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Abstract

Abstract
Sex steroids in general and estrogens in particular – in addition to their effects on the 
reproductive organs – affect a large number of crucial bodily functions, including 
“higher” brain functions. 

Neuropeptides constitute the phylogenetically oldest neurotransmitter system and 
are currently thought to act mainly during stress, disease or injury. The concentra-
tion of galanin is i.a. up-regulated by injury to the nervous system and by estrogen. 

The main focus of the present thesis was to investigate whether the reported neuro-
protective effect of 17β-estradiol in experimental animal stroke models is partially 
mediated through its effects on galanin and if galanin per se exerts neuroprotective 
effects in stroke. 

An exploratory study of the effects of sex steroid concentrations due to gender and 
pubertal development showed differences in concentrations of i.a. the neuropepti-
des galanin and neuropeptide Y also in brain regions of female rats important for 
higher brain functions, including hippocampus and cortex, brain regions not di-
rectly involved in reproduction. Puberty brings about changes in several hormonal 
mechanisms, and our studies showed that the major effect on the concentrations of 
galanin in various brain regions of ovariectomized (ovx) rats, was brought about by 
17β-estradiol. 

The pathophysiological mechanisms involved in thrombolysis – the current treat-
ment of choice in human stroke – attempts the re-establishment of perfusion (reper-
fusion) to the lesioned area of the brain. This prompted us to develop a reperfusion 
stroke model in rats designed to be mild, focal and transient, allowing long-term 
observation periods of animals thriving well postoperatively. Mortality and morbi-
dity during and after the middle cerebral artery (MCA) occlusion are important con-
founding factors crucial for the results. Changing anaesthesia from intraperitoneally 
administered chloral hydrate to isofl urane inhalation anaesthesia using endotracheal 
intubation and controlled ventilation markedly reduced the mortality rate from 25% 
to 10.6%, which was even further reduced down to 2.7 % by successively improved 
surgical skills. 

Contrary to our initial hypothesis, long-term 17β-estradiol treatment resulted in lar-
ger ischemic lesions in our stroke model compared to control treatment. After 3 
days the cerebral ischemic lesion area was doubled after 17β-estradiol treatment in 
rats subjected to 60 min microclip occlusion of the MCA followed by reperfusion. 
A similar, but not statistically signifi cant difference was found after 7 and 14 days. 
Three groups studying different types of experimental animal stroke and different 
doses of 17β-estradiol treatment have recently also demonstrated lack of neuro-
protection by 17β-estradiol treatment. Furthermore, large epidemiological clinical 
studies have recently also reported an increased risk and poorer outcome in postme-
nopausal women subjected to hormone replacement therapy. 
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The concentrations of galanin-like immunoreactivity in extracts of punch biopsies 
from the penumbra area after transient MCA occlusion were found unchanged, but 
were decreased (p=0.015) in the apparently undamaged ipsilateral hippocampus. 
Galanin administered by continuous intracerebroventricular infusion (2.4 nmol/
day) resulted in a 30% larger ischemic lesion compared to controls, measured 7 days 
after the MCA occlusion. Taken together, these results indicate that galanin in the 
brain is primarily a factor reacting to ischemic injury rather than a neuroprotective 
factor in its own right. 

Very limited information is available about the steady state serum concentrations of 
17β-estradiol in response to different modes of administration to rats for days and 
weeks. The need for this information has become especially apparent during recent 
years due to the observable dichotomy of estrogens effects – neuroprotective or not 
– in the various animal models of brain ischemia reported in the current scientifi c 
literature. The cause of this dichotomy is likely to be found in the experimental 
setup, including the mode of administration of 17β-estradiol. Delayed steady state 
of serum 17β-estradiol concentrations were found when comparing two common 
modes of exogenous administration of 17β-estradiol – slow-release osmotic pumps 
vs. daily subcutaneously injections of 17β-estradiol solved in sesame oil – to ovx 
rats during 2 times 6 weeks crossover treatment. Steady state was reached at week 
4 in the daily injections group compared to at week 6 in the slow release osmotic 
pumps group. Once steady state was reached, the concentration was the same in 
both groups for the reminder of the experiment (in total 12 weeks). 
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Abbreviations

Abbreviations
AD Alzheimers disease
ADNF Activity dependent neurotrophic factor

AF-1 The N-terminal activator function domain 1 of the 
nuclear estrogen receptor = the constitutive activator 
function of the estrogen receptor

AF-2 C-terminal activator function domain 2 of the nuclear 
estrogen receptor

AMPA A non-NMDA-type ionotropic transmembrane recep-
tor for glutamate 

ATP Adenosine triphosphate
BDNF Brain Derived Neurotrophic Factor
BSA Bovine serum albumin
CA Cornu Ammonis (anatomical part of the Hippocampal 

formation)
cAMP Cyclic AMP (Adenosine monophosphate)
CNS Central Nervous System
CRE cAMP responsive elements
CREB Transcriptional activator
DBD The DNA-binding domain of the nuclear estrogen re-

ceptor
DG Dentate gyrus
E2 17β-estradiol
ER Estrogen receptor
ER-α Estrogen receptor α
ER-β Estrogen receptor β
ERK Extracellular-signal-responsive kinase
ET Estrogen treatment
ERE Estrogen Responsive Element
ERK Extracellular-signal-responsive kinase
GAL Galanin
GAL-LI Galanin-like immunoreactivity
GalR1, GalR2, GalR3 Galanin receptors
Gi G protein (inhibitory)
H&E Hematoxin and eosin staining
HERS Heart and Estrogen-Progestin Replacement Study
HiFo Hippocampal formation
HSP Heat Shock Protein
ICV Intracerebroventricularly
IGF-1 Insulin-like growth factor type 1
i.m. Intramuscularly
i.p. Intraperitoneally
IP3 Inositol-1,4,5-triphosphate
LBD Ligand- binding domain of the estrogen receptor
LIF Leukemia Inhibitory Factor
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Abbreviations

MAPK Mitogen- activated protein kinase 
MCA Middle Cerebral Artery
MCAO Middle Cerebral Artery Occlusion
MEK1 Kinase which activates mitogen activated protein 

(MAP) kinases
NGF Nerve growth factor
NMDA An ionotropic receptor for glutamate (NMDA (N-met-

hyl d-aspartate) 
NO Nitric Oxide
NPY Neuropeptide Y
NPY-Y1 Neuropeptide Y receptor 1
NT Neurotrophin
PACAP Pituitary Adenylate Cyclase-activating polypeptide
PKA Protein kinase A
POA Preoptic area
ovx Ovariectomized
ROS Reactive Oxygen Species
SAM Selective Aromatase modulator
s.c. Subcutaneously
SVZ Subventricular zone
TrkA Tyrosine receptor kinase A
TTC 2,3,5- triphenyltetrazolium hydrochloride
VIP Vasoactive Intestinal Polypeptide
WEST Women’s Estrogen for Stroke Trial
WHI Women´s Health Initiative study
WT Wild type
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Introduction
Brief overview

Steroid hormones are powerful biologically active molecules essential to seve-
ral aspects of life (Witzmann 1981). They play a crucial role e.g. in reproduc-
tion, growth, maintenance, metabolism, neurotransmission and in homeosta-

sis. The illegal use of androgenic steroid hormones to enhance athletic performance 
during recent decades has made both laymen and scientists particularly aware that 
steroid hormones not only infl uence muscle- and metabolic functions, but also high-
er functions of the brain, e.g. to bring about increased aggressiveness. Initiating 
the present studies almost a decade ago we felt evident that since androgens exert 
powerful effects on the brain, estrogens were also likely to play roles in higher brain 
functions. Sex hormones do not only infl uence brain functions directly related to 
reproductive functions, but also other apparently higher/more elaborated functions 
(Shader, 1972; Rubin, Reinisch & Haskett, 1981; Pfaff & McEwen, 1983; McEwen, 
Jones & Pfaff, 1987; Pfaff, 1997; McEwen, 2002a). 

Initially we designed a broad exploratory study of the effects of pubertal develop-
ment (changes in sex- hormone concentrations) on the levels of several neuropep-
tides in different brain regions (Rugarn et al., 1999a), fi nding a particularly strong 
up-regulation of galanin in the hippocampus of female rats in response to puberty. 
Since puberty brings about changes in several hormonal mechanisms, we made a 
more detailed study of the effects of estrogen and progesterone on the concentra-
tions of galanin and other neuropeptides in various brain regions of ovariectomized 
(ovx) rats, showing that the major effect was brought about by estrogen (Rugarn et 
al., 1999b). 

Neuropeptides constitute the phylogenetically oldest neurotransmitter system, 
found as early in the phylogenetic development as in the hydra (Grimmelikhuijzen, 
1983). After the initial discovery by Bayliss and Starling of the biological effects 
of secretin in 1902, research on neuropeptides had a golden age in the 1970’es and 
1980’es. At that time, especially after the discovery and functional characterization 
of the co-existence of neuropeptides and monoamine transmitters (Hökfelt et al., 
1980), it was reasonable to suppose that neuropeptides could play important roles in 
health and disease, and that altering neuropeptidergic transmission could prove of 
therapeutic importance. Neuropeptide research during recent years has progressed 
slower and in a steadier pace where the breakthroughs in fi nding crucial biological 
and therapeutic roles for neuropeptides have been fewer than expected early on. 

Almost all neuropeptides are present in a neuron together with one, or even two 
small neurotransmitters (Hökfelt et al., 1980). These combinations enable fast (2–5 
ms) small molecule-transmitter-mediated and slow (100–500 ms) neuropeptide-
mediated synaptic communication. Neuropeptides are 20-50- times larger than the 
classic small molecule transmitters. Therefore they contain many more recognition 
sites for receptors than the small molecule transmitters, catering for higher specifi -
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city. Furthermore, neuropeptides are biologically active in 1000- times lower con-
centrations than the classic transmitters (nmol/L vs. μmol/L). 

In neurons where neuropeptides coexist with monoamines, they are released from 
the neurons at considerably higher electrical stimulus frequencies than the monoam-
ines (Lundberg et al., 1981; Lundberg et al., 1982; Lundberg & Hökfelt, 1983; 
Lundberg et al., 1986). This is one of the reasons why neuropeptides are commonly 
considered to play a role mainly under extreme physiological conditions and during 
disease (Hökfelt et al., 2000). Another evidence in favour of this hypothesis is that 
tissue damage changes the concentrations of neuropeptides. This has e.g. become 
particularly evident in the fi nding of a dramatic up-regulation of galanin in the dor-
sal roots of the spinal cord in response to lesions of the sciatic nerve (Ch’ng et al., 
1985; Hökfelt et al., 1987). 

Having found that 17β-estradiol (E2) up-regulates galanin-like immunoreactivity 
(GAL-LI) in the hippocampus (Rugarn et al. 1999b; Hilke et al., 2005c), we found 
relevant to study the effect of temporary and focal ischemic brain injury on the con-
centrations of galanin in the brain and the modulation of its concentrations by 17β-
estradiol in a paradigm which also included an attempt to modify the brain damage 
itself by the administration of 17β-estradiol. 

Ischemic stroke is amongst the mechanisms of damage to the central nervous system 
(CNS) most relevant for study in this context since it represents a leading cause of 
death and disability among the elderly (Goetz, 2003; AHA, 2005). Most stroke sur-
vivors are left with lifelong disability. With the exception of thrombolytic therapy 
by means of tissue-type plasminogen activator (t-PA), no clinically proven, practical 
and causal therapy exists for the management of acute stroke (Stapf & Mohr, 2002; 
Benchenane et al., 2004). Most experimental paradigms of stroke in experimental 
animals cater for observations done during a short period of only 1-3 days. We felt 
that longer period(s) of observation were more relevant to the study of the end out-
come of brain ischemia. Therefore we set out to design a model of a mild ischemic 
damage to the rat brain compatible with survival for days and weeks and including a 
component of reperfusion since successful thrombolytic treatment in human stroke 
leads to reperfusion in the lesioned area. Temporary occlusion to the middle cerebral 
artery (MCA) was chosen since it is the vessel most commonly affected in human 
stroke (Goetz, 2003). In addition to the study of the concentrations of galanin and 
neuropeptide Y in lesioned and non-lesioned areas of the brain we studied the effect 
of estrogen on the galanin concentrations and on the size of the brain lesion.

Galanin is a neuropeptide most markedly up-regulated by injury. Thus, it is up-
regulated following axonal injury of the spinal cord (Ch’ng et al., 1985), ischiatic 
(Villar et al., 1989), fascial (Saika et al., 1991) and vagal (Rutherfurd et al., 1992) 
nerves, dorsal root ganglion (DRG) sensory neurons (Wiesenfeld-Hallin, Bartfai 
& Hökfelt, 1992), sympathetic neurons (Sun & Zigmond, 1996), neurons of the 
inferior olive (Palkovits, 1995) and motor neurons (Burazin & Gundlach, 1998). 
Galanin is therefore the peptide of primal interest in the present studies.
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Testing the hypothesis that galanin may act as a neuroprotective growth factor in 
the lesioned brain, we administered galanin intracerebroventricularly (ICV) after 
occlusion of the MCA in a direct attempt to infl uence the size of the brain lesion 
caused by the ischemic lesion by galanin treatment.

The outcome of experiments testing the neuroprotective effects of estrogens are 
likely to be dependent on the experimental paradigms used. Earlier studies of ische-
mic lesions in experimental animals have shown a high mortality of in the order of 
60 % (Simpkins et al., 1997). Initiating the development of the present paradigm 
for studying ischemic lesions in the area of the MCA some 8 years ago, we found 
mortality amongst the rats in the order of 25 %, which to us was a sign of all too high 
mortality running the risk of introducing crucial confounding factors in the studies. 

The plasma concentrations and biological effects of 17β-estradiol have been found 
to be different depending on the route and technique of administration and on the 
dose. We therefore studied plasma concentrations of estrogen in ovariectomized rats 
when estrogen was administered for days and weeks by daily injections or by osmo-
tic pumps slowly releasing 17β-estradiol during extended time periods.
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Sex steroids and the brain
Gonadal hormones exert many effects on the nervous system that extend far beyond 
their regulatory effects on gonadotrophins, prolactin and other hormones/factors of 
reproduction (Shader, 1972; Pfaff & McEwen, 1983; McEwen et al., 1995; Pfaff, 
1997). Several of the effects of 17β-estradiol on the brain differ both quantitatively 
and qualitatively between the sexes, indicating that sexual differantiation during 
pre- or postnatal development or, alternatively, the basal and cyclical differences in 
the concentration of circulating hormones in adults may result in different effects 
in the males and females. Clinically observed sex differences in psychopathologies 
include differences in the incidence of endogenous depression (more common in 
women) (Murray, 1996; Cutter, Norbury & Murphy, 2003; Shors & Leuner, 2003), 
and in substance abuse and antisocial behaviour (more common in men) (Lincoln, 
2001). This indicates that sex hormones exert signifi cant effects also on brain areas 
not directly involved in reproductive functions.

Neurons of the autonomic nervous system contain a multiplicity of transmitters 
whose concentrations and biological effects can change depending on the prevailing 
physiological and pathophysiological conditions. The expression of different trans-
mitters in autonomic neurons occurs during development and aging, in trauma, sur-
gery and during a variety of disease states (Burnstock, 1990). Many of the structural 
and functional properties of the autonomic nervous system are infl uenced by the 
prevailing hormonal environment, including the plasma levels of sex hormones.
Estrogen and the brain
Already more than six decades ago it became apparent that 17β-estradiol infl uences 
higher functional centers in the brain (Selye, 1942a; Selye, 1942b). Several studies 
during recent years have shown that 17β-estradiol is much more than a hormone 
regulating reproductive functions (Pfaff, 1980; Pfaff & McEwen, 1983; McEwen, 
2002a; Wang et al., 2002; Kajta & Beyer, 2003). Besides their well known action 
on the hypothalamus and other brain areas involved in reproduction, 17β-estradiol 
infl uences e. g. the widespread serotoninergic and catecholaminergic pathways, the 
basal forebrain cholinergic system and the hippocampus see McEwen 2002a. 

17β-estradiol infl uences cognition, mood and maintains the structural and functional 
integrity of the CNS. It regulates synapse turnover in the hippocampus during the 
4- to 5-day estrous cycles of the female rat inducing the formation of new excitatory 
synapses through N-methyl-D-aspartate (NMDA) receptors (McEwen, 2002b). 

Many of the biological effects of estrogens act in concert to induce neurogenesis 
(Tanapat et al., 1999; Tanapat, Hastings & Gould, 2005), and may i.a. bring about 
neuroprotective effects in the brain in addition to a multitude of other effects (Gar-
cia-Segura, Azcoitia & DonCarlos, 2001). Interestingly, aspects of pubertal deve-
lopment in boys (growth of the long bones, their mineralization and epiphyseal 
closure) earlier attributed to the actions of androgens, are now recognized as being 
at least partially mediated by estrogens (Sharpe, 1998). Female rats are partially 
resistant to the stress-induced atrophy of hippocampal dendrites which is particu-
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larly prominent in males (Sharpe, 1998). Estrogens protect against the exitotoxicity 
reducing the number neurons and glia cells in Alzheimer’s disease, and prevent the 
build up of β-amyloid (Simpkins, Singh & Bishop, 1994) see (Honjo et al., 2001; 
Kesslak, 2002). 

Three recent developments have markedly changed the perspectives on the role of 
estrogens; 1) the development of the estrogen receptor-α (ER-α) knockout (ERKO) 
mouse (see Alves et al. 2000), 2) observations on human males with inactivating 
mutations in the genes encoding aromatase or ER-α see Luconi, Forti & Baldi, 2002, 
and 3) the discovery of a second estrogen receptor, ER-β (Kuiper et al. 1998).

The biological effects of estrogens in vivo are complex and involve 1) genomic 
effects mediated directly through estrogen receptors α and β (effects becoming ap-
parent after 5-10 hours); 2) activation of cytoplasmic signaling cascades (the effects 
on protein phosphorylation are apparent within 5 minutes); 3) membrane-based ion 
fl uxes, often involving Ca2+ or Ca2+-dependent K+ channels which are extremely 
rapid (within 2 minutes) and capable of responding to picomolar concentrations of 
estrogens (Fig. 2 and 3). 

Estrogen receptors (ER) are found throughout the developing and adult mammalian 
brain, in particular in the neurons of the hypothalamus, preoptic area (POA), neo-
cortex, septum, hippocampus, the amygdala and the peri-aquaductal central gray. 
More recently, attention has focused on the rapid, so-called ‘non-genomic’/indirect 
genomic effects of estrogen which appear to involve rapid signaling via plasma 
membrane associated putative ERs which may be related to ER-α/ER-β, or may be 
entirely novel (Kuiper et al., 1997). One group of investigators (Toran-Allerand et 
al., 2002) has even used the concept of estrogen receptor-X (ER-X) to describe this 
novel, plasma membrane-associated estrogen receptor that is i.a. activated during 
development and after ischemic brain injury (Azcoitia, Doncarlos & Garcia-Segura, 
2002; Kajta & Beyer, 2003). 

The receptors ER-α and ER-β are primarily located in the cell nucleus and differ to 
varying degrees with respect to the homology of their domains, binding affi nities and 
ligand specifi cities (Kuiper et al., 1997). The amount of ERs expressed in different 
brain regions varies with the developmental stage of the brain. In the neocortex ER-
β is expressed evenly throughout life whereas ER-α is primarily expressed during 
periods of cortical differentiation (Shughrue et al., 1990), indicating that ER-α may 
serve a temporarily more restricted role in development. Some effects of estrogen 
cannot, however, be attributed to ER-α or ER-β indicating the existence of other 
receptor subtypes (Singh et al., 1999).

The amounts of mRNA for ER-α and ER-β expressed are distributed quite differ-
ently in the human organism, with moderate to high expression of ER-α in pituitary, 
kidney, epididymis, and adrenal; moderate to high expression of ER-β in prostate, 
lung, bladder, and brain; and overlapping high expression in ovary, testis, and uterus 
(Kuiper et al., 1998). Even splice variants of ER-β are now being identifi ed. The 
best characterized of these splice variants is ER-β2, as opposed to the originally 
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identifi ed isoform, ER-β1. ER-β2 appears to have a lower affi nity for estrogens than 
ER-β1. There are other splice variants of ER-β with differential expression in brain 
and other tissues, including a variant missing Exon 4 that does not bind estradiol in 
hippocampus (Price, Lorenzon & Handa, 2000).

The distribution of ER-α in the brain is fairly well established, but less data are 
available concerning the localization of ER-β. In-situ hybridisation data indicate 
widespread distribution of ER-β mRNA throughout much of the brain, including the 
olfactory bulb, cerebellum, and cerebral cortex (Kuiper et al., 1997; Kuiper et al., 
1998). Immunohistochemical studies of ER-β indicate a more-restricted localization 
of detectable protein, although the currently available antisera do not always provide 
specifi c signals in some brain areas (McEwen & Alves, 1999).
Dendritic spines
Dendritic spines are small protrusions from the dendrite parts of neurons in the 
brain. They were discovered already by one of the founding fathers of neuroscience, 
Santiago Ramón y Cajal in the late 1800s, and have been of substantial recent re-
search interest. Dendritic spines are characterised by the presence of globular tips – 
spine heads – and connected to the main dendritic shafts by narrow links – the spine 
necks. They probably serve as structures isolating portions of the neurons from the 
rest electrically or biochemically, creating special environment needed for special 
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Figure 1.  Synthesis and hormonal secretion of sex steroids from the ovarium. The synthesis of sex 
hormones in the ovaries occurs in the communicating compartments of the granulosa- and theca 
interna cells. The main secretion products in rats and humans are 17β-estradiol and progesterone 
but estrone and progesterone in mice. Even the androgens androstenedione and testosterone are 
secreted from the ovaries, but in much lesser amounts. The cytochrome p450 enzyme aromatase is 
essential for the conversion of testosterone to 17β-estradiol
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functional roles of the neuron. A widely accepted hypothesis concerning the biolo-
gical role of dendritic spines is that they serve as reservoirs where proteins involved 
in cell signalling can be concentrated (Kennedy, 2000; Sheng & Kim, 2002). 

17β-estradiol regulates the density of the hippocampal dendritic spines (Woolley & 
McEwen, 1993; Woolley & McEwen, 1994; Woolley, 1998). Eliminating circulating 
sex steroids in adult female rats by ovariectomy decreases the density of the dendritic 
spines in the CA1 pyramidal region of the HiFo, a decrease which can be prevented 
by administrating exogenous estrogen. The spine density also varies during a normal 
estrous cycle with the highest spine density being present during proestrus when the 
estrogen concentrations are at their peak. 
Estrogen receptor signalling slow/”genomic” effect of estrogens by regulating gene 
expression

Understanding of the classical slow molecular genetic mechanisms of estrogen ac-
tion has increased dramatically during the past two decades (Beato & Klug, 2000). 
It is now accepted that there are at least two receptors for 17β-estradiol, estrogen 
receptors α and β (ER-α, ER-β) (Jensen, 1996; Kuiper et al., 1996; Mosselman, Pol-
man & Dijkema, 1996). These receptors function as ligand-dependent transcription 
factors to increase gene transcription by direct binding of the receptor to specifi c 
DNA target sequences, designated estrogen response elements (EREs). Association 
of receptors with the gene transcription machinery involves co-regulatory proteins 
that contribute to estrogen action and which can enhance or repress ERs action. 17β-
estradiol induces the formation of a hydrophobic cleft on the surface of the ER that 
serves as a docking site for co-activators. The binding of 17β-estradiol to estrogen 
receptors relieves the receptors of the inhibitory effects of the heat shock proteins 
that they are normally attached to, and inhibited by. The binding thereafter leads to 
homodimerization and translocation of the estrogen-receptor complex into the cell 
nucleus where it exerts its effects on gene expression. The role of this signalling 
pathway in vivo has been substantiated using several approaches, including targeted 
gene disruption (knockout) in mice. Within the ER proteins, there are two activating 
functions corresponding to the N-terminus (AF-1) or ligand-binding region (AF-2) 
of the molecule. In addition, ER function is modifi ed by its phosphorylation. The 
genomic actions of 17β-estradiol proceeding through augmentation or repression 
of ERE-containing promoters by ERs α and β have been designated the classic 
pathway of estrogen action. Estrogen receptors are normally activated by estrogen 
binding, but can also be activated by growth factors in the absence of estrogen. The 
classic pathway of estrogen receptor activation is slow (takes hours) in its nature, 
since its cascade of events/effects takes time to be carried through. 

The general mechanisms of estrogen effects have been recently reviewed by several 
authors, e.g. (Kushner et al., 2000a; Nilsson et al., 2001). 
Cytoplasmic signalling Rapid/”nongenomic” effects of estrogens
The research on rapid effects of steroid hormones interestingly predates the know-
ledge of the existence of nuclear receptors for steroids regulating genetic expres-
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sion. In 1942, Hans Selye pioneered in describing a rapid effect of progesterone, 
which following intraperitoneal application induces a prompt antiepileptic effect 
and anaesthesia in rats (Selye, 1942a). Acute increase in peripheral vascular re-
sistance and blood pressure within 5 min of aldosterone administration to humans 
were subsequently demonstrated in 1963 (Klein & Henk, 1963), also suggesting a 
non-genomic mechanism of action because of the short time from injection to effect. 
A year later physiological concentrations of aldosterone were reported to infl uence 
sodium exchange over the cell membrane of dog erythrocytes (Spach & Streeten, 
1964). Since erythrocytes do not contain a cell nucleus in vitro effects in these cells 
cannot be related to genomic mechanisms. The subsequent discovery of the clas-
sical pathways of the steroids effects decreased the visibility and the importance 
attributed to these results and renewed interest in the rapid, nongenomic/indirect 
genomic mechanisms of steroid actions has resurfaced only recently (Gametchu, 
1987; Wehling et al., 1987).

The 1970’es kindled a renewed interest in the rapid/nongenomic effects of estrogen 
on cells including neurons (Pietras & Szego, 1975a; Pietras & Szego, 1975b; Kelly, 
Moss & Dudley, 1977). Yet, only lately has this topic emerged in full force as alter-
native mechanism of estrogen action involving interactions with either α- and β-re-
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ceptors or potentially novel types of estrogen receptors (ERs) (ER-X) in the plasma 
membrane and cascades of interactions with second messenger systems (Wehling, 
1997; Brinton, 2001; Kelly & Levin, 2001; Lee & McEwen, 2001; Toran-Allerand 
et al., 2002). The effects of this signalling system are called “rapid” since effects on 
kinases and phosphorylases will occur within 2-5 minutes in cell cultures in contrast 
to the 2-4 hours needed for the genomic effects to occur.

Specifi c bindings sites for estrogen on the plasma membrane were described already 
in 1997 (Pietras & Szego, 1977). However the detailed structure and functional pro-
perties of the binding sites/receptors remain to be elucidated. By expressing estro-
gen receptors α and β in Chinese hamster ovary cells Razandi et al. (Razandi et al., 
1999) were able to show that considerably more nuclear receptors were expressed 
compared to the membrane receptors. Both the membrane receptors variants of the 
estrogen receptors α and β, activated G proteins and stimulated cell proliferation. 

The non-nuclear cascades observed with 17β-estradiol-BSA stimulation are not in-
hibited with the intracellular pure ER antagonist ICI 182,780 (Zheng, Ali & Rami-
rez, 1996; Watters et al., 1997). Among the biological effects attributed to the rapid 
plasma membrane receptors are dendritic remodelling in the hippocampus (Woolley 
& McEwen, 1992) and the effects of estrogens on cardiac myocytes. These effects 
possibly contribute to the explanation of how 17β-estradiol protects cardiac muscle 
cells, and the substantial increase in heart attacks in postmenopausal women lacking 
estrogen (Gray et al., 2001; Petitti, 2003). 

In general the range of rapid/non-genomic effects of 17β-estradiol include 1) acti-
vation of cyclic AMP and mitogen-activated protein kinase (MAP kinase) pathways 
which e.g. infl uence the activity of targets including kainate and insulin-like growth 
factor-1 (IGF-1) receptors; 2) rapid actions on excitability of neuronal and pituitary 
cells; 3) modulation of G protein coupling and affect calcium currents and gona-
dotropin-releasing hormone (GnRH) release; 4) effects on calcium channels and 
calcium ion entry; 5) protection of neurons from damage by excitotoxins and free 
radicals (Kelly and Wagner, 1999; Brinton, 2001; Kelly and Levin, 2001; Lee and 
McEwen, 2001); 6) activation of transcription at AP-1 sites which bind the Jun/Fos 
transcription factors (Kushner et al., 2000b) and 7) stabilisation of mitochondrial 
membrane potentials, prevention of adenosine triphosphate (ATP) depletion and re-
duction of the generation of oxygen free radicals. The rapid/non-genomic effects of 
estrogens are also likely to be involved in the effects of estrogen on neuroprotection 
(Falkenstein et al., 2000; Linford, Wade & Dorsa, 2000).

The diverse ways in which the cell can react to 17β-estradiol caters for complex 
responses to challenges of the environment and diseases and the internal challen-
ges of the normal hormonal cycles and pregnancy. Rather than responses mediated 
only through control of gene expression, the many alternative mechanisms by which 
estrogen infl uences cell biology leads to remarkable plasticity and tissue-specifi c 
responses to the mechanisms mediated by estrogens and other steroid hormones. 

Several recent reviews provide overview of the rapid/”non-genomic” effects of es-
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tradiol (Baulieu, 1995; Watters et al., 1997; Wehling, 1997; Parker, 1998; Revel-
li, Massobrio & Tesarik, 1998; Revelli, Tesarik & Massobrio, 1998; Levin, 1999; 
Mendelsohn & Karas, 1999; Green & Simpkins, 2000; Kushner et al., 2000a; Kelly 
& Levin, 2001; Pearson et al., 2001; Driggers & Segars, 2002; Pedram et al., 2002; 
Segars & Driggers, 2002; Jensen, 2005). 
Estrogen and neuroprotection
17β-estradiol is a neural growth and trophic factor for the mammalian brain (Jez-
ierski & Sohrabji, 2000; Garcia-Segura et al., 2001; Lee & McEwen, 2001; Wise et 
al., 2001c; Azcoitia et al., 2002; Toran-Allerand, 2004). Like other growth factors, 
such as the neurotrophins, 17β-estradiol infl uences neurogenesis, neuronal differ-
entiation, and neuronal survival of its targets throughout life (Smith, 1998; Gar-
cia-Segura et al., 2001; Behl, 2002; McEwen, 2002a; Wang et al., 2002; Kajta & 
Beyer, 2003). 17β-estradiol binds the high affi nity intra-nuclear estrogen receptors 
to mediate direct regulation of genes and transcription factors. Furthermore, there is 
extensive cross-talk between classical growth factor signalling pathways and estro-
gen signalling pathways (Smith, 1998). 

17β-estradiol exerts neuroprotective effects in several experimental paradigms of 
brain damage (Simpkins et al., 1997; Alkayed et al., 1998; Dubal et al., 1998b; 
Pelligrino et al., 1998; Zhang et al., 1998; Rusa et al., 1999), although some other 
experimental paradigms have not shown similar effects (Harukuni, Hurn & Crain, 
2001; Carswell et al., 2004; Gordon, Macrae & Carswell, 2005; Bingham, Macrae 
& Carswell, 2005; Theodorsson & Theodorsson, 2005). The potential mechanisms 
of the neuroprotective effects of 17β-estradiol have been reviewed by several aut-
hors (Toran-Allerand, Singh & Sétáló, 1999; Green & Simpkins, 2000; Hurn & 
Macrae, 2000; Toran-Allerand, 2000; Wise et al., 2000b; Garcia-Segura et al., 2001; 
Wise et al., 2001a; Wise et al., 2001b; Azcoitia et al., 2002; Behl, 2002; Dhandapani 
& Brann, 2002; Wise, 2002; Picazo, Azcoitia & Garcia-Segura, 2003; Maggi et al., 
2004; Amantea et al., 2005).

Importantly, the therapeutic range of neuroprotective doses/plasma concentrations 
of estrogen appears to be small (Rusa et al., 1999; Rossberg et al., 2000). 
Estrogen receptor (ER) domains and their function
The ER is a modular protein with three functional domains: the N-terminal activa-
tor function domain 1 (AF-1), the C-terminal activator function domain 2 (AF-2) 
and the DNA-binding domain (DBD) in the centre. The DBD directs the protein 
to EREs in the promoter region of target genes. The N-terminal domain contains a 
weak and constitutive activator function, AF-1. AF-2 is a stronger function in the 
C-terminal ligand- binding domain (LBD). AF-2 is active when bound to estrogen 
or other agonists and is inactive when bound to anti-estrogens. Initially ERs are in-
active and bound by their LBD to a high molecular weight complex containing the 
heat shock proteins HSP7O and HSP9O. When estrogen, which has worked its way 
to the nucleus, binds the receptor, the ER dissociates from the heat shock protein 
complex, dimerizes and binds to EREs. Once bound to the ERE, the ER uses AF-1 
and AF-2 to stimulate transcription from the promoter see Pettersson & Gustafsson, 
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2001. 
ER effects at alternative response elements
Distinct signalling pathways involving specifi c complexes of cytoplasmic proteins 
have in recent years been shown mediate several aspects of estrogen action which 
supplement or augment genomic effects of estrogen that are attributable to trans-
criptional activation by the classical nuclear receptors. Signals may be transduced 
through phosphorylation of the estrogen receptors (ERs), or indirectly through ef-
fects upon transcriptional co-activators or cell receptors. Estrogen signalling is very 
similar to and/or coupled to growth factor signalling with feedback mechanisms 
directly impacting function of growth factor receptors. These signalling pathways 
regulate important physiological processes, including cell growth and apoptosis 
(Scully & Otten, 1995; Driggers & Segars, 2002; Toran-Allerand, 2004). 
The map kinase (MAPK) cascade in estrogen signaling
Among the most studied are rapid effects of 17β-estradiol against different types 
of injury are those induced through activation of mitogen-activated protein kinase 
cascades (MAPK) (Singer et al., 1996; Watters et al., 1997; Singer et al., 1999; 
Fitzpatrick et al., 2002).

The chain of molecular events from binding of 17β-estradiol to plasma membrane 
receptors to its effects on neurons and glia is still not completely characterized. A 
corresponding chain of events is, however, well known for the neurotrophins which 
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Figure 4. The role of the 
MAPkinase cascade in the 
signalling of neurotrophins 
– and probably also of es-
trogens – to increase cell 
growth and development, 
and possibly also to protect 
and to help neurons to re-
cover from injury. Adapted 
from Toran-Allerand, 2004.
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exert similar effects, and many of the effects of estrogens have therefore – in anal-
ogy – been assumed to be similar. Neurotrophins bind their transmembrane cell 
surface metabotrophic receptors and activate signal transduction cascades of sec-
ond messengers, to change the expression of transcription factors and genes. The 
second messenger signals are expressed as a fl ow of protein phosphorylation (by 
kinases) and dephosphorylation (by phosphatases). These intracellular cascades of 
modifi cation of proteins by changing the number of phosphate groups serve am-
plify and propagate signals generated at the cell membrane into complex biological 
responses, including the regulation of transcription factors and genes in a manner 
well characterised for the neurotrophins in the MAPK cascade (Watters et al., 1997; 
Watters & Dorsa, 1998; Kushner et al., 2000b; Toran-Allerand, 2004) (Fig. 4). 

The MAPK cascade is a major signalling pathway involved in cell proliferation, neu-
ronal differentiation and neuronal survival. When neurons containing transmembrane 
trk receptors are exposed to neurotrophins on the outside of the plasma membrane 
they activate of the receptors by autophosphorylation of tyrosine residues, result-
ing in the creation of docking sites on the inside that connect to signal transduction 
molecules to activate a number of signaling pathways, including the MAPK cascade 
(Pearson et al., 2001). Inhibition of MAPK signaling with the MAPK kinase inhibitor 
PD98059 in neuronal cell cultures blocks NGF and estrogen neuroprotection (Singer 
et al., 1996; Singer et al., 1999). 

MEK1 is a kinase wich activates MAPK. It has specifi city for both threonine and 
tyrosine residues on extracellular-signal-responsive kinase (ERK). Treatment of 
mice with the MEK1-specifi c inhibitor PD98059 reduces infarction after transient 
occlusion in mice (Alessandrini et al., 1999). The MAPK kinase inhibitor PD98059 
blocks both NGF and estrogen neuroprotection in these neurons. These results are 
compatible with a rapid and sustained increase in MAPK activity within 30 min of 
estrogen exposure. 
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Aromatase
In postmenopausal women and in men, estrogen is to a large extent not only a hor-
mone but instead a paracrine agent produced in a number of extragonadal sites and 
acting locally (Fig. 1). These sites include e.g. the breasts, bone, vasculature, adipose 
tissues and the brain. Within these sites, aromatase action can generate high levels 
of estradiol locally without signifi cantly affecting circulating levels (Naftolin 1994). 
Aromatase expression in these sites is under the control of tissue-specifi c promo-
tors regulated by different transcription factors. In principle it may be possible to 
develop selective aromatase modulators (SAMs) blocking aromatase expression, 
for example, in the breasts, but allow unimpaired estrogen synthesis in other tissues 
including the bone and brain see (Simpson et al., 2002).
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Pathophysiology of brain ischemia
Metabolism, oxygen consumption and blood fl ow in the brain
The human brain represents only about 2.5 % of the body mass, but it uses as much 
as 25% of the energy consumed by the human body at rest. In humans the brain has 
a particularly high metabolic rate, 3.5 times higher than that observed in other pri-
mate species (Lee et al., 2000). The human brain is consequently more vulnerable to 
ischemic lesions than any other organ system (Chen & Simon, 1997). Complete in-
terruption of the cerebral blood fl ow for only 5 minutes may lead to neuronal lesions 
or death, whereas 20-40 minutes of ischemia is required to achieve cell death for 
example in cardiac myocytes or kidney cells (Lee et al., 2000). This extraordinary 
vulnerability of cerebral tissues to ischemic damage refl ects: 1) its high metabolic 
rate and oxygen demand, varying between different cerebral regions (Rosner et al., 

1986) and 2) the unique pathogenetic mechanism that the normal neurotransmis-
sion/neurochemical mechanisms in the brain exert damaging effects on its own and 
other cells. 

Neurons of the CNS normally depend almost exclusively on glucose as their energy 
substrate (except during starvation and ketosis or during development when acetoa-
cetate and β-hydroxybutyrate can be used), but the stores of glucose in the brain are 
despite this limited. However, energy substrate limitations are not the main reason 
for the brain’s high vulnerability to ischemia. It is mainly due to the fact that the 
inter- and intra-cellular signalling mechanisms, in the brain crucial for its normal 
functions, become harmful under ischemic conditions, accelerating energy failure 
and enhancing the fi nal pathways underlying ischemic cell death, including free ra-
dical production, activation of catabolic enzymes, membrane failure, apoptosis and 
infl ammation (Calabresi, Centonze & Bernardi, 2000).

Understanding the role of various extrinsic and intrinsic pathogenic and neuropro-
tective mechanisms in ischemic damage is a prime objective of current stroke re-
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search. An important variable affecting stroke outcome is the presence or absence 
of reperfusion (re-canalisation of the occluded vessel) following an ischemic event. 
It appears that early reperfusion after a stroke is benefi cial and capable of reversing 
the majority of ischemic dysfunctions. However, in some instances, late reperfu-
sion may trigger deleterious processes and lead to more extensive ischemic damage 
(McCord, 1985; Hakim et al., 1987). 

The fi nal outcome of ischemic damage to the brain is not only dependent on the da-
mage factors mentioned above, but also on several factors aimed at neuroprotection 
and repair of the damaged tissues (Kochs & Werner, 1995; Hickenbottom & Grotta, 
1998; Gozes & Brenneman, 2000; Wu, 2005). The neuroprotective and reparative 
factors act over much longer time periods, but they have been far less studied during 
recent years in comparison to the damage factors. Extensive studies in humans of 
antagonists to glutamate, calcium and free radicals – the principal damage factors 
currently in focus – have, unfortunately, not been successful (Bath et al., 2000). It 
is therefore likely that neuroprotective and reparative factors and mechanisms in-
volved in the late stages of stroke will draw increased attention in the research com-
munity in the time to come (Olson, 1993; Iadecola & Ross, 1997; Back, Hemmen & 
Schuler, 2004; Ren & Finklestein, 2005; Wu, 2005). Our current studies of estrogen 
and estrogen- inducible neuropeptides represent an attempt in this direction.

Brain ischemia
Interruption of the blood supply to the brain elevates the extracellular concentra-
tions of glutamate in the ischemic area initially due to decreased re-uptake of gluta-
mate in the glia cells and neurons and later due to leakage from damaged neurons. 
Glutamate is an excitatory amino acid normally of crucial importance for long-term 
memory and is the neurotransmitter present in highest concentrations in the brain. 
When present in excessive concentrations, it causes depolarisation of cell membrane 
and increased intracellular calcium levels which trigger the cell damage. Glutamate 
in high concentrations is therefore toxic to neurons, and an important part in the 
mechanisms of excitotoxicity (Siesjö & Bengtsson, 1989) (Fig. 6). 

The raised intracellular calcium levels cause cell death by various mechanisms in-
cluding activation of proteases and lipases, formation of free radicals, lipid pero-
xidation and formation of nitric oxide (NO) and arachidonic acid. The generation 
of high levels of NO is toxic and generates free radicals which damage important 
biomolecules including membrane lipids, enzymes and DNA. The increased arachi-
donic acid causes free radical production and inhibits glutamate uptake. 

The various mechanisms that normally protect the neurons against excitotoxicity 
are the calcium transport systems/ion pumps, mitochondrial function and radical 
scavengers. Transport systems are not able to counteract the increase in calcium 
concentrations when ATP is missing. The mitochondrial function is disrupted when 
mitochondrial stores are overloaded with calcium and this result in even further 
reduced ATP synthesis.

When reperfusions occur and the oxygenation is restored, it can lead to even further 
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damage because of generation of reactive oxygen species (ROS). ROS, for example 
superoxide, hydroxyl radicals and hydrogen peroxide are generated as side products 
in mitochondrial ATP synthesis. When oxygenation is restored ROS is accumulated 
and causes damage to important macromolecules in the cell. 

In the area of infarction there is a central core of neurons which quickly undergo 
necrosis. The surrounding area is called penumbra (Astrup, Siesjo & Symon, 1981) 
where the cells are recovering, are affected by infl ammation or in the process of apo-
ptosis developing over a period of several hours and days. The reperfusion damage 

is an important component in stroke and is responsible for the secondary damage in 
penumbra with infl ammation, oedema and apoptosis (Aronowski & Labiche, 2003; 
Blomgren et al., 2003). 
Glutamate 
Glutamate is the main excitatory neurotransmitter in the brain see Guyot et al. 2001. 
Its detailed biological activities are mediated by several different postsynaptic re-
ceptors. The AMPA-type of glutamate receptors mediate most of the rapid excita-
tory postsynaptic current while the NMDA-type of glutamate receptors mediate the 
infl ow of calcium into the postsynaptic neuron if – and only if – the postsynaptic 
membrane is concomitantly depolarised. 

Glutamate acts on both ionotrophic and metabotrophic receptors at the membrane 
of the nerve cell. The NMDA receptor is an elaborate ion channel requiring a joint 

Figure 6. The roles of glutamate and calcium in cell lesions in the brain caused by ischemia. 
PLC=phospholipase C, IP3=inositol-triphosphate, DAG=diacylglycerol.  Based on (Abe et al. 2000; 
Green et al. 1997, Samdani et al. 1997) 
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activation of both glutamate and the co-agonist glycine. The NMDA ion channel 
is blocked by Mg+2 under resting conditions, but when this blockage is released 
the ion channel becomes highly permeable to Ca+2. The AMPA receptor is also an 
ionotrophic glutamate receptor. It is normally permeable to Na+ but becomes per-
meable to Ca+2 when one of its subunits is modifi ed.

Normally, different patterns of activation of the NMDA-type of receptors can lead 
to either long-term potentiation or long-term depression of the biological effects of 
synapses. These mechanisms have been intensively studied since they represent im-
portant ways in which memories are stored, processed or attenuated (Sheng & Kim, 
2002). In the developing nervous system, NMDA-type of glutamate receptors are 
important for establishing proper synaptic connections and are also crucial for the 
plasticity of the adult nervous system (Baulieu, 1998; McEwen, 1999; Wittenberg 
& Tsien, 2002; El-Bakri et al., 2004). 
Mechanisms of ischemic brain damage
Cessation of blood fl ow to the brain leads to inhibition of neuronal functions due 
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to oxygen and nutrient depletion. The neurons, however, could survive the oxygen 
and nutrient depletion for hours if it were not for the cascades of secondary events 
changing the concentration of ions, neurotransmitters, free radicals and infl amma-
tory agents which in time lead to apoptosis and other forms of cell death. 

The currently dominating hypothesis explaining the mechanisms of cell death is 
the excitotoxic or glutamate hypothesis (Siesjö & Bengtsson, 1989; Siesjö, 1992; 
Samdani, Dawson & Dawson, 1997) (Fig. 7). 

• Loss of energy inhibits the activity of the Na+/K+ ATPase which leads to

• Increased extracellular concentrations of K+ which depolarises the neurons 
which leads to

• increased imbalances in the gradients of ions over the plasma membranes 
which make it impossible for the neuron to be electrically active /func-
tional. 

• The high intracellular concentrations of Na+ are accompanied by Cl- and 
water, leading to cell swelling.

• The imbalance in the ion gradients over the plasma membrane inhibits/re-
verses the pumping of glutamate by high- affi nity transporters, which leads 
to

• excessive stimulation of the glutamate receptors, particularly the NMDA 
receptors which induce

• cell damage due to uncontrolled rise in the concentration of intracellular 
calcium which activates enzymes (proteases, nucleases) that degrade pro-
teins and nucleic acids and enzymes synthesizing nitric oxide (NO).

The tissue concentrations of glutamate increase up to tenfold in ischemic damage. 
It is released from presynaptic vesicles, from other cytoplasmic stores or from ast-
rocytes. The high concentrations of glutamate trigger infl ux of Ca+2 to the neurons 
triggering numerous mechanisms resulting in cell death. 

Experimental evidence for the exitotoxic hypothesis rests on several lines of evi-
dence:

• Lesions of glutamatergic projections to the CA1 pyramidal neurons is neu-
roprotective for these neurons

• Non-competitive pharmacologic antagonism (dizocilpine[MK-801]) of the 
glutamate receptors is neuroprotective in stroke models in experimental 
animals. Competitive antagonists of the NMDA receptor have also been 
shown to be neuroprotective.

• Hypothermia during brain ischemia which strongly inhibits glutamate release 
is neuroprotective in stroke models in experimental animals.

Unfortunately it has – as yet – still proven diffi cult to translate this apparently solid 
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evidence of the excitotoxic hypothesis to clinically active treatment strategies in hu-
mans both when glutamate antagonists and free-radical scavengers have been tried 
(Hagberg, 1998; Bath et al., 2000). Glutamate is an important transmitter in normal 
brain functions e.g. for memory, and it is therefore logical that glutamate antagonists 
lead to side effects including confusion, hallucinations and other psychomotoric 
symptoms. These symptoms make it diffi cult – if not impossible to achieve the drug 
concentrations in humans necessary for the anti-ischemic effects in animal models. 
This may be an explanation why it has as yet proved impossible to translate the 
positive effects found in animal experiments to human therapies (Kaste et al., 1994; 
Hickenbottom & Grotta, 1998; McCullough, Beauchamp & Wityk, 2001; Gilgun-
Sherki et al., 2002). 
Calcium ions and ischemic lesions
Ca+2 serves in all cells as an important intracellular messenger and biochemical 
regulator. The concentration of free intracellular Ca+2 is tightly regulated at con-
centrations which are 10,000 times lower than the extracellular concentrations. In 
neurons Ca+2 concentrations are regulated within specifi c compartments in its role 
in controlling excitability, release of transmitters, cell growth, differentiation and 
maintenance. 

Within seconds of cerebral ischemia, local cortical activity as detected by electro-
encephalography ceases. This massive shutdown of neural activity is induced by 
K+ effl ux from neurons, mediated initially by the opening of voltage-dependent K+ 
channels and later by ATPdependent K+ channels, leading to transient plasma mem-
brane hyperpolarization. A few minutes later, despite this energy sparing response, 
an abrupt and dramatic redistribution of ions occurs across the plasma membrane, 
associated with membrane depolarization (effl ux of K+ and infl ux of Na+, Cl–, and 
Ca2+). This “anoxic depolarization” results in the excessive release of neurotransmit-
ters, in particular, glutamate, promoting further spatial spread of cellular depolari-
zation, depletion of energy stores, and advancement of injury cascades (Hossmann, 
1998; Ginsberg, 2003)
Growth factors and ischemic damage
The expression of several growth factors increases in ischemic tissues probably 
in order to participate in a concerted protective response (Semkova & Krieglstein, 
1999; Bing, 2001; Dechant & Neumann, 2002; Sun et al., 2003; Rosenstein & 
Krum, 2004; Ren & Finklestein, 2005). Exogenous administration of growth factors 
has shown therapeutic promise in several experimental models of organ ischemia, 
including in liver, kidney, heart, and brain. Examples of growth factors whose ad-
ministration reduces brain damage in rats subjected to brain ischemia are nerve 
growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophins 4/5 
(NT-4/5), basic fi broblast growth factor, and IGF-1, which apparently blocks neuro-
nal apoptosis. Despite the general protective effects they share, certain growth fac-
tors may also enhance neuronal vulnerability to excitotoxic and free radical-induced 
death. The negative consequences of the neurotrophins and IGF-1 may be explained 
in part by enhanced NMDA receptor-mediated Ca2+ infl ux, enhanced production of 
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free radicals, or possibly acute proexcitatory effects that could increase excitotoxic-
ity (Hickenbottom & Grotta, 1998; Heiss et al., 1999; Schaller & Graf, 2002; Schal-
ler & Graf, 2003; Farin & Marshall, 2004). 
The excitotoxic theory of ischemic brain damage does not explain all aspects of the lesions
The excitotoxic theory of ischemic brain cell damage is supported by extensive 
animal experiments showing that antagonists of the NMDA glutamate receptors 
decrease the neuronal damage. Unfortunately, however, the NMDA receptor anta-
gonists have as yet not proven themselves effective in extensive clinical studies in 
humans (Hagberg, 1998). 

The excitotoxic theory does not explain all aspects ischemic cell injury and death in 
the brain. In global ischemia – when the entire blood supply to the brain is severely 
depleted e. g. by cardiac arrest or experimentally by four-vessel occlusion involving 
both the carotid and vertebral arteries – cell death is not evenly distributed in the 
brain. The neurones in the CA1-region (Cornu Ammonis) of the hippocampus are 
especially vulnerable to this type of damage. If the excitotoxic/glutamate theory 
was to explain this, the concentration of glutamate (Ca+2 etc.) in the CA1-region 
would be expected to be higher than in other regions of the brain. This is, however, 
not the case, indicating that other mechanisms in addition to the excitotoxicity are 
involved. It is therefore probable that other factors are also of crucial importance in 
the pathogenesis of ischemic cell damage – e.g. the presence and biological activity 
of neurotrophic factors or other neurotransmitters in the brain.

Several other transmitter systems are also activated in the brain in response to 
ischemia

Studies using microdialysis indicate that several other transmitters are present in 
elevated concentrations in response to ischemia, including dopamine, serotonin, 
noradrenaline, acetylcholine, glycine, adenosine, histamine and GABA (Lee et al., 
2000). 

All neurotransmitters do not act to promote injury. Several of them including sero-
tonin, GABA, and adenosine, are basically neuroprotective. Adenosine, which ac-
cumulates rapidly during ischemia due to breakdown of ATP, has benefi cial effects 
in many tissues (Aden et al., 2003). The activation of adenosine A2a receptors on 
vascular smooth muscle cells and neutrophils enhances blood fl ow and decreases 
infl ammation, respectively. Adenosine also has nervous system-specifi c benefi cial 
effects, mediated by the ability of neuronal adenosine A1-receptors to reduce neuro-
transmitter release and membrane excitability. 
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In vivo models of brain ischemia
The main functional characteristic of the brain setting it apart from all other organs 
is the intensive communication amongst its cells, both neurons and glia cells. It is 
therefore absolutely essential to also study the intact brain in living organisms to 
be able to elucidate the entire cascades of mechanisms of the normal brain with its 
intense interactions between cells and all the mechanisms aroused by the ischemic 
damage. Evidently this however does not in any way decrease the value of cell-cul-
tures in elucidating partial mechanisms.

The epidemiological and clinical study of human stroke is evidently the litmus test 
of preventive or therapeutic options. Human brain tissues are – for natural reasons 
– not available timely enough or in the necessary number of replicates for rigorous 
biochemical and histopathological studies. Animal experimental models of human 
stoke are therefore essential for the initial studies of therapeutic options against 
ischemic damage.

Model Variants Most common 
species

Focal cerebral ischemia
Occlusion of the middle cerebral artery (MCA)

Transcranial approach via 
craniotomy

Ligation, electrocoagula-
tion, photothrombosis or 
direct clipping
“Proximal” or “distal”

Rat, cat, monkey, 
dog

Intraluminal occlusion using a 
fi lament (suture) 

Temporary or permanent
Suture preparation by 
silicon or poly-l-lysine

Rat or mouse

Transorbital ligation Temporary or permanent Cat, donkey or 
monkey

Clot embolism

Vasospastic occlusion with 
endothelin-1

Common carotid artery 
occlusion

Effective due to lack of 
collaterals in gerbils

Gerbils

Microcirculatory occlusion by 
photothrombosis

Freely selectable cortical 
lesion

Rat

Microembolism By microspheres, air bubb-
les or platelet aggregates

Rat, cat, rabbit, dog, 
monkey
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Global cerebral ischemia

Occlusion of both carotid 
arteries plus hypotension

“Two-vessel” occlusion 
model

Rat

Occlusion of both carotid 
arteries with prior permanent 
vertebral artery electrocoagu-
lation

“Four-vessel” occlusion 
model

Rat

Occlusion of both carotid 
arteries alone

Gerbil, mouse, hy-
pertensive rat

Global interruption of 
cephalic circulation

By cardiac arrest with 
KCL or ventricular 
fi brillation

Cat, dog, rat, mon-
key

By occlusion of 
intrathoracic vessels with a 
wire hook

Rat

By aortic occlusion Rat, cat, rabbit, dog, 
monkey

By occlusion of innomina-
te and subclavian arteries 
plus hypotension

Cat, monkey

By pneumatic cuff around 
neck

Cat, rabbit, dog

By intracranial hyperten-
sion by fl uid infusion into 
CSF

Rat, cat, rabbit, dog, 
monkey

By decapitation Rat

Carotid artery occlusion(s) 
plus hypoxia

Unilateral variant = “Levi-
ne preparation”

Rat, neonatal rat

Table 1. Common animal models of cerebral ischemia based on (Duverger & MacKensie, 1988)
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Among wild type (WT) rats the Sprague-Dawley strain gives rise to most consis-
tent infarcts. Spontaneously hypertensive rats develop larger infarcts than WT rats 
(Ginsberg, 2003). Mongolian gerbils usually lack posterior communicating arteries 
which explains the large forebrain ischemia that develops in gerbils when the carotid 
arteries are occluded. However, the ischemic volumes in gerbil models of ischemia 
tend to be highly variable and are therefore less used today compared to what was 
the case earlier (Schmid-Elsaesser et al., 1998; Gerriets et al., 2003; Richard Green, 
Odergren & Ashwood, 2003; Gerriets et al., 2004). 

It is, however, still uncertain which of the currently available animal models are 
most relevant in the study of mechanisms, treatment and prognosis in human stroke 
(Gerriets et al., 2003; Richard Green et al., 2003; Gerriets et al., 2004). Establishing 
this is of crucial importance in the light of the fact that recent studies of neuropro-
tective agents in rodent models of stroke have not been able to predict the clinical 
effectiveness of the agents in humans (Simpkins et al., 1997; Rossouw et al., 2002; 
Simpkins et al., 2005; Wise et al., 2005).

Mortality and morbidity during and after occlusion of the middle cerebral artery in 
rats are important confounding factors which may be minimised by improved and 
meticulous anaesthesia and peroperative monitoring techniques. 
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In vitro models of brain ischemia
In vitro models used to study stroke have both advantages and disadvantages. In 
vitro neurons and glia cells tissue are isolated from cerebral circulation, cerebral 
electrical activity and from neurotransmitters. Although this is disadvantageous in 
relation to the coherent function of the whole brain function, it greatly facilitates 
the evaluation per se of specifi c biochemical reactions uninfl uenced by factors such 
as changes in blood fl ow, electrical activity, neurotransmitters, growth factors etc. 
The in vitro techniques have made possible not only the separation of the individual 
components of metabolism, but the measurement of the ability to restore metabo-
lism toward physiological levels after oxygen and glucose defi ciency have ended. 
It also allows measurement of reactions occurring too rapidly to study in vivo, and 
allows rapid replication of results. 

As long as the disadvantages of are taken into account, valuable information can be 
obtained from in vitro techniques and in many instances the in vitro fi ndings have 
been found to be consistent with those found in intact experimental animal models.

In vitro cultured cells also metabolizes at a slower rate than corresponding cells in 
vivo. These disadvantages must be taken into account if clinically relevant informa-
tion is to be obtained from in vitro techniques.
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Neurotrophic factors in the brain
Neurotrophins
NGF was the fi rst identifi ed protein having anti-apoptotic activity on neurons (for 
review see Cowan, 2001). NGF, together with the three structurally and functionally 
related growth factors BDNF, neurotrophin-3 (NT3) and NT4/5, constitute the neu-
rotrophin protein family. Neurotrophins display specifi city for different receptors. 
NGF has highest avidity for tyrosine receptor kinase A (TrkA); BDNF and NT4 to 
tyrosine receptor kinase B (TrkB) and neurotrophin 3 to tyrosine receptor kinase C 
(TrkC).

Target cells for neurotrophins include many of the neurons primarily affected by 
neurodegenerative diseases including Alzheimer’s disease, Parkinson’s disease, 
amyotrophic lateral sclerosis and peripheral polyneuropathies. Furthermore, the 
neurotrophins act on neurons affected by other neurological and psychiatric con-
ditions including ischemia, epilepsy, depression and eating disorders. While expe-
rimental studies, primarily in cell cultures provide solid support for the hypothesis 
that neurotrophins prevent neuronal death there is as yet lack of evidence that neu-
rotrophins are major causative factors in the etiology of neurodegenerative diseases 
or whether they can be used as treatment options in clinical settings.

So far, all clinical trials of neurotrophins for treatment of acute ischemic stroke have 
been unsuccessful, possibly due to their limited passage through the blood brain 
barrier (Wu, 2005). However, studies remain where more targeted use of neurotrop-
hins is attempted in settings where the blood brain barrier is not a hindrance.

Neuropeptides as neurotrophic factors
Neuropeptide Y and neuroprotection
Increased immunohistochemical staining for neuropeptide Y (NPY) has been obser-
ved in the periphery of cortical lesions following middle cerebral artery occlusion 
in rats (Cheung & Cechetto, 2000) and administration of NPY-Y1 receptor anti-
sense oligonucleotide increases the volume of infarction (Chen & Cheung, 2002). 
Neuropeptide Y receptors Y1 and Y2 inhibit glutamate and calcium excitotoxicity 
in rat hippocampus slices (Silva et al., 2003). Activation of Y2 receptors inhibit 
kainic-acid induced excitotoxocity in the CA1 pyramidal cell layer whereas activa-
tion of Y1, Y2 and Y5 receptors inhibited excitotoxicity in the CA3 layer (Gozes 
& Brenneman, 2000). However, peripheral and central administration of NPY to 
rats subjected to MCA occlusion reduces cerebral blood fl ow and increases infarct 
volume (Silva et al., 2003). 
Vasoactive intestinal polypeptide (VIP) and neuroprotection 
Vasoactive intestinal peptide (VIP), a neuropeptide of 28 amino acids which fre-
quently coexists with acetylcholine has been claimed to act as a neuroprotective 
neuropeptide (Gozes & Brenneman, 1989; Brenneman & Gozes, 1996; Brenneman 
et al., 1998a; Brenneman et al., 1998b; Gozes, 2001). To be active VIP requires 
the presence of neuroglial cells secreting activity-dependent neurotrophic factor 
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(ADNF) (Moody, Hill & Jensen, 2003; Arciszewski & Ekblad, 2005). VIP stimu-
lates the proliferation and differentiation of brain neurons and increases neuronal 
survival in different experimental paradigms (Bedecs, Berthold & Bartfai, 1995; 
Crawley, 1995; Brenneman & Gozes, 1996). 
Pituitary adenylate cyclase-activating polypeptide (PACAP) and neuroprotection
Pituitary adenylate cyclase-activating polypeptide (PACAP) was fi rst identifi ed as 
an activator of adenylate cyclase in rat anterior pituitary cells. PACAP is a close 
peptide relative of VIP which can rescue neurons from apoptotic death and gluta-
mate toxicity (Dicicco-Bloom et al., 1998).

Role of neuropeptides in disease conditions
Neuropeptides play pathophysiological roles in several disease states, which are 
particularly apparent clinically in the case of peptide-producing endocrine tumours 
(Ahlman, 1986; Lundin et al., 1990; Åkerström, Makridis & Johansson, 1991; 
Öberg, Norheim & Theodorsson, 1991) due to the resulting high plasma concen-
trations of the biologically active neuropeptides. Many neuroendocrine tumours 
synthesize vast amounts of neuropeptides and thereby demonstrate the extremes of 
the biological effects of the neuropeptides involved. Besides their use as diagnostic 
tools in endocrine tumours, measurement of natriuretic peptides are currently used 
routinely for diagnosing and monitoring the effects of treatment of cardiac failure 
(Richards et al., 2004) and procalcitonin in sepsis and other infections (Meisner, 
2002). 

Several neuropeptides act as mitogens in vitro and growth factors in vivo (Rossor 
& Emson, 1982; Dalsgaard et al., 1989; Cameron, Hazel & McKay, 1998). Growth 
factors are involved in a variety of physiological and pathophysiological events 
including embryogenesis, growth and develonment, regeneration, wound healing, 
immune responses, atheroselerosis and tumorigenesis. 
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The neuropeptide galanin
Galanin is a 29 amino acid long neuroendocrine peptide (30 amino acids in hu-
mans), which is widely expressed in both the central and peripheral nervous systems 
(Rokaeus et al., 1984; Ch’ng et al., 1985; Melander et al., 1985; Skofi tsch & Jaco-
bowitz, 1985; Melander, Hökfelt & Rökaeus, 1986b; Skofi tsch & Jacobowitz, 1986; 
Gundlach et al., 1990; Ryan & Gundlach, 1996; Gundlach, Burazin & Larm, 2001; 
Jacobowitz, Kresse & Skofi tsch, 2004). Galanin was initially isolated and sequen-
ced from porcine small intestines in Victor Mutt´s laboratory at the Karolinska In-
stitute (Tatemoto et al., 1983) using chemical screening methods aimed at detecting 
C-terminal amidated peptides (Tatemoto & Mutt, 1978). The name galanin stems 
from the peptides N-terminal glycine and its C-terminal alanine (Tatemoto et al., 
1983). Galanin has no structural relationship to other biologically active peptides 
and excerts its biological effects by its N-terminal end, which both make it unique 
among the peptides (Kask, Langel et al. 1995). It is actually considered to constitute 
a peptide family of its own (Bedecs, Berthold et al. 1995). Galanin has been found 
in many species, and in all of them except in human, the peptide has an amidated 
C-terminal amino acid (Bartfai, Hökfelt et al. 1993). The amino acid sequence of 
galanin is well conserved and indicating the phylogenic importance of the peptide. 
Galanin has been found in amphibians containing only two amino acid substitutions 
compared to porcine galanin (Chartrel and Conlon 1996). The conservation of the 
primary structure from amphibians to mammalians shows that this peptide has stood 
the test of evolutionary pressures. The identity among species is near 90% (Bedecs, 
Berthold et al. 1995). 
The chemical structure of galanin
The sequence of amino acids in galanin has by now been determined in several spe-
cies. The sequence of the N-terminal 15 amino-acids is exactly the same in all spe-
cies except in the tuna fi sh where there is a substitution of one amino acid. In cont-
rast to most other neuropeptides the biological activities of galanin mainly reside in 
the N-terminal end of the molecule. The sequence of amino acids in the C-terminal 
end of galanin varies between species, indicating the possibility of somewhat vary-
ing biological effects of galanin in different species. 

A series of fi ve variant forms of galanin were recently purifi ed from porcine up-
per intestine (Norberg et al., 2004) indicating that further molecular forms may be 
discovered. Recently a short (about 8 amino acids) N-terminal galanin homolog has 
been found using an antiserum against the C-terminal end of galanin (1-16) (Hilke, 
Hökfelt & Thedorsson, 2005a).

Expression of galanin
A distinctive feature of galanin expression is that it is extensively increased by inju-
ry (Hökfelt et al., 1987), disease (Alzheimer’s disease up-regulates galanin in the 
basal forebrain of the patients (Crawley, 1993)), estrogens (Vrontakis et al., 1987; 
Vrontakis et al., 1989; Rugarn et al., 1999a) and during development (Xu, Shi & 
Hökfelt, 1996). Galanin transcription is regulated in a tissue- specifi c manner both 
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by enhancer and silencer sequences under the control of several transcription factors 
(see Vrontakis, 2002) (Fig. 8).
Functions of galanin (Table 2)

Organ/function Biological role
Brain Affects learning, memory (Wrenn & Crawley, 2001), fee-

ding (Leibowitz & Wortley, 2004), nociception (Liu & 
Hökfelt, 2002) and nerve regeneration (Hökfelt et al., 
1999; Holmes et al., 2000; Mahoney et al., 2003). Inhibits 
epileptic activity (Mazarati, Langel & Bartfai, 2001; Maza-
rati, 2004). Inhibits the release of excitatory amino acids in 
the hippocampus (Zini et al., 1993). 

Mood Galanin is a potent inhibitor of the release of noradrenalin 
and serotonin in vivo (Kehr et al., 2002; Yoshitake et al., 
2003; Yoshitake et al., 2004). The possible role of galanin 
in mood and mood disorders is therefore being increasing-
ly acknowledged (Weiss et al., 1998; Holmes et al., 2003; 
Bartfai et al., 2004; Murck et al., 2004; Kuteeva, Hökfelt 
& Ogren, 2005). 

Brain trauma Concentrations of galanin increase dramatically in several 
neurons after axonal damage (Hökfelt, Zhang & Wiesen-
feld-Hallin, 1994). Galanin increases in the rat trigeminal 
nucleus after transaction of the masseteric nerve (Arvids-
son et al., 1994). The overexpression of galanin in the ba-
sal forebrain of patients with Alzheimer’s disease may also 
be associated with the axonal damage found in that disease 
(Beal, MacGarvey & Swartz, 1990).

Neuromodulatory 
role

Galanin acts as a neuromodulatory peptide frequently inhi-
biting the release of other neurotransmitters (Kask, Langel 
et al. 1995). Galanin affects the release of a large number 
of other transmitters and hormones in different regions in 
the brain such as releasing of acetylcholine, noradrenali-
ne, glutamate, dopamine, insulin, growth hormone, prolac-
tin (Kask, Langel & Bartfai, 1995) and serotonin (Wynick, 
Thompson & McMahon, 2001). The broad spectrum of ac-
tions indicate that galanin is an important messenger for in-
tercellular communication, and makes the peptide of inte-
rest in therapeutic uses (Hökfelt, Bartfai et al. 2003).

GI-tract Modulation of contractility and secretion; increased saliva-
tion and inhibition of gastric, pancreatic and intestinal se-
cretion .
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Pancreas Galanin inhibits insulin release and produces hypergly-
cemia in animals (Holst et al., 1993) but not in humans 
(McDonald et al., 1994).

Hypothalamus Modulation of the release of gonadotrophins, growth hor-
mone, prolactin, insulin and somatostatin

HPA- axis Exposure to chronic stress increases galanin gene expressi-
on in the amygdala (Sweerts, Jarrott & Lawrence, 1999).

Appetite and body 
weight

Galanin neurons and receptors are located in the hypotha-
lamus and participate in the regulation of energy balance 
(Gundlach, 2002). The main effect of galanin in the hypot-
halamus is to stimulate food intake. See (Wilding, 2002)

Afferent nervous 
system

Peripheral nerve injury and infl ammation associated with 
chronic pain upregulate the synthesis of galanin in sensory 
neurons and spinal cord neurons. Modulation of the activi-
ty of the galanin system may produce antinociception (Xu 
et al., 2000).

Growth of develop-
ment of nerves

Galanin is widely expressed in the nervous system during 
growth and development (Hökfelt, 1991; Vrontakis et al., 
1992; Xu et al., 1996; O’Meara et al., 2000; Ubuka et al., 
2001; Zigmond, 2001). 

Reaction to nerve 
injury

Up-regulation after axotomy in sensory neurons, mesen-
cephalic trigeminal neurons and sympathetic neurons. In-
fl ammation and chronic constriction injury increase gala-
nin levels in sensory neurons (Xu et al., 2000). Hypothesis 
that the possible role of galanin during development is 
reactivated in the adult in response to nerve injury (Vron-
takis, 2002). 

Galanin agonists have been shown to have therapeutic application in treatment of 
chronic pain; galanin antagonists have therapeutic potential in treatment of Alzhe-
imer’s disease, depression, and feeding disorders (Vrontakis, 2002). 
Galanin distribution in the brain and the body 
Galanin is mainly present in the CNS and in the gastrointestinal tract. It is also pre-
sent in other parts of the organism including the respiratory tract, liver, pancreas, 
adrenals, the thyroid gland, the heart and in peripheral nerves innervating the skin 
and muscles. The consistent widespread distribution amongst the species is an indi-
cation of the biological importance of galanin still being charted. 

In the brain, dense galanin fi ber bundles are present in the septohypothalamic tract, 
the preoptic area, in the hypothalamus, the habenula and the thalamic periventricu-
lar nucleus, in the ventral hippocampus, parts of the reticular formation, in the locus 
coeruleus, the dorsal parabrachial area, the nucleus and tract of the spinal trigeminal 
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area and the substantia gelatinosa, the superfi cial layers of the spinal cord and the 
posterior lobe of the pituitary. The localization of the GAL-LI in the locus coeruleus 
and a partial coexistence with catecholaminergic neurons suggest a possible invol-
vement of the GAL-LI in a neuroregulatory role (Skofi tsch & Jacobowitz, 1986; 
Hökfelt et al., 1999; Ubink, Calza & Hökfelt, 2003; Jacobowitz et al., 2004). 

Inflammation
Tissue concentrations of galanin

Nerve injury

GalR1 GalR2 GalR3

Neurodegeneration in 
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EstrogenSeizures

Neuronal
development
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Figure 8. Known effects of factors on the tissue concentrations of galanin and on the expression of 
galanin receptors. Adapted from (Lundström et al., 2005).

Galanin receptors
The fi rst 16 amino acids in the N-terminus of galanin are necessary for receptor 
recognition and activation (Bedecs et al., 1995). Three different G-protein coupled 
galanin receptors (GalR) have been identifi ed (Habert-Ortoli et al., 1994; Burgevin 
et al., 1995; Jacoby et al., 1997; Branchek, Smith & Walker, 1998; Iismaa & Shine, 
1999; Branchek et al., 2000) activating several intracellular signalling cascades. 
GalR1 is linked to a Gi protein subtype, and activation of this receptor inhibits the 
forskolin-mediated cAMP production (Wang & Gustafson, 1998). GalR2 activation 
has been associated with elevation of inositol triphosphate (IP3) as well as a re-
duction of the forskolin-elevated cAMP concentrations (Kask, Berthold & Bartfai, 
1997; Wang & Gustafson, 1998)
Galanin and postmenopausal estrogen in women
Plasma concentrations of galanin in postmenopausal women are signifi cantly lower 
than in women of reproductive age (Baranowska et al., 2000). However, hormone 
replacement therapy does not restore galanin concentrations to levels typical for 
women of reproductive age (Meczekalski, Slopien & Warenik-Szymankiewicz, 
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2001a; Meczekalski, Slopien & Warenik-Szymankiewicz, 2001b). 
Induction of galanin by estrogen
Tissue concentrations of galanin are increased by 17β-estradiol particularly in the 
hypothalamus, pituitary, hippocampus and frontal cortex (Vrontakis et al., 1987; 
Kaplan et al., 1988; Vrontakis et al., 1989; Rokaeus et al., 1998; Rugarn et al., 
1999a; Rugarn et al., 1999b).

Galanin and damage to the nervous system
The peripheral nervous system
The expression of galanin increases substantially in dorsal root ganglion cells after 
transection of the sciatic nerve (Hökfelt et al., 1987; Villar et al., 1989; Hökfelt et 
al., 1994; Liu & Hökfelt, 2002). Induction of galanin by axotomy appears to be 
mediated by leukemia inhibitory factor (LIF), a cytokine which infl uences neuronal 
differentiation and the expression of several neuropeptides since knock-out mice de-
fi cient in LIF did not show galanin overexpression in the superior cervical ganglion 
after carotid nerve transection (Rao et al., 1993). Targeted disruption of the galanin 
gene in mice reduces the number of sensory neurons and their regenerative capacity 
(Holmes et al., 2000; Holmes, Mahoney & Wynick, 2005), strongly indicating that 
galanin is involved in neuronal damage and in the consequent reparative processes. 
Adult sensory neurons from these animals showed decreased axonal outgrowth after 
axotomy compared to wild-type animals and decreased neurite outgrowth in vitro, 
which was restituted by the addition of galanin, acting through the galanin receptor 
GalR2 (Mahoney et al., 2003). The amount of galanin released from injured sen-
sory neurons is also increased (Colvin, Mark & Duggan, 1997; Colvin & Duggan, 
1998; Wiesenfeld-Hallin & Xu, 2001). Thus the increases in galanin expression 
that occur in axotomized sensory neurons have functional consequences for nerve 
regeneration. In addition to its role in the embryonal development of the nervous 
system, galanin also appears to play a growth-promoting role after injury in adults, 
because functional and anatomical measures of regeneration are markedly impaired 
in galanin knockout mice (Wynick, 2001; Zigmond, 2001). 
The central nervous system
Galanin is also upregulated after CNS-lesions see (Harrison & Henderson, 1999; 
Vrontakis, 2002;  see Hökfelt, 2005). Increased galanin mRNA is found in the me-
dial septum-vertical diagonal band neurons after electrocoagulation lesions of the 
ventral hippocampus (Cortes et al., 1990b), glass knife cuts of the septohippocampal 
pathway (Agoston, Komoly & Palkovits, 1994), and tetrodotoxin injections into the 
vertical diagonal band (Agoston et al., 1994). Increased galanin immunoreactivity 
is found in the primary afferents of the trigeminal nerve after damage to the vibris-
sae of rats (White et al., 1994). Decortication resulted in increases in galanin-LI 
and galanin mRNA in the dorsal raphe nucleus and thalamic nuclei (Cortes et al., 
1990b) and olfactory bulbectomy produced increaseses of galanin mRNA in the 
locus coeruleus (Holmes & Crawley, 1996). The overexpression of galanin in the 
forebrain of patients with Alzheimer’s disease may similarly be a result of axonal 
damage during the formation of plaques and tangles (Chan-Palay, 1988a; Beal et 
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al., 1990; Mufson et al., 1993). Galanin appears to play a trophic role in the fore-
brain cholinergic system where it is co-localized with choline acetyltransferase, the 
synthetic enzyme for acetylcholine, in a subset the cholinergic neurons. Postmortem 
studies of patients with Alzheimer’s disease (AD) has revealed a twofold increase 
in galanin expression in the basal forebrain (Beal et al., 1988; Chan-Palay, 1988a; 
Chan-Palay, 1988b; Beal et al., 1990; Mufson et al., 1993; Bowser, Kordower & 
Mufson, 1997). Intracerebroventricularly administered colchicine results in eleva-
ted galanin mRNA concentrations in several brain nuclei (Cortes et al., 1990a) and 
neonatal monosodium glutamate treatment increases galanin-like immunoreactivity 
in several brain regions of 60-day-old rats (Gabriel et al., 1988). Furthermore, reser-
pine treatment increases galanin mRNA in the locus coeruleus (Austin et al., 1990). 
Galanin protects hippocampal neurons from anoxic damage, probably by inhibiting 
glutamate release (Bartfai, Fisone et al. 1992). Galanin-immunoreactive nerve ter-
minals in the hippocampal formation increased in staining intensity following ento-
rinal cortex lesions in the adult rats in neurons not directly projecting to the injured 
area (Harrison & Henderson, 1999).

In studies of transgenic mice (knockout and over-expressing galanin), endogenous 
galanin has been found to be neuroprotective to the hippocampus in both in vivo and 
in vitro models of injury (Elliott-Hunt et al., 2004). Excitotoxic hippocampal damage 
by administering kainic acid intraperitoneally to wild type, galanin knock-out and 
overexpressing transgenic mice resulted in reduced cell death in the hippocampal 
regions CA1 and CA3 in the overexpressing animals compared to the wild type mice, 
whereas knockout animals had increased cell death compared to the wild type. Fur-
thermore, similar results were found in glutamate and staurosporine induced toxicity 
in corresponding in vitro studies. 

Injection of galanin into the cerebral ventricles of rats reduces the consequences of 
traumatic brain injury in a dose-dependent manner (Liu, Lyeth & Hamm, 1994) sup-
porting earlier results of in vitro studies (Ari & Lazdunski, 1989; Ben-Ari, 1990). 

In rat brain the region richest in galanin are the different nuclei of hypothalamus, 
the septal area, regions in pituitary, locus coeruleus and ventral hippocampus (Kask, 
Langel et al. 1995). Galanin was found in high levels in dorsal root ganglion in rat 
spinal cord, and galanin was markedly up-regulated after injury and is thought to 
contribute to survival of the adjacent neuron as a neurotrophic factor (Kask, Langel 
et al. 1995). As much as a 120-fold increase has been seen in dorsal root ganglia 
after nerve injury (Wynick, Thompson et al. 2001). Studies using knock-out mice 
have shown that galanin acts as a survival factor to subsets of neurons in the develo-
ping central- and peripheral nerve systems (Wynick, Thompson et al. 2001).

In a microarray study of gene expression following axotomy of sympathetic ganglia 
in rats the increase in expression of galanin, cholecystokinin and cytokines was lar-
gest and most consistent of more than 200 genes studied emphasizing that galanin is 
amongst the most prominent reactants to injury (Boeshore et al., 2004).

Taken together the present evidence indicates that the tissue concentrations of gala-
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nin are generally increased in response to injury. The increase is mainly in the cell 
soma of the injured neurons, and may therefore occur at a considerable distance 
from the site of injury itself, as exemplifi ed in the dorsal root ganglia of primary 
afferent neurons. The increased concentrations are probably due to increased pro-
duction rather than to decreased release of galanin. Increased galanin may serve as 
a trophic factor following nerve injury refl ecting the high galanin concentrations 
found duning embryonal growth and development. Galanin may also serve to in-
duce antinociceptive effects through its GalR1 receptors. Several lines of evidence 
therefore indicate that galaninergic neurotransmission is a system worth studying 
for determining mechanisms of neuronal damage, neuroprotection and reparation. 
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Generation of neurons in the adult brain
It is well established that mature and differentiated neurons do not divide. For a 
long time it was generally assumed that all neuronal cells in the CNS matured and 
differentiated completely during embryonic development, giving no room for ge-
neration of new neurons postnatally. Contrary to this hypothesis and ever since the 
pioneering work of Altman and Das in the 1960´s there is mounting evidence that 
new interneurons can develop in the olfactory bulb and in the hippocampus under 
appropriate circumstances (Altman & Das, 1965). This evidence has been corrobo-
rated during recent years in humans, rats and in other species showing that the gene-
ration of new cells (granule neurons) from neural stem cells in the CNS is primarily 
located to the subventricular zone (SVZ) lining the lateral ventricles and the dentate 
gyrus (Gage, 2000; Gould et al., 2000). The neurons in the SVZ are vulnerable to 
injury whereas the stem cells in the SVZ are resilient to damage from radiation, che-
mical or ischemic injury (Romanko et al., 2004). SVZ can recover after moderate 
insults, but it cannot after more severe injury. 

The production and survival of new hippocampal neurons can be enhanced or di-
minished by adrenal steroids, estrogens, seizures, NMDA receptors, ischemia and 
environmental stimuli. Even if it appears that the new cells generated are mainly 
local interneurons, development and inclusion of some of the cells into functional 
neuronal networks is likely (Kokaia & Lindvall, 2003). 

Neurogenesis from natural stem cells in the dentate gyrus part of the hippocampus 
increases after transient global ischemia in gerbils (Liu et al., 1998) and rats (Jin 
et al., 2001) and after focal MCA ischemia in rats (Arvidsson et al., 2002). Global 
ischemia is known to mainly affect CA1- neurons in the hippocampus. Increased 
neurogenesis in the dentate gyrus is probably a reparative or compensatory response 
to the ischemic lesion in the hippocampus. The stem cells seem able to differentiate 
into the cell types of the lesioned areas including the hippocampus and striatum 
(Arvidsson et al., 2002; Kokaia & Lindvall, 2003). Futhermore in another model 
of focal brain ischemia in the rat affecting the striatum and cortex, enhanced neu-
rogenesis in the hippocampus was not dependent on cell death in the hippocampus 
(Arvidsson, Kokala & Lindvall, 2001).

Hormones, including estrogen induce development of neuronal stem cells origi-
nating from the hippocampus (Banasr et al., 2001). Estrogen-enhanced cell proli-
feration during proestrus results in the presence of more immature neurons in the 
hippocampal formation of females compared to those in males which indicates that 
these new cells may infl uence hippocampal functions (Tanapat et al., 1999). 

Treatment with serotonin reuptake inhibitors increases adult neurogenesis in rodents 
(Duman, Nakagawa & Malberg, 2001).

Currently the overwhelming body of knowledge concerning brain repair from stem 
cells originates from rodent experiments. In rats only a small fraction (about 0.2 %) 
of the striatal neurons lesioned by stroke are replaced by the new neurons (Arvids-
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son et al., 2002). The obviously limited capacity of human brains to recover from 
stroke also indicates that the human brain without novel and innovative treatment 
options has limited capacity for repair of brain functions (Johansson, 2000; Lie et 
al., 2004).
The hippocampus
The hippocampus is crucial for memory and learning and an important part in the 
control of autonomic and vegetative functions including ACTH secretion. It is vul-
nerable to damage by stroke, head trauma, during aging and repeated stress (Sa-
polski, 1992, McEwen 2002b). The CA1-cells in the hippocampal formation are 
particularly vulnerable to global brain ischemia during severe hypotension or oc-
clusion of all four major arteries supplying the brain.

The hippocampus is powerfully affected by estrogens, even though it has a relatively 
low amount of classical nuclear ERs (McEwen, 2002a). Estrogen treatment increases 
dendritic spine density on CA1 pyramidal neurons. Furthermore, it also induces 
new synapses on spines and not on dendritic shafts of CA1-neurons (Woolley & 
McEwen, 1992).

Hippocampal neurogenesis
Up-regulated by Down-regulated by

Enriched environment Stress

Exercise Glucocorticoids

Learning Age

Estrogen Opiates

Serotonin and noradrenalin reuptake inhibitors Excitatory amino acids

Electroconvulsive therapy

Lithium

Monoamine oxidase inhibitors

Insulin- like growth factors

Table 3. Factors until recently found to infl uence hippocampal neurogenesis. Adapted from (Duman 
et al., 2001).



48

Introduction

Hypothesis
The main focus of the present thesis was whether the, in literature, reported neuropro-
tective effect of 17β-estradiol in animal stroke models is partially mediated through 
its effects on the neuropeptide galanin and if galanin per se exerts a neuroprotective 
effect in stroke.
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Aims of the thesis
• To study whether concentrations of neuropeptides differ between sexes and 

across puberty in extrahypothalamic brain regions of the rat.

• To investigate the effect of female sex steroid exposure on galanin concentra-
tions in extrahypothalamic brain regions of ovx rats.

• To develop an experimental animal stroke model in rats catering for transient 
focal ischemia, observation periods of up to 2 weeks and low mortality.

• To compare the serum concentrations of 17β-estradiol when administered 
by daily injections or by slow release pellets to ovx rats for up to 6 weeks.

• To investigate the effects of 17β-estradiol treatment on the size of the ischemic 
lesions and on galanin concentrations in brain tissues after transient MCAO 
in ovx rats.

• To investigate the effect of ICV administered galanin on the size of the 
ischemic lesion after transient MCAO in naïve female rats.
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Material and methods
Animals and surgery
Housing

All animals were treated according the guidelines issued by the National 
Committee for Animal Research in Sweden and Principles of Laboratory 
Animal Care (NIH publication No 86-23, revised 1985). The Local Ethics 

Committee for Animal Care and Use at Linköping University approved the studies.

Sprague-Dawley rats were used in all studies and purchased from the same breeder 
in Sollentuna Sweden. During the studies the breeder – through a merger – changed 
the name of the company from ALAB to B&K Universal. Pre- and post-pubertal, 
male and females were used in paper I, post-pubertal females in paper II (ALAB, 
Sollentuna, Sweden) and adult females (Strain Bkl:SD) (B&K Universal, Sollen-
tuna, Sweden) in papers III, IV, V and VI. The animals were housed at the local 

animal department for 3 days (papers I and II) or at least 1 week (papers III, IV, V 
and VI) before the start of the experiments, with free access to water and standard 
rat chow (Lactamin, Vadstena, Sweden). The rats were kept 2 (papers III, IV, V and 
VI) or 5 (papers I and II) in each cage (Macrolone, MAC3, 974 cm2 at the bottom, 
and 15.5 cm high and containing 300 g aspen material (Tapvei, Finland)) at constant 

Figure 9. General overview of the operation table and instruments
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room temperature (21±1oC) and exposed to a 12 hours light-dark and sound (soft 
radio music) cycle (8 am-8 pm).

Anaesthetic procedures
Each animal was kept in its own cage with free access to rat chow and water until 
induction of anaesthesia. In paper II the animals were premedicated with phentanyl 
10 mg/mL and fl uanison 0.2 mg/mL (Hypnorm®, Janssen, Oxford) 0.2 mL/kg i.m. 
and atropine 0.05 mg/kg. Anaesthesia was achieved with xylazine 12 mg/kg and 
ketamine 80 mg/kg i.p.

In papers III, IV, V and VI the rat was placed in an induction chamber and anaes-
thesia induced by 4 % isofl urane in a mixture (30 %/70 %) of oxygen/nitrous oxide, 
and continued with isofl urane (0.5-1.0 %) (Forene; Abbott Scandinavia, Kista, Swe-
den) face mask inhalation anaesthesia (paper IV) or endotracheal intubation and 
isofl urane anaesthesia 1.0 % isofl urane in a mixture (30 %/70 %) of oxygen/nitrous 

Figure 10. The technique of endotracheal intubation. A. Inducing anaesthesia in the induction cham-
ber. B. Extending the neck of the rat on the sloping board. C. Visualising the epiglottis before intuba-
tion. D. The intubation itself.

A

B

C

D
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oxide (papers III, V and VI).
Endotracheal intubation
The anaesthetized rat was positioned on a specially designed sloping board with 

the teeth on the upper jaw fi xed to ex-
tend the head in order to identify the 
epiglottis and to intubate the trachea. 
The tube, Venfl on 14G (Venfl on Vig-
go, Helsingborg, Sweden), without 
its mandrin, was introduced into the 
trachea with the specially modifi ed la-
ryngoscope under direct visualization 
(Fig. 10). The tracheal tube was con-
nected to an animal ventilator (Zoo-
vent, CWC 600AP, ULV, Newport, 
UK). The tidal volume and frequency 
were carefully regulated according to 
the results of the analysis of the acid-

base balance and blood gases. Normally a peak airway pressure of 10-12 cmH20 
and a rate of 80-85 breaths per minute were required to maintain appropriate blood 
gas tensions. The absence of foot withdrawal when pinched and the absence of eye 
blink when the eyelid was touched by a soft cotton swab were used as indices of 
adequate anaesthesia.

Chateterizing the femoral artery
The femoral artery was cannulated using a soft catheter Micro-Renathane® tubing 
(MRE-025 Braintree Scientifi c, Inc., MA) primed with saline containing heparin 
(100 IU/mL, Lövens, Ballerup, Denmark) for registration of blood pressure and pul-
se (AcqKnowledge® software (BioPac system, Goleta, California) using a pressure 

transducer (56360, Stoelting, Illinois, USA) which was connected to a computerized 
blood pressure analysing instrument (50110V, Stoelting Illinois, USA) (papers III, 
V and VI) (Fig. 12, 13).

Figure 12. Using the catheterization instrument to insert the soft catheter into the femoral artery where 
it is subsequently tied in place.

Figure 11. The rat attached to the respirator using 
the surgical head holder
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The catheter was fl ushed with heparin (4 IU/mL) to inhibit coagulation. A blood 
sample was drawn from the same cannula for analyzing blood gases (pCO2, pO2, 
pH). The blood gases were analyzed by means of a blood gas analyzer (AVL, OPTI 
1 Medical Nordic AB, Stockholm, Sweden). The rats were kept normoventilated. 

Ovariectomy
A dorsal approach was used. With a dorsal midline incision and a subcutaneous dis-
section in the lateral direction, the abdominal wall was perforated and the opening 

widened. The fat lobe containing the 
ovary and the distal part of the ute-
rus was identifi ed and pulled out of 
the wound. Care was taken to avoid 
touching the ovary, in order to prevent 
implantation of granulosa cells in the 
abdomen. The fat lobe was clamped 
just below the junction between the 
ovary and the uterine horn divided, 
and the remaining free end tied with a 
ligature to prevent bleeding from the 
uterine vessels. The abdominal wall 
was closed using a resorbable suture, 

and the procedure was repeated on the opposite side. Finally, the skin was sutured 
with resorbable material (3-0 Vicryl, Ethicon, Inc. a subsidiary of Johnson & John-
son, USA) (Fig. 14). 

The sham-operated animals were incised the same way as the ovariectomized, the 
fat lobe with the ovary was pulled out of the wound, and the ovary identifi ed, and 
then the fat lobe was allowed to slide back into the abdomen (papers II, IV and 
V).

Figure 13. The femoral 
catheter tied to the blod pres-
sure manometer couplings.

Figure 14. Retracting and removing the ovaries 
through the dorsal route.
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Administration of sex hormones
Slow release pellets
Active hormone or placebo was administered with osmotic pumps, slow release 
pellets, (Innovative Research of America, Sarasota, FL 34236, USA, http://www.
innovrsrch.com ) implanted subcutaneously in the neck fold (papers II, IV and V) 

(Fig. 15). These pellets contain a 
matrix with a carrier-binder con-
sisting of cholesterol, methyl-
celluloses, α-lactose, phosphates 
and stearates. They are designed 
to yield a constant rate of hormo-
ne once steady state is achieved, 
which according to the manufac-
turer occurs after 48 hours.

17β-estradiol slow release pellets 
(90-day release) containing 0.1 
mg (paper II) and 1.5 mg (pa-
pers IV and V) were used, yiel-

ding a constant release of 1.2 μg/day respectively 16.7 μg/day (data supplied by the 
manufacturer). Progestin slow release pellets (90-days release) used were progeste-
rone 50 mg or norethisterone 50 mg, both yielding 600 μg/day (data supplied by the 
manufacturer)(paper II). The placebo pellets contained all the pellet components 
except the hormone itself.
Subcutaneous injections
Fifteen µg of 17β-estradiol (Sigma-Aldrich, Stockholm, Sweden) were dissolved in 
30 µL sesame oil (Sigma-Aldrich CAS Nr [8008-74-0]) and administered by daily 
subcutaneous injections below the lax skin of the rat neck (paper IV).

Intracerebroventricular administration of galanin
Alzet® brain infusion kit was used with a 28 G stainless steel cannula using one 
height (0.5 mm) adjustment spacer (Alzet® Infusion Kit II, 3-5 mm, Durect Corpo-
ration, Cupertino, CA 95014) together with an Alzet® osmotic pump, (volume 100 
µL, release fl ow 0.5 µL/h, lasting 1 week) (Alzet® Osmotic Pump 1007D, Durect 
Corporation, Cupertino, CA 95014) was operated into the left ventricle using the ste-
reotactic coordinates; -1.3 mm anterior/posterior, -3.8 mm dorsal/ventral and +1.8 
mm lateral from bregma. The kit was secured with 3 stainless steel screws and glue 
(Dental® plus, Heraeus Kutzer, Dormagen, Germany) to secure lasting position. The 
osmotic pump was fi lled with rat galanin (SC 936, Neosystem, Strasbourg, France) 
dissolved in the isotonic solution Ringer Acetate (Braun) to the concentration of 84 
µg/100µL, releasing a dose of 7.68 µg/day (2.4 nmol/day), and operated into the 
subcutaneous tissues below the lax skin of the rat neck and connected to the brain 
infusion cannula (paper VI).

Figure 15. Subcutaneous insertion of slow-release pellets
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Preparation of rat for craniotomy
A surgical head holder was used to fi x the hard palate and the teeth by means of an 
adjustable nose clamp (Base Plate (model 1210), Universal Stand (model 310), Sur-
gical Head Holder for rat (model 320 David Kopf, Instruments, Tujunga, California, 
USA)) (Fig. 11). The rat was placed on its back on a thermostated heating pad (Ho-
meothermic Blanket System Harvard, Edenbridge, UK) (temperature controller) to 
keep the core temperature at 37.0 ± 0.5ºC, monitored through a rectal probe.

Eye gel (Lubrithal, Leo Laboratories Ltd, Ireland) was applied to protect the rat’s 
eyes during the surgical procedures. A long- acting analgetic Rimadyl® (50 mg/mL), 
0.1 mL/kg (Pfi zer, Dundee, Scotland) and saline (6 mL/kg) (for substituting loss of 
extracellular fl uid), was administered subcutaneously at the start of the operation. 

Care was taken to avoid abscising or shortening the rat’s whiskers when shaving 
the operation area, because this may have unwanted effects on the behaviour of rats 
(Meyer 1992; Bialy and Beck 1993; Grigoryan, Hodges and Gray 2005) (papers 
III, V and VI).

Data registration
Data from the monitors of rectal temperature and the arterial blood pressure were 
transferred through an interface module (UIM 100, BIOPAC System, Santa Bar-
bara, CA, USA) and an acquisition unit (MP 100, BIOPAC System, Santa Barbara, 
CA, USA) to the computer (IBM PC, Dublin, Irland). The data were processed 
by AcqKnowledge® software (BIOPAC Systems, Inc. Goleta, USA) displaying and 
registering on line temperature, pulse, diastolic and systolic blood pressures. All 
events during the operation were documented in real time in a text protocol included 
in the AcqKnowledge® computer fi le for that specifi c operation (papers III, V and 
VI).

Occlusion of the middle cerebral artery
The left side of the head between the eye and the ear was carefully shaved to avoid 
abrading the skin and thoroughly cleaned/ desinfected using 70 % ethanol. Using 
the operating microscope the left MCA was exposed through a subtemporal ap-
proach (Fig. 16, 17). Transection of the facial nerve was avoided during exposure of 
the temporalis muscle, which was divided posteriorly and retracted in the anterio-
inferior direction. A 4-5 mm part of the zygoma was removed to gain access to the 
skull. A 3 mm craniectomy was drilled up 3 mm anterior and 1 mm lateral to the 
foramen ovale where the mandibular nerve exits. Physiological saline was fl ushed 
at the drill site to prevent heating of the underlying brain when drilling, and to pre-
vent drying in the later stages of the procedure. The dura was opened by a cruciate 
incision by means of a fi ne micro hook. The MCA runs forwards initially, than turns 
laterally over the olfactory tract. The arachnoid on either side of the artery was di-
vided by a fi ne needle. The MCA was occluded with a microclip between the rhino 
cortical branch and the lenticulostriate artery (Fig. 17, 23). The artery was occluded 
for a total of 1 hour and the microclip subsequently removed. The craniectomy was 
covered by a small piece of surgical soft tissue (Surgicel, Johnson & Johnson Intl. 
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Sollentuna, Sweden) and the wound was closed by suturing the overlying tissues in 
a stepwise manner using re-absorbable suture material (4-0 and 3-0 Vicryl, Ethicon, 
Inc. a subsidiary of Johnson & Johnson) (papers III and V). 

Termination of the surgery
The catheter used for measuring pulse and blood pressure was carefully removed 
from the femoral artery which thereafter was permanently ligated (4-0 Vicryl, Ethi-
con, Inc. a subsidiary of Johnson & Johnson). The skin was sutured. The fl ow of 
isofl urane and nitrous oxide was stopped and the rat was allowed to breathe oxygen 
until spontaneous breathing was regained. The rat was subsequently transferred to 
a clean cage with free access to water and standard rat chow. The next day a new 
dose of the analgetic Rimadyl® (50 mg/mL), 0.1 mL/kg was administered. All rats 
underwent daily post-operative control by staff of the Animal Department (papers 
III, V and VI).

Figure 16. The anatomical structures in the rat skull used for orientation when drilling the hole for 
temporary occlusion of the rat middle cerebral artery. The part of the zygoma removed is depicted in 
light blue

Figure 17. Identifying the middle cerebral artery in the opening of the skull over the olfactory tract
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Brain dissections and biopsies
The rats were sacrifi ced by guillotine (Small animal decapitator, AH 55-0012, Har-
vard Apparatus, Edenbridge, UK) (papers I, II, III, V and VI), in papers III, V 
and VI after anaesthesia by pure carbon dioxide. The brains were carefully removed 
from the skull, avoiding damage from sharp pieces of bone and the meninges, and 
cooled in +4oC saline. 

Dissection method according to Glowinsky and Iversen
The brains were dissected according to the method described by Glowinsky and 
Iversen (Glowinski and Iversen 1966)(papers I and II). First, the rhombencepha-
lon was separated from the rest of the brain, the cerebellum was removed and the 
remaining piece (pons plus medulla oblongata) – termed brain stem – were used for 
analysis. Next, using the optic chiasm as a landmark, a transverse section was made, 
creating the anterior limit for the ‘hypothalamus’, whereby the anterior commisure 
was the dorsal horizontal border. 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, the striatum (caudate nu-
cleus – putamen) was removed. This was followed by blunt separation of the whole 
section of parietal, occipital and temporal cortex. The left and right HiFo were then 
separated from the midbrain. The frontal cortex piece was then removed from the 
remaining frontal part of the brain. The regions thus obtained were frontal cortex, 
occipital cortex, cerebellum, brain stem, striatum, hippocampus, hypothalamus, me-
dian eminence and pituitary. 

Brain slices made using a rat brain matrix
The brain was cut into 2 mm thick coronary slices using razor blades guided by a rat 
brain matrix (RBM-4000, ASI Instrument Inc., USA) using bregma as position zero 
(papers III, V and VI). In the fi rst forty animals fi ve slices were cut at bregma and 
2, 4, 6 and 8 mm posterior to bregma. In the remaining animals two more slices 2 
and 4 mm, respectively anterior to bregma were added (paper V). 

Punch biopsies
Punch biopsies, 2 mm in diameter and 2 mm thick, were taken for measurement 
of the neuropeptides galanin and neuropeptide Y from the fi ve brain slices bregma 
and bregma minus 2, 4, 6 and 8 mm respectively posterior to bregma with a biopsy 
needle (Punch tip, 2 mm, ASI Instruments Warren, MI, USA)(papers III and V). 
The location of punch biopsies are shown in Fig. 19, and were taken from both 
the lesioned and the contra lateral control side; at bregma – frontal cortex, bregma 
minus 2 mm – parietal cortex and inferior striatum, bregma minus 4 mm – parietal 
cortex and medial thalamus, bregma minus 6 mm – medial thalamus, bregma minus 
8 mm – dorsal and ventral hippocampus.

Measuring the size of the brain lesions
The 2 mm thick coronary slices of the brain made using the rat brain matrix were 
freed from dura mater and soaked for 10 minutes in a solution of 2 % 2,3,5- triphe-
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nyltetrazolium hydrochloride (TTC) in 0.1 mol/L PBS (pH 7.4) in a small Petri dish, 
maintained at 37oC in a heater. Gentle stirring of the slices was used to ensure even 
exposure of the surfaces to staining. Excess TTC was then drained, and the images 
of the slices were scanned (ScanJet 2c, Hewlett-Packard, PaloAlto, USA) into a 
computer fi le for image analysis.

The size of brain lesion was measured using the image analysis software SigmaScan 
Pro version 5 (Systat Software Inc., Richmond California). The image was divided 
into its red, blue and green colour spectra. The red spectrum was used to measure 
the total are of the slice and the green spectrum was used to measure the area of the 

AA

B C

D E
Figure 18. Measuring the size of the brain lesions. A. The original scanned image. B. The red spec-
trum of the image is used to estimate the size of the total area C. D is the green spectrum of the image 
used to estimate the size of the lesion itself E.
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infarction. Before measurement, the intensity of the red spectrum was maximised 
to sharpen the boundary between the slice itself and its surroundings. The intensity 
in the green spectrum was kept unchanged, but the outer boundaries of the area of 
infarction were marked in the “overlay draw mode” to demark the area from normal 
structures in the brain. An automatic threshold of 40 % in the green spectrum was 
used in the function “fi ll mode” to automatically mark the area of infarction. The 
procedure is very similar to that described by Bederson et al. (Bederson et al. 1986) 
and Goldlust et al. (Goldlust et al. 1996). The lesion area was measured as percent-
age of the total area of each slice (Bederson et al. 1986; Goldlust et al. 1996) (Fig. 
18) (papers III, V and VI).

Hormone analysis
Two different methods were used for analyzing serum concentrations of 17β-estra-
diol and progesterone. In papers I and II a commercially available, time-resolving 
fl uoroimmunoassay kit was used in serum which was not treated by a prior ex-
traction (Auto AutoDELFIA, Eastradiol kit B056-101,Wallac/Perkin-Elmer, Turku, 
Finland). In papers IV and V the following extraction method and subsequent ra-
dioimmunoassay was used:

Extraction of plasma samples
Two mL diethyl ether (Sigma-Aldrich, Stockholm, Sweden) 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-Aldrich, Stockholm, Sweden) and 0.1 % Triton X-
100, and kept at 40oC for 30 min before vortexing and cooling to room temperature 
and immunoassay (paper IV and V).

17β-estradiol in plasma
17β-estradiol was measured using a commercially available competitive 125I radio-
immunoassay kit (Estradiol double antibody, KE2D, Diagnostic Products Co, Los 
Angeles, CA, USA). Aliquots of 200 μL serum were extracted with 2 mL diethyl 
ether, evaporated and dissolved in assay buffer before analysis. All samples were 
analyzed in one assay. The detection limit was 0.01 nmol/L. The intra-assay coef-
fi cient of variation was 6 %.

Neuropeptide analysis
The concentrations of neuropeptides were measured by in-house radioimmunoas-
says in tissue extracts.

Extraction of tissue samples
The tissues of the brain regions were cut into small pieces (papers I and II) and 10 
mL of 1 mol/L acetic acid was added for each gram of tissue and the punch biopsies 
from the brain slices (paper V) were extracted in 2 mL of boiling 1 mol/L acetic 
acid (MERCK, Darmstadt, Germany). After boiling for 10 min, the tissues were 
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homogenized using a polytron (CAT X520D, Zipperer, Staufen, Germany), and cen-
trifuged at 1,500 x g in 4oC for 10 min. Immediately after collection of the super-
natants, a second extraction was performed with 10 ml of distilled water per gram 
tissue to increase the recovery. The supernatants from each sample were combined, 
lyophilized and stored at -70ºC.

Neuropeptide concentrations in tissue extracts
Galanin
Galanin was analyzed using antiserum RatGala4 raised against conjugated synthetic 
rat galanin(1-29). The antiserum does not cross react with neurokinin A, neuropep-
tide K, substance P, neurokinin B, Neuropeptide Y, gastrin, pancreatic polypeptide, 
glucagon or neurotensin. HPLC-purifi ed 125I rat galanin was used as radioligand and 
rat galanin as standard. The detection limit of the assay was 8 pmol/L. Intra- and 
interassay coeffi cients of variation were 6% and 10%, respectively (Theodorsson 
and Rugarn 2000).
Neuropeptide Y
NPY was analyzed using antiserum N1 which cross-reacts 0.1 % with avian pan-
creatic polypeptide, but not with other peptides. The detection limit of the assay 
was 11 pmol/L. Intra- and interassay coeffi cients of variation were 7 % and 12 %, 
respectively (Theodorsson-Norheim, Hemsen and Lundberg 1985a).
Neurotensin
Neurotensin was analyzed using antiserum H which reacts with NT, NT(4-13)(118 
%), NT(8-13)(167 %) and NT(9-13)(15 %) but not with N-terminal fragments of 
neurotensin. The detection limit of the assay was 8 pmol/L. Intra- and interassay 
coeffi cients of variation were 8 % and 13 %, respectively (Theodorsson-Norheim 
and Rosell 1983).
Substance P
Substance P was analyzed using antiserum SP2 that rects with SP and SP sulphox-
ide, but not with other tachykinins. The detection limit was 8 pmol/L. Intra- and 
interassay coeffi cients of variation were 7 % and 11 %, respectively (Brodin et al. 
1986).
Neurokinin A
Neurokinin A was analyzed using antiserum K12 which reacts with NKA (100 %), 
NKA [3-10](48 %), NKA[4-10](45 %), neurokinin B (26 %), neuropeptide K (61 
%) and eledoisin (30 %), but not with SP. The detection limit of the assay was 8 
pmol/L. Intra- and interassay coeffi cients of variation were 7% and 12 %, respecti-
vely (Theodorsson-Norheim et al. 1985b).
CGRP
CGRP was analyzed using antiserum CGRPR8 raised in a rabbit against conjugated 
rat CGRP. HPLC-purifi ed 125I-histidyl rat CGRP was used as radioligand and rat 
CGRPα as standard. The detection limit of the assay for rat CGRP was 8 pmol/L 
and the crossreactivity of the assay to substance P, neurokinin A, neurokinin B, neu-
ropeptide K, gastrin, neurotensin, bombesin, neuropeptide Y and calcitonin was less 
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than 0.01 % and toward islet amyloid polypeptide and adrenomedullin less than 0.1 
%. Cross-reactivity toward human CGRP α and β was 93 % and 24 %, respectively 
and toward rat CGRP α and β, 100 % and 120 %, respectively. Intra- and interassay 
coeffi cients of variation were 7 % and 14 %, respectively. Reverse-phase HPLC of 
the immunoreactive material from rat brains revealed a single immunoreactive com-
ponent for all assays, co-eluting with the calibrator, except for CGRP where there 
was a minor additional component coeluting with CGRP β.

The gamma counter used for measurements was GammaMaster 1277 (LKB Wallac, 
Turku, Finland).

Statistical methods
Paper I and II
Central tendency and variation is presented in box plots showing medians, inter-
quartile ranges and 10th and 90th percentiles. Samples of the data were tested with 
Anderson-Darling test for normality (Theodorsson 1988), and found to be normally 
distributed. Signifi cance testing was performed using multivariate analysis of va-
riance (ANOVA). The experiments consisted of several treatment groups, several 
brain regions and many analytes (neuropeptides). Each neuropeptide was analyzed 
separately, but both regions and groups were included in the ANOVA. Only if this 
revealed signifi cant differences for group and region, was a separate analysis of 
each region made. In that case, comparisons between groups were made with Tukey 
multiple comparisons test. (SYSTAT version 5). P values less than 0.05 were con-
sidered signifi cant.
Paper IV
The mean and standard error of the mean were used as measures of central tendency 
and variation respectively throughout the study. Multivariate analysis of variance 
was used for signifi cance testing (SYSTAT version 11, Systat Software Inc., Rich-
mond California, 2004). P values less than 0.05 were considered signifi cant.
Paper V
The mean and standard error of the mean, alternatively median and interquartile 
range (for non-Gaussian data) were used as measures of central tendency and varia-
tion respectively throughout the study. Multivariate analysis of variance (ANOVA) 
and general linear model (GLM) were used for signifi cance testing (SYSTAT ver-
sion 11, Systat Software Inc., Richmond California, 2004). P values less than 0.05 
were considered signifi cant.
Paper VI
The mean and standard error of the mean were used as measures of central tendency 
and variation respectively throughout the study. Logarithmic transformation was 
used on the data of the size of infarction before calculating inferential statistics due 
to non Gaussian distribution of the data. Multivariate analysis of variance (ANO-
VA) was used for signifi cance testing (SYSTAT version 11, Systat Software Inc., 
Richmond California, 2004). P values less than 0.05 were considered signifi cant.
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Results and discussion
Brief overview

The main goal of the present studies was to investigate if 17β-estradiol – re-
ported to be neuroprotective in several studies employing rat stroke models 
– mediates its effects partially by up-regulating the concentrations of the 

neuropeptide galanin. This hypothesis was conceived, 1) when we had shown that 
estrogen up-regulates the concentrations of galanin in brain regions not directly 
involved in reproduction (papers I and II) and when 2) others had demonstrated 
that galanin exerts neurotrophic actions in the adult rat brain, during growth and in 
response to injury (Burazin & Gundlach, 1998; Wynick et al., 2001; Holmes et al., 
2005). On the basis of numerous earlier studies in rodent stroke models (Simpkins 
et al., 1997; Alkayed et al., 1998; Dubal et al., 1998b; Pelligrino et al., 1998; Zhang 
et al., 1998; Rusa et al., 1999; Wise et al., 2000), we were from the outset convinced 
that 17β-estradiol reduces the ischemic damage after experimental stroke, and we 
basically intended to investigate if a part of this effect was mediated through the ef-
fect of estrogen on galanin. 

Contrary to the results of other groups and contrary to our initial hypothesis, the 
ischemic lesions in our experiments turned out to be more than double in size in 
the estrogen-treated animals observed after 3 days compared to the corresponding 
control group (paper V) even after we repeated the 3 days groups in order to test our 
initial results. According to our results other groups studying experimental stroke 
in rat paradigms have recently also demonstrated lack of neuroprotection by 17β-
estradiol-treatment (Vergouwen et al., 2000; Harukuni et al., 2001; Carswell et al., 
2004; Bingham et al., 2005; Gordon et al., 2005;). Even more crucial information 
has come from clinical studies reporting an increased stroke risk and poorer outco-
me in postmenopausal women subjected to hormone replacement therapy (Viscoli 
et al., 2001; Rossouw et al., 2002; Anderson et al., 2004; Bath & Gray, 2005). The 
reasons for the apparent dichotomy in the results of 17β-estradiol treatments on 
cerebral ischemia as demonstrated by different researchers is as yet not known, but 
the characteristics of the experimental paradigms including the stroke model (global 
vs. focal; permanent vs. transient inclusive duration time of ischemia), estrogen tre-
atment scheme (dose, time of- and administration mode), animal species/strain and 
the time period that passes until ischemic damage is measured, are factors likely to 
infl uence the outcome.

Stroke is amongst the leading causes of mortality and morbidity in humans (Goetz, 
2003; AHA, 2005). The pathophysiological mechanisms involved in thrombolysis 
– the current treatment of choice – attempts the re-establishment of perfusion (reper-
fusion) to the lesioned area of the brain. This prompted us to develop a reperfusion 
stroke model in rats designed to be mild, focal and transient, allowing long-term ob-
servation periods of animals thriving well postoperatively. Mortality and morbidity 
during and after the MCA occlusion are important confounding factors crucial for 
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the results. Changing anaesthesia from intraperitoneally administered chloral hy-
drate to inhalation anaesthesia using isofl urane markedly reduced the mortality rate, 
which was even further reduced down to 2.6 % by successively improved surgical 
skills (paper III).

Large scale epidemiological studies in humans are sine qua non for investigating 
the possible benefi cial effect of exogenously administrated estrogens in humans. 
However studies in experimental animals constitute a cornerstone in elucidating 
the detailed mechanisms of the biological functions of estrogen. The experimental 
animal paradigms, however, need to be validated e.g. with regard to anaesthetic and 
surgical procedures (Zausinger, Baethmann & Schmid-Elsaesser, 2002) and concer-
ning the mode of administration and doses of 17β-estradiol. 

Comparing two common modes of administering 17β-estradiol – slow-release os-
motic pumps vs. daily subcutaneously injections of 17β-estradiol solved in sesame 
oil – and monitoring the serum concentrations of 17β-estradiol over prolonged time 
periods (two times six weeks) in a crossover study, demonstrated that several weeks 
passes until steady state is reached and occur later with slow-release pellets than 
daily injections (paper IV).

A unique characteristic of galanin expression is that it is markedly increased by neu-
ronal injury (Hökfelt et al., 1987) see (Lundstrom et al., 2005). The effects of injury 
on neuronal galanin have mainly been studied in the peripheral nervous system, but 
also in the CNS. The effect on galanin levels of ischemia, the most common neu-
ronal injury in the human CNS has, however, only been studied in three published 
studies (Raghavendra Rao et al. 2002; Hwang et al. 2004; Barbelivien et al. 2004).

At the outset we investigated whether galanin levels were changed over days and 
weeks in the penumbra areas of ischemic brain lesions due to a transient MCA oc-
clusion with the purpose of studying if galanin plays a long-term neuroprotective 
role in the recovery from stroke. Contrary to our primary hypothesis, the galanin 
concentrations were unchanged in the area of the ischemic penumbra, but decreased 
in the apparently undamaged ipsilateral hippocampus (paper V). The results in-
dicated that galanin is a reactant to damage, but that it may not necessarily play a 
neuroprotective role itself in brain areas lesioned by the cerebral ischemia. 

In a direct study of the effects of ICV galanin on the size of cerebral infarcts cau-
sed by temporary occlusion of the MCA in rats (paper VI) we demonstrated that 
galanin per se in a daily intracerebroventricular dose of 7.68 μg is apparently not 
neuroprotective in our stroke model since it markedly (30 %) increased ischemic 
lesions measured 7 days after the transient MCA occlusion in the galanin treated 
group compared to the corresponding controls.
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Differences in neuropeptide concentrations due to gender and 
puberty (paper I)
Almost ten years ago, when I became a member of the research group, two main 
ideas provided cornerstones for my coming studies. We had shown that exogenous 
administration of androgens to male rats changed the concentrations of neuropeptides 
in the rat brain and participated in studies showing that the concentrations of galanin 
were markedly up-regulated in the dorsal root ganglia 3 and 14 days after transaction 
of the sciatic nerve in rat (Villar et al., 1989).

From that outset our studies started with mapping the naturally occurring changes – 
if any – of neuropeptides in the rat brain in both sexes in response to puberty (paper 
I). Comparison of regional neuropeptide concentrations were made in both male 
and female rats pre- and post-pubertally. Gross brain regions (Glowinski & Iversen, 
1966) were studied in this exploratory study; frontal cortex, occipital cortex, hippo-
campus, striatum, hypothalamus and pituitary, with regard to the concentration of 
the neuropeptides galanin, neuropeptide Y, neurotensin, neurokinin A, calcitonin 
gene-related peptide and substance P. These neuropeptides were chosen since they 
coexist with and exert modulating effects on several “classical” neurotransmitters. 

Investigating large brain regions for neuropeptide content involves the risk not de-
tecting local differences or that local increases or decreases may be overlooked 
in the fi nal summation of local concentrations. However, the experimental setup 
allows fi nding of marked change in the concentration within a peptidergic system 
dominating the distribution of a particular peptide in the region. Radioimmunoas-
says in extracts of brain tissue were the method chosen for detecting the differences 
in neuropeptide concentrations in order to be able to measure quantitative differen-
ces. 

Consistent with previous fi ndings (Stenfors, Theodorsson & Mathe, 1989), we 
found that concentrations of neuropeptides varied markedly between brain regions. 
Furthermore, multivariate analyses of variance (factors = age, region, gender) using 
data from all brain regions revealed overall gender differences with regard to gala-
nin, neuropeptide Y and neurotensin. Sex differences were particularly seen in the 
pituitary where galanin concentrations were signifi cantly higher in adult females 
compared to adult males (p<0.001) and in the hippocampus where the neuropeptide 
Y concentrations were signifi cantly higher in males – both pre-pubertal and adult 
– compared to corresponding females (p<0.001). A less pronounced effect, but still 
statistically signifi cant, was observed in striatum and hypothalamus where the con-
centrations of neuropeptide Y were higher in adult males compared to adult females 
(p<0.05).

Sexual maturation also explained the differences in neuropeptide concentrations. 
Galanin concentrations were signifi cantly increased in the pituitary (p<0.001), 
hippocampus (p<0.01) and frontal cortex (p<0.01) in adult females compared to 
pre-pubertal females. Neurotensin-concentrations increased in the occipital cortex 
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in adult female (p<0.05). A decrease was observed in hippocampus in the adult male 
(p<0.05).

The fi ndings in this study show that the concentrations of the neuropeptides ga-
lanin, neuropeptide Y and neurotensin are related to gender in extrahypothalamic 
brain regions, e.g. brain regions not directly associated with reproduction. Hence, 
results from experiments on one sex, concerning these peptides, may not be entirely 
applicable to the other sex. Differences between sexes can either be caused by a 
sexual dimorphic organization of the brain during development or due to hormonal 
infl uences later in life (Kimura, 1992). Roof et al. has demonstrated a sexual dimor-
phism in the dentate gyrus of the hippocampus existing in adults rats as well as prior 
to puberty, thus not dependent on hormonal changes associated with this hormonal 
event (Roof, 1993). A sexual difference in the distribution of neurons in the rat brain 
co-expressing galanin and luteinizing hormone-releasing hormone is described  by 
Merchenthaler et al. (Merchenthaler et al., 1991), who also reported a variation in 
galanin levels in these neurons in females in parallel with estrogen changes throug-
hout the ovarian cycle.

Sexual maturity has earlier been shown to increase galanin-LI and galanin mRNA 
in the pituitary (Gabriel et al., 1989) in the female rat which we corroborates with 
our results. Furthermore, Kaplan et al showed that circulating estrogen enhances 
the galanin expression in the pituitary (Kaplan et al., 1988). Our study went further 
in demonstrating increased galanin concentrations after puberty in the female rat 
also in the hippocampus and frontal cortex. A regulation of galanin gene expression 
across puberty in the bed nucleus of stria terminalis and medial amygdala in both 
sexes have been reported earlier, but sexual dimorphism has not earlier been repor-
ted (Planas et al., 1994). Our results suggest that galanin expression in extrahypot-
halamic neurons is due to higher plasma concentrations of estrogen after puberty. 
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Differences in regional concentrations of galanin in the brain of 
ovariectomized rats in response to sex steroids (paper II)
Paper I showed differences in regional concentrations of neuropeptides due to sex-
ual maturity, e.g. a marked increase in the galanin concentrations in regions of the 
female brain hippocampus and frontal cortex. Puberty involves changes in several 
hormonal mechanisms, where estrogens and progestins are the major sex steroids in 
female mammals. In paper II we investigated which of these hormones – estrogens, 
progestins or a combination of them – are involved in the galanin response. 

In ovariectomized rats the effect of 17β-estradiol only, or 17β-estradiol in combi-
nation with progesterone or the synthetic progestagenic steroid norethisterone were 
tested using slow release pellets (norethisterone is frequently used in gynaecologi-
cal practice, and differences between this and progesterone would be of particular 
interest). A gonadally intact sham-operated control group and a placebo group were 
also included. 

Gross brain dissection was done as described earlier (Glowinski & Iversen, 1966), 
adding two areas; median eminence and cerebellum. The concentrations of galanin  
were measured in tissues extracts by radioimmunoassays. 

Long-term treatment with slow-release osmotic pumps containing 0.1 mg 17β-es-
tradiol (releasing 1.2 μg/day, according the manufacturer) in ovariectomized rats re-
sulted in an almost 4-fold higher galanin-LI concentrations in the pituitary (p<0.05), 
a 2-fold higher concentrations in the median eminence (p<0.001) and about 1.7-
fold higher concentrations in frontal cortex (p<0.01), occipital cortex (p<0.001) and 
hippocampus (p<0.01) in comparison to ovx and placebo-treated controls.

Treatment with 17β-estradiol and progesterone combined did not result in any sig-
nifi cantly different galanin concentrations in comparison to 17β-estradiol alone, 
though higher concentrations were observed in the pituitary.

Combined 17β-estradiol and norethisterone treatment resulted in signifi cantly lo-
wer galanin-LI concentrations in the frontal cortex compared to 17β-estradiol alone 
(p<0.05).

Thus, the major effects observed were increased galanin concentrations induced by 
17β-estradiol alone not only in brain regions directly associated with reproductive 
functions, but also other brain regions not directly involved in reproductive func-
tions. 

The increase in galanin concentration in response to changes in estrogen concen-
trations has been shown earlier in the rat pituitary (Vrontakis et al., 1987; Kaplan 
et al., 1988) and in the preoptic area (Merchenthaler et al., 1991). The higher gala-
nin concentrations in the hippocampus seen after 17β-estradiol treatment originate 
most likely from galanin fi bers in the locus coeruleus (Xu, Shi & Hökfelt, 1998), a 
pontine nucleus known as being virtually noradrenergic (Dahlstrom & Fuxe, 1964), 
but co-storing galanin (Melander et al., 1986a), with a gene expression positively 
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regulated by estrogen (Tseng et al., 1997). 

This observation may have implications for the understanding of how sex hormones 
affect cognition and emotion. It is possible that galanin serves as an inhibitory mo-
dulator of noradrenergic transmission and that estrogen, through galanin mediation, 
reduces noradrenergic tone in hippocampus.
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Dose- duration relationships of the effects of 17 β-estradiol on hippocampal 
galanin
We have further investigated the dose-duration relationships of the effects of 17 
β-estradiol on hippocampal galanin and neuropeptide Y immunoreactivity in ovx 
and naïve female rats (Hilke et al., 2005c). Galanin-LI was analysed in extracts of 
brain tissues in response to three treatment periods (3, 20 respectively 60 days) with 
two different doses of 17β-estradiol. The dose chosen was to achieve a state of high 
physiological exposure (near-term pregnancy) (1.5 mg) as well as a pharmacologi-
cal concentration (5 mg). 17β-estradiol induced a signifi cant effect on galanin-LI 
concentration in the rat hippocampus dependent on dose (p<0.001) and duration 
(p<0.001), but no signifi cant differences were found between the ventral and dorsal 
region of the hippocampus.

The effects described so far results from administration of exogenous 17β-estradiol 
to ovariectomized rats. A crucial question was therefore to what extent natural en-
dogenous variations of 17β-estradiol during menstrual cycles may infl uence galanin 
concentrations in hippocampus. When analysing the estrous cycle we found a 125 
% increase in the concentration of galanin-LI in hippocampus during pro-estrous 
(p<0.05) compared to diestrous and estrous (Hilke et al., 2005c). These data sup-
port the view that sex steroid hormones play a role in regulating the concentrations 
of galanin in the hippocampal formation, a mechanism which may play a role in the 
effects of steroid hormones in the brain.
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Effects of estradiol on ischemic lesions in the stroke model 
(papers III and V)
In our present model of transient brain ischemia brought about by MCA occlusion 
by means of a microclip applied for 60 min after two weeks pre-treatment with a 
high physiological dose of 17β-estradiol to ovx rats signifi cantly increased (82 % 
and 435 %) the ischemic cerebral lesions as visualized with TTC staining measured 
after 3 days (p<0.001) (paper V), the effects observed after 7 and 14 days were not 
statistically signifi cant (Fig. 20). 

These results came as a total surprise to us. The overwhelming number of studies 
of the possible neuroprotective effects of estrogen in animal experimental models 
– except two (Vergouwen, Anderson & Meyer, 2000; Harukuni et al., 2001) – repor-
ted at the time of our work – demonstrated opposite results; estradiol decreased the 
cerebral ischemic damage. This prompted us to repeat the 3 days groups (estrogen-
treated and controls) with very similar results as in the original experiment. 

Several factors are likely to explain the apparent discrepancy of our present results 
from the majority of similar studies including the type of experimental model and 
animal species/strain used. The study designs differ in method of induced ischemia 
(general vs. focal ischemia, permanent vs. temporary occlusion, intraluminal vs. 
microclipping methods for occluding the artery), the length of the observation pe-
riod after the ischemic episode (hours to several days), the plasma concentrations 
of estradiol and the mortality rate in the animal groups to mention some of the pos-
sible factors.
Length of observation between the ischemic episode and measurement of lesion size
The majority of similar studies measure infarction sizes already 24 hours after the 
ischemic episode, probably because the TTC method is properly validated for this 
time span (Bederson et al., 1986) but not for longer time periods. E.g. Simpkins et 
al. (Simpkins et al., 1997) and Dubal et al. (Dubal & Wise, 2001) found 62 % re-
spective 50 % reduction of infarction size observed after 1 day. We are aware of only 
two studies having observation periods of 3 days (Fukuda et al., 2000) (Vergouwen 
et al., 2000) and none with longer observation periods. Fukuda et al. used spontane-
ously hypertensive rats and permanent photothrombotic MCA occlusion whereas 
Vergouwen et al. used a transient (3 hours) focal MCA occlusion combined with 
bilateral common carotid artery occlusion. Both studies employed the TTC staining 
method. Fukuda et al. found that estrogen treatment decreased infarction volume 
signifi cantly by 29 % whereas Vergouwen et al. were unable to demonstrate any 
neuroprotective effect due to estrogen treatment. Taken together the results of previ-
ous studies indicate that the size of lesions as measured by TTC decreases with time, 
and that the observed magnitude of the neuroprotective effect of estrogen decreases 
as time passes from the ischemic episode.

In the clinic a stroke is still considered to be in its acute phase even after 3 days and 
considerable functional recovery can be expected when weeks and months pass. 
Therefore a considerable portion of the brain tissues stained by TTC after 1 day or 
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3 days belong to the penumbra zone (Astrup et al., 1981), whose cells can recover 
with the passage of time as blood supply is restituted.
The staining method for measuring the size of the lesion
The TTC method of measuring the size of “infarction”/lesion (Bederson et al., 1986; 
Goldlust et al., 1996) is carefully validated for use up to 24 hours after the occlusion 
where it delineates both the ischemic core and its surrounding penumbra (Astrup et 
al., 1981), and partially validated after 3 days (Lin et al., 1993; Vergouwen et al., 
2000). The affected area is continuous and well delineated after few hours, when 
the lesions are extensive, and becomes more irregular in shape when the lesions are 
small and as the days pass, and the surviving cells in the penumbra are re-vitalized. 
Irregular shapes preclude the proper use of volume-morphometric methods. In these 
cases area measurements represent the best option.

Unfortunately the TTC method has not been thoroughly validated in relation to 
H&E staining after several days. Furthermore we have found no studies addressing 
the question of the properties of the TTC method in different ischemia models e.g. 
involving permanent ischemia vs. ischemia followed by reperfusion. Despite the 
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Figure 19. Location of punch biopsies in the brain slices from both the lesioned- and the contra lateral 
control side for measurement of galanin and neuropeptide Y. At bregma – frontal cortex. Bregma 
minus 2 mm – parietal cortex and inferior striatum. Bregma minus 4 mm – parietal cortex and medial 
thalamus. Bregma minus 6 mm – medial thalamus. Bregma minus 8 mm – dorsal and ventral hippo-
campus.
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possible reasons for different results in measuring the ischemic penumbra between 
short time (1 day) and long- time (3 days or longer) studies (entry of macrophages 
and infl ammatory cells into the lesioned area), the TTC staining – in our hands – ap-
pears to clearly defi ne the ischemic core even after several days. 

We fi nd reason to believe that the size of the ischemic core several days after the 
ischemic episode may be of even more relevance in judging the overall neuropro-
tective effect of estrogen compared to acute measurements of the combination of the 
ischemic core and the surrounding penumbra, since the penumbra represents tissues 

Figure 20. Areas of 
infarction in coronal sli-
ces of the brains of rats 
treated with placebo or 
estrogen and submitted 
to transient occlusion 
of the middle cerebral 
artery.
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which may be restituted after re-perfusion and other reparative processes.
Peri- and postoperative mortality
From the outset we choose to use the temporary clipping of the MCA in the rat as a 
model believing it to be the most directly verifi able method of inducing temporary 
focal cerebral ischemia. Four years were spent to fi ne-tune the anaesthetic and ope-
rative methods, using the basic microsurgical approach of Tamura et al. (Tamura et 
al., 1981), taking care to spare nerves and muscles in order for the animals to feed 
and thrive normally after the operation (paper III). The combined peri- and posto-
perative mortality in the present study was 2.1 % which is low compared to the mor-
tality rate of previous studies which — if reported at all — is at best 5 % (Harukuni 
et al., 2001) and normally in the order of 15-60 % (Simpkins et al., 1997; Dubal 
et al., 1998a; Pelligrino et al., 1998; Wang et al., 1999). It is reasonable to believe 
that a high mortality may be a confounding factor when interpreting the results of 
studies of this kind (Zausinger et al., 2002).
Effect of animal strain and vendor
The rat is the species most frequently used in experimental animal stroke models, 
even if mice and gerbils are used as well. It is well recognized that genetic fac-
tors play an important role in the outcome of focal cerebral ischemia. For example, 
MCA occlusion in spontaneously hypertensive rats and stroke-prone spontaneously 
hypertensive rats, e.g. genetically hypertensive strains, usually results in larger in-
farct volume and lower infarct size variability than in normotensive strains (Brint 
et al., 1988; Duverger & MacKensie, 1988). Furthermore, Oliff et al. have descri-
bed not only inter-strain, but also intra-strain differences in cerebral infarction after 
MCA occlusion. The size of infarction can markedly differ in the same animal strain 
depending on their origin/vendor (Oliff et al., 1995a).
Age of animals 
The majority of experimental studies investigating estrogens effect on cerebral 
ischemia are done on young ovx rats 3 - 4 months old. To our knowledge, only 
two studies used middle aged ovx rats 9 - 12 months old (Wise & Dubal, 2000a; 
Dubal & Wise, 2001) and Alkayed used post menopausal, not ovx, 16 months old 
rats (Alkayed et al., 2000). These studies demonstrated a neuroprotective effect of 
pre-treatment with 17β-estradiol. The effects of 17-β estradiol treatment on naïve 
post-menopausal rats have not been investigated in the present stroke model. 
Administration of 17β-estradiol
The concentrations of estradiol in serum were slightly above 3 nmol/L in the rats 
treated by 17β-estradiol for 3 days, slightly below 3 nmol/L in the rats treated for 
7 days and about 2 nmol/L in the rats treaded for 14 days. The concentrations were 
somewhat above 1 nmol/L in the placebo-treated rats. Using the present method for 
extracting and measuring estradiol in rat plasma – a competitive 125I radioimmuno-
assay (Estradiol double antibody, KE2D, Diagnostic Products Co, Los Angeles, CA, 
USA) – the serum concentration during estrus phase is 2 nmol/L and 2.8 nmol/L 
during pregnancy (Josefsson et al., 2004). Therefore the concentrations of estradiol 
in blood of the estrogen- treated rats are likely to have been in the range encountered 
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in pregant rats.

It is evident that the serum estradiol concentrations decreased considerably with 
time in the 17β-estradiol-treated rats from the highest level of 3.2±0.18 nmol/L af-
ter 3 days to 2.93±0.28 nmol/L after 7 days and to 1.91±0.06 nmol/L after 14 days 
despite the manufacturer’s claim that that steady state occurs within 48 hours. It 
is likely that the difference in estradiol concentrations in the estradiol- treated rats 
may contribute to the differences in brain lesion found in the estradiol-treated rats. 
However, 7 and 14 days after the MCA occlusion there was no signifi cant difference 
in observed ischemic lesions between the estradiol- and placebo treated groups.

Our purpose of choosing a long-term pre-treatment of estradiol prior the trans-
ient MCAO was to imitate the situation in the clinic where women are prescribed 
hormone replacement therapy usually lasting over periods of months and years. A 
substantial number of animal studies have reported a neuroprotective effect after 
at least one week 17β-estradiol pre-treatment in both transient (Rusa et al., 1999) 
and permanent (Dubal et al., 1998a; Wise & Dubal, 2000a; Dubal & Wise, 2001) 
intraluminal fi lament MCAO as well as in the photothrombotic permanent occlu-
sion method (Fukuda et al., 2000). However, the number of studies reporting a 
lack of neuroprotection in 17β-estradiol treatment – results similar to ours – has 
substantially increased recently. Carswell and co-workers have in three different 
studies reported that two week of 17β-estradiol pre-treatment signifi cantly increase 
the ischemic damage in permanent – by electrocoagualtion – MCAO in ovx Wistar-
Kyoto rats (Carswell et al., 2004) and in ovx Lister Hooded rats (Bingham et al., 
2005) as well as in permanent intraluminal fi lament MCAO in ovx Sprague-Dawley 
rats (Gordon et al., 2005). 

The effects of a peri-ischemic (one hour before, during or after the ischemic insult) 
administration of 17β-estradiol have been investigated in animal experimental pa-
radigms with opposite results. Simpkins et al. reported a signifi cant reduction in 
the size of infarction when 17β-estradiol was administered 40 min post-ischemia 
(Simpkins et al., 1997), whereas Dubal et al. found that the neuroprotective effect 
was lost when 17β-estradiol was administered at the onset of ischemia (Dubal et al., 
1998a).
Effect of the stroke model
Several stroke models are available for use in rats, which can be roughly subdivided 
according to being transient or permanent, focal or general. Until recently most stu-
dies of the effect of estrogen in rat stroke models (claimed to be transient and focal) 
have used the intraluminal fi lament method except Vergouwen et al. (Vergouwen 
et al., 2000) who used microclip. The intraluminal fi lament method is technically 
more feasible than the microclip method but is more prone to complications in-
cluding subarchnoidal haemorrhage, occlusion of other cerebral vessel orifi ces, in-
suffi cient MCA occlusion and endothelial lesion causing thrombotic complications 
(Schmid-Elsaesser et al., 1998).

Our stroke model is designed to be mild, focal and temporary (1 hour) and no hypo-
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tension or occlusion of carotid or vertebral arteries is used. Furthermore, it allows 
the rats to feed and thrive for long postoperative periods of at least 2 weeks. It is 
similar but milder than that described by Vergouwen et al. (Vergouwen et al., 2000) 
who occluded the MCA for of 3 hours and also occluded the common carotid arte-
ries.

The pathophysiological mechanisms involved in different models of stroke are 
highly variable depending on the type of ischemic- and/or reperfusion lesion, global 
or focal ischemia. It is conceivable that benefi cial effects of estrogen may come to 
light in one model of ischemia and not in another, depending on the lesion- and or 
reparative mechanisms involved. In the present studies we were interested in a pure 
focal reperfusion model using a microclip in order to induce the production of free 
radicals which estrogen is known to antagonize as an antioxitant. It is probable that 
estrogen affects stroke and stroke mechanisms by several other unknown mecha-
nisms which are not expressed to the same extent in our model as it is in the models 
of earlier authors. We may possibly have created an experimental model which ex-
poses early detrimental effects of 17β-estadiol on the ischemic penumbra in stroke 
under special circumstances. The ischemic core – on the other hand – was much less 
affected by 17β-estadiol treatment in our studies.

The effects of 17β-estradiol treatment on cerebral ischemia in experimental stroke 
models in rats are likely to be a combination of many complementary and opposing 
mechanisms which currently are not fully understood/clarifi ed. The number of studies 
reporting a lack of neuroprotection by pre-treatment with 17β-estradiol have increased 
recently and this is in accordance with the outcome of the large epidemiological 
clinical studies reported (Rossouw et al., 2002; Bath & Gray, 2005). However, the 
effects of 17β-estradiol administered in the direct post-ischemic time period need 
further investigation to clarify its effects on the ischemic lesions and outcome. This 
is of importance since 17β-estradiol also exerts rapid – non-genomic/indirect – ef-
fects on the brain. These rapid mechanisms may be of potential interest for future 
use in clinical settings.
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The effects of ischemic injury on tissue concentrations of galanin 
(paper V)
Several studies have shown that injuries to the central or peripheral nervous systems 
up-regulate the concentration of galanin mRNA and/or the galanin peptide itself. We 
have shown that 17β-estradiol induced an increase in tissue concentrations of galanin 
in the hippocampus (Rugarn et al., 1999b; Rugarn, Hammar & Theodorsson, 2001; 
Hilke et al., 2005c). This up-regulation of galanin was dose- and time dependent, 
and occurred already within 1 hour after the injection of 17β-estradiol (Hilke et al., 
2005b). 

In humans, stroke is a major cause of brain injury, and frequently affects the hip-
pocampus, which is also amongst the brain regions most sensitive to ischemia 
(Johansen, Jorgensen & Diemer, 1986). If galanin is involved in the reaction of the 
brain to ischemia, this reaction could be infl uenced by 17β-estradiol since galanin is 
a 17β-estradiol inducible neuropeptide.

In our stroke model (paper III), tissue concentrations of galanin were measured 3, 
7 and 14 days, respectively, after transient MCAO by radioimmunoassay methods 
in punch biopsies from brain slices both from the lesioned and the contra lateral 
control side in ovx rats treated with 17β-estradiol or placebo slow release pellets. In 
the hippocampus, which did not show any signs of ischemic damage as judged by 
TTC staining, galanin concentrations were – measured after 3 days – lower in the 
ischemic hemisphere in both the 17β-estradiol- and placebo treated animals com-
pared to the corresponding contra lateral intact hemisphere (p=0.015). The galanin 
concentrations were not changed in any of the other brain regions surrounding the 
ischemic lesion (penumbra) (p=0.922). The effect on the galanin concentrations was 
overall similar after all observation periods: 3, 7 and 14 days (p=0.144) (Fig. 21).

Compared to controls, 17β-estradiol treatment up-regulated galanin concentrations 
in both dorsal and ventral hippocampus (p=0.0039), more pronounced in the latter.

Contrary to our primary hypothesis, galanin was not changed in the area surroun-
ding the ischemic lesion, but decreased in the apparently undamaged ipsilateral 
hippocampus. 

The 29 amino acid long neuropeptide galanin, widely distributed in the central and 
peripheral nervous systems (Rokaeus et al., 1984; Melander et al., 1986b; Jacobo-
witz et al., 2004) usually co-exists with the classical neurotransmitters (Melander 
et al., 1986a) mainly exerting an inhibitory action on the synaptic transmission by 
decreasing the release of these transmitters (Fisone et al., 1987; Pieribone et al., 
1995). In addition to these neuromodulatory effects exerted, galanin has also shown 
neurotrophic effects in studies of neuronal injury, i.a by an up-regulation of galanin 
mRNA or the peptide itself after sciatic (Hökfelt et al., 1987), facial (Burazin & 
Gundlach, 1998) and vagal (Rutherfurd et al., 1992) nerve injury. Recently, on work 
with transgenic animals, galanin has been shown to play a crucial role in develop-
ment and regeneration of neurons in the dorsal root ganglia (Holmes et al., 2005). 
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However, – to our knowledge – only three studies, exclusive our own, have investi-
gated ischemic brain damage effects on galanin and/or galanin mRNA on site or at 
a distance. In accordance with our results, Raghavendra Rao et al. (Raghavendra 
Rao et al., 2002) found no changes in galanin mRNA in the ipsilateral cortex after 
transient (1 hour) intraluminal MCAO in rats. Hwang et al. (Hwang et al., 2004) 
reported an initial increase in the expression of galanin mRNA and galanin in the 
CA1-hippocampal region in gerbils after transient (5 min) forebrain global cerebral 
ischemia with the peak 12 hours after the occlusion. Subsequently a time-dependent 
decrease in the galanin expression occurred in the hippocampal CA1 region, which 
after 4 days was lower than in the sham-operated group. At this time point, the en-
hanced galanin expression was found in the microglia cells and not in the neurons. 
The authors suggested that galanin acts through down-regulation of proinfl amma-
tory cytokines, thus reducing the infl ammatory reaction to injury (Su et al., 2003; 
Hwang et al., 2004). Barbelivien et al. found up-regulation of galanin and galanin 
mRNA at a distance in hypothalamus after permanent MCAO (electrocoagulation) 
in male rats measured after 18 days (Barbelivien et al., 2004).

We found reduced galanin levels in the ventral and dorsal hippocampal formation 
on the lesioned side in both the 17β-estradiol- and placebo treated animals, measu-
red after 3, 7 and 14 days. These reduced galanin concentrations indicate either an 
increased release of galanin decreasing the granular stores, or a decreased galanin 
synthesis. Experiments using situ hybridization and microdialysis techniques for 

Figure 21. Concentrations of im-
munoreactive galanin measured 
in hippocampus 3 days after 60 
minutes transient MCA occlusion. 
Galanin concentration were lower in 
the ischemic hemisphere in both the 
estrogen treated and placebo ani-
mals compared to the correspond-
ing contra lateral intact hemisphere 
(p=0.015). Estradiol treated animals 
up-regulated galanin concentrations 
compared with placebo rats in both 
the dorsal and ventral hippocampus 
(p=0.003), more pronounced in the 
latter. 
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measuring galanin mRNA and extracellular galanin concentrations, respectively, 
may clarify this issue. Increased galanin release may indicate that the neurotrophic 
effects of galanin are used in the reaction of the stem-cell rich hippocampus to 
the lesion in the same hemisphere. Decreased galanin release may indicate that the 
overall inhibitory effects of galanin on other neurotransmitters need to be reduced. 
Our results are similar to the results of Harrison and Henderson (Harrison & Hen-
derson, 1999) who found increase in immunoreactive galanin in the hippocampus at 
a distance from the cortical lesions.

Surprisingly, we found no difference in galanin levels in the area surrounding the 
ischemic lesion in the 17β-estradiol and placebo groups, indicating that galanin may 
not be involved in the response of the ischemic penumbra itself to stroke. 

A possible confounding factor in this experiment may be punch biopsies of necro-
tic/apoptotic tissues where galanin concentrations are bound to be low. Therefore 
we scrutinized all slices and punch biopsies in search for lesioned tissues, including 
only the non lesioned biopsies when making conclusions.

In our stroke model galanin does not appear to serve as a trophic- or neuroprotective 
factor direct in the lesioned area, but may be involved in the reaction of the stem-cell 
rich hippocampal formation to the stroke lesion.
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Effects of intracerebroventricular galanin on ischemic lesions 
(paper VI)
Despite a multitude of studies showing that galanin may serve as a neuroprotective 
factor, studies directly showing its neuroprotective properties per se in stroke mo-
dels – the most commonly occurring clinically situation of damage to the CNS – are 
still lacking. Therefore we investigated whether intracerebroventricular administra-
tion of galanin exerts neuroprotective effects in brain areas affected by the ischemic 
lesions occurring after 60 min transient and focal MCAO in naïve female rats.

In the present stroke model the ischemic lesions, as visualized with TTC staining, 
were 30 % larger after intracerebroventricular administration of galanin measured 
after 7 days compared to controls in naïve female rats. A similar, but not statistically 
signifi cant effect was seen after 3 days, the reason being that in the galanin treated 
rats the infarction was smaller in the slices anterior to the bregma and larger in the 
slices at bregma and posterior to the bregma.

The experiment emphazised old experiences on experimental design and number of 
observation which we report here. Preliminary statistical analysis done half ways 
in the experiment, when the groups consisted of 6-8 animals, revealed statistically 
signifi cant larger infarction in the galanin treated groups compared to placebo, with 
an overall p value of 0.012. The fi nal result, as mentioned above, whith 15 animals 
in each group, showed only statistical signifi cance in the 7 days group. It is notable 
that the design of many animal experiments published in the present fi eld of work 
is based on less than 8 observations in each group. Apart from the lesson that a 
substantial number of observations is needed for fi rm conclusion, we also need to 
consider the possibility that our rats were not ovariectomized and thus the variation 
in their serum concentrations of estradiol may have contributed to the substantial 
variation in the size of the infarction.

The effect of galanin on brain injuries other than stroke has been investigated by 
two groups. Liu et al. found a protective effect of galanin, administered intracere-
broventricularly as a single injection of 1 µg or 10 µg, 5 min prior to experimental 
traumatic brain injury, on behavioural defi cits in male rats (Liu et al., 1994). Kainic 
acid induced excitotoxic hippocampal cell death in mice was greater in CA1 and 
CA3 regions of galanin knockout animals compared to the WT controls, measured 
3 days after the injury (Elliott-Hunt et al., 2004). Conversely, a signifi cantly less cell 
death was observed in the same regions of the galanin overexpressing animals. In 
this model of chemical brain injury galanin played the role of a hippocampal neuro-
protective factor (Elliott-Hunt et al., 2004).

In the present study a continuous intracerebroventricular administration of gala-
nin (7.68 µg/day (2.4 nmol/day)) was used since we have earlier shown that 17β-
estradiol up-regulates galanin for extended time periods (Hilke et al., 2005c) and 
represents a dose earlier used in similar experimental studies (Kehr et al., 2002; 
Elvander & Ogren, 2005). However, a possible dose-dependent response to the ef-
fect of galanin on the size of the ischemic lesion has not been investigated in the 
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present study.

If galanin is a major neuroprotective agent in stroke we had expected to fi nd a de-
crease in the ischemic brain lesion in the present stroke model, which actually was 
not the case. 
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Estradiol as a neuroprotective agent
An overwhelming number of in vitro experimental studies report a neuroprotective 
and neurotropic effect of 17β-estradiol in models of ischemic damage. Cell survival 
and differentiation of neuronal populations is promoted by the addition of 17β-estra-
diol to culture media (Arimatsu & Hatanaka, 1986; Duenas et al., 1996; Brinton et 
al., 1997; Sudo et al., 1997; Audesirk et al., 2003; Wang et al., 2003; Huang et al., 
2004). 17β-estradiol inhibits cell death in cultured neuronal cells which have been 
exposed to an excitotoxic injury by i.a. glutamate, NMDA, AMPA and kainate (Sing-
er et al., 1996; Weaver et al., 1997; Zaulyanov, Green & Simpkins, 1999; Guyot et 
al., 2001; Sribnick et al., 2004). Furthermore, it has been shown that 17β-estradiol 
protects against β-amyloid peptide toxicity in neuronal cells (Hosoda, Nakajima & 
Honjo, 2001; Marin et al., 2003a; Marin et al., 2003b; Zhang et al., 2004). 

However, the biological complexity increases markedly when moving from cell 
cultures to intact mammals shifting the focus from single cell lines to the complex 
interaction between the multiple cells, tissues and organs – the intact organism. 

17β-estradiol is known to induce a multitude of biological effects in various tissues 
of the human body. Besides the well known primary target tissues for 17β-estradiol 
effects, the breast and urogenital tract, estradiol acts also in CNS, cardiovascular 
system, bone, gastrointestinal tract and the immune system see (Pfaff, 1980; Lind-
say, 1997; McEwen, 2000; Manthey et al., 2001). Thus, the effect of exogenously 
administered 17β-estradiol on intact organisms has broad impact on several dif-
ferent biological pathways on many different levels. This fact may contribute to 
the current discrepancy in both animal and clinical/epidemiological studies of the 
effects of 17β-estradiol. 

Early studies indicated that 17β-estradiol was neuroprotective in humans (Falke-
born et al., 1993; Finucane et al., 1993; Hurn & Brass, 2003). However, already in 
1995 Paganini-Hill summarized the result of 19 studies examining the association 
between estrogen replacement therapy and cerebrovascular disease being inconsis-
tent (Paganini-Hill, 1995). Recently published experiments in animal stroke models 
(Carswell et al., 2004; Bingham et al., 2005; Gordon et al., 2005; Theodorsson & 
Theodorsson, 2005) and large epidemiological studies in humans have both shown 
that estrogens may increase the neurological lesions in stroke (Viscoli et al., 2001; 
Grady et al., 2002; Rossouw et al., 2002; Anderson et al., 2004). Furthermore, a 
recently published meta-analysis by Bath and Gray concluded that hormone repla-
cement therapy (estrogen alone or in combination with progesterone) is associated 
with an increased risk of stroke, particularly of ischemic type (Bath & Gray, 2005).

Population studies in humans of the possible neuroprotective effects of estro-
gens
The possible neuroprotective properties of estrogens have been extensively studied 
in various paradigms from isolated cells via animal models to epidemiological stu-
dies in humans (Rossouw et al., 2002; Murphy et al., 2003). The overwhelming 
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majority of earlier experimental studies indicated that estrogen has neuroprotective 
properties. It was therefore hoped that estrogen administration having shown benefi -
cial effects in cell culture and animal models could reduce the risk of dementias and 
other brain diseases, cardiovascular diseases, osteoporosis, etc. in humans. During 
the late 1990’es and early 2000’es physicians started prescribing estrogen not only 
short term for alleviating the menopausal symptoms, but also long term in the hope 
of alleviating long-term risks of diseases. However the results of these experimental 
studies have only recently been put to the test in controlled epidemiological studies 
in humans.

Powerful arguments against the practice of administering estrogen for prophylaxis 
of cardiovascular risks and risks of cerebral conditions have recently appeared. The 
Women’s Health Initiative (WHI) study was initiated in 1991 and comprised two 
large, randomised, placebo-controlled clinical trials including estrogen-only and 
combined estrogen- progestin studies in postmenopausal women aged 50 to 79 and 
was primarily designed to test the effect on cardiovascular diseases. It was expected 
that the WHI, which was scheduled to be completed in 2005, would defi nitively 
answer whether or not treatment with estrogen and progesterone was cardioprotec-
tive. Secondary end points of the study were the effects of estrogen replacement on 
stroke, pulmonary embolism, endometrial cancer, colorectal cancer, hip fractures 
and mortality in general. 

The WHI estrogen-progestin versus placebo trial, which involved more than 16,000 
women, was discontinued in 2002 because of the increased incidence of breast can-
cer and increase in cardiovascular complications (coronary heart disease, stroke, and 
venous thromboembolism) in the treatment group (Rossouw et al., 2002). Although 
important benefi ts were also seen (risk reduction for fractures and colon cancer), 
there was concern that the risks of combined estrogen-progestin outweighed the be-
nefi ts. The WHI estrogen-only versus placebo part of the trial was made up of nearly 
11,000 women who had undergone hysterectomy and therefore did not require a 
progestin. This trial was also stopped early (March 2004) owing to a small increase 
in stroke risk, although no increase in breast cancer or coronary heart disease risk 
was seen and hip fracture risk was reduced (Anderson et al., 2004) .

The Heart and Estrogen-Progestin Replacement Study (HERS) was the fi rst rando-
mised controlled study on the effects of estrogen/progesterone treatment on coro-
nary heart disease (Hulley et al., 1998). This study found no reduction in the risk for 
coronary heart events, stroke or transient ischemic attacks. Furthermore it showed 
a threefold increased risk of venous thromboembolism. In a recent follow (HERS 
II) up of this study cohort no benefi t of the hormone replacement therapy was found 
neither for the cardiovascular nor for the cerebrovascular parameters (Hulley et al., 
2002).

The Women’s Estrogen for Stroke Trial (WEST) was the fi rst randomised controlled 
trial primarily aimed at studying the effect of hormone replacement therapy on the 
recurrence of stroke (Viscoli et al., 2001). This trial found no benefi t on total stroke 
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recurrence of hormone replacement therapy and an increase in the incidence of fatal 
stroke amongst the women treated with estrogen only. 

Given the observed increase in cardiovascular and breast cancer risks with combi-
ned therapy and the increase in stroke risk with unopposed estrogen treatment (ET), 
it has been recommended that hormone replacement therapy (HRT) be used only 
for management of menopausal symptoms and for the shortest duration possible 
(Cheung et al., 2004; Hackley & Rousseau, 2004; Turgeon et al., 2004).

These three large studies unanimously indicate that estrogen treatment with or wit-
hout progesterone risks increasing the incidence of lesions caused by cerebrovascu-
lar diseases. They are evidently diffi cult to reconcile with cell culture- and experi-
mental animal models of human stroke where the overwhelming majority of studies 
have showed that estrogen is neuroprotective. One possible explanation offered to 
explain the difference is that progesterone when administered together with estro-
gen may counteract the neuroprotective effects of estrogen (Murphy et al., 2000). 
However, estrogen administered alone in the above mentioned human trials has not 
shown neuroprotective properties (Anderson et al., 2004).

There are therefore ample reasons for the scientifi c community to attempt to fi nd 
cell- culture and animal experimental models which refl ect more closely the results 
found in the large epidemiological studies.

The design of the WHI study has been questioned both with regards to the age 
of the persons included and concerning the hormone regime used. The sample of 
women included were, at the initial screening, older (mean 63 years old) and more 
obese (69 % had body mass index corresponding overweight/obese) than the gene-
ral population. Furthermore, most of the women had no prior hormone therapy, i.e. 
their plasma concentrations of estrogens had been very low for more than a decade 
before they were included in the study. Sherwin reports a time limit of the effect 
of estrogen therapy on cognitive functions in relationship to menopause (Sherwin, 
2002). Substituting women subjected to ovariectomy with estrogen preserves cog-
nitive functions but delayed (years) estrogen substitution to postmenopausal women 
is ineffective. 

The specifi c hormone combination of conjugated estrogens and progesterone used 
in the WHI and HERS studies performed in North America may not be wholly trans-
ferable to other parts of the world employing different hormone schemes (Odlind, 
2004; Turgeon et al., 2004; Simpkins et al., 2005; Wise et al., 2005).

Despite these shortcomings, the fact remains that the WHI study is based on the 
largest sample of women yet studied, and its results were unequivocal. It is therefore 
natural that its impact will be felt in the scientifi c community and in clinical medi-
cine for many years to come. 
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Methodological issues – administration of exogenous estradiol 
(paper IV)
When planning our studies on the long-time effects of 17β-estradiol on cerebral in-
farction and neuropeptide levels in rats, we performed extensive literature searches 
and enquiries amongst pharmaceutical companies and authorities to fi nd the most 
appropriate way to administer 17β-estradiol. To our surprise and disappointment 
we found very limited information and actually no information about steady state 
concentrations in response to administration for days and weeks, and no recommen-
dations concerning the optimal manner of administering 17β-estradiol for extended 
periods of time.

The need for this information has become even more apparent during recent years 
due to the observable dichotomy of estrogens effects – neuroprotective or not – in 
the various animal models of brain ischemia reported in the current scientifi c lite-
rature. The cause of this dichotomy is currently unclear, and is likely to be found 
in the experimental setup, including the mode of administration of 17β-estradiol. 
Pharmacokinetic information and understanding of the effects of different modes of 
administration is crucial for interpreting experiments employing administration of 
17β-estradiol to rats.

Figure 22. Serum estradiol 
measured every second week 
during 2 times 6 weeks crosso-
ver treatment by daily injections 
of 17β- estradiol in sesame 
oil compared to slow-release 
pellets . The serum concentra-
tions of 17β -estradiol (mean ± 
SEM) in group A, starting with 
slow-release pellets, were 73% 
higher compared to the initially 
injection treated group B after 
2 weeks. The difference was 
even more prominent, 580%, 
after 4 weeks. Steady state was 
reached at week 6 in group A, 
but already at week 4 in group 
B. Once steady state was 
reached, the concentration was 
the same in both groups for the 
remainder of the experiment 
(in total 12 weeks). The dotted 
vertical line indicates exchange 
of administration mode.
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Researchers in the fi eld discuss and keenly recognize the importance of knowing the 
effects of different modes of administration of 17β-estradiol, but studies of this kind 
have – despite this – not as yet appeared. Amongst the factors crucial to investigate 
are: 1) the effects of different modes of administration, 2) the time- and 3) dose 
effects. Since our focus of interest is primarily the long- time effects of estradiol 
treatment, we decided in the present study (paper IV) to primarily investigate two 
of these factors: 1) the effects of daily injections vs. slow release pellets and 2) the 
effects of time- in order to know when steady-state concentrations are reached. We 
considered this design more relevant than studying the effects of dose, since 17β-
estradiol is subject to fi rst- order kinetics in mammals. Therefore, daily injections of 
17β-estradiol were compared with slow-release pellets regarding the serum concen-
tration of 17β-estradiol over prolonged time periods (up to six weeks). A crossover 
design was used to elucidate inter-individual differences and the effects of metabo-
lism and plasma protein binding.

The serum concentrations of 17β-estradiol in the group starting with slow-release 
pellets were 73 % higher (p<0.001) compared to the initially injection treated group 
after 2 weeks. The difference was even more prominent, 580 %, after 4 weeks. 
Steady state was reached at week 6 in the group starting treatment with slow-release 
pellets, but already at week 4 in the initially injection treated group. Once steady 
state was reached, the concentration was the same in both groups for the remainder 
of the experiment, in total 12 weeks. The present study indicates that steady state 
concentrations of 17β-estradiol occur 5-6 weeks later than the 48 hours the manu-
facturer of the slow-release pellets claims (Fig. 22).
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Methodological issues – anaesthesia model (paper III)
Our fundamental research interest, for which the present stroke model was develo-
ped, was the study of physiological and pathophysiological role(s) of estrogen-re-
sponsive neuropeptides, e.g. galanin in ischemic brain lesions. Until now, we have 
used the method for studying the effects of estrogen on ischemic lesions and on 
galanin in the brains of ovx female rats and the possible neuroprotective effects of 
galanin administered intracerebroventricularly in naïve female rats. 

Searching the literature for detailed description of methods for temporary occlusion of 
the MCA, we found suffi ciently detailed information on the surgical anatomy (Tamura 
et al., 1981; Koizumi, 1986; Longa et al., 1989). However, suffi cient detail in the 
description of crucial details of surgical instruments, anaesthesia and peroperative 
monitoring etc. etc., were lacking. The majority of the studies in the fi eld at that time 
used intraperitoneal anaesthesia and spontaneous respiration (Simpkins et al., 1997; 
Dubal et al., 1998a; Wise, 2000; Wise & Dubal, 2000; Dubal & Wise, 2001; Shi et 
al., 2001; Fan et al., 2003; Rau et al., 2003). We therefore started up our attempts at 
doing transient MCAO using intraperitoneal anaesthesia by means of choral-hydrate 
and ventilation by tracheotomy. With this technique we experienced considerable 
diffi culties in maintaining control of anaesthesia during the surgical procedures and 
the rats awoke slowly from anaesthesia. Most importantly – the mortality was about 
25 % in the 40 rats initially operated on. 

Morbidity and mortality in studies employing experimental stroke models are cru-
cial confounding factors, which rarely are comprehensively reported. This – in our 
opinion – high mortality prompted us to abandon this anaesthesia method and to 
develop a method of endotracheal intubation and isofl urane anaesthesia (1 % isofl u-
rane in 30 %/70 % O2/N2O) (paper III). These anaesthetic techniques reduced the 
peri- and fi rst 24 hours post-operative mortality from 25 % to 10.6 %. Improved 
overall skills further reduced the mortality further to 2.7 %.

The crucial equipment for endotracheal intubation of rats was not commercially 
available, but rudimentary techniques were earlier reported in the literature (Jaffe 
& Free, 1973; Pena & Cabrera, 1980). Therefore we designed and the Department 
of Medical Engineering produced the necessary sloping board and modifi ed the 
laryngoscope (paper III). 

Hyperglycemia is reported to impair outcome of stroke in humans as well as in 
animal studies (Kagansky, Levy & Knobler, 2001; Johan Groeneveld, Beishuizen & 
Visser, 2002). Blood glucose concentrations are therefore a relevant factor to be mo-
nitored in animal stroke models and to be maintained in the normal range. During 
the build up of our stroke model this parameter was measured in about 30-40 rats 
using Hemocue® (Hemocue, Ängelholm, Sweden) apparatus, and was found to be in 
the normal range for rats in all samples. A reasonable explanation to this is that our 
rats had free access to standard rat chow and water until the time when anaesthesia 
was induced. Unfortunately the current blood gas analyzer (AVL OPTI 1 Medical 
Nordic AB, Stockholm, Sweden) we are using does not measure blood glucose, a re-
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ason why blood glucose concentrations are not reported in the subsequent studies.

Perioperative monitoring of blood pressure, pulse and rectal temperature was per-
formed on-line and maintained within normal physiological limits. Rats with unex-
plained low blood pressure during the experiment were excluded and no inotropic 
drugs were used. The rats were kept normoventilated with a pCO2 around 5 kPa and 
adjustments of the ventilator were done accordingly, verifi ed by blood gas samp-
les. 

Monitoring of vital parameters were consequently registered and processed in a 
computer system (Acq-Knowledge® software, BIOPAC Systems, Inc. Goleta, USA) 
during the experiment until time of extubation, when also the femoral catheter has to 
been withdrawn. Therefore neither analysis of blood gases nor registration of blood 
pressure were possible at the crucial time of termination of surgery and postopera-
tively. However, the status of the rats anaesthetized with isofl urane using controlled 
ventilation was very good. They woke up promptly in sharp contrast to the status 
of rats anaesthetized with intraperitoneal chloral hydrate – which were sleepy and 
were immobile in a corner of the cage for extended time periods (personal observa-
tion). Therefore, we have reason to believe that the risk of hypotension, acidosis 
and hypercapnia is much less after intubation, mechanical ventilation and isofl urane 
anaesthesia compared to intraperitoneal chloralhydrate anaesthesia.

The clinical practice of modern neuroanaesthesia involves controlled mechanical 
ventilation combined with a continuous control of i.a. blood-gas parameters, re-
fl ecting the oxygenation as well as the carbon dioxide tension in the blood of the 
patient, and blood-pressure. These factors can be conveniently controlled, but have 
been shown to be of utmost importance for the outcome of the patient. The anaes-
thetic methods used in experimental animal stroke models, are unfortunately not 
uniform and may be major factors determining the outcome. The majority of the 
early studies demonstrating a neuroprotective effect of estrogen used intraperito-
neally administered ketamine together with xylazine or acepromazine and the rats 
spontaneously breathing (Simpkins et al., 1997; Dubal et al., 1998a; Wise, 2000; 
Wise & Dubal, 2000; Dubal & Wise, 2001; Shi et al., 2001; Fan et al., 2003; Rau 
et al., 2003). Halothane inhalation anaesthesia through a face mask was reported in 
three studies (Rusa et al., 1999; Alkayed et al., 2000; He et al., 2002). The use of 
mechanically controlled ventilation with halothane has recently increased markedly 
(Wang et al., 1999; Fukuda et al., 2000; Gordon et al., 2005; Carswell et al., 2004; 
Bingham et al., 2005). The impact of the anaesthesia method used has been reported 
to determine outcome in experimental stroke models. Zausinger et al. (Zausinger 
et al., 2002) found a higher mortality rate and a signifi cantly increased ischemic 
damage in spontaneously breathing rats (intraperitoneal chloral hydrate anaesthesia 
or inhalation of halothane administrated by means of a face mask) compared to 
mechanically ventilated animals with halothane anaesthesia in a transient focal st-
roke model (Zausinger et al., 2002). Deranged blood-gases, pH and blood pressure 
with acidosis, hypercapnia and low blood pressure in the peri-ischemic time period 
are factors mentioned. 
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Interestingly, in accordance to our results, the majority of studies using control-
led mechanical ventilation report lack of neuroprotective effects of 17β-estradiol 
in ischemic brain lesions whereas studies using less controlled anaesthetic methods 
have reported the opposite. 
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Fig. 23. The middle cerebral artery (MAC) and the microsurgical clip positioned just before clipping 
the artery. The site of occlusion is between the lenticulostroate artery and the branch of the middle 
cerebral artery to the rhinal cortex. The olfactory tract is an important landmark when performing the 
operation
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Methodological issues – stroke model (paper III)
Our primary goal when we started to design the stroke model was a reperfusion mo-
del allowing long-term periods of observation. A focal and transient occlusion was 
chosen since this is the most common lesion encountered in appropriately treated 
human stroke (Goetz, 2003). Occlusion of the MCA by a microclip under direct 
visualization – with all its challenges and risks for complications – was our method 
of choice, instead of the intraluminal fi lament method (Koizumi, 1986; Longa et 
al., 1989). The basis of our model is the subtemporal approach ad modum Tamura 
(Tamura et al., 1981), but with the important change that we use temporary micro-
clip occlusion instead of permanent electrocoagulation. Systemic hypotension or 
hypoxia was avoided because of the apparent risk of damage to other organs inclu-
ding the heart and the kidneys. No occlusion of the vertebral- and carotic arteries 
was performed since we wanted the model to be mild and the animals thriving well 
postoperatively. The proximal method of Tamura (Tamura et al., 1981) where the 
MCA is occluded between the lenticulostriate artery and the arterial branch to the 
rhinal cortex, causes an ischemic damage to the cortex and striatum, above all the 
lateral part.

In the beginning different commercially available microclips were tested, i.a. Sundt 
AVM micro clip No. 1 (Codman, Johnson & Johnson, Stockholm, Sweden). Ho-
wever, these could not be reused, were very expensive and – in our hands – harder 
to use. This prompted us, together with the Department of Medical Engineering, to 
specially modify and design a reusable microclip (Modifi ed microvascular clamp 
size 8 mm (98397A, Rebstock Instruments GmbH, Dürbheim, Germany). 

The ischemic lesions measured 3, 7 and 14 days respectively after the visually con-
trolled 60 min transient MCA occlusion resulted in small infarcts – about 10 % of 
the total slice area – and variable effecting both cortex and striatum. The variability 
in rat MCA, branches and collateral anastomoses described (Oliff et al., 1995a; 
Oliff et al., 1995b; Oliff, Coyle & Weber, 1997) are likely to play an important part 
in the observed variation. Furthermore, only one strain of rats from the same vendor 
(Strain Bkl:SD, B&K Universal, Sollentuna, Sweden) have been used in this stroke 
model and the results are therefore not directly transferable to other strains/vendors 
(Oliff et al., 1995b). The size of the lesions was reduced after 1 and 2 weeks com-
pared to the 3 days observations. This is likely due to survival of cells in the penum-
bra zone as well as migration of macrophages, microglia and leucocytes into the 
lesioned area with intact mitochondria and therefore stained red with TTC. Further-
more, the TTC staining method is only partially validated for use after 3 days post 
ischemic. We started up with a 60 minutes long occlusion time and kept this factor 
constant through the current studies. The effect of a longer – 90/120 min – occlusion 
period in this stroke model on the size of the ischemic lesion has not been studied.
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Results and discussion

Conclusions
• Differences in sex hormone exposure due to gender, across puberty or by 

exogenous administration of 17β-estradiol- and progestin treatment is re-
lated to differences in concentrations of i.a. the neuropeptides galanin and 
neuropeptide Y in brain regions not directly involved in reproduction.

• Long-term treatment for several weeks by 17β-estradiol in ovx rats increases 
galanin-LI levels in hippocampus and cortex.

• Long-term treatment of 17β-estradiol increases the cerebral ischemic lesions 
after transient MCAO in ovx rats

• Galanin-LI decreases in the ipsilateral hippocampus in 17β-estradiol treated 
ovx rats after transient MCAO. No changes in galanin levels were found in 
the penumbra area 

• ICV administered galanin increases the ischemic lesions after transient 
MCAO

• Modern anaesthesia with endotracheal intubation and controlled ventilation 
is a crucial determinant of outcome and of occurrence of confounding factors 
in experimental animal stroke models

• Delayed steady state serum concentrations of 17β-estradiol are found when 
administered with slow release pellets when compared to daily injections.
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