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Abstract 
The aim of the present thesis was to investigate the role of the neuropeptide galanin and galanin receptor subtypes in 
behavioural functions with a particular focus on depression-like behaviour. In agreement with its wide distribution in 
the central nervous system, galanin has been implicated in various functions, including regulation of reproduction, 
endocrine functions, antinociception, attention, learning and memory as well as regulation of mood. Under normal 
circumstances the levels of galanin expression in several neuronal systems, including dorsal root ganglia, 
hippocampus and cerebral cortex, are low. However, they may be markedly upregulated following, for example, 
lesions and/or colchicine treatment. Moreover, in Alzheimer’s disease, galanin levels are elevated in the cerebral 
cortex, hippocampus and basal forebrain. 
 To further analyse the functional roles of galanin in the central and peripheral nervous systems, mice 
overexpressing galanin (GalOE) under the platelet-derived growth factor B (PDGF-B) promoter were generated and 
characterised both morphologically and behaviourally. In GalOE mice, a large proportion of sympathetic and sensory 
ganglia neurons as well as spinal motor neurons were galanin-positive. Expression of galanin in the brain of GalOE 
mice was more abundant than in wild type controls. A particularly high expression was observed in the olfactory bulb, 
cerebral cortex, hippocampus and some motor brainstem nuclei.  
 GalOE mice showed an attenuated plasma extravasation in response to mustard oil, an increase in pain response in 
the formalin test, and changes in muscle physiology. This suggests that overexpressed galanin can be released and 
influence physiological processes via a receptor-mediated action. 
 Young adult GalOE mice showed a slight increase in the spontaneous locomotor activity, but a decreased response 
to D-amphetamine treatment. Anxiety-like behaviour as well as spatial and emotional learning and memory were not 
affected in the GalOE mice. However, GalOE mice displayed an increased time of immobility in the forced swim test, 
suggesting that an increase in galanin levels may lead to a higher stress-susceptibility evidenced by the development 
of depression-like behaviour. 
 In support, GalOE mice displayed a significantly higher increase of hippocampal noradrenaline and serotonin 
release in response to repeated forced swimming as measured by in vivo microdialysis, suggesting that hippocampal 
afferents of GalOE mice are hypersensitive to stressful stimuli. 
 Intracerebroventricular infusion of galanin to rats resulted in an increased time of immobility in the forced swim 
test, indicative of depression-like behaviour. This effect was blocked by co-administration of the galanin antagonist 
M35, while M35 alone caused a decrease of immobility time. These results indicate a potential involvement of 
galanin in depression-like behaviour and suggest that galanin antagonists may have antidepressant properties. 
 Intracerebroventricular infusion of the galanin receptor GalR1 agonist M617 significantly increased immobility 
time, similar to galanin itself. In contrast, the GalR2 agonist M1896 decreased, while the GalR2 antagonist M871 
increased, time of immobility. These results indicate that galanin receptor subtypes have a differential role in 
modulation of depression-like behaviour. Galanin may mediate its ‘pro-depressive’ action via GalR1 subtype, while 
GalR2 may mediate the putative ‘antidepressant’ action of galanin. 
 In situ hybridisation studies, performed following exposure to swim stress and galaninergic ligands infusion, 
showed that the combination of injection and swim stress upregulated tyrosine hydroxylase and galanin mRNA 
expression in the locus coeruleus, but not tryptophan hydroxylase 2 and galanin mRNA expression in the dorsal 
raphe. In contrast, following intracerebroventricular galanin infusion, galanin mRNA levels were upregulated both in 
the locus coeruleus and the dorsal raphe. The levels of the 5-HT1A receptor mRNA were reduced in the dorsal raphe 
following galanin infusion, and both in the dorsal and median raphe following infusion of the GalR2 agonist M1896. 
In contrast, serotonin transporter mRNA levels were not affected by any treatment.  
 
In summary, these results give evidence for an important role of the neuropeptide galanin in regulation of depression-
like behaviour in rodents. Physiological mechanisms underlying the action of galanin are probably mediated via 
alterations in neuronal activity of the locus coeruleus and the raphe nuclei, as indicated by changes in gene expression 
of neuronal markers relevant for noradrenaline, serotonin and galanin transmission. Galanin mechanisms may thus be 
relevant for mood disorders and galanin ligands may be useful in antidepressant therapy. 
 
Keywords: 5-HT1A receptor, depression-like behaviour, forced swim test, galanin, galanin-overexpressing, galanin 
receptor, noradrenaline, serotonin, transgenic mouse 
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A B B R E V I A T I O N S  
 

5-HIAA 5-hydroxyindolacetic acid i.p. Intraperitoneal 
5-HT 5-hydroxytryptamine, serotonin i.v. Intravenous 
5-HTT 5-hydroxytryptamine transporter ir Immunoreactive 
8-OH-DPAT 8-hydroxy-2-dipropylaminotetralin hydrobromide LC Locus coeruleus 
aCSF Artificial cerebrospinal fluid LDCV Large dense-core vesicle 
ACTH Adrenocorticotropin LI Like immunoreactivity 
ANOVA Analysis of variance MAOI Monoamine oxidase inhibitor 
BDNF Brain-derived nerve growth factor MAP Mitogen activated protein 
CA Cornu Ammonis; area of the hippocampus MR Median raphe 
cAMP Cyclic adenosine monophosphate mRNA Messenger ribonucleic acid 
cDNA Complementary deoxyribonucleic acid NA Noradrenaline 
CGRP Calcitonin gene-related peptide NRI Noradrenaline reuptake inhibitor 
CNS Central nervous system NK1 Neurokinin (substance P) receptor 1 
CREB cAMP responding element NOS Nitric oxide synthase 
CRF Corticotropin-releasing factor PBS Phosphate-buffered saline 
CSF Cerebrospinal fluid PCR Polymerase chain reaction 
DA Dopamine PDGF-B Platelet-derived growth factor B 
DBH Dopamine β-hydroxylase PLSD Protected least significant difference 
DNA Deoxyribonucleic acid PNS Peripheral nervous system 
DR Dorsal raphe RT-PCR Reverse transcription polymaerase chain reaction 
DRG Dorsal root ganglion s.c. Subcutaneous 
FITC Fluorescein isothyocianate SCG Superior cervical ganglion 
FST Forced swim test SSC Standard saline sodium citrate 
GABA Gamma-amino-butyric acid SSRI Selective serotonin reuptake inhibitor 
Gal-KO Galanin-knockout TCA Tricyclic antidepressant 
GalOE Galanin-overexpressing TH Tyrosine hydroxylase 
GalOE/D Galanin overexpression under the DBH promoter TNB Tris-sodium blocking buffer 
GalR Galanin receptor TNT Tris-sodium washing buffer 
GalR-KO Galanin receptor-knockout TPH Tryptophan hydroxylase 
GMAP Galanin message-associated peptide TSA Tyramide signal amplification 
GPCR G protein-coupled receptor TST Tail suspension test 
HPA Hypothalamo-pituitary-adrenal v/v Volume/volume 
HPLC High performance liquid chromatography VAChT Vesicular acetylcholine transporter 
HRP Horseradish peroxidase w/v Weight/volume 
i.c.v. Intracerebroventricular WT Wild type 
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I N T R O D U C T I O N  

MOOD DISORDERS AND DEPRESSION: GENERAL ASPECTS 

Subjective feelings, known as emotions (mood), represent essential features of normal human experience. 
Virtually all types of psychiatric problems include some degree of disordered emotions; however, in mood 
disorders the abnormal regulation of the feelings of sadness/happiness is one of the characteristic features. 
 Mood disorders, including the most severe forms such as major depression and bipolar depression 
(manic-depressive illness), are among the most prevalent mental illnesses. It is estimated that about 10% of 
men and 20% women suffer from depressive episodes during lifetime. According to diagnostic criteria for 
major depression (DSM-IV, 2000), depression is characterised by a number of symptoms, including 
abnormal lowering of mood (melancholia), low self esteem, feeling of hopelessness, blunting of brain reward 
systems (anhedonia), anxiety, irritability, disturbances of sleep, dysfunctions in food intake, sexual 
dysfunctions, and impairment in learning and memory. These abnormalities profoundly reduce the ability of 
the person to work, to pursue his/her usual interests and maintain relationships, and thus cause serious 
consequences both for the affected person and the family. Recurrent thoughts of death are often observed in 
depressed patients, and suicide was estimated to be the cause of death in up to 15% of individuals with major 
depression (see Akiskal, 2000). Moreover, depressive disorders also represent a major risk factor for 
development of cardiovascular disease and death after myocardial infarction (Musselman et al., 1998). The 
Global Burden of Disease Study has identified major depressive disorder among leading causes of disability 
worldwide, and as an illness likely to represent growing health, social and economical problem (see Murray 
and Lopez, 1997; Wittchen and Jacobi, 2005).  
 The pathophysiological mechanisms of depression are still not clear, but are believed to involve both 
genetic and social predisposing factors. According to epidemiological studies, about 40-50% of the risk for 
depression is genetic (see Fava and Kendler, 2000). However, due to complex symptomatology, it has been 
difficult to identify specific genetic abnormalities contributing to development of mood disorders (see 
Burmeister, 1999). In addition, there are several non-genetic factors, which may be involved in the 
pathogenesis of depression, such as developmental, psychological and social factors (see Duman et al., 1997; 
Akiskal, 2000; Fava and Kendler, 2000; Lesch, 2004). Severe stress and impairment in coping mechanisms 
are also important factors in development of mood disorders (see Kessler, 1997). 

POSSIBLE AETIOLOGY OF DEPRESSION 

Even though several factors contributing to the development of mood disorders have been identified, our 
understanding of the aetiology and pathophysiology of mood disorders, including depression, is still limited 
due to the clinical heterogeneity of these disorders. One of the reasons is that the neural circuitry involved in 
the regulation of mood and emotions is complex (see Figure 1), and it is difficult to attribute the development 
of depression to pathology of a discrete brain area or system. Indeed, in depression the abnormalities can be 
observed in various brain regions such as the cerebral cortex, hippocampus, amygdala, hypothalamus and the 
brainstem. This is in contrast to some neurodegenerative disorders, such as e.g. Parkinson’s or Huntington’s 
disease, where pathological processes are observed in specific, mainly subcortical pathways or regions of the 
central nervous system (CNS). 
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Figure 1. Neural circuitry of depression. 
The figure shows a highly simplified summary of a series of neural circuits in the human brain, which may 
contribute to depressive symptoms. Apart of the cortical areas such as hippocampus and prefrontal cortex 
(PFC), there are several subcortical structures implicated in reward, fear and motivation, which are also 
critically involved in depression, such as the nucleus accumbens (NAc), amygdala and hypothalamus. The 
figure shows a subset of interconnections between these brain regions, and their innervation by 
monoaminergic neurons. The ventral tegmental area (VTA) provides dopaminergic input to the NAc, 
amygdala, PFC, and other limbic structures. Noradrenergic neurons of the LC and serotonergic neurons of 
the DR innervate all the regions shown in the figure. In addition, there are strong connections between the 
hypothalamus and the VTA-NAc pathway.  
Reproduced from E.J. Nestler et al (Neuron 2002; 34:13-25), with kind permissions from the author and 
Elsevier. 

DYSREGULATED MONOAMINERGIC NEUROTRANSMISSION 
The “monoaminergic theory” has dominated the research field of mood disorders since the discovery that 
monoamine oxidase inhibitors (MAOI) and tricyclic antidepressants (TCA) are effective in the treatment of  
depression (see Frazer, 1997). The main monoaminergic systems believed to be involved in the pathogenesis 
of mood disorders are the noradrenaline (NA) and serotonin (5-hydroxytryptamine, 5-HT) neurons. 

Noradrenergic system of the locus coeruleus 
Noradrenergic neurons of the locus coeruleus (LC) (Dahlström and Fuxe, 1964), a paired nucleus located in 
the pons, are the main source of brain noradrenergic innervation. The LC widely projects to the cortex, 
subcortical and limbic structures, as well as to the cerebellum, medulla and spinal cord (see Aston-Jones et 
al., 1995). Importantly, LC projections exert significant control over 5-HT neuronal activity (Törk, 1990; 
Drevets, 1998).  
 The action of NA is mediated via three major receptor subtypes: α1-, α2- and β-adrenoreceptors (see 
Weiner and Molinoff, 1994), all belonging to the G protein-coupled receptor (GPCR) family. The α1-
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adrenoreceptor is the excitatory postsynaptic receptor acting via Ca2+ channel, phospholipase C and IP3 
activation. The α2-adrenoreceptor is inhibitory, and can be located both pre- and post-synaptically. In the LC, 
the somatodendritic α2-adrenoreceptor regulates neuronal firing activity (Cedarbaum and Aghajanian, 1976; 
Marwaha and Aghajanian, 1982). It has been shown that α2-adrenoreceptor activation inhibits the firing rate 
of the noradrenergic neurons primarily via activation of Gi/o proteins, increase in K+ conductance and/or 
inhibition of adenylate cyclase (Aghajanian and Wang, 1987). Finally, the β-adrenoreceptor is the major 
post-synaptic excitatory receptor acting via stimulation of adenylate cyclase and increase in cAMP. 
 NA neurotransmission plays a pivotal role in organising the behavioural state of an organism in regards to 
vigilance, arousal, activation of the stress response and modulation of memory systems (mainly to aversive 
stimuli) (see Harley, 1987). Various types of stress significantly increase the LC firing activity and NA 
release in projection areas (Aston-Jones et al., 1991; Valentino et al., 1993; Valentino and Aston-Jones, 
1995). It is conceivable that increased release of NA during periods of stress will affect functions of post-
synaptic structures. In the hippocampus, NA was shown to facilitate long-term potentiation (Hopkins and 
Johnston, 1988; Harley et al., 1989) and to increase the signal-to-noise ratio (Madison and Nicoll, 1986). By 
this mechanism, NA system may play a crucial role in identifying novel, anxiogenic or aversive stimuli (see 
Gray, 1987). It has been proposed that NA over-activity during stress periods might result in excess of 
hippocampal functioning and enhance memory for aversive stimuli (see Mongeau et al., 1997). Also, in the 
amygdala, NA potentiates formation of aversive memories (Valentino et al., 1993; Davis, 1998a). Moreover, 
NA projections to the amygdala are also critical for involvement of the hypothalamo-pituitary-adrenal (HPA) 
axis in the stress response (Feldman and Weidenfeld, 1998), which will be discussed in more detail below.  

Serotonergic system of the raphe nuclei 
Serotonergic neurons (Dahlström and Fuxe, 1964) are located in the dorsal raphe (DR) and median raphe 
(MR) nuclei, which have different, but somewhat overlapping projections (Azmitia and Segal, 1978). Thus, 
limbic structures (hippocampus and septum) are mainly innervated by the MR nucleus, while the DR mainly 
provides projections to the basal ganglia (striatum and substania nigra). However, projections to the 
hippocampus from the DR have also been demonstrated. Serotonergic projections are also found in the 
cortex (Smith et al., 1999) and in various limbic structures, including the amygdala and the bed nucleus of 
stria terminalis, which play a major role in anxiety (Davis, 1998a, b). 
 The number of receptor subtypes in the serotonergic system is far more numerous than in the 
noradrenergic system. Seven families of 5-HT receptors, with at least 14 different subtypes have been 
characterised (see Hoyer et al., 1994), mainly representing the GPCR family. The 5-HT1 receptor type is 
inhibitory, mediating its action via stimulation of Gi proteins and a decrease of adenylate cyclase activity. 
These receptors can be located both pre- and post-synaptically. In the raphe nuclei, the 5-HT1A receptor 
subtype serves as the main somato-dendritic autoinhibitory receptor, which decreases neuronal firing rate via 
Gi/Go proteins and activation of K+ channels (Aghajanian and Lakoski, 1984; see Barnes and Sharp, 1999). 5-
HT2 receptors are predominantly post-synaptic, mediating excitatory action of 5-HT via activation of 
phospholipase C and Go proteins. 5-HT4, 5-HT5 and 5-HT6 receptors are all coupled to Gs proteins and 
activate adenylate cyclase activity. Finally, the 5-HT3 receptor is a ligand-gated ion channel. 
 The 5-HT system has a diverse role in physiological functions, and has been shown to be involved in 
regulation of sleep, appetite, memory and cognitive functions, as well as limbic/affective responses. In 
contrast to the LC, the activity of which is mainly influenced by external salient stimuli, the raphe nuclei 
firing is mainly affected by internally directed processes (see Azmitia, 1999; Jacobs and Fornal, 1999). The 
physiological actions of 5-HT in the CNS are varied and complex, which is partially related to the numerous 
receptor subtypes and their distribution and coupling mechanisms. 
 Activation of the 5-HT system often results in physiological changes opposite to those produced by the 
NA system. Thus, in contrast to the LC, 5-HT produces hyperpolarisation and inhibits LTP induction in the 
CA1 region of the hippocampus (see Mongeau et al., 1997). When the hippocampal functioning is in the 
alert or stress mode (see Gray, 1987), it has been proposed that 5-HT may trigger behavioural inhibition, 
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which would increase the tolerance towards aversive stimuli (see Mongeau et al., 1997). In the amygdala, 5-
HT can decrease neuronal activity and sensitivity to aversive stimuli and thus attenuate learning of aversive 
stimuli (see LeDoux, 1998; Stutzmann et al., 1998). 5-HT can also modulate pathways related to aggression 
and impulsivity via serotonergic projections to the amygdala. Several studies suggest also a link between low 
5-HT levels and increased aggression, impulsivity and suicide (see Mann, 1999; Zhuang et al., 1999; Stanley 
et al., 2000).  
 
The LC and raphe nuclei systems seem to play opposite roles in the mechanisms related to regulation of 
mood, such as e.g. hippocampus and amygdala functions or activation of the HPA axis. Since the activity of 
both neurotransmitter systems can be regulated by circulating hormones, such as glucocorticoids (Owens et 
al., 1990), also interactions of NA and 5-HT systems are sensitive to various stressors. The LC NA system 
activates stress responses and increases corticosterone production, which results in diminished cell growth 
and atrophy (McEwen, 1999; Sapolsky, 2000). It appears, that the raphe 5-HT system opposes at least some 
of the stress effects via i.a. activation of neurotrophic factor release and increased neurogenesis/ neurite 
outgrowth. 

Monoamines and depression 
Both the NA and 5-HT system functions are altered in mood disorders, which involves neuronal firing rate, 
neurotransmitter release and altered sensitivities of the pre- and post-synaptic receptors (see Siever and 
Davis, 1985). Assessments of cerebrospinal fluid (CSF) chemistry, neuroendocrine responses to 
pharmacological challenge as well as receptor and transporter binding have indicated a number of changes in 
monoaminergic neurotransmission in depressed patients (see Maes and Meltzer, 1995; Schatzberg and 
Schildkraut, 1995). 
 The early “monoamine hypothesis of depression” proposed that the symptoms of this disease are related 
to a deficiency of NA in the brain (Schildkraut, 1965). However, a number of later studies suggested that NA 
activity may actually be increased in depression (see Mongeau et al., 1997; Ressler and Nemeroff, 2000; 
Harro and Oreland, 2001). Hypersecretion of NA in plasma and CSF has been reported in unipolar 
depression and anxiety states (Roy et al., 1988; Sevy et al., 1989). Moreover, increases in both α2- and β-
adrenergic receptor binding (Mann et al., 1986; Meana et al., 1992) were found in post-mortem tissue of 
depressed patients, indicating a dysregulation and a possible receptor supersensitivity in NA 
neurotransmission. Also, other neuronal markers are profoundly affected in a depressed state, indicated by 
i.a. increase in tyrosine hydroxylase (TH) expression (Ordway et al., 1994b) and the α2-adrenoreceptor 
density (Ordway et al., 1994a) and decreased NA transporter density (Klimek et al., 1997). Taken together, 
these data support the view that NA transmission is dysregulated in mood disorders (see Siever and Davis, 
1985), involving abnormal NA turnover coupled with a possible increase of receptor sensitivity. This may 
suggest that in depression, under basal conditions, NA transmission may be lower then normal, while under 
stressful conditions NA transmission may be abnormally increased due to supersensitivity of the receptors 
(see Ressler and Nemeroff, 2000; Harro and Oreland, 2001).  
 The “serotonergic (indolamine) hypothesis of depression” suggests that a deficiency of brain 5-HT 
activity increases vulnerability to depression (see Maes and Meltzer, 1995; Mann, 1999). In agreement, 5-HT 
metabolite 5-hydroxyindoleacetic acid (5-HIAA) levels are decreased in plasma and CSF in some depressed 
patients (Åsberg et al., 1976; Roy et al., 1989; Mann, 1999). Later studies have suggested that 5-HIAA 
concentrations in the CSF are probably better correlated with suicidal behaviour than depressive symptoms, 
per se (Faustman et al., 1991). However, the “serotonergic hypothesis” is strongly supported by the 
observation that a rapid reduction of dietary tryptophan, the essential amino acid precursor of 5-HT, resulted 
in relapse of depressive symptoms in a subgroup of depressed patient treated with selective serotonin 
reuptake inhibitors (SSRIs) (Heninger et al., 1996; Delgado et al., 1999). A reduction in 5-HT transporter (5-
HTT) binding has been found in post-mortem brains in depressed patients (Maes and Meltzer, 1995), and 
functional polymorphism in the promoter region in 5-HTT gene was found to interact with a number of 



Introduction 
 

13 

stressful life events in depression (Collier et al., 1996; Caspi et al., 2003). Also, alterations in both pre- and 
post-synaptic 5-HT receptors are observed in depression. Increased 5-HT1A (Matsubara et al., 1991) and 5-
HT2 (Mann et al., 1986) receptor binding have been found in the cortex of post-mortem tissue, while 
decreased 5-HT1A receptor density was observed in the hippocampus and amygdala (Cheetham et al., 1990; 
Lopez et al., 1998), suggesting differential regulation of limbic and cortical systems. Moreover, elevated 5-
HT1A receptor density has been observed in the DR nucleus, but not at postsynaptic receptor sites, in post-
mortem brains from depressed suicide victims (Stockmeier et al., 1998). Positron emission tomography 
(PET) studies have shown a reduction of both pre- and postsynaptic 5-HT1A receptor binding in depression 
(Drevets, 1998). It has been proposed that alterations in the basal expression of the 5-HT1A autoreceptor 
could predispose individuals to depression (see Albert and Lemonde, 2004). Taken together, these results 
indicate that 5-HT transmission is dysregulated at both pre- and post-synaptic sites in depressed patients.  
 
The dysfunctions in activity of the NA and 5-HT systems described above may contribute to various 
symptoms of mood disorders. Impairment in the functions of cortical and sub-cortical structures as a 
consequence of alterations in NA and 5-HT transmission may result in symptoms such as abnormalities in 
concentration, attention and memory (cortex and hippocampus), or ‘vegetative’ symptoms of depression 
(hypothalamus). Abnormal regulation of the cortico-hippocampo-amygdala pathway may contribute to 
chronically overactive or hypersensitive stress- and fear-response pathways, as well as anhedonia, anxiety 
and aggression. However, although the evidence for alterations of NA and 5-HT neurotransmission are 
clearly documented in mood disorders, increasing evidence suggest that the monoamine systems may 
interact with other neurobiological systems and circuits of importance for stress-related disorders, rather then 
represent the primary cause of depression themselves. 

DYSREGULATED ACTIVITY OF THE HYPOTHALAMO-PITUITARY AXIS AND THE 
CORTICOTROPIN-RELEASING FACTOR SYSTEM 
A causal relationship seems to exist between a dysregulated response to stress and development of mood 
disorders (see Kendler et al., 1999; Holsboer, 2001). It is known that exposure to stress leads to activation of 
the HPA axis. The paraventricular nucleus of the hypothalamus secretes corticotropin-releasing factor 
(CRF), which stimulates production of adrenocorticotropin (ACTH) from the pituitary body, resulting in 
increased synthesis and release of glucocorticoids (cortisol) from the adrenal gland. Normally, cortisol 
mediates a powerful negative feedback effect on stress-induced activation of the HPA axis. However, in 
depressed patients, this feed-back regulation is probably deficient (see Holsboer, 2001).  
 A link between depression and hypercortisolemia has been proposed since decades ago (Gibbons and 
McHugh, 1962), and signs of a hyperactive HPA axis are found in many depressed patients (see Holsboer, 
2001; Nestler et al., 2002). A hypothetical pathophysiological pattern of the HPA axis dysfunction in 
depression proposes that either an increase in CRF levels (Nemeroff, 1996), or an impaired cortisol negative 
feedback (Young et al., 1991) may underlie the HPA axis overactivity. Hyperactivity of the HPA axis and 
elevated cortisol levels may cause damage to several brain structures, resulting in the different symptoms 
observed in depression. Thus, elevated CRF transmission in the hypothalamus may underlie ‘vegetative’ 
abnormalities, such as decreased appetite, increased heart rate and blood pressure and disturbances in sexual 
functions, while cortisol damage of some hippocampal neurons may contribute to the cognitive impairments 
seen in depression (see McEwen, 1999; Holsboer, 2001; Nestler et al., 2002). 
 In addition to affecting the HPA axis, exposure to stress activates CRF transmission in severl brain areas 
involved in the stress responses. Thus, stress-induced activation of the central nucleus of the amygdala 
(Davis, 1998a; see LeDoux, 1998) and the bed nucleus of stria terminalis (Davis, 1998b) was shown to 
increase CRF release in numerous brain areas, mobilising CNS response to stress (Nemeroff, 1996). 
Neuroimaging studies have found a correlation between increased amygdala activation and plasma cortisol 
levels in depression (Drevets et al., 1997). In view of these findings, it is important to note that 
pharmacological, physiological and neuroanatomical data suggest an important role for CRF-NA interactions 



Eugenia Kuteeva 
 

14 

in response to stress (see Koob, 1999; Harro and Oreland, 2001). CRF is known to activate noradrenergic 
neurons in the LC, while NA in turn stimulates CRF release in the paraventricular nucleus, the central 
nucleus of amygdala and the bed nucleus of stria terminalis. Such a feed-forward system may be particularly 
important in situations, when an organism must mobilise not only the HPA system but also CNS neurons in 
response to environmental challenges. However, this feed-forward mechanism also seems to be particularly 
vulnerable to dysfunction, observed in e.g. affective disorders. Enhanced responsivity to stress may 
ultimately contribute to the pathophysiology of depression. Thus, in stress-induced animal model of 
depression, a sensitisation of the LC neurons to low doses of CRF was found to develop in the same time 
frame as behavioural depression (Curtis et al., 1999). In contrast, chronic administration of NA reuptake 
inhibitors have been found to attenuate the sensitising effects of CRF on the LC neurons (Valentino et al., 
1990). Taken together, these data suggest that excessive NA system-activation, hypersecretion of CRF in 
depression, and the powerful feed-forward interaction of CRF and NA may further contribute to the 
pathophysiology of mood disorders (Nemeroff et al., 1984; Gold et al., 1988).  

IMPAIRMENT OF NEUROTROPHIC MECHANISMS IN THE HIPPOCAMPUS 
A “neurotrophic hypothesis” has recently proposed a role for neurogenesis and neurotrophic factors in 
depression suggesting that stress and depression are associated with degeneration of target neurons, 
particularly in the hippocampus (see Duman et al., 1997; Altar, 1999). This hypothesis indicates that 
neuronal plasticity, an adaptive process by which the brain responds to environmental insults, might be 
impaired in depression, and thus lead to damage of neuronal populations e.g. in the hippocampus (see Czeh 
et al., 2001; Manji et al., 2001; Nestler et al., 2002).  
 Neuronal degeneration in depression may be mediated by cortisol hypersecretion (see Duman et al., 1997; 
McEwen, 1999). It was shown that both severe stress and high glucocorticoid levels can cause atrophy of the 
hippocampal CA3 neurons (see McEwen, 1999; Sapolsky, 2000) and decrease neurogenesis in the dentate 
gyrus (Gould et al., 1998). It is important to note that stress-induced activation of the LC may also contribute 
to increased CRF and glucocorticoid release. In addition, stress and glucocorticoids decrease the expression 
of the brain-derived neurotrophic factor (BDNF), which is necessary for survival and function of neurons 
(Riccio et al., 1999; Sapolsky, 2000), since it inhibits the cell death cascade by activating the MAP 
kinase/Bcl-2 signalling cascade (see Manji et al., 2001). Deficiency in neurotrophic support (decreased 
BDNF levels) may contribute to hippocampal pathology during development of depression (Smith et al., 
1995), while antidepressant treatment increases BDNF expression (Nibuya et al., 1995; see Castren et al., 
2007), at least partially via a CREB-mediated mechanism. 
 Moreover, there is also a possibility that impairment of ongoing neurogenesis may have a role in mood 
disorders (see Duman et al., 2000; Jacobs et al., 2000). Decreased neurogenesis is observed in response to 
both acute and chronic stress in the rat (Gould et al., 2000). In agreement with this hypothesis, a reduction of 
the hippocampal volume was reported to occur in some depressed patients (Sheline et al., 1996; Bremner et 
al., 2000), while reduction of hippocampal neurogenesis/volume has been shown to be reversed by 
antidepressant treatment in rats (Watanabe et al., 1992; see Jacobs et al., 2000). It has been proposed that 
hippocampal 5-HT may play an important role in neuronal and synaptic plasticity. The hippocampal 5-HT1A 
receptor, which is highly expressed in the dentate gyrus (Kia et al., 1996), is particularly significant in 
neurogenesis and action of SSRIs (Jacobs et al., 2000; Santarelli et al., 2003). 
 
Our understanding of the neural circuits, which control mood under normal conditions and mediate 
abnormalities seen in mood disorders, is still far from complete. A large body of evidence suggests that in 
addition to monoamines, HPA axis and neurotrophic factors, also several neuropeptide systems contribute to 
mood disorders and to the action of antidepressant drugs (Kramer et al., 1998; Timpl et al., 1998; Rupniak et 
al., 2001; see Heilig, 2004; Nikisch et al., 2005; see Ögren et al., 2006). The mechanisms of neuropeptide 
transmission are partially different from those of classic neurotransmitters, and will be discussed in more 
detail below. 
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NEUROPEPTIDE TRANSMISSION: POSSIBLE RELEVANCE FOR MOOD DISORDERS 

PRINCIPLE DIFFERENCE BETWEEN CLASSIC NEUROTRANSMITTERS AND PEPTIDES 
Neuropeptides represent a broad class of neurotransmitters acting both in the peripheral nervous system 
(PNS) and CNS. The first identified neuropeptide, substance P, was discovered in 1931 by von Euler and 
Gaddum (1931), although its exact structure was not revealed until 40 years later by Chang, Leeman and 
Niall (1971). In contrast to classic, small-molecule neurotransmitters, which mediate fast synaptic 
transmission, neuropeptides appear to mainly act as neuromodulators or neurotrophic factors. There are 
several distinct features that characterise differences between classic and peptide neurotransmitters (see 
Lundberg and Hökfelt, 1986; Lundberg, 1996; Hökfelt et al., 2003)(see Figure 2).  
 Classic, small-molecule neurotransmitters, such as monoamines, acetylcholine, glutamate or GABA are 
synthesised from precursors by enzymes mainly in the axonal terminal and are packed into small ‘clear’ 
synaptic vesicles (40-60 nm in diameter) accumulated close to the active zone of the synapse. Classic 
neurotransmitters are released already during low-frequency stimulation and activate various classes of 
receptors, involving both ligand-gated ion channels and also GPCRs. Binding to the receptor generally 
causes an immediate and rapidly reversed change in membrane conductance. Termination of the synaptic 
transmission occurs mainly by reuptake into the presynaptic neuron via specific membrane transporters or by 
enzymatic degradation.  
 In contrast, neuropeptides are synthesised in the cell body of a neuron as prepro-peptides, processed in the 
Golgi apparatus, packed into the large dense core vesicles (LDCVs, 90-250 nm in diameter) and then 
transported to the axonal terminal by fast axonal transport (Gainer, 1981). LDCVs are stored away from the 
active zone and fuse with the presynaptic membrane, mostly outside the synapse, in response to Ca2+ influx, 
which generally requires high-frequency stimulation. Once released, peptides act mainly via GPCRs, 
activating various intracellular signalling cascades. Even though peptides can influence membrane 
excitability, their main effects are related to regulation of e.g. gene transcription, changes in affinity of the 
receptors or modulation of neurotransmitter release. The action of neuropeptides is terminated by special 
proteolytic enzymes and diffusion.  

POTENTIAL ROLE OF NEUROPEPTIDES IN REGULATION OF MOOD AND MOOD DISORDERS 
There are several properties of neuropeptides that point to their potentially important role in regulation of 
mood and mood disorders. First, in the CNS, neuropeptides and their receptors are often expressed in brain 
areas involved in affective behaviour and response to stress (see Hökfelt et al., 2000). Second, neuropeptides 
exert powerful physiological effects, related to regulation of affective behaviour, both in the CNS and PNS. 
These effects are mediated mainly by GPCRs, and several receptor subtypes involving different transduction 
pathways are usually present. Third, neuropeptides are often co-expressed with monoaminergic transmitters 
(e.g. NA, 5-HT and dopamine, DA) as well as other neuropeptides involved in regulation of mood and 
depression (see Hökfelt et al., 2003). Fourth, neuropeptides appear to mainly act as neuromodulators, i.e. 
influence neurotransmission only under special conditions. Thus, neuropeptides are particularly mobilised 
during high neuronal activity, e.g. following traumatic stressful events that result in up-regulation of 
peptidergic transmission and thus modulation of activity of co-expressing neurons (see Lundberg and 
Hökfelt, 1986). A possible involvement of neuropeptides in regulation of mood and mood disorders is 
underscored by the fact that the mutation of genes that encode various neuropeptides and their receptors 
produce behavioural effects in animal models of depression- and anxiety-like behaviours (Timpl et al., 1998; 
Rupniak et al., 2001; Holmes et al., 2002). Several studies have indicated that the neuropeptide galanin may 
be of importance in regulation of mood and mood disorders (Fuxe et al., 1998; Weiss et al., 1998; Morilak et 
al., 2003; Lundström et al., 2005a; see Karlsson and Holmes, 2006; Ögren et al., 2006). 
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Figure 2. Mechanisms of neurotransmission mediated by neuropeptides and classic transmitters. 
Neuropeptides are produced ribosomally in the cell body and, to a less extent, in dendrites; then they are 
packed in large dense core vesicles (LDCVs) and transported into axons and dendrites (1). LDCVs can also 
contain classic transmitters (1, 2, 4). LDCVs contain processing enzymes that produce bioactive mature 
peptide from the precursor. The peptides can be released not only from nerve endings but also from 
dendrites and cell soma (1, 2, 4). The peptide receptors are of GPCR type and are present on cell soma, 
dendrites and axons (1, 4). Peptides are preferentially released (mainly outside the synapse) under burst or 
high frequency firing, whereas the classic transmitters, stored in clear synaptic vesicles, are released into the 
synaptic cleft during low frequency activity (2-4). Classic neurotransmitters act on ionotropic receptors and 
GPCRs in the synaptic cleft, whereas peptide receptors are mostly found outside the synapse (4). Classic 
transmitters can be produced in all parts of the neuron including nerve endings, because the synthesising 
enzymes are present throughout the neuron (4). Moreover, classic transmitters, in contrast to peptides, have 
reuptake mechanisms (transporter molecules) at both the cell and the vesicle membrane (5), leading to 
termination of the action as well as allowing recycling (4). In contrast, peptides are metabolised by 
extracellular peptidases (6), and replacement has to occur via axonal transport. Also glial cells can produce 
peptides and their receptors (7). Receptors are mostly processed via the constitutive pathway, transported in 
small vesicles, and inserted into the cell membrane, but there is evidence that delta opioid receptors are 
localised in the membrane of LDCVs (8). 
Reproduced from T. Hökfelt et al. (The Lancet 2003; 2:463-472), with kind permission from the author and 
Elsevier. 

GALANIN 

DISTRIBUTION AND PHYSIOLOGICAL ROLE IN THE BRAIN 
Galanin was discovered by Kazukiko Tatemoto, Viktor Mutt and collaborators in 1983 in extracts from the 
upper porcine intestine (Tatemoto et al., 1983). It was shown to be a 29 (30 in human)-amino acid 
neuropeptide, which derives from a 123-amino acid-long galanin precursor protein. Galanin is widely 
distributed both in the PNS and CNS of different species. In the CNS of mammals, relatively high levels of 
galanin are observed in the ventral forebrain, amygdala, hypothalamus, brainstem and spinal cord, mostly in 
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nerve terminals (Rökaeus et al., 1984; Skofitsch and Jacobowitz, 1985; Melander et al., 1986a; Skofitsch and 
Jacobowitz, 1986; Kordower et al., 1992; Perez et al., 2001). However, in some tissues/areas, including the 
dorsal root ganglia (DRGs), cholinergic basal forebrain, hippocampus and cortex, galanin expression is 
normally low. 
 Of a particular importance is the observation that, in the CNS, galanin coexists with various classic 
neurotransmitters and other neuropeptides (see Figure 3). Thus, galanin is co-localised with NA in the LC 
(Melander et al., 1986b; Holets et al., 1988; Xu et al., 1998a), with 5-HT in the dorsal and median raphe 
(Melander et al., 1986b; Xu et al., 1998b; Larm et al., 2003), and, albeit at very low levels, acetylcholine in 
the basal forebrain (Melander et al., 1985; Chan-Palay, 1988; Senut et al., 1989). Galanin coexistence with 
GABA, substance P and enkephalin in the tuberomammilary nucleus (Köhler et al., 1986; Melander et al., 
1986b), with (presumably) DA, growth hormone releasing factor and neurotensin in the hypothalamic 
arcuate nucleus (Meister et al., 1990b) and with vasopressin in the bed nucleus of stria terminalis (Miller et 
al., 1993) has also been demonstrated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Some of the major galanin pathways in the rat brain. 
5-HT- serotonin, ACh- acetylcholine, AMY- amygdala, Arc- arcuate nucleus, BST- bed nucleus of stria 
terminalis, DR- dorsal raphe, Enk- enkephalin, GABA- γ-aminobutyric acid, GRF- growth hormone releasing 
factor, HiFo- hippocampal formation, LC- locus coeruleus, Me- median eminence, MS/DBB- medial septum 
and diagonal band of Broca, NA- noradrenaline, NPY- neuropeptide Y, NT- neurotensin, SP- substance P, 
TH- tyrosine hydroxylase, TMN- tuberal magnocellular nucleus, VP- vasopressin. 
Modified from P. Schött, 2000 (PhD thesis)  
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 In agreement with its wide distribution, manifold roles in nervous and endocrine systems functions have 
been ascribed to galanin. For example, in the CNS, galanin may be involved in regulation of feeding 
behaviour (Leibowitz, 1998; see Gundlach, 2002), antinociception (Wiesenfeld-Hallin et al., 1992; Xu et al., 
2000; Liu and Hökfelt, 2002), reproduction (see Merchenthaler et al., 1993; Bloch et al., 1998) and learning 
and memory (see Crawley, 1996; Ögren et al., 1998; Robinson, 2004). It is important to note that many of 
these functions are impaired in patients with mood disorders. Finally, evidence from a number of animal 
models using both pharmacological methods and genetic manipulations suggest an involvement of galanin in 
modulation of emotion-related behaviour, such as anxiety and depression (see Fuxe et al., 1998; Weiss et al., 
1998; Morilak et al., 2003; Lundström et al., 2005a; Karlsson and Holmes, 2006; Ögren et al., 2006). 

GALANIN RECEPTOR SUBTYPES AND THEIR PHYSIOLOGICAL ROLE 
Galanin exerts its physiological action via GPCRs, of which three so far have been cloned, GalR1-R3 (see 
Iismaa and Shine, 1999; Branchek et al., 2000). These receptors have a wide-spread, partially overlapping 
distribution as shown in ligand binding (Skofitsch et al., 1986; Melander et al., 1988) and in situ 
hybridisation (O'Donnell et al., 1999; Burazin et al., 2000; see O'Donnell et al., 2003) studies. Expression of 
galanin receptor subtypes mRNAs in areas related to regulation of mood is presented in Table 1. Intracellular 
transduction pathways related to galanin receptor activation are summarised in Figure 4.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic illustration of the three galanin receptor subtypes (GalR1-GalR3) and their intracellular 
transduction mechanisms. 
AC- adenyl cyclase, ATP- adenosine triphosphate, cAMP- cyclic adenosine monophosphate, DAG- 
diacylglycerol, G- G protein, IP3- inositol triphosphate, MAPK- mitogen activated protein kinase, PIP2- 
phosphatidyl 4,5-bisphosphate, PKC- protein kinase C, PLC- phospholipase C.  
Reproduced from T.P. Iismaa and J. Shine (Results Probl Cell Diff 1999; 26:257-291), with kind permission 
from the authors and Springer Science and Business Media.
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GalR1 receptor subtype 
The first known galanin receptor, GalR1, was isolated from the human Bowes melanoma cell line (Habert-
Ortoli et al., 1994), and subsequently also the rat receptor was cloned (Burgevin et al., 1995; Parker et al., 
1995). The distribution of the GalR1 receptor subtype is relatively restricted. It has been detected by nothern 
blot analysis and reverse transcription polymerase chain reaction (RT-PCR) in the brain, spinal cord and 
gastro-intestinal tract (Habert-Ortoli et al., 1994; Lorimer and Benya, 1996; Waters and Krause, 2000). In the 
brain, expression of GalR1 mRNA was detected by in situ hybridisation in the hypothalamus, amygdala, 
ventral hippocampus, thalamus, medulla oblongata and spinal cord (see O'Donnell et al., 2003) (see Table 1). 
 The GalR1 receptor is coupled to Gi/Go types of G proteins, and activation of this receptor subtype 
reduces concentration of cAMP, opens G protein-coupled K+ channels, and stimulates MAP-kinase activity 
(Habert-Ortoli et al., 1994; Burgevin et al., 1995; Parker et al., 1995) (see Figure 4). Thus, the GalR1 
receptor mediates inhibitory actions of galanin on neurotransmitter and hormone release both in the brain and 
gastro-intestinal system (see Iismaa and Shine, 1999; Branchek et al., 2000). 

GalR2 receptor subtype 
The second galanin receptor, GalR2, isolated from the rat hypothalamic tissue, was shown to contain several 
intracellular phosphorylation sites different from GalR1 (Howard et al., 1997; Smith et al., 1997; Wang et 
al., 1997a). The GalR2 receptor mRNA is widely distributed, and was detected both in the brain and in 
peripheral tissues such as DRGs, heart, stomach, intestine, uterus, ovary, prostate and others (Howard et al., 
1997; Smith et al., 1997; O'Donnell et al., 1999; Waters and Krause, 2000). In the brain, the highest levels of 
GalR2 are detected in the hypothalamus, dentate gyrus, amygdala, piriform cortex and mammilary nuclei 
(see Waters and Krause, 2000; O'Donnell et al., 2003) (see Table 1).  
 Activation of the GalR2 receptor is coupled to the phospholipase C pathway, intracellular Ca2+ 
mobilisation and Ca2+-dependent Cl- channel activation (Fathi et al., 1997; Smith et al., 1997; Wang et al., 
1997a; Borowsky et al., 1998). However, the GalR2 receptor can also inhibit cAMP accumulation and 
stimulate MAP kinase (Fathi et al., 1998; Wang et al., 1998) (see Figure 4). Thus, the GalR2 receptor can 
either transmit stimulatory effects of galanin on e.g. neurotransmitter release acting via Gq/G11 types of G 
proteins, or can inhibit exocytosis via Gi/Go types (see Iismaa and Shine, 1999; Branchek et al., 2000). In 
fact, it has been shown that stimulation of the GalR2 receptor in the DR using the GalR2 receptor agonist 
M1896 enhances 5-HT release in the hippocampus (Mazarati et al., 2005). It has been proposed that GalR2 
receptor can also have an important role in neuronal survival, since its expression is upregulated following 
nerve injury or inflammation (Shi et al., 1997; Burazin and Gundlach, 1998). Moreover, this receptor 
mediates neurite outgrowth (Mahoney et al., 2003) and promotes neuronal viability, neuronal survival and 
plastic reorganisation in the hippocampus following seizures (Elliott-Hunt et al., 2004; Mazarati et al., 
2004a; Elliott-Hunt et al., 2007). 

GalR3 receptor subtype 
The third galanin receptor subtype, GalR3, was cloned in the rat (Wang et al., 1997b; Smith et al., 1998). 
Similar to the GalR2 receptor, GalR3 is widely distributed in the peripheral tissues such as heart, spleen, 
testes, liver, kidney and stomach (Wang et al., 1997b; Smith et al., 1998; Waters and Krause, 2000). In the 
CNS, GalR3 transcript was detected in the hypothalamus, pituitary, olfactory bulb, cerebral cortex, caudate 
putamen, cerebellum, medulla and spinal cord (Smith et al., 1998; Waters and Krause, 2000; see O'Donnell 
et al., 2003) (see Table 1). 
 Similar to the GalR1, the GalR3 receptor stimulates a pertussis-toxin-sensitive activation of an inward K+ 
current via activation of Gi/Go- proteins (Smith et al., 1998) (see Figure 4). This suggests that the GalR3 
receptor also mediates a hyperpolarisation response and inhibition of neurotransmitter release by galanin (see 
Iismaa and Shine, 1999; Branchek et al., 2000).  
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In spite of cloning and detailed characterisation of galanin receptor subtypes in vitro, the knowledge about 
physiological roles of different galanin receptor subtypes is still limited. For a long time, analysis of the 
functional role of galanin was based on use of galanin and chimeric galanin peptides such as M15, M35 and 
M40 (Bartfai et al., 1992). These are putative galanin receptor antagonists with equal affinity for all galanin 
receptor subtypes. However, recently a new peptide agonist selective for the GalR1 receptor (Lundström et 
al., 2005b), an antagonist for the GalR2 receptor (Sollenberg et al., 2006), and small molecule, nonpeptide, 
blood-brain barrier-penetrating antagonists for the GalR3 receptor (Swanson et al., 2005; Barr et al., 2006) 
have been developed, opening a new possibility to study galanin receptor physiology and function. 
 

Brain region GalR1 GalR2 GalR3 
Cerebral cortex 
Neocortex - (+) - 
Insular cortex ++ - - 
Piriform cortex ++ + - 
Entorhinal cortex ++ - - 
Limbic and basal forebrain 
Lateral septum ++ - - 
Medial septum + - - 
Bed nucleus of stria terminalis ++ + + 
Nucleus accumbens (shell) + - - 
Amygdaloid nuclei ++ + (+) 
Hippocampus 
Dorsal CA field - - - 
Dorsal dentate gyrus - +++ - 
Ventral CA1 +++ + - 
Ventral CA2, CA3 + + - 
Ventral dentate gyrus - ++ - 
Hypothalamus 
Paraventricular nucleus +++ ++ (+) 
Midbrain 
Ventral tegmental area - ++ - 
Dorsal raphe + + - 
Pons 
Locus coeruleus ++ + (+) 

 
Table 1. Relative levels of galanin receptor subtype mRNAs in several brain areas related to regulation of 
mood and mood disorders. 
‘+’ indicates relative level of expression (both the number of cells and the intensity of signal by cell), ‘(+)’ 
indicates a very low labelling or very few cells, ‘-‘ indicates absence of signal. 
Modified from O’Donnell et al., 2003. 

GALANIN RECEPTOR EXPRESSION IN THE LOCUS COERULEUS AND DORSAL RAPHE 
Galanin receptor expression in the rodent brain has been studied in the LC and DR using both in situ 
hybridisation and immunohistochemistry. In the LC, mRNAs for all three galanin receptor subtypes (GalR1-
R3) are expressed, although the levels of mRNA expression differ between the subtypes. Using a highly 
sensitive method of in situ hybridisation with riboprobes, a moderate expression was detected for the GalR1 
subtype, low for the GalR2 and very low for the GalR3 receptor mRNA in the rat LC (Parker et al., 1995; 
O'Donnell et al., 1999; Mennicken et al., 2002; see O'Donnell et al., 2003). However, an 
immunohistochemical study has reported high levels of GalR1- and, particularly, GalR3-like 
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immunoreactivity (-LI) in the LC, as well as the presence of the GalR2 subtype in the mouse brain (Hawes 
and Picciotto, 2004).  
 In the DR, both GalR1 and GalR2 mRNA expression is low, while no GalR3 signal could be detected 
(O'Donnell et al., 1999; Mennicken et al., 2002; see O'Donnell et al., 2003). An immunohistochemical study 
has reported expression of the GalR1-LI in the DR of the rat (but not of the mouse) (Larm et al., 2003), while 
neither GalR2- nor GalR3-LI could be seen with certainty in the mouse DR nucleus (Hawes and Picciotto, 
2004). However, it should be pointed out that recent electrophysiological studies using selective GalR3 
receptor antagonists suggest presence of the GalR3 subtype in the rat DR nucleus (Swanson et al., 2005). 

GALANIN AND MONOAMINERGIC NEUROTRANSMISSION 
Given the important role of NA and 5-HT systems in mood disorders, the fact that galanin and galanin 
receptors are expressed in the LC and raphe nuclei and their projection areas is intriguing and suggests that 
galanin can be an important modulator of both the NA and 5-HT systems.  

Galanin and noradrenaline systems 
Expression of galanin in the LC has been demonstrated by in situ hybridisation and immunohistochemical 
studies in both rat and mouse. It was shown that about 80% of the LC neurons express galanin in the rat, and 
that all galanin-positive neurons also contain NA (Holets et al., 1988; Xu et al., 1998a). The noradrenergic 
neurons of the LC express galanin at relatively high level, even under basal conditions (Melander et al., 
1986b; Xu et al., 1998a). This is indicated by the fact that galanin-LI can be detected in the LC neurons in 
the rat even with the classical indirect immunofluorescence method, without using colchicine (axonal 
transport blocker) treatment, and with the more sensitive tyramide signal amplification (TSA) technique as 
well. However, relatively few galanin-immunoreactive (-ir) fibres surround and make contacts with NA 
neurons in the LC (Pieribone et al., 1995). Therefore, galanin in the LC is probably mainly released from the 
soma/dendrites of the NA neurons, and less so from the afferent fibres (Pieribone et al., 1995). 
 Electrophysiological in vitro studies have demonstrated that galanin inhibits LC firing via activation of an 
outward current, presumably via potassium channels (Seutin et al., 1989; Sevcik et al., 1993; Pieribone et al., 
1995). The inhibitory effect of galanin is seen at relatively low concentrations (10-7 to 10-8 mol/L) (Pieribone 
et al., 1995) and is most likely mediated via stimulation of the GalR1/GalR3 autoreceptors, which are present 
in the LC (see O'Donnell, 2003). This view is supported by electrophysiological studies showing that 
application of the mixed GalR1/R2 agonist M961, but not the GalR2 agonist M1896, caused 
hyperpolarisation of the LC neurons. It has therefore been proposed that the GalR2 receptor subtype may 
function as a pre-synaptic receptor at the LC terminal level (Ma et al., 2001). It is also important to note that, 
at very low concentrations (10-9 mol/L), galanin enhances the hyperpolarisation caused by NA, probably 
mediated by the α2-adrenoreceptor (Ma et al., 2001). 
 Galanin is also present in noradrenergic terminals in the cortex and hippocampus (Xu et al., 1998a), 
suggesting that endogenous galanin release can affect NA transmission in the LC projection areas. In fact, 
galanin was shown to inhibit NA release in hypothalamic slices, mediated partially by activation of α2-
adrenoreceptors (Tsuda et al., 1989). And in view of the data discussed above, it can be proposed that the 
GalR2 receptor may also play a role in this inhibition.  
 In vivo microdialysis studies support an inhibitory role of galanin on NA transmission. Thus, 
intracerebroventricular (i.c.v.) galanin infusion produced a decrease in NA release in the hippocampus, an 
effect probably mediated at the cell body level (Yoshitake et al., 2003a). However, the inhibitory effect of 
galanin was moderate and transient (Yoshitake et al., 2003a). It is not known whether in vivo galanin release 
under stressful conditions can affect LC firing and NA release. It has been proposed that galanin, co-released 
from the LC terminals in the ventral tegmental area under conditions that cause profound activation of the 
LC, may exert an inhibitory action on post-synaptic neurons causing symptoms of behavioural depression 
(Weiss et al., 1998). Moreover, i.c.v. galanin significantly attenuated the increase of extracellular NA levels 
produced by systemic administration of selective NA reuptake inhibitor (NRI) desipramine (Yoshitake et al., 
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2003a). This indicates that the inhibitory action of galanin on noradrenergic neurons may persist even under 
conditions, when extracellular levels of NA are increased by the reuptake blockade. 

Galanin and serotonin systems 
Immunohistochemical and in situ hybridisation studies have shown that, in the rat, a substantial number of 5-
HT neurons in the raphe nuclei also co-express galanin, and that all galanin neurons contain 5-HT (Melander 
et al., 1986b; Xu et al., 1998b; Larm et al., 2003). However, in contrast to the LC, the levels of galanin in the 
DR are normally relatively low. Another difference from the LC is that a dense galanin-positive (5-HT-
negative) fibre network is present in the raphe nuclei, and these fibres make synaptic contacts with 5-HT 
neurons (Xu et al., 1998b). This fact suggests that endogenous galanin can influence activity of the raphe 
nuclei both via soma/dendritic release and via release from presumably afferent fibres. 
 Electrophysiological studies using slice preparations of the DR have shown that galanin applied at 
relatively high concentrations (10-6 mol/L) inhibits the firing rate of 5-HT neurons, probably related to the 
activation of potassium channels. This effect seems to be post-synaptic, since it was not blocked by 
application of tetrodotoxin to the medium. At low concentrations (10-9 mol/L), galanin enhanced the 
inhibitory action of 5-HT on the DR neurons, hypothetically via interaction with the 5-HT1A receptor (Xu et 
al., 1998b). 
 Studies using in vivo microdialysis have provided further evidence that galanin modulates serotonergic 
transmission in the CNS. Given i.c.v., galanin caused a potent, dose-dependent reduction of 5-HT release in 
the hippocampus in awake rats (Kehr et al., 2002). Inhibition of 5-HT release by i.c.v. galanin is probably 
mediated by activation of the galanin receptors at the DR cell body level, since intrahippocampal 
administration of galanin failed to affect 5-HT release (Kehr et al., 2002). Recent electrophysiological data 
suggest that the inhibitory action of galanin on 5-HT neurons may be mediated by the GalR3 receptor 
(Swanson et al., 2005). However, the use of galanin receptor-selective compounds has indicated a 
differential role of galanin receptors on 5-HT release. Thus, activation of the GalR2 receptor in the DR, 
using the GalR2 agonist M1896, increased 5-HT release in the hippocampus (Mazarati et al., 2005), while 
pre-treatment with the GalR3 antagonist SNAP 37889 partially blocked the inhibitory action of i.c.v. galanin 
on 5-HT firing and release (Swanson et al., 2005). These data suggest that the inhibitory action of galanin on 
5-HT neurons may be mediated via GalR3/R1, while the GalR2 receptor can transmit stimulatory actions of 
galanin on 5-HT release. Interestingly, i.c.v. galanin was shown to attenuate the 5-HT release induced by the 
SSRI citalopram (Yoshitake et al., 2003a), indicating that the inhibitory action of galanin on 5-HT release 
persists even under conditions of serotonergic activation by the SSRI. 
 The firing rate of the 5-HT neurons (and therefore 5-HT release) is controlled by the somatodendritic 5-
HT1A autoreceptor. A number of studies have indicated a close interaction between galanin and the 5-HT1A 
receptor both in the DR neuronal cell body and the terminal levels. Under basal, non-stressful conditions, 
i.c.v. galanin was found to cause a time-dependent reduction in affinity (kd values) and an increase in number 
of the 5-HT1A autoreceptors (Bmax), as well as a decrease of 5-HT1A mRNA levels in the DR (Razani et al., 
2000). Possible galanin/5-HT1A receptor interactions are also supported by the finding that the reduction in 5-
HT release induced by i.c.v. galanin is partially reduced by pre-treatment with the 5-HT1A antagonist WAY-
100635 (Yoshitake et al., 2003b). These results suggest that there probably exists a complex mechanism 
underlying reciprocal (antagonistic) interactions between galanin and the 5-HT1A receptor at the DR cell 
body level. A similar effect was also observed at the 5-HT terminal level. There, galanin can antagonise 5-
HT1A receptor-mediated inhibition of 5-HT release following treatment with 8-OH-DPAT. In contrast, pre-
treatment with 8-OH-DPAT enhanced the inhibitory effect of i.c.v galanin on hippocampal release 
(Yoshitake et al., 2003b). 
 Both in vitro binding and in vivo behavioural results gave evidence for antagonistic interactions of galanin 
also with the post-synaptic 5-HT1A receptor. Thus, galanin can reduce the affinity of 5-HT1A receptors in the 
limbic cortex in vitro (Fuxe et al., 1988; Hedlund and Fuxe, 1996). Moreover, in various behavioural models, 
including locomotor activity, passive avoidance and hypothermia, i.c.v galanin antagonised post-synaptic 5-
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HT1A receptor functions (Misane et al., 1998; Razani et al., 2001; Kehr et al., 2002). However, in contrast to 
the DR, i.c.v. galanin failed to change the affinity or mRNA levels of the 5-HT1A receptor in the ventral 
limbic cortex and the hippocampus (Razani et al., 2001). This may suggest that galanin regulates pre- and 
post-synaptic 5-HT1A receptor functions by different mechanisms. It would also be important to find out, 
whether this situation persists or is changed under exposure to stressful conditions. 
 Given the important role of 5-HT1A receptors in regulation of 5-HT transmission and their possible 
involvement in the pathophysiology of mood disorders, the ability of galanin to modulate 5-HT1A receptor 
functions is intriguing. Galanin/5-HT1A receptor interaction may represent an important mechanism by which 
the galanin system contributes to modulation of serotonergic transmission and regulation of mood. 

POSSIBLE ROLE OF GALANIN IN DEPRESSION-LIKE BEHAVIOUR 
The neuroanatomical, histological and neurochemical data discussed above strongly suggest an involvement 
of brain galanin in regulation of monoaminergic systems, which are believed to be dysfunctional in 
depression. A summary of behavioural studies on possible involvement of galanin in regulation of 
depression-like behaviour is presented in Table 2.  
 The first behavioural evidence for a possible involvement of galanin in regulation of depression-like 
behaviour was provided by a study in the rat showing that galanin infusion into the ventral tegmental area 
increased, while the galanin antagonist M15 decreased, immobility time in the forced swim test (FST) 
(Weiss et al., 1998), an animal model of depression-like behaviour (Porsolt et al., 1977b). Moreover, an 
increased density of galanin binding sites was found in the DR in a Flinders sensitive line, a putative rat 
model of depression (Bellido et al., 2002). The fact that exposure to chronic stress increased galanin gene 
expression in the amygdala (Sweerts et al., 1999) and in the LC (Holmes et al., 1995) of the rat may also 
indicate involvement of the galanin system in stress-reactivity. Finally, newly developed, non-peptide Gal3 
receptor antagonists were shown to exert antidepressant-like activity in various rodent models of depression-
like behaviour (Swanson et al., 2005; Barr et al., 2006). 
 In contrast, a number of other recent studies have suggested that increased galanin signalling may have an 
antidepressant-like effect. The systemically active, non-peptide galanin agonists galmic and galnon, 
administered intraperitoneally (i.p.) prior to the FST, were shown to decrease immobility time (Bartfai et al., 
2004; Lu et al., 2005). Moreover, both chronic treatment with the SSRI fluoxetine and electroconvulsive 
treatment were shown to increase galanin mRNA levels in the DR and LC (Lu et al., 2005), accompanied by 
an increase in GalR2 (but not GalR1) receptor binding sites. The putative galanin receptor antagonist M40 
attenuated the antidepressant-like effect of fluoxetine in the FST (Lu et al., 2005). It has also been reported 
that galanin given intravenously (i.v.) exerts an antidepressant-like effect through suppression of rapid eye 
movement (REM) sleep in humans (Toppila et al., 1995; Murck et al., 2004). 
 Studies using genetically modified mice have resulted in conflicting data. Mice overexpressing galanin 
(GalOE) under the dopamine β-hydroxylase (DBH) promoter (GalOE/D) as well as mutant mice lacking the 
GalR1 receptor (GalR1-KO) failed to show signs of increased depression-like behaviour in the tail 
suspension test (TST) (Holmes et al., 2005), an animal model of depression-like behaviour (Steru et al., 
1985). Also, GalR2-KO mice exhibited normal baseline behaviour in the TST (Gottsch et al., 2005).  
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Treatment/ 
Genetic mutation 

Species Behavioural 
test 

Behavioural 
effect 

Reference 

Galanin (i.c.v.) Rat FST No effect (Weiss et al., 1998) 
Galanin 
(intra-hypothalamic) 

Rat FST No effect (Weiss et al., 1998) 

Galanin 
(intra-VTA) 

Rat FST Depression-like (Weiss et al., 1998) 

Galanin (i.c.v.) Mouse TST No effect (Holmes et al., 2005) 
Galanin (i.v.) Human Hamilton rating 

scale 
Antidepressant-like (Murck et al., 2004) 

M15, 
galanin antagonist 
(intra-VTA) 

Rat FST Antidepressant-like (Weiss et al., 1998) 

M40, 
galanin antagonist (i.c.v.) 

Rat FST Blocked antidepressant 
effect of chronic 
fluoxetine treatment 

(Lu et al., 2005) 

Galmic, galanin agonist 
(systemic) 

Rat FST Antidepressant-like (Bartfai et al., 2004) 

Galnon, galanin agonist 
(systemic) 

Rat FST Antidepressant-like (Lu et al., 2005) 

SNAP 37889, 
GalR3 antagonist (systemic) 

Rat FST Antidepressant-like (Swanson et al., 2005) 

 
3-(3,4-
dichlorophenylimino)-1-(6-
methoxypyridin-3-yl) 
indolin-2-one, 
GalR3 antagonist (systemic) 

 
Rat 
 
Mouse 

 
FST 
 
TST 

 
Antidepressant-like 
 
Antidepressant-like 

 
(Barr et al., 2006) 
 
(Barr et al., 2006) 

GalOE/D Mouse TST No effect (Holmes et al., 2005) 
GalR1-KO Mouse TST No effect (Holmes et al., 2005) 
GalR2-KO Mouse TST No effect (Gottsch et al., 2005) 
 
Table 2. Effects of galaninergic treatment or genetic mutations on depression-like behaviour. 
i.c.v.- intracerebroventricular, i.v.- intravenous, FST- forced swim test, TST- tail suspension test, VTA- ventral 
tegmental area. 
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A I M S  

GENERAL AIM 

The general aim of this thesis was to investigate the involvement of the neuropeptide galanin in 
regulation of behavioural functions of relevance for mood disorders. 

SPECIFIC AIMS 

 
• To develop a transgenic mouse model for galanin overexpression (GalOE mouse) and to 

characterise the distribution of galanin in peripheral tissues, spinal cord and brain of this mouse 
(papers I and II). 

 
• To characterise the behavioural phenotype of the GalOE mouse with special reference to the 

peripheral (paper I) and central (paper III) nervous system functions.  
 

• To study the effect of galanin overexpression on hippocampal noradrenaline and serotonin 
release under acute stressful conditions (paper IV). 

 
• To study the effect of galanin, galanin antagonist and galanin receptor-selective ligands on 

depression-like behaviour in the forced swim test in the rat (papers V and VI). 
 

• To assess the possible interaction between exposure to stress and galanin receptor stimulation 
on the expression of neurochemical markers of possible relevance for depression in the locus 
coeruleus and the raphe nuclei using in situ hybridisation (paper VI). 
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M A T E R I A L S  A N D  M E T H O D S  

ANIMALS 

Both mice and rats were used in the experiments. GalOE mice were generated at Karolinska Institutet as 
described below. The line was back-crossed for 10 generations on a C57Bl/6BKL genetic background, and 
then GalOE heterozygote mice were bred with wild type (WT) littermates to produce GalOE and WT control 
mice. At the time of behavioural experiments, mice were 3-5 months old. Male Sprague-Dawley rats (10-12 
weeks old), weighing 290-320 g at the time of surgery, were obtained from Scanbur (former B&K Universal, 
Sollentuna, Sweden).  
 GalOE and control mice were housed in groups of two to six in standard plastic cages (Macrolon® Type 
A3). Rats were housed in groups of four in standard plastic cages (Macrolon® Type A4) until surgery, after 
which they were housed separately (two animals per cage separated by a plastic wall) to prevent chewing of 
chronic cannulae. All animals were kept in colony rooms under standardised conditions (12 h light/dark 
cycle (lights on at 07.00), temperature of 22±0.5°C and 40–50% relative humidity). Food and water were 
provided ad libitum. Animals were allowed to habituate to the animal facility for at least five days before 
starting the experiment. In all behavioural experiments, animals were handled daily for a period of three to 
five days during the pre-experimental period to reduce the influence of stress. Animal housing and 
experimental procedures followed the provisions and general recommendations of the Swedish animal 
protection legislation. All experimental procedures were approved by the local Animal Ethics Committee 
(Stockholm Norra Djurförsöksetiska Nämnd). 

TRANSGENIC MICE (PAPERS I, II, III AND IV) 

Generation of the GalOE transgenic mouse 
The 1.3 kb platelet-derived growth factor B (PDGF-B) promoter (Collins et al., 1985; Sasahara et al., 1991) 
was ligated to the galanin/GMAP gene construct, including the second endogenous intron of the galanin 
gene. The galanin/GMAP fragment was created from both mouse cDNA and genomic DNA. The excised 
PDGF-B promoter/galanin-GMAP fragment was injected at a concentration of 2–3 ng/μl into pronuclei from 
fertilized mouse oocytes (Hogan et al., 1986) from a cross between F1 (C57Bl/6×CBA) mice. 

DNA preparation and genotyping 
To define transgenic status of the animals, mouse tail biopsies were lysed and DNA was extracted. DNA was 
amplified using PCR with two specific primers for galanin  
5′-TGCCTCCCTAGAGTCGACGAGGGATCCTCGTGCGCT-3′ and  
5′-AGGCATCCCAAGTCCCAGAGTGGCTGA-3′ and TaqDNA polymerase (2.5 U; Sigma, St. Louis, MO, 
USA) at 95 °C for 45 s, at 54 °C for 1 min and at 72 °C for 1 min for 30 cycles, and finally at 72 °C for 10 
min. The PCR product was separated on a 1.4% (w/v) agarose gel, and visualized with UV-light showing a 
445 base pair WT band or a 248 base pair GalOE band. 

Southern blot 
Southern blot analysis was performed to define how many copies of the construct have been inserted into 
genome. Genomic DNA (10 μg) from GalOE and WT mice was cleaved using a BamHI restriction enzyme. 
As a control, 0.1 ng of plasmid was cleaved with the same enzyme. DNA was separated on a 0.7% agarose 
gel containing ethidium bromide and blotted over to a Hybond-N membrane (Amersham Pharmacia Biotech, 
Amersham, UK). A galanin cDNA probe was labelled with α-32P-dCTP (10.0 mCi/ml) (NEN, Boston, MA, 
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USA) using a Rediprime II kit (Amersham Pharmacia Biotech). The membrane was hybridized overnight at 
65 °C and then briefly washed in 2× standard saline citrate solution (SSC; 1× SSC=0.15 M NaCl; 0.15 M 
NaCitrate). Results were examined using a phosphoimager (Fujifilm BAS-2500, Fuji, Japan) as well as after 
exposure to Super RX X-ray film (Fujifilm).  

SURGICAL AND MICROINFUSION PROCEDURES 

SURGICAL PROCEDURES, GALOE MICE (PAPERS I, II AND IV) 

Nerve transection (paper I) 
Mice (both GalOE and WT) were anaesthetised with pentobarbital (60 mg/kg, i.p.) prior to surgery, which 
included a unilateral cut of the efferent carotid nerves of the superior cervical ganglion (SCG), or unilateral 
transection of the sciatic nerve, or unilateral decentralization of the SCG by cutting the sympathetic trunk. 
Animals were re-anaesthetised as above after a survival time of 7 days, and processed for in situ 
hybridisation or immunohistochemistry. 

Intracerebral injection of axonal transport blocker (paper II) 
To increase intracellular levels of galanin in the brain, some animals were injected i.c.v. with the mitosis 
inhibitor and axoplasmic transport-blocker colchicine. Mice were anaesthetised with Hypnorm/Midasolam 
anaesthesia (fentanyl citrate 0.63 mg/kg, fluanisone 29mg/kg, midasolam 10mg/kg, i.p.) and placed in a 
stereotaxic frame (David Kopf Instruments, Tujunga, California, USA). Colchicine (30 μg in 5 μl) was 
dissolved in 0.9% NaCl and slowly infused into the right ventricle (coordinates from bregma: posterior -0.2 
mm, lateral +0.9 mm and ventral -1.8 mm from the surface of the brain, according to the “Stereotaxic Atlas 
of Mouse Brain” (Paxinos and Franklin, 2001). Twenty-four hours later, animals were processed for in situ 
hybridisation or immunohistochemistry. 

Stexeotaxic implantation of microdialysis and injection cannulae (paper IV) 
For the microdialysis experiment, mice were anaesthetised with sodium pentobarbital (60 mg/kg, i.p.) and 
placed in a Kopf stereotaxic frame (David Kopf Instruments). The body temperature was maintained at 37°C 
during the operation using a temperature-controlled heating pad (CMA/105, CMA/Microdialysis, Stockholm, 
Sweden). A CMA/7 guide cannula with a dummy (CMA/Microdialysis) was implanted into the right ventral 
hippocampus (from bregma: posterior, -3.0 mm; lateral +3.0 mm; ventral -1.8 mm), and the i.c.v. guide 
cannula (Plastics One, Roanoke, VA, USA) was implanted into the right lateral ventricle (from bregma: 
posterior, -0.1 mm; lateral +0.9 mm; ventral, -1.8 mm). Cannulae were cemented to the skull using two 
microscrews (AgnTho’s, Lidingö, Sweden) and dental cement (Dentalon®, AgnTho’s). 

STEREOTAXIC SURGERY, RATS (PAPERS V AND VI) 
Rats were anaesthetised with Hypnorm/Midasolam anaesthesia (fentanyl citrate 0.2 mg/kg, fluanisone 
6.7mg/kg, midasolam 2mg/kg) or with isoflurane (induction 4.6%; maintenance 2.1-3.4%; airflow 360-380 
mL/min) (paper IV and V) and placed in a stereotaxic frame (David Kopff Instruments). During surgery, 
body temperature was maintained at 37 °C using a temperature-controlled heating pad (CMA/Microdialysis). 
A permanent steel guide cannula (Plastics One) was implanted into the right ventricle (from bregma: 
posterior -1.3 mm, lateral -1.8 mm and ventral to the surface of the skull - 3.7 mm, infusion site is 0.5 mm 
below the ventral coordinate, according to the “Atlas of Rat Brain” (Paxinos and Watson, 1998 ). The guide 
cannula was attached to the skull using dental cement (Dentalon®, AgnTho’s) and three microscrews 
(AgnTho’s). Finally, a dummy cannula was inserted and secured with a dust cap. After surgery the animals 
received a single intramuscular injection of buprenorphin (Temgesic, Shering-Plough AB, Stockholm, 
Sweden) at a dose of 0.05 mg/kg, as well as the local anaesthetic lidocaine (10 mg/dose spray; Xylocain; 
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AstraZeneca, Södertälje, Sweden), which was sprayed onto the wound. Finally, each rat was given a single 
infusion of saline (CCS AB, Borlänge, Sweden; 1.5 ml s.c. in the neck) to compensate for possible fluid loss 
during anaesthesia. The animals were allowed to recover for 6 - 7 days in the colony room before the start of 
the experiment.  

INTRACEREBRAL MICROINFUSIONS (PAPERS IV, V AND VI) 
Microinfusions of peptidergic ligands were conducted using a microinfusion pump (CMA/100, 
CMA/Microdialysis) and a Hamilton syringe (25 µl), which was connected via a plastic tubing to an 
injection cannula (33 GA; diameter of 0.2 mm; Plastics One) that was 0.5 mm longer than the guide cannula. 
The infusion rate was 0.5 µl/min with a duration of 1 min (mice) or 2 min (rats), after which the cannula was 
left inside the guide for an additional 60 s to avoid back-flow. The animals were lightly held by the 
experimenter during the infusion procedure. 

COMPOUNDS 

The following compounds and peptidergic ligands were used in the experiments (see Table 3 for details): D-
amphetamine (Apoteket, Stockholm, Sweden), the antidepressant drugs desipramine hydrochloride and 
fluoxetine hydrochloride (Sigma Aldrich, St Louis, MO, USA), rat or porcine galanin and the chimeric 
galanin antagonist M35 (galanin-(1-13)-bradykinin-(2-9)-amide (Bartfai et al., 1992) (both from Bachem, 
Budendorf, Switzerland), the GalR1 receptor agonist M617 (galanin-(1-13)-Gln14-bradykinin-(2-9)-amide, 
Lundström et al., 2005), the GalR2 agonist (galanin-(2-11)-NH2, Liu et al., 2001) and the GalR2 antagonist 
(galanin-(2-13)-Glu-His-(Pro)3-(Ala-Leu)2-Ala-amide (Sollenberg et al., 2006). 
 For i.c.v. microinfusion, the peptides were dissolved in freshly made artificial CSF (aCSF), which was 
also used as control. The chemical substances were stored in a refrigerator (4 °C) or on ice until use. The 
concentration of galanin and the galanin antagonist M35 was calculated on the basis of the purity of the 
peptide. 
 
 

Paper Compound/ 
Peptide 

Route of 
administration 

Dose Time 
interval 

Supplier/Reference 

IV Galanin (porcine) i.c.v. 1 nmol 0 min Bachem 
V, VI Galanin (rat) i.c.v. 3 nmol 20 min Bachem 
IV, V M35 i.c.v. 1 nmol 90; 20 min Bachem 
VI M617 i.c.v. 3 nmol 20 min (Lundström et al., 2005) 
VI M1896 i.c.v. 1 nmol 20 min (Liu et al., 2001) 
VI M871 i.c.v. 3 nmol 20 min (Sollenberg et al., 2006) 
V Desipramine 

hydrochloride 
i.p. 10 mg/kg 23, 5, 1 h Sigma Aldrich 

V, VI Fluoxetine 
hydrochloride 

i.p. 10 mg/kg 23, 5, 1 h Sigma Aldrich 

 
Table 3. Summary of the various compounds, route of administration, time interval and supplier used in 
different experiments. 
i.c.v-. intracerebroventricular, i.p.- intraperitoneal.  
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HISTOLOGICAL TECHNIQUES 

Both immunohistochemistry and in situ hybridisation techniques were used to study the anatomical 
distribution of galanin and other messenger molecules in the GalOE mouse (papers I, II and IV). In paper VI, 
semi-quantitative in situ hybridisation was employed to detect possible neuronal correlates to the behavioural 
changes seen after administration of various pharmacological compounds.  

TISSUE PREPARATION 
Some animals were treated with colchicine as described above 24 h prior to dissection. For in situ 
hybridisation (also for radioimmunoassay), tissues were rapidly dissected out, immersed in ice-cold 0.9% 
NaCl, frozen on dry ice and stored on -70°C until use. For immunohistochemistry, animals were deeply 
anaesthetised by i.p. injection of pentobarbital (60 mg/kg) and perfused through the ascending aorta with 
Tyrode’s solution, followed by a fixative containing 4% paraformaldehyde and 14% (v/v) of picric acid in 
0.16 M phosphate buffer (Pease, 1962; Zamboni and De Martino, 1967). The tissues were dissected out, 
post-fixed and transferred to a 0.01 M phosphate buffer containing 10% (w/v) sucrose for 24-48 h at 4°C 
before rapid freezing by CO2. Sections were cut in a cryostat (Microm, Heidelberg, Germany) at a thickness 
of 14 μm and mounted on Probe-On slides (Fisher Scientific, Pittsburgh, PA, USA) for in situ hybridisation 
or on gelatine-alum coated slides for immunohistochemistry. 

IN SITU HYBRIDISATION (PAPERS I, II AND VI) 
The in situ hybridisation method allows for detection of the cellular expression of a specific gene transcript 
using radioactively labelled probes complementary to the mRNA of interest.  
 Oligonucleotides (Table 4) were labeled with 35S (papers I and II) or 33P γ-dATP (paper VI) (NEN) at the 
3′-end using terminal deoxynucleotidyltransferase (Amersham, Amersham, UK) and purified using 
ProbeQuant™ G-50 Micro Columns (Amersham Pharmacia Biotech, Piscataway, NJ, USA). Sections were 
air-dried overnight and hybridised for 16-18 h at 42°C with the oligonucleotide probe (0.5 ng in a 
hybridisation cocktail) as described earlier (Dagerlind et al., 1992). After hybridisation, sections were 
washed in 1× SSC, rinsed in distilled water, rapidly dehydrated with alcohol and air-dried. For control, an 
excess (100×) of the unlabelled probes was added to the hybridisation solution, a procedure that completely 
abolished the signals. For semiquantitative evaluation, sections were exposed together with 14C-radioactive 
standards to Kodak Biomax MR films (Kodak, Rochester, NY, USA). The films were developed in Kodak 
LX 24 and fixed in Kodak AL4, rinsed and air-dried. Alternatively, sections were dipped into liquid photo 
emulsion NTB2 (Kodak, Rochester, NY, USA), exposed and developed in D19 (Kodak), fixed in Kodak 
3000 and mounted in glycerol. Some sections were counter-stained with Toluidine blue to specify the 
anatomic region or to confirm the cellular localization of the silver grains. 
 

Paper Neurotransmitter/ 
Enzyme 

Nucleotides Species Reference 

I Galanin 241-273, 307-337, 324-
371, 361-393, 427-459, 
487-519 

Rat (Vrontakis et al., 1987) 

I, II, VI Galanin 152-199 Rat (Vrontakis et al., 1987) 
VI Tyrosine hydroxylase 

(TH) 
1441-1488 Rat (Grima et al., 1985) 

VI Tryptophan hydroxylase 2 
(TPH2) 

489-536 Rat (Walther et al., 2003) 

VI 5-HT1A receptor 762-809, 1048-1095 Rat (Albert et al., 1990) 
VI 5-HT transporter (5-HTT) 305-352 Rat (Hoffman et al., 1991) 

 
Table 4. Summary of oligoprobes used for in situ hybridisation. 
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IMMUNOHISTOCHEMISTRY (PAPERS I, II AND IV) 
The immunohistochemistry technique allows for demonstration of the cellular/subcellular localisation of 
proteins/peptides in tissue sections by the use of antibodies or antisera.  
 For indirect immunohistochemistry (Coons, 1958) the sections were incubated overnight at 4 °C, in a 
humid chamber, with primary antibodies (Table 5) or fluorescein isothiocyanate (FITC)-conjugated α-
bungarotoxin (1:1,500) (Sigma). Sections were rinsed in phosphate-buffered saline (PBS), incubated with 
secondary antibodies conjugated to FITC, lissamine rhodamine sulfonylcumarine, Rhodamine Red-X or Cy3 
(all from Jackson ImmunoResearch Inc., West Grove, PA, USA) for 30 min at 37 °C, rinsed in PBS and 
mounted in PBS:glycerol (1:10) containing 0.1% para-phenylenediamine as antifading agent. For double-
immunohistochemistry, the sections stained for galanin were re-incubated as described above with antiserum 
to calcitonin gene-related peptide (CGRP), nitric oxide synthase (NOS), vesicular acetylcholine transporter 
(VAChT) or with FITC-conjugated α-bungarotoxin.  
 In some experiments the TSA method (Adams, 1992) was used. Briefly, a commercial TSA-Plus Kit 
(NENLife Scientific Products, Boston, MA, USA) was used, and the antibodies were diluted around 5–10× 
more (Table 5). After the incubation with primary antiserum, sections were rinsed in Tris–NaCl–Tween 
(TNT) buffer, blocked in Tris–NaCl–blocking reagent (TNB; kit) buffer and then incubated with horseradish 
peroxidase (HRP)-labelled porcine anti-rabbit immunoglobulin (DAKO A/S, Copenhagen, Denmark) and 
rinsed in TNT buffer. Finally, slides were incubated with Fluorophore Tyramide diluted 1:100 in 
amplification reagent (kit), rinsed and mounted in 2.5% DABCO (1,4-diazabicyclo[2.2.2]octane) (Sigma) 
diluted in glycerol. For the control of specificity of immunostaining, preadsorption of galanin antiserum 
(dilutions 1:8,000–1:100,000) with galanin (10−6 and 10−5 M; Bachem) was performed. This procedure 
abolished all the staining patterns described below. Furthermore, two galanin knock-out mice (Wynick and 
Bacon, 2002) were processed as described, and sections from selected brain areas were stained with galanin 
antiserum (as above) according to the TSA method. Again, none of the staining patterns seen in the selected 
brain areas of the WT mice could be detected. 
 
 

Paper Neurotransmitter/Enzyme Origin Dilution Reference 
I, II, IV Galanin Rabbit 1:400-1:800 

1:8000* 
(Theodorsson and Rugarn, 2000) 

I Vasoactive intestinal polypeptide 
(VIP) 

Rabbit 
 

1:400 
1:4000-1:8000* 

Prof. J. Fahrenkrug 

I Calcitonin gene-related peptide 
(CGRP) 

Goat 1:800 
1:8000* 

Arnel Products Co. Inc., NY, 
USA 

I Nitric oxyde synthase  
(NOS) 

Goat 1:2000 
1:10000* 

(Herbison et al., 1996) 

I Vesicular acetylcholine transporter 
(VAChT) 

Goat 1:1000-1:4000 
1:10000* 

(Arvidsson et al., 1997) 

I FITC-conugated α-bungarotoxin  1:1500 Sigma 
 
Table 5. Summary of primary antibodies used for immunohistochemistry. 
* indicates dilution of antibody when the TSA method was used. 

IMAGING (PAPERS I, II, IV AND VI) 
The brain sections were analysed using a Nikon Eclipse E600 microscope equipped with a dark-field 
condenser and epi-polarisation, and epi-fluorescence with appropriate filter combinations connected to a 
digital camera (Nikon DXM 1200). In some cases, Kodak T-MAX 400 black-and-white film was used for 
photography. The films were then scanned using a Nikon LS-2000 film scanner (Nikon Corporation, Tokyo, 
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Japan). Scanned and digital images were imported into Adobe PhotoShop 6.0 (Adobe System Incorporated, 
San Jose, CA) and optimized for brightness, contrast and sharpness. 

DENSITY MEASURMENTS AND STATISTICAL ANALYSES (PAPERS I AND VI) 
Grain density was measured using a Nikon microscope connected to a Macintosh IIx (Apple Computer, 
Cupertino, CA, USA) equipped with the NIH 1.63 program (developed at the U.S. National Institute of 
Health and available on the Internet at http:rsb.info.nih.gov/nih-image), and a Cage-MTI 72 CCD camera 
(DAGE-MTI, Michigan City, IN, USA). Neuronal profiles with a clear nucleus and expressing galanin 
mRNA more than three times the background were counted. Statistical analyses were performed using a 
Mann-Witney U-test or Student’s t-test for independent groups. The level of significance was set at p<0.05. 
 Analysis of film autoradiogramms was carried out by microdensitometry using NIH Image software after 
scanning films. 14C standards (Amersham) co-exposed with the slides were used to detect semiquantified 
level of radioactivity (nCi/g). Measurements were performed on 4 sections for the LC (left and right 
independently), and on 4 to 8 sections for the DR/MR, and the mean value was calculated for each animal. 
The DR nucleus was subdivided into lateral, dorsal and ventral subnuclei, which were each assessed 
independently. A one-way analysis of variance (ANOVA) followed by Fisher’s protected least significant 
difference (PLSD) test was used to analyse the results of quantitative in situ hybridisation. The level of 
significance was set at p<0.05. 

BEHAVIOURAL EXPERIMENTS 

All behavioural tests were performed between 8 a.m. and 3 p.m. Before testing, animals were brought to the 
experimental room in transport cages and allowed to habituate to the room for at least 60 min prior to testing. 
When working with transgenic animals, it is critical to monitor different domains of behaviour with several 
tests to assess the behavioural consequences of the mutation.  

FORMALIN TEST (PAPER I) 
The formalin test was performed based on the experiments by Dubuisson and Dennis (1977). Briefly, the 
animals were habituated in a chamber containing six individual acrylic enclosures, which were ventilated and 
maintained at a temperature of 23-25°C during the experiment. Formalin (20 µl of 2.7% formalin) was 
injected subcutaneously into the left hind paw. The experiments were video-recorded and analysed off-line. 
Pain behaviour was quantified as time spent licking the formalin-injected paw. This behaviour shows a 
biphasic response, and the first phase (0-5 min after formalin), the second phase (15-30 min after formalin) 
and the interlude (5-15 min) were scored separately. 

LOCOMOTOR ACTIVITY (PAPER III) 
A fully computerised multicage red and infrared-sensitive motion detection system (Motion Products®, 
Stockholm, Sweden) was used to measure locomotor activity (Ögren et al., 1986). Standard A3 Macrolon® 
cages containing 50 ml of wood shavings were used, and measurements of parameters were performed every 
10 min for 60 min. Motility (general activity) was measured as all movements of a distance of 4 cm or more 
as detected by 48 vertical photocells. Locomotion was measured by counting the number of times an animal 
had covered eight horizontal photocells and moved from one side of the test cage to the other side (a distance 
of at least 32 cm).  
 In the amphetamine test, spontaneous locomotor activity was measured for 1 h (habituation phase) as 
described above, then the animals were taken from the test cages, received a single injection of D-
amphetamine, and returned immediately back to the test cages. Locomotor activity was measured for an 
additional 2 h (drug phase) as described above. 
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ANXIETY-LIKE BEHAVIOUR (PAPER III) 
Studies of emotional, anxiety-like behaviour in rodents are often used to model human psychiatric disorders. 
Several tests have been validated using clinically active drugs such as the open field, light-dark exploration 
and elevated plus-maze. These tests are recognised as ethological, since they reflect a natural conflict 
between exploratory behaviour and a tendency to avoid open, light or elevated areas, where animal may 
become a target for predators (see Rodgers, 1997; Crawley, 2000). 

Open field 
Open field test can be used to assess both spontaneous motor activity and anxiety-like behaviour. A brightly 
and evenly illuminated (400 lx in the centre) square arena (50×50×25 cm) was used. The area was divided 
into 16 quadrants (4 central and 12 peripheral, 10 cm from the walls). Mice were placed individually into the 
centre of the open field and left to explore for 5 min. The time spent in the central and peripheral zones, total 
distance travelled during the experiment and numbers of crossings between zones were automatically 
recorded by the TSE digital analysing system based on a video camera and PC-compatible software (TSE, 
Homburg, Germany). To assess anxiety-like behaviour, the percentage of the time spent in the central area of 
the open field was used. The box was cleaned after each animal (70% ethanol). 

Light-dark exploration 
A modified shuttle box with two communicating (5×10-cm door) compartments (25×25×25 cm each) was 
used. One compartment was black and darkened, and the other compartment was white and brightly 
illuminated (400 lx). Mice were individually placed in the middle of the light compartment facing the wall, 
and left to explore for 5 min. Latency to enter the dark compartment, time spent and the distance travelled in 
the light and dark compartments, as well as number of transitions between compartments were recorded 
using the TSE video-tracking system (TSE). The percentage of time spent in the brightly illuminated white 
compartment was used to assess anxiety-like behaviour. The boxes were cleaned after each animal. 

Elevated plus-maze 
The elevated plus-maze apparatus consisted of four arms (each arm 30×5 cm) and a central area (5×5 cm) 
elevated 1 m above the floor. Two arms were open and two closed with 10-cm high walls. Mice were 
individually placed in the centre facing an open arm and allowed to explore for 5 min. Total distance 
travelled during the experiment, number of crossings between closed and opened arms, as well as time spent 
in the open and closed arms were detected using the TSE video-tracking system (TSE). The percentage of 
time spent in the open area (including the central arena) was used to describe anxiety-like behaviour. The 
apparatus was cleaned after each animal. 

DEPRESSION-LIKE BEHAVIOUR (PAPERS III, IV, V AND VI) 
The core symptoms of clinical depression involve changes in mood, and it is therefore difficult to develop 
animal models to study this disease (Frazer and Morilak, 2005). Some of the symptoms of depression such as 
feelings of worthlessness, excessive or inappropriate guilt, as well as recurrent thoughts of death and suicide 
are not possible to model in animal studies. However, it is known that exposure to traumatic and stressful 
events is one of the main predisposing factors in development of depression. Moreover, depression is often 
viewed as manifestation of an inability to cope with stress (see Anisman and Zacharko, 1990; Kessler, 1997). 
Therefore, various models of depression-like behaviour based on exposure to stressful stimuli and traumatic 
events have been developed, including the learned helplessness model (Seligman and Maier, 1967), the FST 
(Porsolt et al., 1977b), the TST (Steru et al., 1985) and chronic mild stress (Willner, 1997).  
 FST is one of the most widely used behavioural models, and it is based on assumption that rodents will 
always try to escape an aversive stimulus. However, if the stimulus is inescapable, the animal will eventually 
stop trying to escape, and e.g. will become immobile in the FST. This behavioural reaction is often explained 
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as indicative of “learned helplessness”, and the duration of immobility defines the magnitude of depression-
like behaviour. Importantly, the FST has been shown to be sensitive to various factors which are known to 
influence the development of depression in humans, including genetic predisposition, changes in food intake, 
alterations in sleep, as well as previous exposure to stress (see Cryan et al., 2005). Moreover, FST has a high 
degree of face or predictive validity, since it is sensitive to all types of antidepressant treatments, including 
TCA, MAOI, SSRIs, NRIs and electroconvulsive treatment (see Borsini and Meli, 1988). It has therefore 
been suggested that there exists a significant functional relationship between this behavioural model and 
clinical depression (Lucki, 2001). 
 The procedure involves placing an animal into a glass cylinder containing water to a level which does not 
allow animals to touch the bottom of the cylinder, and also prevents it from climbing out (see Figure 5). 
Following the first vigorous attempts, rodents cease to struggle to escape and become immobile, which 
means floating passively in the water. In our experiments we have used a pre-exposure to water 24 h prior to 
test both for mice and rats. This procedure seems to be a more sensitive technique for detecting depression-
like behaviour than the procedure utilising a single exposure to water (Borsini et al., 1989). 

Forced swim test 
The test was performed in a vertical glass cylinder (25 cm height, 13 cm diameter for mice; 50 cm height, 18 
cm diameter for rats) containing water (25 °C, 16 cm high for mice, 30 cm high for rats). Two swimming 
sessions were conducted: a pre-test followed 24 h later by a test. In the pre-test session, animals were forced 
to swim during a 15-min period (papers III and V) or 10 min (paper VI), and then removed from the cylinder 
and gently dried. About 24 h later, each animal was placed in the glass cylinder and exposed to the forced 
swim conditions for 6 min (mice) or 5 min (rats). The total duration of climbing and immobility were 
recorded by an observer using a stopwatch during the test session (Figure 5). Climbing was defined as 
vigorous forepaws movements directed toward the walls of the cylinder. Immobility was defined as floating 
passively in an upright position in water, with only small movements necessary to keep the head above the 
water surface. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 5. Forced swim test (FST) setup for rats used in the present studies. 
The test was conducted in a cylinder filled with water to the level, which prevents the animal from touching 
the bottom of the cylinder (height 30 cm). Two types of behavioural activity were quantified and are shown in 
the figure: climbing and immobility. 
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LEARNING AND MEMORY (PAPER III) 
Learning and memory refer to cognitive processes by which an individual can acquire knowledge and 
experience of the environment, which are retained and result in adaptive behaviour. Memory systems, 
depending on the type of information which is processed, can be divided into two major classes: declarative 
(explicit) memory (memory for facts and events) and non-declarative (implicit) memory (memory for skills 
and habits, emotional memories etc.) (see Milner et al., 1998), which also depend on different anatomical 
substrates. 

Passive avoidance 
Passive avoidance, which is based on Pavlovian conditioning, is regarded as amygdala-dependent task and is 
used to evaluate non-declarative, emotional memory. However, recent studies also indicate that hippocampal 
mechanisms play a significant role in this task (Stiedl and Ögren, to be published). In this task an animal is 
required to refrain from entering a place, where an aversive stimulus has been previously experienced.  
 A two-compartment standard shuttle box (10×16×18 cm, Ugo Basile, Comerio-Varese, Italy) (Misane 
and Ögren, 2000) with two communicating compartments of equal size (one black and the other white, with 
a stainless steel bar floor), separated by a 4×4 cm sliding door, was used. The shock compartment was dark, 
and the light compartment was illuminated by a bulb (24 V, 5 W) installed on the top. About 15 min prior to 
training, each animal was allowed to explore the light and dark compartments (habituation procedure) for 1 
min each. After the habituation procedure, each mouse was placed in the light compartment for 1 min, then 
the slide door was automatically opened, and the latency to enter the dark compartment was measured 
automatically. Once the animal entered the dark compartment, the slide door was automatically closed, and 
an inescapable, constant weak electrical current (0.4 mA, 2 s) was delivered through the grid floor. After 
receiving the unconditioned stimulus, animal remained in the dark compartment for 30 s. Retention latency 
was tested 24 h after training. The cut-off time was set at 300 s. 

Water maze task 
The Morris water maze task is widely used to evaluate learning and memory processes. Spatial learning is 
hippocampus-dependent and can be regarded as animal analogue of declarative memory. In this task, rodents 
are required to search for a hidden platform using spatial cues (Morris et al., 1982). 
 A water tank (180-cm wide, 45-cm deep), filled up with water (23 °C), contained a hidden circular 
platform (15-cm wide) placed 1 cm below the surface, which served as the escape platform for the animal. 
The maximal swim time for every trial was 90 s, followed by a rest on the platform (20 sec). Each animal 
was trained for 5 days, with four trials per day. The four starting points were randomised over 5 days of 
training. Retention test (probe trial) was performed 30 min after the last trial in the absence of the platform. 
Each animal was released from the position opposite to the target quadrant and allowed to swim for 60 s. 
 Then, mice were subjected to a reversal training procedure performed on experimental days 8–10, when 
the escape platform was moved to the opposite quadrant. Retention test for the reversal training was 
performed as above. The latency to reach the platform, swim speed and distance, thigmotaxis behaviour and 
the time spent in different quadrants were registered with a digital camera system (HVS, Bristol, UK) 
connected to a PC computer. 

NEUROCHEMICAL EXPERIMENTS 

MICRODIALYSIS (PAPER IV) 
In vivo microdialysis technique was used to monitor the levels of extracellular neurotransmitters at relatively 
high spatial and temporal resolution (Ungerstedt, 1991). The principle of microdialysis is based on diffusion 
of molecules according to the concentration gradients existing between the perfusate and the extracellular 
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fluids. The microdialysis samples are collected and then analysed by analytical techniques (high performance 
liquid chromatography, HPLC).  
 The microdialysis experiments were carried out in order to investigate the effects of galanin 
overexpression on neurotransmission in the ventral hippocampus of GalOE mice under stressful conditions. 
This brain area was selected since it was shown to be implicated in regulation of mood (see Bannerman et 
al., 2004). The extracellular levels of hippocampal NA and 5-HT as well as the effect of i.c.v. galanin 
infusion on basal NA and 5-HT levels were measured in awake GalOE and control WT mice. In a separate 
experiment, mice were exposed to a repeated 10 min FST with concurrent collection of microdialysis 
samples. 
 The microdialysis surgery and experiments were carried out as described elsewhere (Kehr et al., 2001). 
Briefly, following recovery from surgery (see above), a microdialysis probe (2 mm membrane; CMA/17; 
CMA Microdialysis) was inserted through the guide cannula and perfused with aCSF at a flow rate of 1 
µl/min. After 120 min of habituation, fractions were collected every 10 min. The concentration of NA and 5-
HT in the microdialysis samples was determined using liquid chromatography based on precolumn 
derivatisation with benzylamine and fluorescent detection (L-7480 fluorescence detector equipped with a 12-
µl flow cell) (Merk-Hitachi; Germany), as described earlier (Kehr et al., 2001). Six microdialysis samples 
were collected to calculate basal extracellular levels of NA and 5-HT. 

OTHER TECHNIQUES (PAPER I) 

RADIOIMMUNOASSAY 
Tissues were cut into small pieces on ice, and 1M acetic acid was added, and then the mixture was boiled. 
Samples were homogenized, using a steel rod and a Vortex and centrifuged. Supernatants were collected and 
lyophilized using a Speed-Vac and stored at -70°C until analysis. Samples were reconstituted, and galanin 
concentration was measured using a radioimmunoassay for rat galanin (Theodorsson and Rugarn, 2000). 
HPLC-purified Chloramine-T-125I-galanin was used as a radioligand and synthetic rat galanin was used as a 
calibrator. Gammamaster 1277 and Multicalc 2000 software were used for measuring radioactivity and 
evaluating results, respectively. Protein concentrations were measured using a modification of the Folin 
Phenol reagent method of Lowry (1951) optimized for minimal (20 µl) sample volumes in wells of microliter 
plates and analysed at 690 nm on a UV Max Microplate Reader. 

HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY 
Reverse-phase HPLC was performed with a 40 min linear gradient of acetonitrile (20-40%) in water 
containing 0.1% trifluoracetic acid. Samples of 200 µl were injected, and fractions of 0.5 ml were collected 
at an elution rate of 1.0 ml/min. Each fraction was lyophilized and re-dissolved in 100 µl of distilled water 
before analysis. The fractions were assayed for immunoreactivity in the tubes used for their collection. 

PLASMA EXTRAVASATION ASSAY 
After injection of 50 mg/kg Evans Blue (Sigma, USA) into the jugular vein, mustard oil (5%) was injected 
into one paw, and vehicle (mineral oil) was injected in the contralateral paw (10 µl/paw). Animals were 
sacrificed and punch biopsies were sampled. Evans blue was extracted, and extravasated plasma proteins 
were measured spectrophotometrically (absorbance/gram of tissue) 
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STATISTICAL ANALYSES 

Overall effects of genotype or treatment in behavioural experiments were analysed using a one-way ANOVA 
(open field, light-dark exploration, elevated plus-maze, FST, passive avoidance and retention test for the 
Morris water maze), or by a two-way ANOVA (locomotor activity, water maze acquisition, microdialysis). 
In the amphetamine test, a General Linear Model was used (genotype as categorical predictor, the last mean 
of basal activity before amphetamine injection as continuous predictor, and time as within effect). Post-hoc 
analysis was performed using Fisher’s PLSD test. The level of significance was set at p<0.05. 
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R E S U LT S  A N D  D I S C U S S I O N  

GENERATION AND PHENOTYPIC CHARACTERISATION OF THE GALANIN 
OVEREXPRESSING, TRANSGENIC MOUSE (PAPERS I, II, III AND IV)  

DISTRIBUTION OF GALANIN IN THE PERIPHERAL AND CENTRAL NERVOUS SYSTEM 
(PAPERS I AND II) 
In many parts of the PNS and CNS, including the DRGs, cholinergic basal forebrain or hippocampus, 
galanin expression is normally low. However, galanin expression can undergo dramatic changes following 
traumatic or stressful events, e.g. nerve injury (see Hökfelt et al., 1994). Interestingly, in Alzheimer’s 
disease, characterised by i.a. loss of cholinergic neurons in the basal forebrain, galanin levels are elevated in 
the cerebral cortex and hippocampus (Gabriel et al., 1994), and galanin-immunoreactive fibres 
hyperinnervate cholinergic neurons in the nucleus basalis of Meynert (Chan-Palay, 1988; Mufson et al., 
1993).  
 Studies of the functional roles of galanin in vivo have for a long time been limited by the absence of 
systemically active, blood-brain barrier-penetrating (and receptor-selective) compounds. Only recently some 
synthetic ligands acting as non-selective galanin agonists (Saar et al., 2002; Bartfai et al., 2004), as well as 
selective GalR3 receptor antagonists (Swanson et al., 2005; Barr et al., 2006), have been developed, 
providing new possibilities for studying galanin system functions. However, some of these compounds have 
a low affinity for galanin receptors, can also bind to non-galanin receptors (Florén et al., 2005), or have a low 
solubility (Swanson et al., 2005). To study the possible roles of endogenous galanin, one possible approach 
is the generation of genetically modified animals, which either lack or overexpress galanin (Gal-KO and 
GalOE, respectively) (Wynick et al., 1998; Cai et al., 1999; Steiner et al., 2001), or animals, which lack 
galanin receptor subtypes (GalR-KO) (Jacoby et al., 2002; Gottsch et al., 2005). To understand the role of 
galanin in the peripheral and CNS functions, we generated a mouse overexpressing galanin under the PDGF-
B promoter. 
 To interpret functional results with transgenic mice, it is critical to characterise their neuroanatomical 
features. Therefore, we studied the anatomical distribution of galanin and galanin transcript in the PNS and 
spinal cord (paper I) and in the brain (paper II) of the GalOE mouse. In principle, enhanced galanin 
expression can occur either in the systems already expressing galanin under normal circumstances 
(homotopic expression), or in the systems where galanin can not be detected in WT mice, even following 
special treatment, e.g. colchicine (so-called ectopic expression).  
 It is also important, especially in the case of ectopic expression, to characterise the distribution of galanin 
not only by in situ hybridisation, but also by an immunohistochemical technique, since in situ hybridisation 
provides information only about the transcript, while immunohistochemistry can detect the presence of the 
peptide itself. It is possible that not all systems, which express galanin mRNA de novo, have the machinery 
to package the peptide/peptide precursor into the LDCVs needed for transport and release. On the other 
hand, the converting enzymes may be lacking, and the mature bioactive peptide may not be produced. Thus, 
even if galanin mRNA is present, the peptide is then probably not produced, or cannot be properly packaged, 
transported and released. This could explain lack of functional effect in spite of presence of mRNA.  

Distribution of galanin in the peripheral nervous system and spinal cord of the GalOE mouse 
(paper I) 
The PDGF-B promoter construct (Figure 6a) was used to overexpress galanin, since this promoter is widely 
distributed in the brain (Sasahara et al., 1991), and has been shown to produce strong overexpression of β-
amyloid precursor protein in the mouse brain (Games et al., 1995). In agreement, the expression patterns of 
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overexpressed galanin observed in the GalOE mouse were related to those of the PDGF-B promoter. 
Southern blot has shown that 5 copies of the construct have been inserted in the heterozygous GalOE mouse 
(Figure 6b). We found high levels of galanin mRNA in both sympathetic and sensory ganglia. In the SCGs 
of the GalOE mouse, approximately half of the neurons expressed galanin mRNA. Axotomy caused a further 
increase of galanin expression in individual neurons (however, the number of galanin-positive profiles was 
not changed). One possible explanation is that the majority of the axotomised neurons already express 
galanin mRNA. On the other hand, axotomy was made close to the SCGs, and it is likely that a considerable 
number of neurons may die (Shi et al., 2001). In the DRGs, galanin mRNA was detected in approximately 
two thirds of neuronal profiles, including large ones. However, following axotomy there was no further 
increase in mRNA expression or in number of galanin-positive profiles, unlike in the SCGs. 
 In agreement, strong galanin-LI was observed in the nerve terminals in the target organs of the autonomic 
and sensory neurons, including sweat and salivary glands, blood vessels, epidermis, motor end-plates and the 
grey matter of the spinal cord. In sweat glands, most galanin-ir fibres associated with acini were also 
VAChT-positive, suggesting that these fibres are cholinergic sympathetic fibres. The galanin-ir plexus of 
nerves around acini of salivary glands also contained VIP-LI, a marker for cholinergic sympathetic and 
parasympathetic neurons. Galanin-ir fibres surrounding blood vessels co-expressed CGRP, a marker for the 
primary sensory neurons. Finally, in the spinal cord, galanin mRNA and galanin-LI were detected in α-motor 
neurons at all levels, and galanin-positive cells were also seen in the white matter of GalOE, but not WT 
mice. 
 
 
 
 
 
 
 
 
 

 
 
Figure 6. (a) Schematic drawing of the galanin/GMAP construct consisting of the PDGF-B promoter, the 5’ 
untranslated region, a leader sequence (LS), a second intron from the galanin gene followed by the 
signalling sequence (black), the galanin/GMAP cDNA, and finally 3’ untranslated region. (b) Southern blot of 
GalOE DNA. A galanin plasmid was used as a control. 
Reproduced from paper I. 
 

Distribution of galanin in the central nervous system of the GalOE mouse (paper II) 
The distribution of galanin and galanin transcript was studied in the brain of the GalOE mouse. A 
widespread ectopic expression of galanin (both at mRNA and peptide levels) was found, mainly in 
telencephalic regions, such as the olfactory bulb, several cortical areas, claustrum, amygdala, the 
hippocampal formation, and in several thalamic and brainstem motor nuclei. Here we will describe some of 
the most striking examples of galanin overexpression in the brain of the GalOE mouse. 
 In the olfactory bulb, very strong ectopic expression of galanin (both mRNA and peptide) was found in 
the mitral cells (Figure 7a), the principle output neurons of the olfactory bulb, transmitting information to the 
higher olfactory structures (anterior olfactory nucleus, piriform cortex) (see Shipley et al., 1995). Moreover, 
galanin-LI could also be seen in lamina Ia (Figure 7b) all along the ventro-lateral surface of the brain 
(piriform and entorhinal cortex), the projection area of the mitral cells (Scott et al., 1980). The presence of 
galanin in the terminal area of the mitral cells suggests that the peptide is not only translated, but also 
successfully packed and transported to the nerve terminals. To exert a functional effect, galanin should also 
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be released and activate the receptors. This indeed seems to be true for the mitral cell-pirifom cortex system. 
It is known that the piriform cortex is involved in epileptogenesis (see McIntyre and Kelly, 2000), and that 
galanin can suppress epileptogenesis (Mazarati et al., 2000; Kokaia et al., 2001; Haberman et al., 2003). A 
recent study has shown that ectopically expressed galanin attenuates excitatory synaptic responses in the 
piriform cortex during high frequency stimulation of the lateral olfactory tract and suppresses generalised 
seizures in the present GalOE mice as compared to WT controls (Schlifke et al., 2006). These data indicate 
that endogenously de novo overexpressed galanin can modulate synaptic responses in the excitatory 
synapses, presumably via suppression of glutamate release (Palazzi et al., 1991; Zini et al., 1993). However, 
since the GalR1 receptor is expressed in the piriform cortex (see O'Donnell et al., 2003), galanin can also 
exert a post-synaptic effect. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Immunofluorescence (a, b, d) and dark-field (c) micrographs showing ectopic galanin-
immunoreactive profiles (a, b, d) or galanin mRNA expression (c) in the olfactory bulb (a), lamina Ia of the 
piriform cortex (b) and hippocampus and cerebral cortex (c, d) of the colchicine-treated GalOE mouse. Note 
also the presence of galanin mRNA and galanin-LI in the cerebral cortex (c,d). 
CA1-CA3- the hippocampal CA fields; GrDG- granule cell layer of the dentate gyrus; lo- lateral olfactory tract; 
Po- polymorph layer of the dentate gyrus. Arrows in (a) indicate ectopic galanin-LI in the mitral cells of the 
olfactory bulb; arrowheads in (b) indicate galanin-LI in the lamina Ia of the piriform cortex; arrow in (d) 
indicates the mossy fibres; arrowheads in (d) indicate the absence of galanin-LI in the pyramidal cell layer. 
Scale bars a= 50 µm; b= 100 µm; c=d= 200 µm. 
 
 A striking difference in galanin expression between GalOE and WT mice was also found in the 
hippocampal formation, including hippocampus, dentate gyrus, subiculum and presubiculum (Figure 7c, d). 
A widespread ectopic expression of galanin mRNA was observed in the granular and pyramidal cell layers, 
as well as the subiculum and presubiculum of the GalOE mouse. However, no galanin-LI could be detected 
in the pyramidal cell layer (with possible exception for the CA3 field) (Figure 7d), possibly related to a 
failure of synthesis/packaging of the peptide as discussed above. A particularly strong galanin-LI was 
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observed in the granule cells/mossy fibres (Figure 7d). The presence of both mRNA and peptide indicates 
that galanin might be functionally active in the granule cell-mossy fiber system. In fact, the suppression of 
seizure activity following hippocampal kindling was observed in the present mouse (Kokaia et al., 2001), 
presumably related to suppression of glutamate release from the mossy fibres mediated by the GalR2 
receptor, which is highly expressed in the granule cell layer (O'Donnell et al., 1999). Another important 
aspect of galanin overexpression in the hippocampus may be related to memory functions. Thus, GalOE/D 
mice, showing i.a. ectopic galanin expression in the entorhinal cortex and perforant path (Hohmann et al., 
2003), display age-dependent memory impairment in the Morris water maze (Steiner et al., 2001). Also, 
studies using intrahippocampal injections of galanin support a possible role of galanin in hippocampal 
learning and memory functions (Ögren et al., 1996; 1998; Schött et al., 2000). 
 Previously, only low numbers of galanin-ir cells were described in the mouse cortex following colchicine 
treatment (Perez et al., 2001), but no mRNA expression was detected (Cheung et al., 2001). In the cerebral 
cortex of the GalOE mouse, we observed abundant ectopic galanin expression mostly in the pyramidal cells, 
both at the mRNA and peptide levels (Figure 7 c, d). It is conceivable that galanin, released from efferent 
cortical fibres, may affect neurotransmission in cortical projection areas.  
 Surprisingly, an apparent reduction of galanin-LI was observed in the cortical fibres in transgenic 
animals. The main source of galaninergic fibres in the cerebral cortex and hippocampus are the 
noradrenergic neurons of the LC (Dahlström and Fuxe, 1964; see Aston-Jones et al., 1995), also co-
expressing galanin (Melander et al., 1986b; Holets et al., 1988). In the rat, virtually all galanin-ir fibres in the 
dorsal cortex and dorsal hippocampus are noradrenergic (Xu et al., 1998a). Decreased galanin-LI in the 
cortical fibres may indicate either increased release or decreased synthesis. Galanin mRNA levels in the LC 
were similar between transgenic and control animals, thus not supporting an increased synthesis/release, 
while galanin-LI appeared somewhat lower in the GalOE mouse. Galanin levels in the cortical NA fibres 
could be of functional significance, since galanin can inhibit NA-induced cAMP accumulation in the cerebral 
cortex, as well as NA release via a presynaptic action (Tsuda et al., 1989). Galanin–NA interactions may be 
of particular interest, since dysfunctions of NA transmission are involved in depression and anxiety (see 
Weiss et al., 1981; Morilak and Frazer, 2004; Morilak et al., 2005).  
 In contrast to the LC, we did not observe galanin expression (either mRNA or peptide) in WT or GalOE 
mice in the DR nucleus neurons, but a moderately dense fibre network could be seen both in the WT and 
GalOE mouse, all in agreement with previous studies (Cheung et al., 2001; Perez et al., 2001; Larm et al., 
2003). In contrast, in the rat, galanin could be detected not only in the fibres, but also in serotonergic cell 
bodies (Melander et al., 1986b; Xu et al., 1998b; Larm et al., 2003). Since the serotonergic system plays an 
important role in regulation of mood and mood disorders, and galanin was shown to be a potent modulator of 
5-HT system in the rat, it would be important to find out whether or not galanin plays a similar role in 
modulation of serotonergic system in the mouse and, in particular, in humans. 

FUNCTIONAL ROLE OF GALANIN IN THE PERIPHERAL SYSTEMS (PAPER I) 
The functional role of galanin in the PNS was investigated in several models, including plasma extravasation 
and the formalin pain test. 

Peripheral sensory mechanisms: inflammation 
Extravasation was studied after mustard oil-induced inflammation, which showed a significant reduction in 
GalOE as compared to WT mice. It is possible that mustard oil induces release of both galanin and substance 
P from sensory nerve terminals of GalOE mice, and that high galanin levels in the GalOE mouse, via a 
presynaptic action, inhibit release of substance P, reducing extravasation. However, the possibility that 
changes in plasma extravasation also could be regulated at the endothelial cell level cannot be excluded. It 
has been shown that endothelial cells express the NK1 receptor (Greeno et al., 1993), but it is not known 
whether galanin receptors are also located on the endothelial cells. Extravasation due to increased vascular 
permeability is one of the important components of cutaneus inflammation (Jancsó et al., 1967). Substance P 
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released from sensory neurons is a major mediator of this response (Lembeck et al., 1982; Lundberg et al., 
1983), and it has been shown that extravasation induced by i.v. administration of substance P is attenuated by 
an intradermal injection of galanin (Xu et al., 1991). Thus, if a high amount of endogenous galanin is 
released together with substance P, extravasation should probably decrease. 

Peripheral sensory mechanisms: nociception 
The role of galanin in sensory nociceptive mechanisms was studied using the formalin test. This test 
monitors nociception as a consequence of tissue damage. In the GalOE mouse, there is a significant increase 
in paw licking in the second phase, as well as in the interlude. Our results indicate that overexpression of 
galanin enhances this type of pain behaviour. This finding agrees with studies showing biphasic effects of 
galanin on the nociceptive flexor reflex with facilitation at low doses and inhibition at high doses 
(Wiesenfeld-Hallin et al., 1988). Recent findings also demonstrate that intrathecal injection of galanin 
reduces pain threshold in normal rats (Kerr et al., 2000a; Liu et al., 2001), and that Gal-KO mice show a 
decreased pain threshold (Kerr et al., 2000b). 

BEHAVIOURAL CHARACTERISATION OF THE GALOE MOUSE: FUNCTIONAL ROLE OF 
GALANIN IN THE CENTRAL NERVOUS SYSTEM (PAPER III) 
The behavioural phenotype of GalOE mice was further evaluated in a battery of tests, relevant for locomotor 
activity, learning and memory, anxiety- and depression-like behaviours. 

Locomotor activity  
Locomotor activity of GalOE mice was studied both in the open field test and in the locomotor cages. No 
difference between genotypes was observed in the exploratory activity in the open field test, while GalOE 
mice showed a slight increase when assessed in the locomotor cages. In contrast, amphetamine-induced 
increase of locomotor activity was somewhat lower in GalOE mice. The lower motor stimulation after 
amphetamine may suggest possible changes in dopaminergic and/or noradrenergic functions in the GalOE 
mouse. Several studies indicate an inhibitory role of galanin on dopaminergic neurotransmission (Nordström 
et al., 1987; Gopalan et al., 1993; Tsuda et al., 1998; Counts et al., 2002). The amphetamine-induced 
increase in locomotor activity in mice largely depends on DA release (Ögren and Ross, 1977), particularly in 
the nucleus accumbens (Clarke et al., 1988). Interestingly, histochemical analysis of GalOE mice (paper II) 
showed increased galanin-LI in the reticular part of the substantia nigra and in the fibres innervating the 
nucleus accumbens, especially in the shell region. Thus, it is possible that overexpressed galanin may 
attenuate dopaminergic neurotransmsiion via inhibition of DA release, underlying lower sensitivity to 
ampetamine stimulation in GalOE mice. 

Learning and memory 
A potential role of galanin in learning and memory processes is suggested by neuroanatomical studies 
showing widespread distribution of galanin in the brain areas important for cognition, as well as by 
neurochemical studies indicating that galanin can modulate release of various neurotransmitters, particularly 
acetylcholine (Ögren et al., 1996; 1998). Moreover, studies in Alzheimer’s disease patients have 
demonstrated increased galanin innervation of cholinergic basal forebrain (Chan-Palay, 1988; Mufson et al., 
1993), suggesting a link between the neuropathology of this disorder and galanin. Interestingly, in animal 
models, deleterious actions of galanin are particularly evident when cholinergic transmission is reduced e.g. 
by treatment with the muscarinic antagonist scopolamine (Robinson and Crawley, 1993), or lesions with a 
cholinergic immunotoxin (McDonald et al., 1998). We have used two behavioural models to study learning 
and memory processes in GalOE mice: passive avoidance and Morris water maze. 
 The present GalOE mice showed normal learning and retention in the passive avoidance task. Passive 
avoidance is an emotional memory task, based on Pavlovian fear conditioning, which depends to a large 
extent on the amygdala (see LeDoux, 2000). In the present GalOE mouse, we have observed a strong galanin 
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mRNA expression in the basolateral nucleus of amygdala. However, no galanin-LI could be seen in the 
neurons, indicating that galanin is probably not functionally active in this system. On the other hand, 
GalOE/D mice did not display any changes in performance of the standard delay-cued contextual fear 
conditioning task, but were impaired in the more complex trace-cued contextual fear conditioning (Kinney et 
al., 2002), and this impairment was correlated with hippocampal galanin levels (Wrenn et al., 2002). Taken 
together, these data suggest that galanin might be involved only in certain aspects of emotional learning and 
memory. 
 The water maze is a declarative, spatial learning and memory task, mainly dependent on the hippocampus 
(Morris et al., 1982). Earlier, intrahippocampal galanin administration was shown to impair learning and 
memory in the rat, although the effect of galanin was critically dependent on the area of the hippocampal 
formation (Ögren et al., 1996; Schött et al., 2000). We have observed a particularly high expression of 
galanin (both mRNA and peptide) in the granule cell-mossy fibre system of GalOE mice (paper II). We 
therefore expected to see some changes in learning and memory in the transgenic mice. However, GalOE 
mice showed normal learning and memory in this task. A possible explanation may be related to the fact that 
young (3-5 month old) mice were used, and several studies suggest that the inhibitory effects of galanin on 
learning and memory are age-dependent (Steiner et al., 2001; Pirondi et al., 2006). Interestingly, there is 
evidence for an alteration in synaptic plasticity in old GalOE mice, since paired-pulse facilitation of 
excitatory postsynaptic potentials in the lateral perforant path in slice preparations of the dentate gyrus is 
decreased in young GalOE, while not observed at all in the old GalOE mice (Zheng et al., 2005).  

Anxiety-like behaviour 
Anxiety-like behaviour was assessed in three different tests, including open field, light-dark exploration and 
elevated plus-maze. We did not find any difference between genotypes in any of these behavioural models. 
This is in agreement with the previous study on GalOE/D mice, overexpressing galanin mainly in 
noradrenergic neurons. Anxiety-like behaviour was not altered in these mice when tested under basal 
conditions (Holmes et al., 2002). However, a number of recent studies have indicated that galanin may affect 
anxiety-like behaviour under stressful conditions. Thus, in the rat, an anxiolytic effect of endogenously 
released galanin in the central nucleus of amygdala was found in the elevated plus maze test, when 
combination of restraint stress and the α2-adrenoreceptor antagonist yohimbine was used to activate the NA 
system (Khoshbouei et al., 2002a). A similar anxyolytic effect in the elevated plus-maze was observed in 
GalOE/D mouse following yohimbine treatment (Holmes et al., 2002). This led to the suggestion that galanin 
co-released from NA terminals could elicit an anxyolytic effect by buffering the anxiogenic effect of NA. 
However, these findings are difficult to interpret, since mechanism underlying yohimbine’s anxiogenic effect 
in humans and rodents is still not clear (Charney et al., 1983; 1987; Tanaka et al., 2000). Moreover, a 
subsequent study showed that the anxiolytic effect was not dependent on galanin release from the LC 
noradrenergic fibres, but instead on galanin release from the local galanin neurons located in the intra-
amygdalar bed nucleus of stria terminalis (Barrera et al., 2005; 2006). Finally, some studies instead indicate 
an anxiogenic effect of galanin following injections into the amygdala or bed nucleus of stria terminalis 
(Möller et al., 1999; Khoshbouei et al., 2002b). Taken together, these conflicting results indicate that further 
studies are required to examine to what extent the role of galanin in anxiety is region-, pathway-, context- or 
response-specific (Barrera et al., 2005; 2006). 

Depression-like behaviour 
Depression-like behaviour was assessed in the FST. GalOE mice showed an increased time of immobility as 
compared to WT controls. In this test, increase in immobility time may indicate a failure of persistence in 
escape-directed behaviour (behavioural despair), or a development of passive behaviour (see Cryan et al., 
2002). An increase in passive behaviour in the FST was proposed to be a rodent analogue of stress-induced 
depression (Porsolt et al., 1977b). Paper III shows an effect of galanin overexpression on depression-like 
behaviour, suggesting that galanin has “pro-depressive” properties. Studies on GalOE/D, as well as GalR1-
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KO and GalR2-KO mice failed to show changes in depression-like behaviour when tested in the TST 
(Gottsch et al., 2005; Holmes et al., 2005). However, it is possible that the TST is not sensitive enough to 
detect the effect of genetic manipulation, since the TST utilises a single exposure to the stress. In contrast, 
the FST paradigm used in our study utilised a double exposure to water. This test paradigm has been shown 
to be more sensitive in detecting changes in depression-like behaviour than the standard single exposure used 
for mice (Porsolt et al., 1977a; Borsini et al., 1989; Bourin, 1990; Dalvi and Lucki, 1999). On the other hand, 
the neuroanatomical pattern of changes in expression of galanin/galanin receptors in various mutant mice 
may also play a role. 
 Several mechanisms may underlie the depression-like phenotype of the GalOE mouse. Our 
neuroanatomical data (paper II) indicate that GalOE mice exhibit altered galanin expression in several brain 
areas involved in regulation of mood and pathogenesis of depression. Thus, increased galanin expression was 
detected in e.g. cerebral cortex, hippocampus and nucleus accumbens, while a marked decrease of galanin-LI 
was observed in the cortical (presumably noradrenergic) fibres. This suggests that the galaninergic 
modulation of various neurotransmitter systems involved in regulation of depression-like behaviour may be 
altered in the GalOE mouse. 

NEUROCHEMICAL CHARACTERISATION OF THE GALOE MOUSE: EFFECT OF GALANIN 
OVEREXPRESSION ON HIPPOCAMPAL NORADRENALINE AND SEROTONIN RELEASE UNDER 
STRESSFUL CONDITIONS (PAPER IV) 
To further study the role of endogenous galanin in modulation of (mono)aminergic neurotransmission 
involved in regulation of depression-like behaviour, we monitored extracellular hippocampal NA and 5-HT 
levels in GalOE and WT mice after exposure to repeated FST, using in vivo microdialysis. Mice were 
subjected to two forced swim sessions, 10 min each, with a 2 h interval. Studies in naïve, non-stressed rats 
indicate an inhibitory role of exogenous galanin in modulation of both NA and 5-HT release (Kehr et al., 
2002; Yoshitake et al., 2003a; Mazarati et al., 2005). In agreement with these results, i.c.v. infusion of 
galanin caused a gradual, time-dependent reduction in basal NA and 5-HT release both in the GalOE and 
WT mice; however less so in GalOE mice, indicating that galanin receptor functions are reduced in the 
GalOE mouse. It may be speculated that the GalR1/GalR3 receptors, which mediate inhibition, are down-
regulated in the GalOE mouse. 
 Under conditions of inescapable swim stress, an increase in NA and 5-HT release was observed both in 
WT and GalOE mice, especially during the second swim session. These observations confirm the previous 
data showing that exposure to stress increases NA and 5-HT release in the hippocampus (Abercrombie et al., 
1988; Jordan et al., 1994; Vahabzadeh and Fillenz, 1994). However, stress-induced release of monoamines 
was much more profound in the GalOE mouse (Figure 8), which may suggest that hippocampal afferents of 
GalOE mice are hypersensitive to stressful stimuli. Moreover, these data indicate that the depression-like 
behaviour observed in the GalOE mouse may be related to changes in NA and 5-HT transmission under 
stressful conditions.  
 The mechanism underlying this profound stress-induced increase of monoamine release in the GalOE 
mouse is not easily explained, but may be related to changes in galanin expression. In the GalOE mouse 
(paper II), galanin-LI in (presumably noradrenergic) fibres innervating hippocampus and cerebral cortex was 
apparently reduced, indicating either an increased release or a decreased synthesis of galanin. However, no 
clear difference in galanin mRNA levels between GalOE and WT mice could be observed, giving no direct 
support for increased release. Moreover, galanin expression was not detected in the DR neurons in WT or 
GalOE mice, as has been shown earlier (Cheung et al., 2001; Perez et al., 2001; Larm et al., 2003). This may 
indicate that modulation of NA and 5-HT release is probably not directly related to changes of galanin 
expression in the LC or DR. This view is also supported by the observation that NA release in the GalOE/D 
mice, overexpressing galanin mainly in the LC, did not differ from the release in WT mice (see paper IV). 
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Figure 8. Effect of repeated 10 min swim stress on NA release in the ventral hippocampus of WT and GalOE 
mice. Forced swim stress, and even more profoundly, repeated forced swim stress caused a marked 
increase in NA release in GalOE mice, which was significantly higher then the stress-induced NA release in 
WT mice (∗, p<0.05-0.002, n=5). The galanin antagonist M35 given i.c.v. to GalOE mice 90 min prior to the 
forced swimming significantly attenuated the elevation of NA levels by swim stress (+, p<0.05-0.001, n=5). 
Modified from Paper IV. 
 
 It is possible that the profound increase in NA and 5-HT release in the GalOE mouse under stress may be 
mediated by the action of galanin on the hippocampal terminals. In the rat LC, GalR2 receptor mRNA was 
detected by in situ hybridisation studies (O'Donnell et al., 1999). However, local application of the GalR2 
agonist had no effect on the NA neurons, suggesting that the GalR2 receptor is presynaptic (Ma et al., 2001). 
One function of the GalR2 receptor is to activate phospholipase C, increasing Ca2+ influx, thereby possibly 
enhancing transmitter release (see Iismaa and Shine, 1999; Branchek et al., 2000). In agreement, in the rat, 
increased hippocampal 5-HT release was observed following infusion of the GalR2 agonist M1896 into the 
DR area (Mazarati et al., 2005). However, the effect of local hippocampal application of the GalR2 agonist 
has never been studied. In the present GalOE mouse, a widespread ectopic expression of galanin was 
observed in the forebrain areas, particularly in the hippocampus. It is conceivable that, after stress activation, 
these neurons can release galanin, which may heterosynaptically act on NA/5-HT terminals and thus enhance 
monoamine release via activation of the GalR2 receptor. It is important to note that this increased 
monoamine release was significantly attenuated by pre-treatment with the non-selective peptidergic galanin 
antagonist M35. This finding indicates that the altered monoamine release in GalOE mice was indeed 
mediated by galanin receptor activation. 
 It is an open question, how these changes in NA and 5-HT release may be related to the depression-like 
phenotype of the GalOE mice observed in the FST. One possible explanation is based on the learned 
helplessness theory (see Seligman and Maier, 1967). This theory was originally not a hypothesis of 
depression, but a theory trying to explain the consequences of behavioural changes following acute stress. 
Interestingly, animals display profound differences in coping behaviour and other physiological parameters 
following exposure to shock, depending on whether or not the traumatic event could be controlled or 
predicted (Seligman and Maier, 1967; Weiss et al., 1981). This theory suggests that, under uncontrollable 
stress conditions, the 5-HT neurons are overactive, resulting in an excessive 5-HT release in the limbic brain 
regions. This release may mediate learned helplessness behaviour seen in rodents after exposure to 
uncontrollable shock (see Maier et al., 1993). It is evident that, under these conditions, also hippocampal NA 
release is profoundly increased (Petty et al., 1994). It seems likely that excessive increase in monoamine 
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release in cortical limbic areas as a result of an acute stress (in e.g. FST) would result in over-stimulation of 
post-synaptic receptors resulting into aberrant behavioural reactions, e.g. impairment in coping behaviour. It 
was proposed that the strong receptor activation might sensitize 5-HT neurons for a period of time, so that 
the later testing conditions (e.g. foot-shock escape training) would produce exaggerated release of 5-HT in 
projection areas (e.g. basolateral amygdala or hippocampus), mediating the behavioural effects of learned 
helplessness (Amat et al., 1998 a, b). Antidepressant drugs, such as NRIs, have the ability to dampen this 
acute aberrant reaction to stress, probably due to the fact that they will decrease stress-induced monoamine 
release (Wu et al., 2000; see Morilak and Frazer, 2004; Bondi et al., 2006) or turnover (Connor et al., 2000). 
It should be pointed out that the antidepressant drugs increase basal monoamine transmission, but at the same 
time may attenuate the stress-induced monoamine release (see Morilak and Frazer, 2004; Bondi et al., 2006). 
This property is probably related to mechanisms involved in both action at the cell body areas, e.g. changes 
in the autoregulatory control of firing rate, as well as changes at the postsynaptic level, involving e.g. 5-HT 
and NA receptors in the hippocampus and prefrontal cortex (see below).  

INVOLVEMENT OF GALANINERGIC SYSTEM IN MODULATION OF DEPRESSION-LIKE 
BEHAVIOUR IN THE RAT 

The present data point to an important role of galanin in the modulation of depression-like behaviour in 
rodents, probably related to mechanisms of coping. The results also suggest that galanin may strongly affect 
stress-sensitivity and/or stress-reactivity of the organism. However, in the present GalOE mouse, a 
widespread ectopic expression of galanin was observed. Moreover, it is known that the DR nucleus, which is 
believed to be important in regulation of mood and mood disorders, lacks galanin in the mouse, including 
GalOE mice. However, in the rat, galanin as well as galanin receptors have been reported to be expressed 
both in the LC and DR. In fact, the rat may represent a more relevant species than the mouse to study the role 
of galanin in depression-like behaviour and its effects on NA and 5-HT neurotransmission. Therefore, the 
effects of galanin, the galanin antagonist M35 and galanin receptor-selective ligands were examined in the 
FST in the rat. As a positive control, sub-chronic treatment with the antidepressant drugs desipramine and 
fluoxetine was included. 

EFFECT OF ANTIDEPRESSANT TREATMENT AND GALANIN SYSTEM ACTIVATION/ 
INHIBITION ON DEPRESSION-LIKE BEHAVIOUR (PAPERS V AND VI) 

Antidepressant treatment 
Sub-chronic treatment with the antidepressant drugs desipramine and fluoxetine decreased time of 
immobility, consistent with previous findings (Detke and Lucki, 1996; Lucki and O'Leary, 2004). 
Desipramine also increased, while fluoxetine decreased, the time of climbing, supporting a differential role 
of NA and 5-HT in the behavioural action of antidepressant drugs. Thus, selective NRIs preferentially 
reduced immobility due to increase in climbing behaviour, while SSRIs preferentially enhance swimming in 
the FST (Lucki and O'Leary, 2004). 

Galanin, the galanin antagonist and the GalR1-selective agonist 
A single i.c.v. infusion of galanin was sufficient to significantly increase immobility time in the FST, when 
galanin was given prior to the second exposure to water (Figure 9a). A similar effect was also observed 
following i.c.v. administration of the GalR1 agonist M617 (Figure 9b). Importantly, the effect of infused 
galanin was blocked by co-administration of the putative galanin antagonist M35. Moreover, M35 alone 
significantly decreased immobility in the FST (see Figure 9a). These findings suggest that brain galanin 
receptor activation results in a depression-like behavioural response. The increase of immobility during 
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exposure to inescapable stress produced by galanin or the GalR1 receptor agonist may represent a failure of 
active coping with stressful stimuli, one of the main features of the depressive syndrome.  
 It is generally assumed that aberrant monoaminergic transmission (including NA, 5-HT and DA) may 
underlie various clinical symptoms of depression, including dysregulated response to stress. There is strong 
evidence supporting the view that development of depression is related to inhibition of serotonergic 
functions combined with a complex dysregulation of noradrenergic transmission, more consistent with the 
over-activation of the latter system. In view of these findings, it has been proposed that a combination of 
increased NA and a decreased 5-HT neurotransmission in the hippocampus may underlay development 
depressive disorders (see Mongeau et al., 1997).  
 Since galanin is a potent (mainly inhibitory) in vivo modulator of both NA and 5-HT systems (see above), 
it is conceivable that i.c.v.-infused galanin or the GalR1 agonist could interfere with e.g. serotonergic 
transmission at both pre- and post-synaptic receptor sites thereby causing depression-like behaviour. The 
inhibitory action of i.c.v. galanin is most probably mediated at the DR cell body level, since intra-raphe 
infusion reduced, while intrahippocampal administration of galanin failed to affect, 5-HT release, (Kehr et 
al., 2002). Moreover, the inhibitory effect of i.c.v. galanin on 5-HT release in the hippocampus was much 
more profound and long-lasting than the inhibitory effect of galanin on NA release (Kehr et al., 2002; 
Yoshitake et al., 2003). Thus, galanin receptor activation could cause hyperpolarisation and inhibition of 
serotonergic raphe neurons (Xu et al., 1998b), which would result in decreased 5-HT release and inhibition 
of serotonergic transmission in the hippocampus (Kehr et al., 2002; Yoshitake et al., 2003a; Mazarati et al., 
2005). The inhibitory action of galanin on the DR is probably related to the activation of the inhibitory 
GalR1 or GalR3 receptors. Interestingly, the GalR3 selective antagonist SNAP 37889 was shown to 
attenuate the reduction of the DR neuronal firing and 5-HT release in the hippocampus produced by i.c.v. 
galanin (Swanson et al., 2005). Importantly, this compound also produced an antidepressant-like effect in 
several rodent models of depression-like behaviour, including the FST (Swanson et al., 2005). 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 9. Time of immobility in the forced swim test. 
The rats received i.c.v. infusion of artificial cerebrospinal fluid (aCSF, n=22), galanin (n=10), both galanin and 
galanin antagonist M35 (Gal/M35, n=6), or M35 alone (M35, n=8) (a), or were infused i.c.v. with galanin (Gal, 
n=7), the GalR1 agonist M617 (M617, n=8), the GalR2 agonist M1896 (M1896, n=8) or the GalR2 antagonist 
M871 (M871, n=11) (b). Data presented as mean ±SEM, *, significant difference from the aCSF group, #, 
significant difference from the galanin-treated group, p<0.05-0.001, one-way ANOVA, Fisher’s PLSD.  
Modified from Paper VI. 
 

The GalR2-selective ligands 
In contrast to galanin and the GalR1 agonist M617, the GalR2 agonist M1896 decreased immobility (Figure 
9b) in a manner similar to the antidepressant drug fluoxetine. Importantly, the GalR2 antagonist M871 
increased immobility time (Figure 9b), supporting the evidence that stimulation of the GalR2 receptor has an 



Results and Discussion 

47 

antidepressant-like effect (Lu et al., 2005). These findings provide evidence that there exists a basal 
galaninergic tone over the GalR2 receptor, which is sufficiently strong to have physiological consequences. 
Taken together, these results have demonstrated that galanin receptor subtypes have a differential role in 
modulation of depression like-behaviour.  
 The opposing effects of galanin receptor-selective ligands may (at least partially) be related to a 
differential modulation of monoaminergic transmission. In contrast to the inhibitory GalR1/GalR3 receptors, 
the GalR2 subtype may transmit an excitatory action of galanin, enhancing neurotransmitter release (see 
Branchek et al., 2000). In agreement, activation of the GalR2 receptor in the DR by local infusion of M1896 
was shown to increase 5-HT release in the hippocampus (Mazarati et al., 2005), contrary to the findings with 
the local infusion of galanin (Kehr et al., 2002; Mazarati et al., 2005). It is important to note that, in contrast 
to the DR, the GalR2 receptor is not present at the cell body level in the LC, but is probably expressed only 
as a pre-synaptic receptor on the LC nerve terminals (Ma et al., 2001). This may suggest that the effect of 
i.c.v. infused M1896 is mainly mediated at the DR cell body level. In this case, M1896 can selectively 
enhance serotonergic transmission in the hippocampus, resulting in antidepressant-like effect. In view of the 
theory that NA and 5-HT systems in the hippocampus play a differential role in depressive disorders, it will 
be important to find out whether the GalR2 selective agonist can affect (and in which manner) NA and 5-HT 
release (and transmission) following intrahippocampal injection. 
 Recent data have implicated the GalR2 receptor subtype in the action of antidepressant drugs, since 
repeated fluoxetine treatment was shown to up-regulate GalR2 receptor binding sites in the DR and LC (Lu 
et al., 2005). Since treatment with the SSRI fluoxetine increased both galanin and GalR2 receptor mRNA 
levels, it is possible that the antidepressant action of fluoxetine (at least partially) might be related to an 
increase in GalR2-mediated transmission. An interesting possibility is that antidepressant treatment might 
result in a shift from the inhibitory GalR1/GalR3 signalling to the excitatory GalR2 signalling, particularly in 
the DR (Lu et al., 2005). 
 Finally, possible changes in galanin receptors expression may also be important in view of the 
neurotrophic hypothesis of depression. This hypothesis has proposed a role of neurotrophic factors and 
neurogenesis in the aetiology of depression and antidepressant treatment (see Duman et al., 1997; Altar, 
1999). A number of evidences suggests that galanin can serve as a trophic factor and may have a role in 
neurogenesis (Mazarati et al., 2004a; 2004b; Jungnickel et al., 2005; Shen et al., 2005). In this processes, the 
GalR2 receptor may be particularly important, since it mediates neurite outgrowth in adult sensory neurons 
(Mahoney et al., 2003), and promotes neuronal viability, survival and plastic reorganisation in the 
hippocampus in response to seizures (Mazarati et al., 2004a; Pirondi et al., 2005). 

STUDIES OF THE EXPRESSION OF MOLECULAR MARKERS IN THE LOCUS COERULEUS AND 
RAPHE NUCLEI FOLLOWING EXPOSURE TO STRESS (PAPER VI) 
To further clarify the mechanisms underlying the involvement of galanin systems in regulation of 
depression-like behaviour, the expression of neurochemical markers of possible relevance for depression was 
studied in the LC and raphe nuclei. Two sets of experiments were conducted. The first experiment was 
performed to assess the effect of exposure to forced swim stress, the stress of i.p. injections, and the effect of 
antidepressant treatment. For this purpose, naïve (non-treated, non-stressed) animals, which served as 
controls, were compared to animals exposed to swim stress only, swim stress combined with three i.p. 
injections of saline, or swim stress combined with three i.p. injections of the antidepressant drug fluoxetine. 
In the second experiment, animals receiving a single infusion of aCSF (controls) were compared with 
animals receiving i.c.v. galanin, the GalR1 agonist M617 or the GalR2 agonist M1896 (all these groups were 
also exposed to the FST). The results of the in situ hybridisation studies are summarised in Table 6. 

Tyrosine hydroxylase and tryptophan hydroxylase 
In the LC, TH represents the rate-limiting enzyme for NA synthesis. Swim stress tended to increase TH 
mRNA expression, and this difference reached significance in the saline-treated group, indicating that the 
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stress of i.p. injection adds to the swim stress. Sub-chronic treatment with the antidepressant drug fluoxetine 
failed to change the stress-induced elevation of TH mRNA levels, which is not surprising in view of its 
pharmacological profile as a 5-HT reuptake blocker. Elevation of TH levels by exposure to stress may 
indicate activation of the LC neurons (Biguet et al., 1986; Berod et al., 1987; Richard et al., 1988), which 
was proposed to contribute to depressive symptomathology (Nestler et al., 1990; see Mongeau et al., 1997). 
In contrast, chronic treatment with TCA and electroconvulsive therapy decreased TH activity in the LC 
(Nestler et al., 1990; Brady et al., 1991; Melia et al., 1992). It is interesting to note that i.c.v. galanin infusion 
did not modify the stress-induced elevation of TH mRNA levels, indicating that galanin is probably not able 
to decrease this measure of the LC system activation, when a sufficiently strong stimulus is present.  
 In the DR, tryptophan hydroxylase 2 (TPH2) is the gene responsible for the first step in the synthesis of 5-
HT (Walther et al., 2003). TPH2 mRNA is highly expressed in the DR/MR nuclei in the rat and mouse 
(Zhang et al., 2004), while only low levels of TPH1 mRNA were detected in the mouse brain (Gundlah et al., 
2005). In contrast to the increase of TH expression in the LC, TPH2 mRNA levels in the raphe nuclei were 
not affected by swim/injection stress, consistent with the view that the LC NA system is more sensitive to 
stress compared to the DR (Abercrombie and Jacobs, 1987; Wilkinson and Jacobs, 1988; Takase et al., 
2005). These results are also in agreement with a previous study showing that chronic social stress does not 
affect TPH2 mRNA levels in the DR, in contrast to an increase in TPH1 expression (Abumaria et al., 2006). 
However, the chronic treatment with the SSRI citalopram significantly decreased TPH2 mRNA levels both 
in the DR and MR nuclei (Abumaria et al., 2006). Interestingly, the GalR2 agonist M1896 also tended to 
decrease TPH2 mRNA expression, similar to the antidepressant drug. Although the link between changes in 
TPH activity and depression is unclear, it has been shown that TPH levels are increased in the raphe nuclei in 
major depression associated with suicide (Bach-Mizrachi et al., 2006). It was suggested that this may reflect 
a compensatory response to deficits in brain 5-HT transmission observed during chronic exposure to stressful 
events (Mangiavacchi et al., 2001). Moreover, chronic treatment with citalopram was shown to normalise 
TPH protein levels in chronically stressed rats, probably restoring normal 5-HT transmission (Abumaria et 
al., 2006). 
 
 

 Locus Coeruleus Dorsal/median raphe nuclei 
Group TH Galanin TPH2 Galanin 5-HT1A 

receptor 
5-HTT 

Saline ↑  
vs. Naïve 

↑  
vs. Naïve 

- - - - 

Fluoxetine ↑  
vs. Naïve 

↑  
vs. Naïve 

↓  
vs. Stress 
(DR, MR) 

- - (↓)  
vs. Stress 

Galanin - (↑)  
vs. aCSF 

- ↑ 
 vs. aCSF  

(DRv) 

↓  
vs. aCSF  

(DRv) 

- 

GalR1 agonist 
M617 

- - - - - - 

GalR2 agonist 
M1896 

(↓)  
vs. aCSF 

- (↓)  
vs. Galanin  

(MR) 

- ↓  
vs. aCSF 

(DRv, MR) 

- 

 
Table 6. Summary of in situ hybridisation studies in the locus coeruleus and the dorsal and median raphe 
nuclei.  
↑ indicates a significant increase in mRNA levels (p<0.05, one-way ANOVA, Fisher’s PLSD), ↓ indicates a 
significant decrease in mRNA levels (p<0.05, one-way ANOVA, Fisher’s PLSD), (↑) indicates a tendency for 
an increase in mRNA levels, (↓) indicates a tendency for a decrease in mRNA levels (p=0.06-0.09, one-way 
ANOVA, Fisher’s PLSD).  
Reproduced from Paper VI. 
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Galanin 
In the LC, a significant increase (60-70%) of galanin mRNA levels was observed in the saline- and 
fluoxetine-treated groups as compared to naïve animals, while the increase in non-injected (stressed) animals 
did not reach significance. The up-regulation of galanin expression was further increased by i.c.v. galanin, 
while the GalR1 and GalR2 agonists failed to affect galanin mRNA levels. In contrast to the LC, galanin 
expression in the DR was not affected by the swim/injection stress. However, i.c.v. galanin significantly 
increased mRNA levels in the DR by about 25% as compared to the aCSF-treated group. 
 The results of galanin expression following swim/injection stress are similar to the ones observed for the 
rate-limiting enzymes TH and TPH2, again suggesting that the LC system is more sensitive to stress than the 
DR. Importantly, a further increase of galanin mRNA levels was observed both in the LC and DR following 
i.c.v. galanin infusion, which also resulted in depression-like behaviour. Taken together with the data on 
TH/TPH2 mRNA expression, this may indicate a differential regulation of the LC NA/galanin and the DR 5-
HT/galanin systems under stressful conditions.  
 The present results indicate that the LC is activated by the swim stress, as suggested by elevation of TH 
mRNA levels. The increase in mRNA levels of TH and galanin may indicate increased release and 
compensatory synthesis of these transmitters (Schalling et al., 1989; Meister et al., 1990a; Villar et al., 1994; 
Landry and Hökfelt, 1998). Increase of galanin release in the LC terminal areas could exert a direct 
inhibitory effect on post-synaptic neurons, as observed following galanin infusion into the ventral tegmental 
area (Weiss et al., 1998; 2005). On the other hand, exogenous galanin was also shown to inhibit LC neuronal 
firing and NA release as well as to enhance the autoinhibitory action of NA on the LC neurons. It is 
conceivable that, following prolonged (repeated) exposure to stress, galanin could also be released from the 
soma/dendrites of the NA neurons (Landry et al., 2005), causing increased autoinhibition of the LC neurons. 
Over time, this process could result in a reduction of LC tonic firing rate combined with a decrease in tonic 
NA release in the projection areas, leading to development of post-synaptic receptor super-sensitivity. This 
sequence of events was proposed as a prodromal stage for the development of depressive disorders (see 
Harro and Oreland, 2001). In this context it is also important to note that, in contrast to galanin, chronic 
antidepressant treatment with NA reuptake inhibitors increases synaptic NA levels under basal conditions, 
but reduces activation of the LC and exaggerated NA release in response to acute stress (Valentino and 
Curtis, 1991; Wu et al., 2000; see Morilak and Frazer, 2004; Bondi et al., 2006).  
 In contrast to the LC, the DR is probably not profoundly activated by acute stress, as indicated by TPH2 
and galanin mRNA levels. However, an increase of galanin mRNA is observed following i.c.v. galanin 
infusion. As has been discussed for the LC, increased galanin mRNA expression may indicate increased 
synthesis and release of galanin, which can interfere with serotonergic transmission both at the terminal and 
cell body level. In the DR, galanin released from the soma/dendrites of 5-HT neurons could directly inhibit 
activity of the DR neurons (Xu et al., 1998b) and thus decrease 5-HT release in the terminal areas, e.g. 
hippocampus (Kehr et al., 2002; Yoshitake et al., 2003a; Mazarati et al., 2005). Taken together, these data 
suggest that the brain serotonergic neurotransmission is probably inhibited by i.c.v. galanin during exposure 
to FST, which may result in depression-like behaviour in the rat (see Mongeau et al., 1997).  

5-HT1A receptor 
The 5-HT1A receptor is believed to be involved both in the pathogenesis of depression and in the action of 
antidepressant drugs (see Blier et al., 1990; Albert and Lemonde, 2004). The ability of in vivo galanin to 
modulate somatodendritic 5-HT1A autoreceptors in the DR, as well as post-synaptic 5-HT1A receptors in the 
limbic forebrain and their functions (Misane et al., 1998; Razani et al., 2001; Kehr et al., 2002), may be of 
major importance for its effect on serotonergic system under stressful conditions (see Ögren et al., 2006).  
 Exposure to swim stress, saline or subchronic fluoxetine treatment failed to change the expression of the 
5-HT1A receptor. Also, chronic social stress did not alter 5-HT1A mRNA levels in the DR; however, a 
decrease in 5-HT1A mRNA levels was observed in chronically stressed rats following three weeks of 
treatment with the SSRI citalopram (Abumaria et al., 2006). Down-regulation of 5-HT1A receptors may 
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represent an important mechanism to prevent the auto-inhibitory action of 5-HT in the DR and thereby allow 
for restoration and/or increase in 5-HT neuronal firing and neurotransmission at the terminal level (see Blier 
and de Montigny, 1994). In fact, a decrease in 5-HT1A receptor expression accompanied by a decrease in 
functional response in the DR is observed following chronic antidepressant treatment with the SSRI 
fluoxetine in the rat (Le Poul et al., 2000).  
 Galanin infusion reduced the 5-HT1A receptor mRNA levels by 25-35% in the DR, in agreement with 
previous studies (Razani et al., 2000). Moreover, following infusion of the GalR2 agonist, a decrease was 
observed both in the DR and MR, indicating that the effect of galanin on the 5-HT1A receptor in the DR is 
probably mediated by GalR2 activation. This finding is important, since the inhibitory effect of galanin on 5-
HT neuronal firing rate seems to be mediated by the GalR1/GalR3 receptor activation (see above).  
 In view of opposite behavioural results observed following infusion of galanin and the GalR2 receptor 
agonist M1896, their similar effects on 5-HT1A mRNA expression may seem paradoxical. However, it is 
important to note that galanin, unlike M1896, stimulates all three galanin receptors. Biochemical and 
electrophysiological analyses indicate that the inhibitory effect of galanin, mediated by GalR1/GalR3 
receptors, dominates over excitatory GalR2 stimulation (Xu et al., 1998b; Kehr et al., 2002; Mazarati et al., 
2005; Swanson et al., 2005). Moreover, in contrast to M1896, galanin also induces its own mRNA 
expression in the DR. Therefore, inhibition of serotonergic transmission combined with increased galanin 
transmission would probably lead to behavioural depression, as discussed above. Instead, following selective 
GalR2 receptor activation, galanin synthesis and release are not affected, and therefore inhibitory effects of 
galanin are not present. Moreover, down-regulation of the 5-HT1A receptor would probably prevent the auto-
inhibitory action of 5-HT on the raphe neurons. It fact, it has been shown that galanin, at doses which by 
themselves do not affect basal 5-HT release, blocked the inhibitory action of 8-OH-DPAT on the 5-HT raphe 
neurons (Kehr et al., 2002), and it can be speculated that this effect was probably mediated by the GalR2 
receptor. Finally, GalR2 agonist M1896 infused to the DR was shown to increase 5-HT release and enhance 
serotonergic functions in the hippocampus (Mazarati et al., 2005). Thus, following selective GalR2 receptor 
activation, the increase of serotonergic transmission at the terminal level could result in an antidepressant-
like effect (Blier and de Montigny, 1994; see Mongeau et al., 1997). Galanin was also shown to regulate 
activity of post-synaptic 5-HT1A receptors in an antagonistic manner (Misane et al., 1998; Razani et al., 2001; 
Kehr et al., 2002). It will therefore be important to analyse the effect of galanin receptor activation on post-
synaptic 5-HT1A receptors, since these receptors appear to be altered in mood disorders. 

Serotonin transporter 
5-HTT dysfunction is thought to be involved in the pathophysiology of depression as revealed in genetic 
studies (Lesch et al., 1996), and the 5-HTT is a target for currently used antidepressant drugs (see Frazer, 
1997; Millan, 2004). However, none of the treatments, including fluoxetine, significantly affected 5-HTT 
mRNA levels in the raphe nuclei. This is in agreement with previous studies showing that inhibition of 5-
HTT by SSRIs is not related to down-regulation of mRNA levels (Koed and Linnet, 1997; Benmansour et 
al., 1999; Le Poul et al., 2000; Abumaria et al., 2006). However, down-regulation of 5-HTT binding sites in 
the DR projection areas has been reported (Benmansour et al., 1999; 2002), and, thus, a possible functional 
modulation of 5-HTT activity should not be excluded. 
 
Taken together, these findings indicate an important role of galanin and galanin receptor subtypes in stress 
coping mechanisms, probably partially mediated via alterations of NA and 5-HT neuronal activity, as 
indicated by changes in gene expression of neuronal markers relevant for NA, 5-HT and galanin 
transmission. 
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CONCLUDING REMARKS 

There is accumulated evidence that exposure to various stressors can activate several neuropeptide systems 
in the brain. However, the mechanisms underlying behavioural and molecular adaptations to acute and 
chronic exposure to traumatic events most likely differ. The present thesis has focused on a possible role of 
the neuropeptide galanin in regulation of depression-like behaviour following exposure to acute stress. The 
results obtained strongly support an involvement of brain galanin systems in depression-like behaviour, and 
point to a differential role of galanin receptor subtypes. Neurochemical and in situ hybridisation data suggest 
that the physiological mechanisms underlying the action of galanin involve modulation of monoaminergic 
systems, in particular the LC and DR nuclei. Based on these and previously published results, the following 
hypothesis explaining the role of galanin and galanin receptor subtypes in mood disorders can be proposed 
(see Figure 10). Such a hypothetical scheme must, of course, be interpreted with caution in view of 
heterogeneity of the mechanisms underlying mood disorders. 
 In the LC, both TH and galanin mRNA levels are upregulated following exposure to acute stress. 
Moreover, i.c.v. infusion of galanin results in a further increase of galanin mRNA levels, and also enhances 
depression-like behaviour. The increase in the expression of these two biomarkers is likely to reflect 
increased release of both NA and galanin. Under acute stress, in the projection areas of the LC, e.g. 
hippocampal formation, the increase in NA and galanin transmission could exert a “negative” effect on post-
synaptic receptor functions, resulting in development of depression-like behaviour. In the LC, galanin can 
probably also be released from the soma/dendrites of NA neurons, and inhibit activity of NA neurons both 
via GalR1/R3 receptors and via interaction with α2-adrenoreceptors. Over time, this would probably lead to a 
reduction of basal NA neurotransmission and development of super-sensitivity of post-synaptic 
adrenoreceptors in the LC projection areas, a situation, which has been proposed to represent a prodromal 
stage of depression. In summary, in the hypothesised depressed state, basal NA transmission is probably 
reduced, while the reaction of NA system to stressful events is sensitised. 
 In the DR, neither TPH2 nor galanin mRNA levels are affected by exposure to acute stress, indicating that 
this system is less stress-sensitive compared to the LC. However, following i.c.v. galanin infusion, galanin 
mRNA levels are increased in the DR. As in case of the LC, this may indicate increased galanin release, 
which would probably interfere with 5-HT1A-mediated transmission both at pre- and post-synaptic levels, and 
could also exert a direct inhibitory action at the post-synaptic level, e.g. in the hippocampus. Moreover, 
galanin released from the soma/dendrites of 5-HT neurons, or from the afferent terminals in the DR, could 
cause further inhibition of serotonergic transmission.  
 Modulation of monoaminergic neurons may be an important site of galanin action relevant for stress-
related disorders. Galaninergic antidepressant therapy can be based on the physiological roles of the different 
galanin receptors. The GalR1/GalR3 antagonists can prevent the inhibitory action of galanin on the LC and 
DR neuronal basal firing rate, and can counteract the inhibitory action of galanin at the post-synaptic level, 
e.g. in the hippocampus or ventral tegmental area. This may prevent enhanced stress-induced activity of the 
LC and development of super-sensitivity of post-synaptic receptors. The GalR2 agonists, acting at the cell 
body level of 5-HT neurons, can enhance basal firing rate and release of 5-HT in the projection areas by a 
mechanism partially related to down-regulation of somatodentritic 5-HT1A autoreceptors. Moreover, at the 
terminal level, GalR2 agonists may probably enhance basal release of both NA and 5-HT, thus restoring 
monoaminergic transmission. Finally, via activation of the GalR2 receptor, galanin can exert 
neurotrophic/neuroprotective action. 
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Figure 10. Hypothetical mechanisms underlying involvement of galaninergic system in depression-like 
behaviour.  
(a) In the LC, NA is mainly stored in small synaptic, granular vesicles (sGVs) (blue), both in the cell bodies 
and nerve terminals. Galanin is stored in large dense core vesicles (LDCVs) (grey) (which also contain NA). 
Adrenoreceptors of various types are expressed in the LC neurons, including the somato-dendritic α2A-
receptors (α2A). Also galanin receptors are present in these neurons. The inhibitory GalR1/R3 receptors are 
probably expressed mainly at the cell body level, while the ‘excitatory’ (alternatively ‘inhibitory’) GalR2 
subtype is a pre-synaptic receptor as well as expressed in post-synaptic neurons, as are adrenoreceptors of 
different types (AR). Under basal conditions, galanin is primarily released from nerve endings in the forebrain 
to activate post-synaptic GalR2 receptors, and perhaps presynaptic GalR2 receptors. The post-synaptic 
GalR2 receptor may mediate i.a. neuroprotective/neurotrophic effects and antidepressant-like action of 
galanin.  
(b, left side) Under stressful conditions, NA as well as galanin releases are increased, as indicated by 
compensatory elevation of TH and galanin mRNA levels. Initially, primarily NA will be released from nerve 
endings in the forebrain acting on post-synaptic receptors, and also from soma/dendrites acting on the 
autoreceptors. The dominant effect of galanin released from the nerve terminals may now be inhibition via 
post-synaptic receptors. With increasing intensity and duration more galanin-ir LDCVs are available for 
somatic/dendritic release, enhancing autoinhibtion directly via GalR1/R3 and indirectly via the α2A 
adrenoreceptor. The consequences of chronic stress need to be explored. Does galanin synthesis keep up? 
If not, autoinhibition may get weaker, resulting in excessive NA transmission, enhanced stress-sensitivity and 
development of depression-like behaviour. If galanin synthesis stays high, autoinhibition persists (b, right 
side) and galanin may further inhibit forebrain NA release. Now NA release may be decreased leading to 
development of post-synaptic adrenoreceptor super-sensitivity and increased stress-reactivity. Such a 
dysregulation of noradrenergic system was proposed to represent a prodromal stage for development of 
depression. 
(c) In the DR, 5-HT is stored in sGVs (green), both in the cell bodies and nerve terminals. 5-HT neurons 
express 5-HT receptors, galanin and galanin receptors, although the levels of galanin peptide are much 
lower than in the LC. Serotonergic receptors of the 5-HT1A subtype are present at the soma/dendrite level 
and 5-HT1B are on the nerve endings (there are also excitatory α1B adrenoreceptors at the soma/dendrite 
level, not shown). All three galanin receptor subtypes are probably expressed at the cell body level of 5-HT 
neurons, in particular GalR1/R3. The GalR2 subtype is present in the forebrain as post-synaptic receptor, as 
are 5-HT receptors of various kind (5-HTR). Under basal conditions, galanin is released mostly at very low 
levels, and neither galanin nor any of the galanin receptors play any substantial role. However, postsynaptic 
GalR2 receptors could mediate trophic actions under certain conditions. 
(d, left side) Under acute stressful conditions activation of the 5-HT neurons and 5-HT release appear 
moderate. (d, right side) If stress is increasing, then galanin could also be released from the soma/dendrites 
and nerve endings of the 5-HT neurons. The increase in galanin release may switch galaninergic 
transmission to inhibitory the GalR1/R3 receptors at both pre- and post-synaptic levels, and deprive post-
synaptic cells from the GalR2-mediated neuroprotective effects of galanin. Galanin may also negatively 
modulate 5-HT1A-mediated post-synaptic transmission. Taken together, this will lead to profound inhibition of 
serotonergic activity, increased stress-susceptibility and development of depression-like behaviour.  
 
The information on the expression of receptors is based on data from Nicholas et al. (1996) 
(adrenoreceptors), O’Donnell et al. (2003) and Hawes et al. (2004) (galanin receptors) and Wright et al. 
(1995) and Mengod et al. (1996) (5-HT receptors). 
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C O N C L U S I O N S  

In the GalOE mouse, galanin was overexpressed under the PDGF-B promoter in most SCGs and DRGs 
neurons. In the periphery, both sympathetic and sensory fibres were strongly galanin-positive. Functionally, 
overexpression of galanin resulted in decreased plasma extravasation and increased pain sensitivity in the 
formalin test. These findings suggest that overexpressed galanin in some tissues of GalOE mice can be 
released and, via a receptor-mediated action, influence pathophysiological processes. 
 
In the brain of the GalOE mouse, a widespread overexpression of galanin was observed. Particularly high 
galanin levels were observed in the olfactory bulb, hippocampus, cerebral cortex and several brainstem 
motor nuclei. High densities of galanin-ir fibres were found in the axonal terminals of the lateral olfactory 
tract, and the hippocampal and presumably cerebellar mossy fibre systems. Unexpectedly, in the fibres 
innervating cerebral cortex (presumably noradrenergic), galanin–LI was substantially lower than in the WT 
mouse. These results based on a GalOE mouse provide an important neuroanatomical basis for 
characterisation of the role of endogenous galanin in various brain functions. 
 
GalOE mice displayed a slight increase in spontaneous locomotor activity, but the amphetamine-induced 
increase in locomotor activity was lower in GalOE mice. Learning and memory as well as anxiety-like 
behaviour were not affected in GalOE mice. Importantly, GalOE mice displayed an increased immobility in 
the FST, indicative of increased stress-susceptibility and/or depression-like behaviour. 
 
I.c.v. infusion of galanin significantly reduced basal NA and 5-HT release in the hippocampus both in WT 
and GalOE mice. In contrast, exposure to repeated FST caused a significant increase both in NA and 5-HT 
release, and this increase was much more profound in the GalOE mice than in WT mice. Pre-treatment with 
the peptide galanin antagonist M35 blocked this effect. These results suggest that the NA and 5-HT 
hippocampal afferents of GalOE mice are hypersensitive to stressful stimuli, and that this effect is mediated 
by galanin receptor(s). These findings support an important role of brain galanin in the regulatory 
mechanisms of the stress-induced release of NA and 5-HT. 
 
In the rat, i.c.v. infusion of galanin resulted in a significant increase of immobility in the FST, indicative of a 
depression-like profile. This effect was blocked by co-administration of the putative galanin antagonist M35. 
Importantly, M35 given alone significantly reduced immobility in the FST, in a manner similar to sub-
chronic treatment with antidepressant drugs, such as desipramine and fluoxetine. These results indicate the 
galanin antagonists as new candidates for antidepressant treatment. 
 
In the rat, i.c.v. infusion of the GalR1 receptor agonist increased immobility time, similar to galanin. In 
contrast, stimulation of the GalR2 receptor decreased, while blockade of this receptor with a selective GalR2 
antagonist increased, immobility time in the FST, supporting an antidepressant-like effect of the GalR2 
receptor stimulation. In situ hybridisation studies indicated that physiological mechanism of galanin action 
may involve both the LC and DR systems. These results give further evidence for involvement of brain 
galanin systems in regulation of depression-like behaviour and suggest that GalR1 and/or GalR3 receptor 
antagonists, or the GalR2 receptor agonists, may represent new therapeutic principles for the development of 
drugs for treatment of mood disorders.
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