
CA3 pyramidal neurons, Proc Natl Acad Sci U S A. 96,  14583-14587.

Xu, Z.Q., Zhang, X., Pieribone, V.A., Grillner, S. & Hökfelt, T. (1998) Galanin-5-hy-
droxytryptamine interactions: electrophysiological, immunohistochemical and in 
situ hybridization studies on rat dorsal raphe neurons with a note on galanin R1 and 
R2 receptors, Neurosci. 87,  79-94.

Xu, Z.Q., Zheng, K. & Hökfelt, T. (2005) Electrophysiological studies on galanin ef-
fects in brain - progress during the last six years, Neuropeptides. 39,  267-273.

Yoshitake, T., Reenila, I., Ögren, S.O., Hökfelt, T. & Kehr, J. (2003) Galanin attenuates 
basal and antidepressant drug-induced increase of extracellular serotonin and norad-
renaline levels in the rat hippocampus, Neurosci Lett. 339,  239-242.

Yoshitake, T., Wang, F.H., Kuteeva, E., Holmberg, K., Yamaguchi, M., Crawley, J.N., 
Steiner, R., Bartfai, T., Ögren, S.O., Hökfelt, T. & Kehr, J. (2004) Enhanced hippo-
campal noradrenaline and serotonin release in galanin-overexpressing mice after 
repeated forced swimming test, Proc Natl Acad Sci U S A. 101,  354-359.

Young, E.A., Altemus, M., Parkison, V. & Shastry, S. (2001) Effects of estrogen anta-
gonists and agonists on the ACTH response to restraint stress in female rats, Neu-
ropsychopharmacol. 25,  881-891.

Zamboni, I., De Martino, C. (1967) Buffered picric acid formaldehyde: a new rapid 
fi xative for electron microscopy, J. Cell Biol. 35, 148A.

Zupanc, G.K.H. (1996) Peptidergic transmission: from morphological correlates to 
functional implications, Micron. 27,  35-91.



76

References




