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ABSTRACT 

Neuropeptides represent the most diverse family of messenger molecules in the nervous 

system, which are co-expressed with key neurotransmitters in several brain regions. They 

modulate synaptic neurotransmission and have, in some cases, also trophic functions. One such 

neuropeptide, and the focus of the thesis, is ‘galanin’. It is a classical neuropeptide that 

functions in multiple (patho-) physiological processes, and exerts its actions via three receptors 

(GalR1-3). A main aim of the thesis is to establish the distribution of, mainly, the galanin 

system in the human, postmortem brain, but neuropeptide S (NPS) has also been analyzed. We 

further explore expression of the galanin family genes in postmortem brains from patients 

suffering from major depressive disorder (MDD).  

In Paper I we studied the localization of galanin and its three receptor transcripts primarily in 

the locus coeruleus (LC) and dorsal raphe nucleus (DRN) of ‘normal’, human postmortem 

brains using RNA in situ hybridization (ISH) and quantitative PCR (qPCR). In the rat brain 

galanin is known to co-exist with noradrenaline (NA) in most locus LC neurons and with 5-

hydroxytryptamine (5-HT) in many DRN neurons, two regions that are considered to be 

important in mood related disorders. In the human brain, galanin and GalR3 mRNA were found 

in many NA-LC neurons, and GalR3 mRNA overlapped with tryptophan hydroxylase 2 

(TPH2) transcript in at least in some regions of the DRN. However, galanin may not be 

expressed in 5-HT neurons. qPCR analysis confirmed the expression levels and pattern above, 

suggesting that distinct species differences exist with regard to galanin and galanin receptor 

expression in the human brain, when compared to the rat. Such differences are important when 

defining targets for drug development. 

The main aim of Paper II was to study galanin and its three receptors in MDD, in our case 

depressed suicides (Suicides), and controls in five different regions of postmortem brains. We 

used qPCR to analyze possible changes in expression of transcripts, and pyrosequencing to 

study DNA methylation. In addition we monitored galanin peptide with radioimmunoassay 

(RIA). Transcripts for all four members were detected and showed marked regional variations, 

galanin and GalR1 mRNAs being most abundant. Comparing depressed Suicide subjects and 

controls, striking results were obtained for galanin and GalR3 transcripts, showing increased 

mRNA levels, especially in the LC and the DRN of both male and female Suicide subjects, in 

parallel with decreased DNA methylation. In contrast, galanin and GalR3 transcript levels were 

decreased in the dorsolateral prefrontal cortex of male Suicide subjects, together with increased 

DNA methylation, whereas there were no changes in the anterior cingulate cortex. Thus, 

galanin and its receptor GalR3 are differentially methylated and expressed in brains of MDD 

subjects in a region- and sex-specific manner. Already previous animal behavioral experiments 

and human genetic studies suggest that the galanin system is involved in the pathophysiology 

of mood disorders. The present results further support this view by revealing a novel link 

between, on one hand, transcriptomic and epigenetic alterations in the galanin system and, on 

the other hand, suicidal behavior.  



 

 

In Paper III, we examined the distribution patterns of the transcript for another neuropeptide, 

NPS, and its receptor, in the human brain and compared the results with the localization in the 

rat brain. Our findings reveal one clear species difference in that the distinct NPS-positive cell 

cluster seen adjacent to the LC in rat is virtually missing in the human brain.  

In summary, these results underline putative, important roles of neuropeptides, especially 

galanin, in normal and pathophysiological conditions. In particular, there are species 

differences in expression of galanin receptors between human and rodent noradrenergic and 

serotonergic neurons. Thus, in humans GalR3, surprisingly, seems to be an important receptor 

in some key brain stem regions and nuclei, like DRN and LC, whereas in rat, instead, GalR1 

and GalR2 are abundant receptors. In fact, GalR3 had previously received only modest 

attention in studies of the rodent brain. These data link changes in mRNA levels and epigenetic 

alterations in the galanin system to suicidal behavior, making galanin receptors a novel target 

for development of antidepressant therapeutics. 
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1 INTRODUCTION 

1.1 Neuropeptides 

Nerve cells communicate with each other as a consequence of chemical signaling. The 

chemical nature of these signaling molecules can be very diverse, ranging from simple 

gaseous molecules to monoamines, amino acids, fatty molecules and peptides/proteins. One 

such distinct and by far the most diverse class of signaling molecules in the brain are 

neuropeptides (Burbach, 2010). Neuropeptides participate in several physiological processes 

both in the central (CNS) and the peripheral nervous system (PNS). Neuropeptides in most 

mammalian nervous systems coexist with “classic” transmitters (Fig 1), like acetylcholine, 

serotonin (5-hydroxytryptamine; 5-HT), noradrenaline (NA), dopamine (DA), nitric oxide 

(NO) and more, and therefore they mainly act as neuromodulators (Hokfelt et al., 1986; 

Merighi, 2002), but also as neurotrophic factors (Hobson et al., 2010). 

Figure 1. Coexistence of a neuropeptide with classic and "unconventional" neurotransmitters in a nerve
ending synapsing on a dendrite. Two types of storage vesicles are shown: synaptic vesicles (diameter 500
Å) storing classic transmitters (e.g., 5-HT, NA, GABA, or glutamate), mainly released at synapses; large dense-
core vesicles (LDCVs) storing neuropeptides and, in amine neurons, NA or 5-HT, generally released 
extrasynaptically (“volume transmission”) and after high frequency or burst firing. Peptide receptors are
essentially extrasynaptic or presynaptic, whereas ligand-gated receptors are mostly localized in the 
postsynaptic membrane. "Gaseous" (e.g., nitric oxide, NO) and other nonconventional transmitters are not
stored in vesicles but are generated in neurons and/or nerve terminals upon demand. There is evidence that 
galanin can coexist with nitric oxide synthase and glutamate (or possibly GABA) in 5-HT neurons. Drawing by 
Mattias Karlén. 
Reproduced from Lang R et al (Pharmacological Reviews 2015; 67:118-175), with kind permission from the 
author and ASPET. 
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1.2 How are neuropeptides different from classical transmitters? 

Neuropeptides differ from classic transmitters in numerous aspects (Hokfelt et al., 2003; 

Lundberg, 1996; Lundberg and Hokfelt, 1986). Synthesis of neuropeptides occurs in the cell 

soma and dendrites of a neuron as large precursor molecules, generally known as prepro-

peptides, and they are then packaged in large dense-core storage vesicles (LDCVs), 

transported to the axonal terminal (Gainer, 1981) and released extrasynaptically  (Zhu et al., 

1986). Release can also occur from dendrites (Ludwig and Leng, 2006). The excision and 

processing of the bioactive peptide from the larger prepropeptide precursors are executed by 

enzymes, convertases (Beinfeld, 1998; Seidah and Chretien, 1999). Classic transmitters, on 

the contrary, are synthesized mainly in the axonal terminal and stored and packaged into 

small synaptic vesicles. Release of neuropeptides usually requires neurons to fire in bursts or 

at high frequency (Adrian et al., 1983; Lundberg, 1996; Lundberg and Hokfelt, 1986; 

Lundberg et al., 1980), whereas classic transmitters are released already at low frequency; 

therefore under ‘normal’ circumstances peptides persist in their storage vesicles and only the 

classic transmitter(s) is released (see Strand, 1991). Neuropeptides are typically degraded by 

extracellular peptidases, since there is no mechanism for reuptake at the cell or storage vesicle 

membrane (Roques et al., 1993). Thus, replacement of neuropeptides after release occurs by 

elevation of transcript levels and de novo synthesis. On the other hand, classic transmitters 

have a membrane reuptake mechanism (by a transporter molecule) at both the cell and storage 

vesicle membrane (Eiden et al., 2004; Liu and Edwards, 1997; Torres and Amara, 2007).  

Synthesis of a peptide is strikingly altered by various physio- and pathological conditions; 

for example an increase or decrease in the expression of a peptide may appear as a response 

to nerve injury (Costigan et al., 2002; Hokfelt et al., 1994; Xiao et al., 2002; Zigmond and 

Sun, 1997).  

1.3 Galanin 

1.3.1 Discovery and physiological role in the brain 

The Mutt group including Victor Mutt, Kazukiko Tatemoto and colleagues at Karolinska 

Institutet discovered galanin in 1983 in extracts from the upper porcine intestine (Tatemoto 

et al., 1983). Galanin is a 29 (30 in human)-amino acid mature peptide that is derived by 

proteolytic cleavage of the precursor protein. The N-terminal of the galanin protein is 

conserved throughout evolution, where the first 19 aminoacids show over 90% conservation 

from fish to humans. The C-terminal portion, on the other hand, is less conserved (Lang et 

al., 2015).  

 
Galanin is widely distributed in the CNS of mammals with fairly high levels in the 

hypothalamus, brainstem, amygdala, ventral forebrain and spinal cord (Kordower et al., 

1992; Melander et al., 1986a; Perez et al., 2001; Rokaeus et al., 1984; Skofitsch and 

Jacobowitz, 1985, 1986). Galanin expression is, however, under normal conditions low in, 

e.g., dorsal root ganglia (DRGs), hippocampus, cholinergic basal forebrain and the cortex. In 

the human brain, galanin immunoreactivity is also widely distributed and was observed in, 
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e.g., in cell bodies in the supraoptic nucleus, locus coeruleus (LC) and subcoeruleus 

(Kordower et al., 1992). Several studies on rodents, especially rat brain, reveal coexistence 

of galanin with numerous classic neurotransmitters and also other neuropeptides. For 

example, in the rat brain galanin co-exists with 5-HT in the dorsal raphe nucleus (DRN) 

(Melander et al., 1986b; Xu et al., 1998b) and with NA in the LC (Xu et al., 1998a; Holets et 

al., 1988; Melander et al., 1986b).  

 
Galanin plays a diverse role in the physiological and pathophysiological functioning of the 

endocrine and nervous systems. For example, galanin may contribute to the regulation of 

antinociception (Liu and Hokfelt, 2002; Xu et al., 2000), learning and memory (Crawley, 

1996), and eating disorders (Gundlach, 2002; Leibowitz, 1998). Genetic alterations and 

pharmacological approaches in several animal models have been used to explore the role of 

galanin in various disorders, suggesting that galanin plays an important role in the modulation 

of mood-related disorders like depression and anxiety (Brunner et al., 2014; Fuxe et al., 1998; 

Ogren et al., 2006; Weiss et al., 1998; Kuteeva et al., 2010). 

1.4 Galanin receptors and their signaling pathways 

Physiological actions of galanin are mediated by three known G-protein coupled receptors 

(GPCRs), GalR1 (Habert-Ortoli et al., 1994), GalR2 (Howard et al., 1997, Smith et al., 1997) 

and GalR3 (Wang et al., 1997; Smith et al., 1998). There exists a degree of homology between 

the sequences of these receptors, where GalR1 versus GalR3 show a 33.2% sequence 

homology, and GalR2 and GalR3 a 53.8% homology (Liu et al., 2010). In situ hybridization 

(Burazin et al., 2000; O'Donnell et al., 1999) and ligand binding studies (Melander et al., 

1988; Skofitsch and Jacobowitz, 1986) suggest an extensive, yet partially overlapping 

distribution of the galanin receptors. Galanin receptors are members of the 7-transmembrane 

(TM) GPCRs and thereby share several characteristics; however, their signal transduction 

mechanisms are considerably diverse, thus adding to the various physiological effects 

mediated by galanin. The signaling pathways associated to galanin receptor activation are 

illustrated in Fig 2. 

1.4.1 GalR1 receptor subtype 

GalR1 is the first cloned galanin receptor, which was obtained from the human melanoma 

cell line (Habert-Ortoli et al., 1994), the rat GalR1 was cloned a year later (Parker et al., 

1995). Several studies have reported the distribution of the GalR1 in the gastrointestinal tract, 

brain and spinal cord by using techniques like northern blot analysis and qPCR (Habert-Ortoli 

et al., 1994; Waters and Krause, 2000). GalR1 mRNA expression in the brain using in situ 

hybridization shows presence of the transcript in many brain regions, such as amygdala, 

hypothalamus, thalamus, ventral hippocampus, medulla oblongata and spinal cord (Burazin 

et al., 2000; O'Donnell et al., 1999; O'Donnell D, 2003). GalR1 signaling mechanisms have 

been explored majorly using cell lines transfected with human or rat GalR1; these studies 

indicate that all actions of GalR1 are mediated by Gi/Go type of protein (Smith et al., 1998). 
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GalR1 activation causes an inhibitory action on adenylate cycalse (AC), followed by 

reduction in cAMP levels (Habert-Ortoli et al., 1994; Parker et al., 1995; Wang et al., 1998), 

opens G-protein regulated K+ channels and stimulation of mitogen-activated protein kinase 

(MAPK) activity. Studies on human tumor cells describe effects on the MAPK/ERK pathway 

mediated via GalR1 (Henson et al., 2005; Kanazawa et al., 2007). An effect on voltage 

dependant Ca2+ channels has also been reported in rat neurons, which is exerted by activation 

of GalR1 (Endoh et al., 2008). Rodent studies suggest that GalR1 may play a role in the 

regulation of the immediate early gene c-fos (Blackshear et al., 2007) and the transcription 

factor cAMP response element binding protein (CREB) (Kinney et al., 2009). In summary, 

GalR1 mediates the inhibitory effects of galanin in the GI system and the brain (Branchek et 

al., 2000; Iismaa and Shine, 1999; Lang et al., 2015). 

 

Figure 2. Signaling pathways of galanin receptors. Abbreviations: AC, adenylate cyclase; BK, calcium-
activated (big) potassium channel; CaCC, calcium-dependent chloride channel; (p)CREB, (phosphorylated) 
3′,5′-cAMP response element-binding protein; DAG, diacylglycerol; GIRK, G protein–regulated inwardly 
rectifying potassium channel; IP3, inositol triphosphate; MEK, mitogen-induced extracellular kinase; PDK-1, 
phosphoinosotide-dependent protein-kinase 1; PIP2, phosphatidylinositol bisphosphate; PIP3, 
phosphatidylinositol trisphosphate; PI3K, phosphatidylinositol 3-kinase; PKB, protein kinase B; PLC, 
phospholipase C; VDCC, voltage-dependent calcium channel. Reproduced from Lang R et al 
(Pharmacological Reviews 2015; 67:118-175), with permission from ASPET. 
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1.4.2 GalR2 receptor subtype 

GalR2, the second galanin receptor, was isolated from rat hypothalamic tissue (Howard et 

al., 1997; Smith et al., 1997; Wang et al., 1997). GalR2 mRNA was detected not only in 

several regions of the brain but also in peripheral tissues such as heart, intestine, ovary, 

prostate, uterus and more (O'Donnell et al., 1999; Smith et al., 1997; Waters and Krause, 

2000). The highest levels of GalR2, in the brain, were found in the hypothalamus, amygdala, 

dentate gyrus and piriform cortex (Burazin et al., 2000; O'Donnell et al., 1999; Waters and 

Krause, 2000). 

 
Studies on GalR2-transfected cell lines and rat microglial cells expressing GalR2 suggest 

that, often, GalR2 couples to Gq/G11 type of G protein which leads to activation of 

phospholipase C (PLC), stimulating Ca2+ release and opening of Ca2+ dependent ion 

channels (Borowsky et al., 1998; Fathi et al., 1998; Pang et al., 1998; Smith et al., 1997). An 

alternative signaling pathway for GalR2 using small cell lung cancer (SCLC) cells has been 

proposed, suggesting functional coupling of GalR2 to a G12/G13-type G protein with a 

consequent activation of the protein Rho A (Wittau et al., 2000). Several studies using GalR2-

transfected cell lines suggest that activation of GalR2 leads to reduced expression of factors, 

downstream of the Gq11/phosphatidylinositol 3-kinase pathway (Berger et al., 2004; 

Kanazawa et al., 2009; Tofighi et al., 2008). Studies on neurons from DRGs, hippocampus 

and basal forebrain also propose modulation of the AKT signaling pathway by GalR2 

(Elliott-Hunt et al., 2007; Hobson et al., 2006; Tofighi et al., 2008). Thus, the GalR2 receptor 

can mediate either stimulatory effects of galanin via Gq/G11 types of G proteins or transmit 

inhibition via Gi/Go type of proteins (Branchek et al., 2000; Iismaa and Shine, 1999; Lang 

et al., 2015).   

1.4.3 GalR3 receptor subtype 

GalR3 is the third receptor subtype of galanin, which was cloned in the rat (Wang et al., 1997; 

Smith et al., 1998). It is diversely distributed in the peripheral tissues such as spleen, testis, 

liver, heart, kidney and stomach (Smith et al., 1998; Waters and Krause, 2000). Mennicken 

et al., (2002) reported a localization of GalR3 transcript in several regions of the rat brain, 

including hypothalamus, cerebral cortex, caudate putamen, cerebellum, medulla and spinal 

cord. Signaling properties of GalR3 are still inadequately described, but it appears to mediate 

effects mainly via a PTX-sensitive Gi/o-type G protein, similar to GalR1 (Smith et al., 1998). 

Thus, GalR3 affects phosphorylation of CREB and mediates a hyperpolarization response 

leading to inhibition of neurotransmitter release (Branchek et al., 2000; Iismaa and Shine, 

1999; Lang et al., 2015). Unfortunately, there is no cell line identified that expresses 

endogenous GalR3, and this may account for the lack of precise information on GalR3 

signaling. Several cell lines transfected with GalR3 are available (Lang et al., 2005), but they 

fail to produce sufficient GalR3 on the plasma membrane or GalR3 protein, thus obstructing 

further studies to be performed (Robinson et al., 2013). Having said this, a modified GalR3 

construct is now available which should facilitate the cell surface expression of GalR3; this 
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may enable high-throughput screening and facilitate understanding of GalR3 mediated 

effects in the future (Robinson et al., 2013).  

1.4.4 Galanin Ligands 

Development of receptor selective ligands - agonist and antagonists – has turned out to be a 

challenge. Putative galanin receptor antagonists such as M15, M35 and M40, all of which 

however show equal affinity for all the galanin receptor subtypes, were generated by the 

Bartfai-Langel group and became useful tools to analyze the functional role of galanin 

(Bartfai et al., 1992). For example, development of a GalR1 selective agonist (Lundstrom et 

al., , 2005), a GalR2/3 receptor agonist (Liu et al., 2001; Lu et al, 2005) and GalR2 selective 

peptide agonists passing the blood-brain-barrier (BBB) (Saar et al., 2013), as well as BBB-

penetrating nonpeptide, small molecule antagonists for the GalR3 receptor (Barr et al., 2006; 

Swanson et al., 2005) are now available and represent powerful options to expand the 

knowledge on galanin receptor physiology and function (for review see Mitsukawa, 2010). 

1.5 Neuropeptide S (NPS) and its receptor  

1.5.1 Discovery, distribution and biological actions in the brain  

Neuropeptide S (NPS) is a relatively newly discovered peptide, which was identified based on 

the “orphan receptor strategy” (Reinscheid et al., 2005). It is a 20 aminoacid peptide that is 

found in all vertebrates but seems to be absent in fish (Reinscheid, 2007). The primary structure 

of NPS is conserved in all species, where the residue at the N-terminal of this protein is 

constantly a ‘serine’ (SFRNGVG), and hence the peptide was named ‘NPS’. Expression and 

distribution patterns of the NPS mRNA and/or protein are currently available from rat and 

mouse brain. In the rat brain, NPS is expressed in cell bodies in the brainstem, majorly in three 

regions: the LC area, the lateral parabrachial nucleus (LPB) and the sensory trigeminal nucleus 

(Pr5) (Xu et al., 2007). Double-in situ hybridization studies reveal another cluster of NPS 

producing neurons, which are localized between the Barrington’s nucleus and the LC, 

commonly referred to as the peri-coerulear (periLC) area. Based on neurochemical analysis, 

NPS producing cells in the Pr5 were shown to be glutamatergic, and also in the periLC these 

neurons are majorly glutamatergic with a minor number of cholinergic neurons, and in the rat 

LPB colocalization studies show that NPS cells coexist with corticotrophin-releasing hormone 

(CRH) (Xu et al., 2007). Thus, based on its neurochemical profile, the NPS system seems to 

mediate stimulatory effects, since it is primarily found to colocalize with excitatory 

neurotransmitters. In addition to the brain stem, NPS positive cells are found in the rat 

hypothalamus and amygdala. 

 
In the mouse brain, however, NPS positive neurons were detected only in two regions of the 

brainstem, namely, the Kölliker-Fuse (KF) nucleus located in the lateral parabrachial area, and 

the periLC (Clark et al., 2011). Thus, compared to the rat brain, NPS transcript and protein 

seem to be absent in the Pr5 region. The mouse KF-NPS-positive cells co-express CRH (Liu 

et al., 2011), thereby proposing that these cells maybe the mouse counterpart of the LPB-NPS-
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positive cells in the rat brainstem. In addition, no NPS mRNA was detected in the amygdala or 

hypothalamus in the mouse brain, but NPS-immunoreactive fiber projections were observed in 

hypothalamic regions, amygdala and forebrain structures (Clark et al., 2011). 

NPSR1 is so far the only receptor known to mediate effects of NPS. It is widely expressed in 

the brain with the highest expression in cortex, hypothalamus, parahippocampal formation, 

amygdala but at only low levels in the brainstem (Xu et al., 2007). In vitro studies using stable 

expression of mouse and human NPS receptors showed an increase in the intracellular cAMP 

and Ca2+ levels, and that NPSR couples to both Gq and Gs proteins, thereby providing further 

evidence that NPS maybe an excitatory neurotransmitter (Reinscheid et al., 2005b). 

 
The NPS system has been suggested to be involved in various physiological functions, though 

the knowledge of this system is still relatively at an early stage. Studies imply that NPS shows 

psychostimulatory effects and attenuate anxiety-like behavior (Leonard et al., 2008; Rizzi et 

al., 2008; Xu et al., 2004; Zoicas et al., 2016). Intracerebroventricular administration of NPS 

produced wakefulness and increased arousal in mice (Camarda et al., 2009; Xu et al., 2004). 

Other studies, employing central administration of the peptide, suggest involvement of NPS 

in drug seeking behaviors and feeding behaviors (Smith et al., 2006). 

1.6 Major depression disorder (MDD) 

1.6.1 General aspects and possible aetiology 

Mood related disorders are among the most important contributors to the total disease burden 

in the European Community (Wittchen et al., 2011), with major depressive disorder ranking 

second globally as a cause of disability, and representing major social and economic burdens 

(Murray and Lopez, 1997). About one in six people in the United States will suffer from clinical 

symptoms of depression during their lifetime (Kessler et al., 2005). The prevalence of 

depression endures to rise and is estimated to lead the cause of disease burden by 2030 based 

on reports by World Health Organization (WHO). Depression is a heterogeneous and complex 

condition with a diverse spectrum of symptoms (Fried, 2016). Based on the criteria for 

diagnosis of major depressive disorder (MDD) (DSM-IV, 2000) symptoms generally include 

feeling of incompetence or guilt, melancholia (feeling of deep sadness or gloom), less self-

esteem, anxiety, sleep irregularities, abnormal feeding behavior, fatigue, irritability, sexual 

dysfunction and loss of motivation in doing things that were once pleasurable. These further 

cause serious problems to the person affected at work and also in personal life. Depressed 

patients often have persistent thoughts of death, and suicide has been reported to be the cause 

of death in about 15% of individuals suffering with MDD (Akiksal, 2000).  

 
To unravel the pathophysiology of depression is challenging, owing to its wide range of 

symptoms and diverse etiologies. Adding to the difficulties are that symptoms such as guilt and 

suicidality are impossible to induce in animal models. Other symptoms have,  however, been 

utilized to generate animal models of depression, which together with clinical data provide 

thoughtful insight on the neurobiology of this disorder (Krishnan and Nestler, 2008). 

Epidemiological studies suggest that ~30-50% of the risk for depression is genetic (Fava and 
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Kendler, 2000; Sullivan et al., 2000); however, genetic association studies have not yet 

identified any genuine ‘depression genes’ (Hyde et al., 2016; Kendler and Gardner, 2016; 

Lopez-Leon et al., 2008; Nestler et al., 2002; Okbay et al., 2016; Ripke et al., 2013; Rush, 

2007; Wray et al., 2012). Other psychiatric disorders show a higher heritability rate, for 

example about 70-80% in schizophrenia and bipolar disorder (Kendler, 1983). Thus, studies 

suggest that genetics alone do not account towards the pathophysiology of depression (Fraga 

et al., 2005). Links between environmental factors, in particular exposure to stressful life events 

and elevated risk for depression have been reported (Kessler, 1997).  

1.6.2 Brain circuits linked to depression 

The neural circuitry associated with depression is highly complex, and it is difficult to attribute 

the pathology to a discrete brain region. The highly interconnected ‘limbic region’ has been 

linked to depression (Berton and Nestler, 2006). Imaging studies (Drevets, 2001; Harrison, 

2002) and post mortem studies (Drevets, 2001; Sheline, 2003) report lower grey-matter volume 

and glial density in the hippocampus and prefrontal cortex, two regions responsible for 

cognition-related dysfunction. However, a successful cause-effect relationship of these changes 

has not yet been established.  

 
By employing techniques that measure brain function, like functional magnetic resonance 

imaging (fMRI) or positron-emission tomography (PET), a strong correlation between 

distressed emotions and activity in the amygdala and subgenual cingulate cortex (Cg25, a sub-

region of the prefrontal cortex) was observed. A transient and chronic increase of activity was 

observed in healthy volunteers and depressed patients, respectively, in these two regions, which 

returned to normal after successful treatment (Drevets, 2001; Ressler and Mayberg, 2007). This 

inspired application of deep brain stimulation to the white matter around Cg25 and showed 

reduction of depressive symptoms in a small group of treatment-resistant depressed patients 

(Mayberg et al., 2005). Beneficial effects of DBS to the nucleus accumbens (NAc), a region 

important for reward, was also observed in depressed patients (Nestler and Carlezon, 2006). 

Monoamine projections from the midbrain and the brainstem nuclei, in particular serotonin 

from the DRN, noradrenaline from the LC and DA from the ventral tegmental area (VTA) 

greatly modulate the forebrain networks and have been implicated in depression. 

1.6.3 Noradrenergic neurons of the LC 

The LC in the pons is the principal source of noradrenergic innervation in the brain (Dahlstrom 

and Fuxe, 1964; Ungerstedt, 1971; Foote et al., 1983). Significant increase in the firing activity 

of LC neurons and subsequent release of NA in the different regions of projection is observed 

due to various types of stress conditions (Aston-Jones et al., 1991; Valentino, 1995; Valentino 

et al., 1993). For example, long-term potentiation (LTP) was reported to increase in the 

hippocampus by NA (Harley et al., 1989; Hopkins and Johnston, 1988). 
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1.6.4 Serotonergic neurons of the pontine raphe nuclei  

Several studies have shown that the brainstem includes two major, clusters of serotonergic 

neurons: one is in the pons and comprises mainly the DRN and the median raphe nucleus, 

essentially projecting to the forebrain, and the second is termed the medullary raphe nuclei 

(MRN), i.e. it is located in the medulla oblongata sending axons to the lower brain stem and 

spinal cord (Dahlstrom and Fuxe, 1964; Steinbusch, 1981). The former nuclei harbor a massive 

number of neurons supplying serotonin to the various regions in the brain and have to some 

extent overlapping projections (Azmitia and Segal, 1978). Serotonergic projections have been 

demonstrated in the cortex and the limbic structures such as the bed nucleus of the stria 

terminalis (BNST) and the amygdala (Steinbusch, 1981), two regions implicated in anxiety 

(Davis, 1998). Recently, a comprehensive brain atlas was generated with the aim to define 

Figure 3. Brain regions are implicated in the pathophysiology of depression. a, Deep brain stimulation of the 
subgenual cingulate cortex (Cg25)17 or the nucleus accumbens (NAc)18 has an antidepressant effect on individuals 
who have treatment-resistant depression. This effect is thought to be mediated through inhibiting the activity of
these regions either by depolarization blockade or by stimulation of passing axonal fibres. (Image courtesy of T. 
Schlaepfer and V. Sturm, University Hospital, Bonn, Germany.) b, Increased activity-dependent release of brain-
derived neurotrophic factor (BDNF) within the mesolimbic dopamine circuit (dopamine-producing ventral tegmental 
area (VTA) to dopamine-sensitive NAc) mediates susceptibility to social stress25, probably occurring in part through 
activation of the transcription factor CREB (cyclic-AMP-response-element-binding protein)20 by phosphorylation (P). 
c, Neuroimaging studies strongly implicate the amygdala (red pixels show activated areas) as an important limbic
node for processing emotionally salient stimuli, such as fearful faces7. (Image courtesy of D. Weinberger, National 
Institute of Mental Health, Bethesda, Maryland). d, Stress decreases the concentrations of neurotrophins (such as 
BDNF), the extent of neurogenesis and the complexity of neuronal processes in the hippocampus (HP), effects that
are mediated in part through increased cortisol concentrations and decreased CREB activity2, 14. e, Peripherally 
released metabolic hormones in addition to cortisol, such as ghrelin95 and leptin96, produce mood-related changes 
through their effects on the hypothalamus (HYP) and several limbic regions (for example, the hippocampus, VTA
and NAc). DR, dorsal raphe; LC, locus coeruleus; PFC, prefrontal cortex. Modified from Krishnan and Nestler 
(Nature, 2008; 455(7215):894-902) with permission form Nature Publishing group.  
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monosynaptic inputs to the serotonergic system, especially the dorsal and median raphe nuclei 

(Pollak Dorocic et al., 2014). This study, based on retrograde tracing strategy, identifies, in 

mice, distinct inputs onto the serotonergic neurons from forebrain and the brainstem regions. 

The cell-type-specific connectivity is enormously diverse and complex with specific inputs 

from cortex, hypothalamus, midbrain and basal ganglia.  

 
Physiologically the 5-HT system plays diverse roles and has been implicated in regulation of 

i.a. appetite, sleep cognitive functions and memory. The effects of serotonin are mediated via 

a number of receptors. Five families of 5-HT receptors with at least 14 different subtypes have 

been identified (Hoyer et al., 1994). The complex and multiple effects of the 5-HT system may 

be attributed to the number of the different receptor subtypes and their distribution patterns. 

Activation of the 5-HT system leads, for example, to hyperpolarization and inhibition of LTP 

induction in the hippocampus, especially the CA1 region (Mongeau et al., 1997). Similarly in 

the amygdala, reduction in the neuronal activity is caused by 5-HT (LeDoux, 1998). Low levels 

of serotonin have also been linked to aggressive behavior, increase in impulsivity and suicide 

(Mann, 1999; Stanley et al., 2000). 

1.6.5 Monoamine hypothesis of depression 

Early clinical investigations posited the ‘monoamine hypothesis’ of depression (Coppen, 1967; 

Schildkraut, 1965), suggesting that the underlying pathophysiologic basis of depression is a 

reduction in the levels of monoamines (serotonin or (5-HT), NA and/or DA) in the CNS 

(Berton and Nestler, 2006). Studies have also reported the opposite, where an increase in the 

NA activity is suggested in depression (Ressler and Nemeroff, 2000). But the hypothesis is 

sustained by the mechanism of action of antidepressants, which aim to restore the levels of 

these neurotransmitters in the brain. The chief monoaminergic systems thought to be involved 

in depression are the NA and 5-HT neurons. Depression and anxiety states have shown a 

decreased levels of NA in the plasma and CSF (Roy et al., 1988; Sevy et al., 1989). In addition, 

increase in both α2- and β- adrenergic receptor binding has been reported in postmortem 

material of depressed patients (Mann et al., 1986). It has been proposed that in the depressed 

state the transmission of NA may be less than normal with an increased postsynaptic sensitivity, 

and where an acute increase in presynaptic firing leads to exaggerated responses (Harro and 

Oreland, 2001; Ressler and Nemeroff, 2000).  

The indolamine (serotonergic) hypothesis of depression suggests that susceptibility to 

depression increases due to deficiency of brain 5-HT levels/activity (Mann, 1999). In 

agreement, subset of depressed patients showed decreased levels of the 5-HT metabolite, 5-

hydroxyindoleacetic acid (5-HIAA) in the plasma and CSF, and these reduced levels in the 

CSF are correlated to suicidal behavior (Asberg et al., 1976; Faustman et al., 1991). The 

‘serotonergic hypothesis’ is also reinforced by reports showing that a quick reduction in the 

levels of dietary tryptophan leads to a relapse of depressive symptoms in a subset of patients 

on antidepressant treatment with selective serotonin reuptake inhibitors (SSRIs) (Delgado et 

al., 1999; Heninger et al., 1996). Also, postmortem brains of depressed patients show a 

reduction in 5-HT transporter binding (Maes and Meltzer, 1995). Differential regulation of the 
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5-HT receptors has been observed in depression, where an increased receptor binding for 

5HT1A (Matsubara et al., 1991) and 5HT2 (Mann et al., 1986) has been shown in the cortex of 

human postmortem tissue, whereas a decrease in 5-HT1A receptor density was shown in the 

amygdala and hippocampus (Cheetham et al., 1990; Lopez et al., 1998). In addition, an increase 

in the 5-HT1A receptor density was observed in the DRN of postmortem brains from depressed 

suicide subjects (Stockmeier et al., 1998). Thus, collectively these results denote a 

dysregulation in 5-HT transmission in depressed patients at both pre- and postsynaptic sites. 

Even though alterations in the NA and 5-HT transmission are lucidly reported in mood 

disorders, there is also evidence for interaction of the monoamine systems with other 

neurobiological circuits and systems, suggesting that they may not represent the principal cause 

of depression themselves. For example, an important role has been ascribed to glutamatergic 

(and GABAergic) signaling following the more recently demonstrated antidepressant action of 

ketamine (Abdallah et al., 2016; Lener et al., 2016). 

1.6.6 Role of neuropeptides in mood related disorders 

Several characteristics of neuropeptides make them potentially important players in the 

regulation of mood disorders. Some being that neuropeptides are frequently expressed in brain 

regions implicated in emotion-related behaviors and response to stress (Hokfelt et al., 2000). 

Neuropeptides often co-exist with the monoaminergic transmitters (e.g. 5-HT, NA and DA) 

and with other neuropeptides implicated in mood behavior (Hokfelt et al., 2003; Melander et 

al., 1986b). Neuropeptides exert physiological effects in systems important for mood behavior 

mainly via GPCRs and receptor subtypes with diverse transduction pathways. Finally, 

neuropeptides seem to influence neurotransmission under special conditions, thereby mainly 

acting as neuromodulators. Thus, the synthesis and release of neuropeptides is increased 

substantially during high neuronal activity thereby modulating activity of co-expressing 

neurons (Lundberg and Hokfelt, 1986). 

1.6.7 Genetics of MDD 

MDD is considered to be a familial disorder with heritability of ~30-50% (Fava and Kendler, 

2000; Sullivan et al., 2000). However, in large genome-wide association studies (GWAS) it 

has been difficult to identify involvement of genetic variants, for example an association 

between MDD and polymorphisms; however, positive results have been reported for some 

genes with possible biological significance, such as adenylate cyclase 3 and galanin (Wray et 

al., 2012). However, mega-analysis with 9,519 controls and 9,240 MDD cases with replication 

in 50,695 controls and 6,783 MDD cases failed to identify clear genetic variants related to the 

phenotype (Ripke et al., 2013). Another level of intricacy to the pathophysiology of mood 

disorders is added by the potential for gene and environment interactions. A plethora of studies 

have considered such interactions and reported candidate genes like DA receptor 2 (DRD2) 

(Zhang et al., 2014), monoamine oxidase A (MAOA) (Melas et al., 2012), brain-derived 

growth factor (BDNF) (Aguilera et al., 2009; Gatt et al., 2009) and the 5-HT transporter (Lesch 

et al., 1996) to be implicated in depression.  
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Epigenetic mechanisms, which control DNA activity without inducing a change in the DNA 

sequence, have been studied, implicated and extensively explored in various human diseases, 

including cancer and neuropsychiatric disorders (Dalton et al., 2014). Homeostatic regulation 

of the epigenome largely influences proper functioning of the cell. As the epigenome is 

sensitive to cues from the environment, even trivial changes in the environment may cause 

long-term alterations in gene expression, thereby contributing to disease/pathology (Mehler, 

2010). Several mechanisms of epigenetic regulation are studied broadly, which comprise of 

DNA methylation, histone modifications and non-coding RNAs; however, due to ease of 

measurement and stability DNA methylation tops the list of the mechanism studied (Dalton et 

al., 2014). A recent hypothesis suggests that certain environmental factors seize the epigenetic 

memory of the brain and together with genetic predispositions cause several of the behavioral 

manifestations observed in psychiatric disorders (Peter and Akbarian, 2011; Renthal and 

Nestler, 2009).  
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2 MATERIALS AND METHODS 

2.1 Sample details (Paper I, II and III) 

2.1.1 Paper I 

Fresh frozen human brain tissue was obtained for this study from 12 control subjects. The 

autopsy was performed at different departments at the Semmelweis University, Budapest, 

Hungary. Written informed consent was obtained and the study was approved by the Ethics 

Committee of Semmelweis University. Brain tissue samples were obtained during autopsy with 

postmortem delay of 2-10 h. Medical history was attained from hospital records, interviews 

with family members and relatives and pathological and neuropathological reports. All 

personal identifiers were removed and samples were coded before the analyses of the tissue. 

Details of the subjects included in the study are mentioned in Table 1a. 

 

2.1.2 Paper II 

Postmortem brain tissue from control individuals and depressed suicide (Suicide) subjects was 

obtained from the Douglas-Bell-Canada Brain Bank, Montreal, Canada. A total of 212 punched 

samples from five different brain regions of 61 individuals (controls and depresssed suicides) 

were processed. Details of the control individuals and suicide subjects are included in Table 

1b. Ethical approval was obtained from The Institutional Review Board of the DMHUI for this 

study, with written informed consent from the families of the deceased and from Karolinska 

Institutet. All individuals were of French-Canadian origin, and the samples included were 

matched for postmortem interval (PMI, interval between death and freezing of the brain), age 

and tissue pH. Individuals in the control group died suddenly from accidental or natural causes. 

Psychological autopsies were done for both control cases and suicide subjects to regain 

phenotypic information. To obtain diagnostic information postmortem a proxy-based interview 

procedure was used, an accepted standard (Dumais et al., 2005). Briefly, a few months after 

death of the individuals, the families were contacted, and the person best familiar with the 

deceased was enrolled to undergo a series of structured interviews. These interviews were 

accompanied with information from archives obtained from the hospitals, social services and 
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Coroner’s office. After the interviews, clinical vignettes were assessed by a panel of clinicians 

to generate DSM-IV criteria. The bank also obtains toxicological assessments, and complete 

information on medication prescription. 
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2.1.3 Paper III 

Postmortem samples from three individuals without significant neurological symptoms or 

considerable neuropathological changes were collected and obtained from the Institute of 

Neurology, Medical University of Vienna, Austria (Table 1c). All the procedures were in 

accordance with the 1964 Helsinki declaration and its following amendments or ethical 

standards from Stockholm (2013/474-31/2, Stockholm, Sweden) and Vienna (396/2011, 

Vienna, Austria). 

 

2.2 RNA probe synthesis (Paper I and III) 

RNA probes specific to human tryptophan hydroxylase 2 (TPH2), GalR2, vesicular glutamate 

transporters 1 (VGlut1), -2 (VGlut2), -3 (VGlut3), nNOS, NPS and NPSR1 were generated from 

human total-brain RNA (Ambion, Carlsbad, CA), and for human tyrosine hydroxylase (TH), 

galanin, GalR1 and GalR3 they were generated using human dorsal root ganglion (DRG) 

mRNA (Takara Bio Ltd, Mountain View, CA). Human total-brain RNA and DRG mRNA were 

reverse transcribed to generate cDNA by using the Retroscript Kit (Ambion, Carlsbad, CA). 

This cDNA was then used together with the specific primers for PCR amplificaiton of the 

markers studied (Table 2). The PCR fragments were then checked on an agarose gel and 

subcloned into PCR1II-TOPO vector (Invitrogen, Carlsbad, CA). Orientation and sequence of 

the cloned products was confirmed by nucleotide sequencing (KIGene, Stockholm, Sweden). 

Positive clones were linearised and sense and antisense probes were generated by using the T7 

and Sp6 RNA polymerase. In vitro transcription was performed using the MAXIscript Sp6/T7 

kit (Ambion, Carlsbad, USA) and [α35]-UTP (Perkin Elmer, Waltham, MA) according to the 

manufacturer’s instructions. Transcribed products were purified by using the NucAway Spin 

Columns (Ambion, Carlsbad, CA). 

 
Probes specific to the rat NPS and NPSR1 were generated as previously described (Xu et al., 

2007). Plasmids containing the cloned PCR product were shipped to us by the Reinscheid 

laboratory. The plasmids were transformed into competent E coli cells and then purifed and 

linearised using the T7 and T3 RNA polymerase to generate antisense and sense probes, 

respectively. 
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2.3 In situ hybridization (Paper I and III) 

2.3.1 Fixation 

Slides containing the human and rat brainstem sections were fixed in cold 4% 

paraformaldehyde (wt/vol) in 0.1M PBS, pH 7.4, for 10 min, then in 1X PBS for 5 min, 

followed by 5 min in diethyl pyrocarbonate treated water (DEPC-water), 5 min in 0.1M 

hydrochloric acid (HCl), 3 min in 1X PBS (twice) followed by 20 min in 0.25% acetic 

anhydride in 0.1M triethanolamine and then for 3 min in 1X PBS (twice). The slides were then 

dehydrated in 70-80-100% (vol/vol) ethanol for 2 min each. Slides were then air-dried and 

stored at -20°C until prehybridization. 

2.3.2 Prehybridization 

Sections were incubated in a prehybridization cocktail containing 50% (vol/vol) deionized 

formamide (pH 5.0), 50 mM Tris-HCl (pH 7.6), 25 mM EDTA (pH 8.0), 20 mM NaCl, 0.25 

mg/ml yeast tRNA, and 2.5X Denhardt’s solution for 4-6 h at 55°C. 
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2.3.3 Hybridization 

Prehybridization solution was carefully removed from the slides, hybridization solution was 

added, and the slides were incubated overnight (14-16 h) at 55°C. Hybridization solution 

contained the labeled probes diluted to a final concentration of 1.0 x 10-6 cpm/200 μl, 50% 

(vol/vol) deionized formamide (pH 5.0), 0.3M NaCl, 20 mM DTT, 0.5 mg/ml yeast tRNA, 0.1 

mg/ml poly-A-RNA, 10% (vol/vol) dextran sulfate and 1X Denhardt’s solution. 

2.3.4 Washing and autoradiography 

After overnight hybridization, the slides were washed with continuous stirring for 30 min in 

1X SSC (twice) at 55°C, 1 h in 50% (vol/vol) formamide/0.5X SSC at 55°C, 15 min in 1X SSC 

at 55°C, 1 h in RNase A buffer at 37°C, 15 min in 1X SSC (twice) followed by dehydration in 

50-70-100% ethanol for 2 min each. The sections were then air-dried and exposed to Kodak 

BioMax MR film (VWR International, Stockholm, Sweden) and/or dipped in KODAK NTB 

emulsion (Kodak, Rochester, NY) diluted in a ratio of 1:1 with water. After the predetermined 

exposure interval, the slides were developed in KODAK D19 developer for 3 min, AL4 fixative 

for 7 min, dried at room temperature (RT) and mounted in glycerol-PBS solution. Some 

sections were counter stained with cresyl violet for ~1 min, rinsed in 50-70-100% ethanol, 

followed by xylene and then mounted using Entellan (Merck, Kenilworth, NJ). 

2.3.5 Microscopy 

Sections were analyzed by using a Nikon Eclipse E600 microscope equipped with a bright and 

dark-field condenser and epi-fluorescence with appropriate filters connected to a digital camera 

(Nikon DXM 1200 and OCRA-ER digital camera) along with Hamamatsu Photonics Wasabi 

150 software.  

 

2.3.6 Estimation of the total number of NPS mRNA expressing neurons in 
the human pons (Paper III) 

All the slides hybridized with the antisense NPS RNA probe were checked under the 

microscope, and quantitative evaluation of the number of NPS mRNA-expressing neurons in 

periventricular, pericoerulear and parabrachial regions was performed based on the principle 

of the optical fractionator (Gundersen, 1986; West, 1993) and by using the formula: N = ΣQ- 

* (1/ssf), where N is the total number of cells, ΣQ- stands for the counted cells and ssf for the 

section sampling factor. 

2.4 Quantitative Real-Time PCR (qPCR) (Paper I and II) 

qPCR was performed in Paper I on frontal cortex, cingulate cortex, amygdaloid complex 

and pons (at the level of DRN and the LC). Tissue punches for the cortical regions and the 

amygdaloid complex were collected by macrodissection and obtained from the Human Brain 

Tissue Bank, Semmelweis University, Budapest, Hungary. For samples from the DRN and 

LC, brains were sectioned at the appropriate level, 10 sections of 60 μM each were collected 
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in RNase free Eppendorf tubes and processed for RNA extraction. Samples for Paper II were 

obtained from five different regions including the dorsolateral prefrontal cortex (DLPFC), 

anterior cingulate cortex (ACC), DRN, LC and MRN from control and depressed suicide 

subjects. Micropunched samples were obtained from the Douglas-Bell-Canada Brain Bank, 

Montreal, Canada, which were processed for total RNA extraction. Total RNA was extracted 

from the samples using RNeasy Mini Kit (Qiagen, Hilden, Germany). Quality and quantity 

of the RNA was checked spectrophotometrically using NanoDrop (Saveen Werner, 

Stockohlm, Sweden). RNA Integrity of samples of Paper II was checked by Experion 

automated electrophoresis system (BioRad, Hercules, CA). All samples that showed an RNA 

integrity number (RIN) higher than 5 were considered good quality RNA samples, and higher 

than 8 were considered as perfect (Fleige and Pfaffl, 2006). Samples with very low RNA 

concentrations and integrity (RIN <4) were excluded from the RT-qPCR analysis (n=27 out 

of 212 punched samples). Superscript II RT (Invitrogen, Carlsbad, CA, Paper I) and High 

capacity reverse transcription kit (Life Technologies, Carlsbad, CA, Paper II) were used to 

reverse transcribe total RNA, and the cDNA was subject to 40 cycles of amplification by 

using TaqMan gene expression assays:  GalR1 (Hs00175668_m1), GalR2 

(Hs00605839_m1), GalR3 (Hs00358572_m1), galanin (Hs00544355_m1) and TaqMan 

PCR Master Mix (Life Technologies, Carlsbad, CA). The amplification was performed using 

ABI Prism 7000 sequence detector system (Paper I) and 7500 Fast real-time PCR system 

(Life Technologies, Carlsbad, CA, Paper II). Random samples were cloned into PCR II 

TOPO TA cloning vector (Life Technologies, Carlsbad, CA) and sequenced at KIGene 

(Stockholm, Sweden) to confirm the specificity of the amplification reactions. A NTC (no-

template control) reaction and a RT-negative control reaction were used to check for 

unspecific amplification and amplification from gDNA respectively. Relative fold changes 

were calculated by using the comparative CT method (2-ΔΔCT).  

2.5 DNA methylation analysis by pyrosequencing (Paper II) 

2.5.1 Genomic DNA extraction and PyroMark PCR 

Genomic DNA was extracted from the punched samples obtained from Douglas-Bell-Canada 

Brain Bank, Montreal, Canada using DNeasy blood and tissue kit (Qiagen, Hilden, Germany). 

Quality and quantity of isolated gDNA were checked spectrophotometrically, and 400 ng of 

gDNA from each sample were bisulfite converted by using the EZ DNA Methylation-Gold™ 

Kit (Zymo Research, Irvine, CA). One µl of the converted DNA was subject to 40 cycles of 

amplification by using gene specific primers and pyroMark PCR kit (Qiagen, Hilden, 

Germany). Details of the forward and biotinylated reverse primers are mentioned in Table 3. 

One-fifth of the PCR product was checked for specific amplification on 2% agarose gel by 

electrophoresis, and the remainder was used for pyrosequencing.  
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2.5.2 Pyrosequencing 

Pyrosequencing was performed as previously described (Tost and Gut, 2007) and by using 

PyroMark Q96 ID (Qiagen, Hilden, Germany). PCR products were combined with binding 

buffer (Qiagen, Hilden, Germany) and sepharose beads (Sarstedt, Nümbrecht, Germany) and 

with constant shaking at 200 rpm for 10 min. In parallel, sequencing plates were loaded with 

sequencing primers for galanin and its receptors’ genes and annealing buffer. The vacuum 

workstation was also prepared with the buffers required for the washes. After mixing, vacuum 

was applied, and the PCR primers bound to the sepharose beads were aspirated using the filter 

probes. The filter probes were flushed for 5 sec in 70% ethanol, 10 sec in denaturation buffer 

(Qiagen, Hilden, Germany) followed by 10 sec in wash buffer (Qiagen, Hilden, Germany). 

With vacuum ON, the tool was raised beyond 90° vertical for 5 sec and then with vacuum OFF, 

the filter probes were lowered in the sequencing plate and agitated mildly to release the beads 

into the wells. The samples were then heated at 80°C for 2 min and cooled to RT for 5 min. 

The plate was then processed for sequencing. The methylation percentage at each CpG site was 

analyzed using the PyroMark Q96 software (Qiagen, Hilden, Germany).  

2.6 Radioimmunoassay (Paper II) 

Galanin levels of the human antigen were measured by using antiserum G-026-01 (Phoenix 

Europe GmbH, Karlsruhe, Germany) rasied in a rabbit against galanin and cross-reacting 100% 

with porcine and rat galanin. HPLC-purified 125I-human galanin (Bachem, Bubendorf, 

Switzerland) was used as radioligand and human galanin (Bachem, Bubendorf, Switzerland) 

as calibrator. Sac-Cel (IDS LTD, England) was used to separate bound and free fractions. 

Tissue samples were weighed on a microscale and extracted in 1 mL boiling 1 mol/L acetic 

acid for 10 min before sonication and lyophilization. The pellet was re-suspended in 

radioimmunoassay (RIA) buffer by sonication. The tissue concentrations of galanin were 

significantly influenced by brain specific regions (p<0.001), but not by sex (p=0.157). The 

Saphiro-Wilks test found a non-Gaussian distribution in data from the ACC, but not in other 

brain regions. Non-transformed data were therefore used.  
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2.7 Statistical analysis (Paper II) 

Statistical analysis was performed using GraphPad Prism 6 (GraphPad software, CA) StatView 

(SAS Institute Inc.) and Systat 11 (Systat Software Inc). RIN, age, PMI and tissue pH values 

between controls and suicides for the five brain regions were analyzed by multivariate ANOVA 

and two-tailed t-test for independent groups. Shapiro-Wilks test was used to test for Gaussian 

distribution. Significant outliers for qPCR fold change and % methylation were analyzed by 

ROUT method and excluded if p<0.05. qPCR data was analyzed by using the nonparametric 

Mann-Whitney U-test. DNA methylation differences between controls and suicides were 

analyzed using Mann-Whitney U-test. p-values below 0.05 were considered significant, and p-

values between 0.05 and 0.1 were considered to represent a trend. 

2.8 Immunohistochemistry (Paper III) 

2.8.1 Intracerebroventricular colchicine injections in Wistar Rats 

Adult male Wistar rats (n =3, body weight 300-350 g) were injected with the mitosis inhibitor 

(and axoplasmic transport-blocker) colchicine (Dahlstrom, 1969) under Hypnorm/Midazolam 

anesthesia. The drug was infused gradually into the left cerebral ventricle. To avoid back-flow 

of the injected colchicine, the syringe was left in the brain for 5 min following the injection. 

After 24 h, the rats were anesthesized using sodium pentobarbital (60 mg/kg i.p.; obtained from 

Apoteket, Stockholm, Sweden) and then perfused via the ascending aorta using 60 ml of 

Tyrode’s buffer at 37°C and 60 ml of a mixture of 4% paraformaldehyde (PFA), 0.2% picric 

acid diluted in 0.16 M phosphate buffer (PB; pH 6.9; 37°C) and 300 ml of the same fixative 

at 4°C. The brains were removed and postfixed using the above fixative for 120 min at 4°C, 

and then immersed in 10% sucrose diluted in phosphate-buffered saline (PBS; pH 7.4) 

containing 0.01% sodium azide (Sigma-Aldrich, St. Louis, MO) and 0.02% Bacitracin 

(Sigma-Aldrich; 4°C) for 48 h. The brains were then frozen and sectioned at 20 μm in a 

cryostat (Microm, Heidelberg, Germany) between Bregma −10.00 and −8.00 mm.  

2.8.2 Immunohistochemistry and fluorescence microscopy 

Sections were washed in PBS and incubated overnight with rabbit polyclonal antiserum 

against NPS (Abcam, cat no: ab18252) at RT and at a dilution of 1:10,000 in 0.01M PBS 

containing 0.3% TritonX-100, 0.02% bacitracin and 0.01% sodium azide. The sections were 

processed using a commercial kit (PerkinElmer Life Science, Boston, MA) based on tyramide 

signal amplification (TSA; (Adams, 1992)) to visualize the immunoreactivity. Concisely, the 

sections were washed in TNT buffer for 15 min, followed by TNB buffer for 30 min at RT 

and incubated with an antirabbit IgG-HRP polymer conjugate (Invitrogen, Frederick, MD, 

USA) diluted 1:2 in TNB buffer for 30 min. The sections were then washed in TNT buffer 

and incubated in a tyramide-fluorescein (FITC) conjugate (PerkinElmer) diluted 1:100 in 

amplification diluent for 15 min at RT. After the immunoreactions, sections were 

coverslipped using 2.5% DABCO in glycerol (Sigma). The sections were examined using a 

Nikon Eclipse E600 fluorescence microscope with objective lenses 4x, 10x, 20x, and 63x 

(Nikon, Tokyo, Japan) equipped with appropriate filters and an ORCA-ER, C4742-80 digital 
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camera (Hamamatsu Photonics K.K., System Division, Hamamatsu City, Japan), using 

Hamamatsu Photonics Wasabi 150 software.  
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3 AIMS 

The main aim of this thesis is to explore the distribution of two neuropeptide systems, like 

galanin and NPS, in postmortem human brain and identify possible alterations in the expression 

of galanin system in postmortem brains from MDD subjects and controls. 

3.1 Specific aims 

 To study the localization and expression of the transcripts for galanin and its three receptor in 

the locus coeruleus (LC) and dorsal raphe nucleus (DRN) and some other brain regions of 

‘normal’ postmortem human brains and explore possible species differences between human 

and rodents using in situ hybridization and qPCR (Paper I). 

 

  To explore alterations of the galanin system in MDD by analyzing postmortem brains from 

depressed suicides (Suicides) and matched non-psychiatric controls. qPCR was used to monitor 

transcript levels, bisulfite pyrosequencing was used to analyze DNA methylation changes, and 

radioimmunoassay to establish galanin peptide levels (Paper II). 

 

 To study the distribution of neurons expressing the transcript for NPS and its receptor in the 

human pons and directly compare the distribution of the NPS transcript in the human and rat 

brain (Paper III). 
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4 RESULTS AND DISCUSSION 

4.1 Paper I. Distribution of galanin and its receptors and some other molecules 
in the human locus coeruleus and dorsal raphe nucleus  

The LC and DRN have been central in monoamine research for many years, especially because 

these two brain regions harbor, respectively, important groups of NA and 5-HT neurons, and 

because these systems are implicated in the control of behavior and mood and are targets for 

commonly used antidepressant drugs. The LC is a bilateral nucleus located close to the fourth 

ventricle with a limited rostral-caudal extension. In the adult human brainstem (age 19-78 

years), the LC consists totally of 22,000 to 51,000 pigmented neurons (Mouton et al., 1994). 

These pigments are the melanin granules giving the NA cells their blue color, allowing 

identification at the macroscopic level. Almost all LC neurons are noradrenergic (Baker et al., 

1989; German et al., 1988). The DRN in humans encompass some 165,000 neurons 

contributing to ~70% of all DRN neurons (Baker et al., 1991). In Paper I, we explored the 

distribution patterns of transcripts for the neuropeptide galanin and its receptors (GalR1-3) in 

the LC and DRN of postmortem human brain tissue from non-psychiatric controls using ISH 

and qPCR. TH and TPH2 mRNA were used as markers for NA and 5-HT neurons, respectively. 

In addition, probes against nitric oxide synthase (NOS) and the three vesicular glutamate 

transporters, VGLUT 1-3, were used to identify NOergic and glutamatergic neurons, 

respectively.  

In the LC, robust levels of TH mRNA were observed in the NA neurons after emulsion-

exposure for 10 days (Fig 4A, 4B). These neurons could mostly be identified as noradrenergic 

on the basis of a distinct autofluorescence, and thus there was no need for double labeling with, 

e.g., TH probes. Galanin (Fig 4C, 4D) and GalR3 (Fig 4E, 4F) expression was also observed 

in the NA neurons, but the exposure times for these probes were considerably longer (4 weeks 

for galanin and 8 weeks for GalR3), when compared to the exposure time for TH. Interestingly, 

the signal for GalR3 appeared equally strong among the individual neurons (Fig 5A), similar 

to the TH expression pattern, whereas galanin mRNA levels varied considerably between 

neurons (Fig 4C, 4D). GalR1 on the other hand showed a weak expression profile and did not 

seem to overlap with the pigmented NA neurons. The relative expression using qPCR 

confirmed the in situ hybridization analysis, where TH expression was the most robust (raw Ct 

= 28 cycles), whereas galanin transcript expression was ~40-fold higher and GalR3 around 

~six-fold higher than GalR1 in the LC samples (Fig 8A). GalR2 could not be detected by the 

riboprobe synthesized and also showed very low levels in the qPCR analysis (Fig 8A). Thus, 

galanin seems to be a robustly expressed molecule, but the variation in transcript levels among 

individual cells directs the attention to the fact that galanin is a molecule that is released and 

requires compensatory mechanisms for synthesis and replacement (see Introduction). Thus, 

these finding suggest that individual NA neurons have their own firing pattern. GalR3, on the 

other hand, showed a relatively uniform expression pattern, like TH, which may be expected 

from a ‘stable’ molecule such as a receptor protein.  
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When compared to previous published rodent data, the GalR3 expression in the human LC is 

surprising, since in rat and mouse, based on ISH, primarily GalR1 and GalR2 mRNA are 

expressed in LC neurons (Burazin et al., 2000; Lein et al., 2007; O'Donnell et al., 1999) but not 

GalR3 (Mennicken et al., 2002). De facto, the rat brain in general shows a fairly limited 

expression of GalR3 mRNA (Mennicken et al., 2002; Waters and Krause, 2000). In agreement, 

information on GalR3 mRNA expression in the mouse brain is not available in the Allen Brain 

Atlas (Lein et al., 2007). 

Figure 4. In situ hybridization photomicrographs showing the distribution of galanin and GalR3 in the 
LC. The three markers TH (A and B), galanin (C and D), and GalR3 (E and F) show an overlapping distribution 
pattern, whereby TH and GalR3 transcript levels are similar in all cells. Note the variability in the strength of the
signal for galanin mRNA. Positive cells are indicated by arrows. Insets A’, C’, and E’ show results after 
hybridization with sense/control probe. Scale bars 200 μm in A, C and E and 100 μm in B, D and F.  

GALR3 A GALR3 B 

Figure 5. GalR3 mRNA expression in the LC. Strong signal observed overlapping with LC-NA cells (arrows) 
(A) versus a very low number of grains with control probe (B). Arrowheads indicate noradrenergic
autofluorescent cells. 
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In the DRN, a positive signal was observed for TPH2, galanin and GalR3 mRNA (exposure 

times for these markers were the same as for LC). In the vPAG/DRN a discrete overlap was 

observed between TPH2 and GalR3 mRNA distribution (Fig 6D, 6F), whereas galanin mRNA 

was not observed in this subregion (Fig 6E). Galanin expression was, however, detected just 

in the midline dorsal to the 5-HT cells (Fig 6B), thus accounting for a working probe, as also 

evidenced by the successful labeling of LC neurons. A GalR1 signal, on the other hand was 

seen more widely in the PAG, and GalR3 was also observed in other regions of the PAG (Paper 

I, Fig S3C). Similar to the LC, GalR2 was undetected also at the level of DRN. qPCR analysis 

confirmed the ISH data, where TPH2 was the highest expressed marker (raw Ct = 25 cycles) 

followed by galanin which was ~25 fold higher than GalR1, and GalR3 was ~seven fold higher 

than GalR1 (Fig 8B). 

  
These data indicate a possible coexistence between 5-HT and GalR3 but not involving galanin 

itself. In contrast, in rat DRN galanin is expressed in serotonergic neurons, however this is not 

the case in the mouse. Coexistence of GalR3 and TPH2 needs to be proven by further 

experiments. Since, according to our experience, there are no antisera available to GalR3 

suitable for immunohistochemistry, the only option would be to carry out double-in situ 

hybridization. However, our attempts in this direction have not been successful, probably 

because the GalR3 signal is week (8 weeks of exposure!). 
 

 

Figure 4. In situ hybridization photomicrographs showing the expression of TPH2 (A and D), 
galanin (B and E) and GalR3 (C and F) in the DRN of human brain sections. Overlapping 
distribution of GalR3 and TPH2 is observed in the posterior DRN (D and F). No galanin signal was 
detected in that area, but positive cells were observed more dorsally (arrow) (B). D, E and F are higher
magnifications of boxes in A, B and C, respectively. Scale bars: 100 μm in A, B and C; 50 μm in D, E 
and F.  
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We also studied some other molecules to explore to what extent the species differences in the 

galanin system are unique. Thus, nNOS was detected in several regions of the brainstem, but 

overlap with TH-positive cells occurred only to a minimal extent, mostly in the rostral LC (Fig 

7A, B). Neither was overlap of nNOS with TPH2 observed (Fig 7C, D); however, a strong 

signal was seen in the ventrolateral PAG and many weak cells were observed in the dorso-

lateral region of the PAG. Thus, we had a ‘working’ NOS riboprobe. 

 
Among the glutamate transporters, VGLUT1 and -2-positive cells were seen in the pontine 

nuclei (Paper I, Fig 4) but not in the vPAG, including the DRN, i.e. the midline area, where a 

strong TPH2 signal was detected. VGLUT2 mRNA was also expressed in the LC area, but 

closer analysis revealed that these cells do not overlap with the pigmented neurons, thus 

probably accounting for a separate population of cells, which are not noradrenergic.  

Overall, absence of nNOS in the 5-HT cells is similar to mouse (Fu et al., 2010; Lein et al., 

2007) but different from rat (Dun et al., 1994; Johnson and Ma, 1993; Wang et al., 1995; 

Wotherspoon et al., 1994; Xu and Hokfelt, 1997). The distribution of VGLUTs transcripts in 

rat and mouse vPAG and LC shows a similar pattern in the two species (Amilhon et al., 2010; 

Calizo et al., 2011; Gras et al., 2002; Hioki et al., 2010; Jackson et al., 2009; Lein et al., 2007; 

Schafer et al., 2002). Thus, VGLUT1 transcript is absent in DRN/vPAG and in LC, whereas 

VGLUT2-positive cell bodies are seen in vPAG, but not in the midline, or LC. VGLUT3 

mRNA, on the other hand, is expressed in the midline region, in a distinctive subpopulation of 

serotonin and non-serotonin neurons in rats (Gras et al., 2002; Hioki et al., 2010; Schafer et al., 

Figure 5. In situ hybridization photomicrographs of nNOS in the LC and DRN. Overlap with TH+ cells was 
observed only to a minor extent in the LC (B) and no overlap was seen in the DRN (C). Arrows point to positive
cells, arrowheads to autofluorescent cells. Scale bars 200 μm in A, 25 μm in B, 100 μm in C and D. 
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2002) and, presumably, in mice (Lein et al., 2007). As far as VGLUT3 expression in the human 

brain is concerned, we could not detect a positive signal in the vPAG/DRN, a possible species 

difference. This could, however, also reflect a failed probe. Thus, it remains to be established, 

if VGLUT3 is differentially expressed in human versus rodents.  

4.2 Paper II. Galanin and its receptors in MDD  

Several studies have shown that LC and DRN are important players in mood-related disorders 

(Aston-Jones et al., 1996; Bremner et al., 1996; Harro and Oreland, 2001; Page and Valentino, 

1994; Svensson, 1987; Charney, 2004; Foote et al., 1983; Weiss et al., 1994), and in the rat 

stress induces upregulation of galanin expression in the LC (Holmes et al., 1995; Sweerts et 

al., 1999). Reflecting on the striking species differences observed for the galanin system in the 

DRN and LC of human control brains in Paper I, we next aimed to explore potential changes 

for this neuropeptide system in MDD by analyzing postmortem brain tissue from Suicide and 

matched control individuals. We used qPCR to analyze differences in the transcript expression. 

In addition, we also considered a possible involvement of epigenetic mechanisms and therefore 

studied DNA methylation in galanin and its three receptors in the same samples. Finally, we 

analyzed galanin peptide levels by RIA, also in the same samples. The 212 punched samples 

from the five different regions, DLPFC, ACC, DRN, LC and MRN, were studied.  The 

demographic characteristics of the cohort are shown in Table 4. No statistically significant 

differences were observed between Suicides and their controls matched for age, PMI, brain pH 

and RIN. This suggests that the differences observed (see below) are due to biological effects 

and not to sample heterogeneity. Transcripts for galanin and GalR1-3 were differentially 

expressed in the five brain regions. Galanin mRNA levels were highest in the three brain stem 

regions and 3-4-fold lower in the two cortical areas. For the receptors, based on raw Ct values, 

GalR1 seems to be the most prominent receptor transcript with overall Ct values considerably 

lower than for the other two receptors; however, the abundance is about 4-fold higher in the 

DLPFC when compared to DRN and LC. GalR2 mRNA was high in the DRN when compared 

to MRN. GalR3 mRNA follows the pattern of galanin with high levels in the lower brain stem 

and low levels in cortex.  

Figure 6. qPCR analysis to determine the fold difference in the expression of galanin and its receptors in
the LC and DRN. Expression levels of galanin and GalR3 are significantly higher than GalR1 and GalR2 in the
LC and DRN. The bar graphs represent mean ± S.E.M (n=7). *P<0.05, **P<0.01 and ***P<0.001, n.s. not
significant 
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The results in Paper II are to some extent in disagreement with some findings in Paper I. 

Thus, whereas in Paper I GalR3 mRNA levels were higher than GalR1, both in the LC and 

DRN, we observed the reversed situation in Paper II. A possible explanation for the difference 

could be the method of dissection: in Paper I we used tissue sections, where the LC and DRN 

were micro-dissected, whereas in Paper II the samples were brain punches collected by macro-

dissection. Also, to what the extent the prefrontal region dissected in the two papers is exactly 

the same, cannot be decided. Especially since we observe such marked differences between the 

DLPFC and ACC with regard to levels of GalR1 mRNA. Having said this, it is important to 

note that even though the raw Ct values are much lower in Paper II, the ‘ranking’ between the 

receptor transcripts in the forebrain is the same as in Paper I: GalR1>GalR2>GalR3. 

4.2.1 Alterations in galanin and its receptors in depressed suicide subjects  

A summary of the transcript and methylation changes in the five regions are shown in Table 5  

Cortical Regions  

DLPFC is considered as an important neural substrate in the pathophysiology of depression, 

where dysfunction could potentially result in the different manifestations of the disorder 

(Drevets et al., 1998). Our results strongly support presence of galanin expression and receptors 

in this brain region, the latter already indicated in early autoradiographic binding studies using 
125I-galanin, revealing a strong cortical binding in the human brain, including cortex (Kohler et 

al., 1989a; Kohler et al., 1989b). 

 
In the DLPFC, galanin mRNA was significantly lower in male Suicide subjects when 

compared to controls (Fig 9A, P<0.01) versus higher in female Suicide subjects (Fig 9E, 

P<0.05), thus representing a distinct sex difference. GalR1 mRNA expression was significantly 

higher in male and female Suicide subjects (Table 5), versus no change for GalR2. GalR3 

transcript expression was significantly lower in male but not female Suicide subjects (Table 5).  
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The percentage of DNA methylation in the galanin promoter was significantly higher in male 

Suicide subjects at the three CpG sites (Fig 9B, 9C, 9D; CpG1, CpG2 and CpG3, P<0.05, 

P<0.01 and P<0.01 respectively), whereas in females a significant increase was observed at 

CpG1 (Fig 9F, P<0.05), a decrease at CpG2 (Fig 9G, P<0.05) and no change at CpG3 (Fig 9H). 

Galanin protein levels using RIA was not different in male and female Suicide subjects when 

compared to controls in the DLPFC. The apparent differences between, on one hand, male and 

female controls and, on the other hand, between male and female Suicide subjects did not reach 

significance.  

 

In the ACC, no significant changes in galanin mRNA or its receptors were found. Similarly, 

no changes in DNA methylation or peptide levels were seen. Interestingly, this area has been 

implicated in depression and suicide (Drevets et al., 2008). Taken together, these data on 

prefrontal cortex are in general difficult to interpret, since information regarding the cells, 

which express galanin and its the recptors in the frontal cortical regions, is not yet available, in 

the same way as we have for LC and DRN (Paper I). However, since GalR1 and GalR3 show 

equal affinity for galanin, the mechanistic effects of galanin release could be mediated equally 

by these receptors. 

Dorsal Raphe Nucleus  

Transcript levels of galanin were significantly higher in both male and female Suicide subjects 

(Fig 10A, 10E). Interestingly, apparently higher levels of TPH2 were observed in the male and 

female Suicide subjects (Fig 11 A, C), of which the TPH2 mRNA levels of male Suicides 

reached statistical significance (Fig 11A). This is in agreement with previous studies, which 

show higher levels of TPH2 mRNA and TPH2 immunoreactive neurons of Suicides (Bach-

Mizrachi et al., 2006; Underwood et al., 1999). Transcript levels of GalR1 were significantly 

higher only in male Suicides (Table 5). No changes were observed for GalR2 in the DRN; 

Figure 7. Galanin mRNA expression and DNA methylation changes in the DLPFC of depressed suicides
(DS) compared to control (CON) subjects. Transcript expression levels are represented as fold change in males
(A) and females (E). The percent of DNA methylation at specific CpG cites is shown (B-D, F-H). Data is represented
as mean ± S.E.M (n=10 per group). Significant differences between DS subjects and controls are indicated as
*P<0.05 and **P<0.01.  
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GalR3 was significantly higher in both sexes, with more robust effects observed in females 

when compared to males (Fig 12A vs 12E) (female vs male: P<0.01 vs P<0.05). The percentage 

of methylated DNA was significantly lower in the male galanin promoter of Suicide subjects, 

at CpG2 (Fig 10C); no change was observed in the other male sites (Fig 10B, 10D) or in female 

Suicide subjects (Fig 10F-H). For the receptors, only GalR3 was significantly decreased in 

female Suicide subjects at CpG1 and CpG2 (Fig 12F, 12G respectively). No changes in galanin 

peptide levels were observed in Suicide subjects when compared to controls. Rodent data show 

that 50-70% of all neurons in the DRN are non-serotonergic (Fu et al., 2010; Lein et al., 2007; 

Smith et al., 1994). Also, in Paper I, both galanin and GalR1 transcripts were observed in the 

close vicinity of 5-HT neurons, thus, the effects observed in the human DRN likely associated 

with non-serotonin cells. This is also in agreement with two recent studies on male rats, which 

show an increase in GalR1 mRNA levels, likely not in 5-HT neurons, after mild blast induced 

traumatic brain injury (Kawa et al., 2016) and chronic mild stress (Wang et al., 2016). 

Figure 8. Galanin mRNA expression and DNA methylation changes in the DRN of depressed suicides (DS)
compared to control (CON) subjects. Transcript expression levels are represented as fold change in males (A)
and females (E). The percent of DNA methylation at specific CpG cites is shown (B-D, F-H). Data is represented 
as mean ± S.E.M. Males: n=11 controls, 10 DS subjects, Females: n=11 controls, 10 DS subjects. Significant
differences between DS subjects and controls are indicated as*P<0.05 and **P<0.01. 

A B C D 

Figure 9. TPH2 and TH mRNA expression in the DRN and LC of depressed suicides (DS) compared to
control (CON) subjects. Transcript expression levels are represented as fold change for TPH2 (A) and TH (B) in 
males and TPH2 (C) and TH (D) in females. Data is represented as mean ± S.E.M. Significant differences between
DS subjects and controls are indicated as*P<0.05. 
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Locus coeruleus 

mRNA levels of galanin were significantly higher in both male and female Suicide subjects 

when compared to their respective controls (P<0.01, Fig 13A, 13E). Transcript levels of TH 

also showed an apparent increase but did not reach statistical significance (Fig 11B, 11D). 

Figure 10. GalR3 mRNA expression and DNA methylation changes in the DRN of depressed suicides (DS)
compared to control (CON) subjects. Transcript expression levels are represented as fold change in males (A)
and females (E). The percent of DNA methylation at specific CpG cites is shown (B-D, F-H). Data is represented
as mean ± S.E.M. Males: n=11 controls, 10 DS subjects, Females: n=11 controls, 10 DS subjects. Significant
differences between DS subjects and controls are indicated as*P<0.05 and **P<0.01. 

Figure 11. Galanin mRNA expression and DNA methylation changes in the LC of depressed suicides (DS)
compared to control (CON) subjects. Transcript expression levels are represented as fold change in males (A)
and females (E). The percent of DNA methylation at specific CpG cites is shown (B-D, F-H). All data are presented 
as mean ± S.E.M., Males: n=10 controls, 10 DS subjects, Females: n=12 controls, 10 DS subjects. Significant
differences between DS subjects and controls are indicated as*P<0.05 and **P<0.01. 
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Among the receptors, only GalR3 mRNA levels were significantly higher, both in male and 

female Suicide subjects, compared to their respective controls with the effect being more robust 

in females (male vs female: P<0.01 vs P<0.05; Fig 14A, 14E). The percentage of methylated 

DNA in the galanin promoter at CpG1 and CPG2 was significantly lower in Suicide subjects 

(Male: P<0.01 and P<0.05 vs Female: P<0.05 and P<0.01) (Fig 13B, 13C vs 13F, 13G, 

respectively). No changes were found at the CpG3 site (Fig 13D, H). There was a significant 

decrease in the percentage of methylated DNA at the CpG1 site of the GalR3 gene in Suicides 

of both sexes (P<0.05, Fig 14B, 14F), whereas methylation at the CpG2 site was significantly 

decreased only in females (P<0.01, Fig. 14G). No changes were found at the CpG3 site (Fig 

14D, H). Significant changes in galanin peptide levels were found only in the female locus 

coeruleus (p=0.025, Table 6), where the mean concentration was 56% higher in Suicides than 

in controls (67.7 pmol/mg compared to 43.4 pmol/mg). This is, in fact, the only region where 

a parallel increase in transcript and translation product, that is galanin, could be demonstrated. 

Animal studies suggest that LC neurons are activated by stress resulting in increased NA 

synthesis and release in the forebrain (Korf et al., 1973; Svensson, 1987; Zigmond et al., 1974). 

Stress also increases galanin expression in this nucleus (Holmes et al., 1995; Sweerts et al., 

1999). Typically, neuropeptides are released following increased/burst firing (Andersson et al., 

1982; Lundberg et al., 1980), also in the forebrain (Bean and Roth, 1991; Consolo et al., 1994). 

Thus, stress and increased/burst firing likely causes galanin release from nerve terminals in the 

forebrain as well as from soma/dendrites of the LC neurons. In the rat LC, GalR1 seems to be 

the prominent receptor (Burazin et al., 2000; O'Donnell et al., 1999), and here this receptor is 

likely functional, since inhibition has been verified by electrophysiological studies using 

receptor subtype ligands (Ma et al., 2001), thus mediating hyperpolarization. Thus, somato-

Figure 12. GalR3 mRNA expression and DNA methylation changes in the LC of depressed suicides (DS)
compared to control (CON) subjects. Transcript expression levels are represented as fold change in males (A)
and females (E). The percent of DNA methylation at specific CpG cites is shown (B-D, F-H). Data is represented 
as mean ± S.E.M. Males: n=10 controls, 10 DS subjects, Females: n=12 controls, 10 DS subjects. Significant 
differences between DS subjects and controls are indicated as*P<0.05 and **P<0.01. 
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dendritically released galanin may inhibit neuronal firing via the GalR1 autoreceptor to prevent 

over-excitation (see Kuteeva et al., 2010). A study using a galanin overexpressing transgenic 

mouse under the dopamine ß-hydroxylase promoter and showing a five-fold increase in galanin 

mRNA in LC (Steiner et al., 2001), indicates that galanin is important for modulating anxiety 

states driven by high noradrenergic signaling (Holmes et al., 2002). In conclusion, the above 

results and data available from rodent studies suggest that, in the human LC, GalR3 seems to 

have ‘replaced’ GalR1. Moreover, one of the transduction mechanisms of GalR1 is 

hyperpolarization, which may also be the case for GalR3 (Smith et al., 1998; Wang et al., 1997).  
 

Medullary Raphe Nuclei 

Galanin transcript levels were significantly higher in both male and female Suicide subjects 

(P<0.05). In male Suicides, the GalR1 expression levels were significantly increased (P<0.05), 

whereas GalR2 mRNA levels were significantly decreased (P<0.01). However, there were no 

significant changes in female Suicides. On the other hand, the expression levels of GalR3 were 

significantly increased in both sexes (P<0.05 vs. P<0.01, Table 5). There were no significant 

changes in the percentage of DNA methylation and peptide levels in the MRN of male and 

female Suicides (Table 5). These changes in transcript levels in Suicides are perhaps surprising, 

since most neurons, including the serotonin neurons, in the MRN project to the spinal cord, and 

may have no direct influence on mental functions, including mood control. Also, as said, we 

have no information on which cells in this region of the human brain express galanin and its 

receptors.  

4.3 DNA methylation  

DNA methylation is an epigenetic mechanism that is believed to be crucial in regulation of 

gene expression (Klose and Bird, 2006). It has been suggested that epigenetic mechanisms, 

such as DNA methylation, may be involved in psychiatric disorders (Peter and Akbarian, 2011; 

Renthal and Nestler, 2009), including playing an important role in stress and depression (Lolak 

et al., 2014; Vialou et al., 2013). CpG methylation, catalyzed by DNA methyltransferases, in 

general represses gene transcription (Moore et al., 2013). Methylation changes for the galanin 

system have previously been reported for cancer, namely, endometrial cancer and head and 

neck cancer (Doufekas et al., 2013; Misawa et al., 2008). These studies reveal that the galanin 

system is associated with tumor suppression. Inactivation of the galanin and/or GalR1 and 

GalR2 genes in head and neck cancer (Misawa et al., 2008; Misawa et al., 2014) and 

endometrial cancer (Doufekas et al., 2013) is related to poor survival, indicating importance of 

these galanin genes for disease outcome and a potential biomarker function. Interestingly, mice 

lacking de novo DNA methyltransferase (Dnmt3a) have a metabolic syndrome-like phenotype 

and a highly upregulated expression of galanin (and tyrosine hydroxylase) in the hypothalamic 

paraventricular nucleus (Kohno et al., 2014).  

 

Paper II is the first study to our knowledge, which reports that methylation changes in the 

galanin system may play a role in MDD. Here, we show methylation changes at site-specific 
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CpGs in DLPFC, LC and DRN.  With some exceptions, an inverse correlation between 

transcript expression and methylation was observed, which in agreement with the view that 

DNA methylation suppresses gene transcription (Moore et al., 2013). The effects observed are 

mostly robust. This is in agreement with methodological studies on the methylation state of 

DNA extracted from human postmortem brains of patients, showing that there is no correlation 

between DNA methylation state and pH, suggesting that DNA methylation is stable (Ernst et 

al., 2008).  

 

 
 

In addition, we also used the JASPER database to identify potential transcription binding sites 

in the regions that showed differentially methylated CpG sites, especially galanin and GalR3. 

Two factors, SP1 and NEUROD2 were identified which have previously been shown to 

regulate galanin expression in mouse (Brohl et al., 2008; Gonzalez et al., 2014) and potentially 

also in human (Kofler et al., 1995). The transcription factors binding to the sites identified for 

GalR3 have not been shown to regulate the expression of this gene. Thus, these findings need 

further exploration and open up for mechanistic studies. 

4.4 Galanin peptide levels in the human brain 

RIA was used to measure the concentrations of galanin protein in the five regions from suicide 

subjects and control individuals. It should be noted that RIA monitors intracellular galanin that 

is present in the storage vesicles, and not the extracellular peptide which is swiftly degraded 

(Land et al., 1991). Paper II shows that the galanin concentrations were considerably different 

in the regions analyzed with low levels in the forebrain, intermediate levels in the MRN, high 

and very high levels in the LC and DRN, respectively. These findings are in good agreement 

with the levels of galanin transcripts in the five brain regions. Differences may reflect presence 

in cell bodies versus nerve terminals, since the latter are known to store high concentrations of 

peptides, and other transmitters. For example, from rat it is known that the DRN has high 

concentrations of galanin-positive nerve endings, whereas they are relatively sparse on the LC 

(Melander et al., 1986a; Skofitsch and Jacobowitz, 1985). Considering Suicide subjects and 

controls, significant changes were, as said, only found in the female LC (P=0.025) with galanin 

levels being 56% higher in Suicides than controls. The concentration in pmol/mg is shown in 

Table 6.  
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4.5 Influence of medications on gene expression 

Analysis of autopsy tissue is accompanied by an intrinsic problem, which is the effect of 

medication, especially when dynamic parameters such as transcripts are under consideration. 

In fact, it has previously been shown that antidepressants exert epigenetic changes (Gassen et 

al., 2015; Zimmermann et al., 2012), and therefore we controlled the qPCR data for 

confounding effects of the antidepressants taken by Suicide subjects. Briefly, we divided the 

samples into 4 groups based on the different medications, namely: SSRI, SSRI + 

Benzodiazepines, SSRI + others (others included SNRIs, SARI, SNDRI, TCA, NaSSA; details 

are mentioned in Table 1b) and none (Nil or N/A). No statistically significant influence of the 

medications was found on the transcript expression of galanin and GalR3 in our sample set. 

The longer imprints of DNA methylation would require analysis of the complete anamnesis.   

4.5.1 Treatment of MDD with galanin ligands 

Galanin is, as shown here, upregulated in LC and DRN of MDD patients, possibly resulting in 

attenuated NA and 5-HT release in the forebrain. Since also GalR3 is upregulated, treatment 

with a GalR3 antagonist could, by disinhibition, have antidepressant activity, restoring NA and 

5-HT levels in both these brain regions, just as SNRIs do. Moreover, it may be speculated that 

the well-known delay in onset of SSRIs’ effect due to activation of somatic, inhibitory 5-HT1A 

receptors (Artigas et al., 1996; Blier and de Montigny, 1994) may not occur with GalR3 

antagonists. Also, GalR3 signaling in other brain regions, e.g. dorsolateral prefrontal cortex, 

will likely not be affected, since our study shows that galanin and GalR3 mRNA are unchanged 

(females) or even downregulated (males), possibly excluding galanin system-related side 

effects in this region. These, possibly ‘regionally selective’ effect of a GalR3 antagonist should 

compare favorably to SSRIs, SNRIs and NRIs, which increase extracellular monoamine levels 

in all regions that monoamine neurons innervate, that is essentially throughout the entire 

nervous system. This said, our results show, surprisingly, upregulation of GalR3 also in the 

medullary raphe nuclei (see above). Interestingly, small-molecule, blood-brain-barrier 

penetrating GalR3 antagonists have been generated (Barr et al., 2006; Swanson et al., 2005). 

To what extent the currently used antidepressant drugs act via the galanin system has been 

discussed (see (Petschner et al., 2016)).  

With regard to mechanism(s), it can be speculated that the increased galanin mRNA levels in 

LC result in upregulated galanin synthesis, enhanced centrifugal, axonal galanin transport and 

increased galanin release in dorsolateral prefrontal cortex (Fig. 15). Here galanin may down-
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regulate GalR3 expression in cortical projection and/or interneurons, possibly representing a 

desensitization process.  

4.6 Galanin and MDD: GWAS 

In two recent large genome-wide association studies (GWAS) (Ripke et al., 2013; Wray et 

al., 2012) MDD patients and controls have been analyzed in-depth. In the first one 

encompassing 2,431 cases and 3,673 controls a suggestive association of galanin with MDD 

was obtained using a gene based test, which retained low association p-values in two 

additional independent cohorts (Wray et al., 2012). However, in the second GWAS (9,240 

MDD cases and 9,519 controls), at that time the largest GAWS conducted, no SNP achieved 

genome-wide significance, neither in the MDD discovery nor replication phase (Ripke et al., 

2013). Very recently, two huge GWAS studies, with many thousand participants and 

analyzing depressive symptoms (Okbay et al., 2016) and self-reported depression (Hyde et 

al., 2016), did not support a role of the galanin system genes within their top results. 

Importantly, in these GWAS studies the well-known environmental risk factors of depression 

were not taken into consideration (Kendler and Gardner, 2016). It should be noted that in a 

Figure 13. The locus coeruleus (LC) pathway to cortex and its association with stress. Co-expression of 
noradrenaline (NA) and galanin is observed in several LC neurons. In rats, under normal circumstances, these 
neurons fire in a slow but regular fashion (Foote et al., 1983); however they react in response to stress with 
increased activity and burst firing (Svensson, 1987). NA is primarily stored in synaptic vesicles and is released 
already at low activity and more so after stress (Korf et al., 1973), acting on adrenoreceptors (ARs). Galanin is only 
stored in large dense core vesicles (LDCVs) and is released extrasynaptically in response to increased/burst firing
(Consolo et al., 1994) from LDCVs in nerve endings in the forebrain. In humans (present study), galanin may, e.g. 
activate inhibitory postsynaptic GalR1 receptors on neurons in prefrontal (DLPFC) and anterior cingulate (ACC)
cortex. Release can presumably also occur from dendrites/soma in the LC, activating inhibitory GalR3
autoreceptors. It is hypothesized that under excessive/chronic stress galanin induces a long-lasting inhibition of NA 
neurons and thus of NA release in forebrain regions such as DLPFC and ACC, contributing to development of MDD
(see Kuteeva et al., 2010). Please note that changes in galanin, GalR1 and GalR3 mRNA levels in DLPFC is not 
included in this figure.  
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previous study galanin system gene variants influenced the development of depression only 

in people who were also exposed to strong stress, without any significant effect of galanin 

and its receptors if stress was not taken into account (Juhasz et al., 2014).   

4.7 Galanin and MDD: candidate gene and gene-environment approach 

A candidate gene analysis has recently been conducted based on self-reported questionnaires 

from 2,361 individuals (~70% females and ~30% males), where lifetime depression, 

depressive and anxiety symptoms and life stressors were measured (Juhasz et al., 2014). The 

study shows that gene variants for galanin and GalR1-3 are associated with increased risk of 

lifetime and current depression and anxiety, however only as a consequence of childhood 

adversity or recent negative life events. Thus, the galanin system genes seem to alter the 

development of depression through epigenetic mechanisms. Our present results comparing 

postmortem brains from depressed suicides and controls are in agreement, reporting 

correlations, mainly for galanin and GalR3, in several brain regions of both sexes, between 

transcript levels and promoter methylation.  

4.8 Paper III. Distribution of NPS in the human pons 

In Paper I, we observed distinct species difference with regard to the localization of galanin 

and its receptors in the human brain when compared to rodent brains. In view of this, we 

decided to analyze the distribution of another neuropeptide system, i.e. NPS and its receptor 

NPSR1 in the human pons, and to compare the pattern observed to rat brain. Three human 

brainstems from non-psychiatric controls were sectioned at the level of DRN-LC, which was 

the expected area to harbour NPS expression in cell bodies, based on studies in rat and mouse 

(Clark et al., 2011; Xu et al., 2007). Three specific clusters of NPS mRNA-expressing cells 

were identified: the “peri-ventricular cluster”, the scattered “peri-LC neurons” and the 

“parabrachial (PB) cluster”. The peri-ventricular cluster exhibited positive cells in the pontine 

central gray matter (CGPn), which is located ventral to the fourth ventricle and adjacent to the 

tegmental nucleus. This cluster constitutes ~11% of all the human NPS cells in the pons. The 

CGPn region has previously been shown to contain AChE immunopositive neurons (Huang et 

al., 1992); however, further functional and neurochemical characterization of the CGPn NPS-

expressing neurons is required. The peri-LC cluster showed few positive cells adjacent to the 

LC, but the pigmented NA cells were NPS negative. Most of the pontine neurons expressing 

NPS distributed in the parabrachial area in human: in the extension of the medial and lateral 

parabrachial nuclei, in the Kölliker-Fuse nucleus and around the adjacent lateral lemniscus 

(PB-cluster). The distribution of NPS and its receptor was also re-analyzed in the rat brain for 

a direct comparison to the human brain. NPS mRNA was noted in the peri-LC cluster, the PB 

cluster and the KF cluster, in agreement with a previous study (Xu et al., 2007). The peri-LC 

cluster in the rat brain (Fig 16A) showed the highest number of NPS cells contrasting the human 

brain. In fact, in the human brain (Fig 16B) this specific cluster is virtually missing, and only 

few, if any, scattered cells were seen.  
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Stereological methods were used to quantitate the total number of NPS mRNA-expressing 

neurons in the human pons.  The total number was approximately 22,317 ± 2,411, bilaterally. 

Eighty-four % of the total NPS positive cells were observed in the PB cluster. As said, a 

prominent difference was observed in the peri-LC region, where the human brain showed only 

a few scattered cells (~5% of all counted cells), whereas in the rodent brain this cluster is large, 

encompassing ~30% of all counted cells in mouse, (Liu et al., 2011). It should, however, also 

be noted that presence of NPS populations in the human brain, outside the pons, cannot be 

excluded. In rodents, NPS neurons in the peri-LC cluster is shown to be glutamatergic and are 

surrounded by galaninergic and orexinergic fibers (Liu et al., 2011) and have been shown to be 

responsive to stress  (Liu et al., 2011; Jungling et al., 2008).  

4.9 NPS Receptor 1 (NPSR1) in the human brain 

A vast majority of NPSR1 mRNA-expressing cells were found in the pons, distributed in the 

periaqueductal gray (PAG) and rostral pedunculopontine tegmental nucleus (PPTg) region 

(Fig. 17). Very few weakly labeled cells were seen in pontine central gray matter and the PB 

region, thus not overlapping with the NPS distribution. The PAG region has been shown to be 

involved in pain mechanisms, autonomic control and also regulation of emotions (Behbehani, 

1995; Satpute et al., 2013). The ventrolateral PAG contribute to regulation of sleep (Luppi et 

al., 2012) and passive coping responses to ‘distal’ danger (Johnson et al., 2004). Rodent brain 

shows NPSR1 mRNA expression in the PAG (Clark et al., 2011; Xu et al., 2007). The PPTg 

region is involved in multiple functions, including visual orientation, reward learning and 

regulation of REM sleep and contains mainly cholinergic but also glutamatergic and 

GABAergic neurons (Wang and Morales, 2009). They are also involved in enabling muscle 

tone at initiation of locomotion (Alam et al., 2011). This region is also in focus for deep brain 

stimulation in Parkinson’s disease (Alam et al., 2011; Xiang et al., 2013). As far as species 

difference for the NPSR1 goes, in the rat brain median raphe and pontine reticular nucleus show 

Figure 14. Distribution of NPS-positive mRNA neurons in the rat and human peri-LC region. A compact 
cluster of NPS cells is observed in the rat brain (A) in contrast to very few positive neurons around the LC in the 
human pons (B). The LC region in the human brain is shown by dotted line. Please note that the many fluorescent 
dots in the LC represent pigmented autofluorescent cells and that there is only one single NPS- positive cell in the 
box. Scale bars 500 μm. 
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high NPSR1 expression (Clark et al., 2011; Xu et al., 2007), but these cells are not detected in 

the human brain. 

 

 

Figure 15. Distribution of NPSR1-positive mRNA neurons in the human pons. NPSR1 mRNA expressing 
neurons were observed between Obex +15 to +37 mm. Cresyl violet staining of the human pons at Obex +35 mm
in shown in (A) with a schematic representation showing the distribution at that level, red dots stand for positive
NPSR1 cells. NPSR1-positive cells in the cuneiform nucleus are shown in cresyl violet stained section in brightfield 
(C) and darkfield (D). 
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5 METHODOLOGICAL CONSIDERATIONS 

5.1 Paper I. In situ hybridization 

It is important to note that histological techniques such as ISH are associated with 

methodological problems with regard to specificity and sensitivity. Studying human 

postmortem tissue increases these complications owing to several factors, such as variability 

among individuals, postmortem interval that causes tissue degradation, varying cause and 

conditions of death and consequent handling. Low abundance transcripts for neuropeptides 

receptors are difficult to detect and depend on tissue quality; these molecules have slow 

turnover rate and thereby low mRNA levels, because they are not replaced rapidly after release, 

as are neuropeptides. Thus, in Paper I, transcripts for markers which are strongly expressed, 

such as TH and TPH2, were detected in all the human brain samples analyzed after less than a 

week of exposure; however, galanin (4 weeks), GalR1 (8 weeks) and GalR3 (8 weeks) required 

several weeks of exposure to detect a signal. Not unexpected, the latter transcripts could 

successfully be detected only in brains with short PMI. Negative data in Paper I must therefore 

be cautiously interpreted.  

In addition to the tissue quality, the RNA probe is also important. In fact, several probes were 

designed and synthesized for GalR3, but only one probe gave a distinct signal. The probe for 

GalR1 may not be as good as the GalR3 probe; and the probes for GalR2 and VGLUT3 may 

have failed to hybridize. I agreement, the Allen Brain Atlas (Lein et al., 2007) report incomplete 

results for GalR2 and none at all for GalR3, but show robust expression for other neuropeptide 

receptors. These results support our view that galanin receptor transcripts are particularly 

challenging to detect and visualize with ISH, even more so in human postmortem tissue. Of 

special note, all levels of the serotonergic raphe complex have not been analyzed in Paper I 

and thus, coexistence of galanin and 5-HT in a subdivision(s) of this complex cannot be 

excluded in control individuals and suicide subjects. 

5.2 Paper I. qPCR 

Sections used for qPCR analysis were coronal sections of the pons, from a level including either 

the LC or DRN, and they were adjacent sections to those processed for ISH. Inclusion of other 

regions expressing the studied markers cannot however be disregarded. At the level of LC, 

expression of TH transcript is possibly limited to LC and the subcoeruleus, similarly GalR1 

and GalR3 were observed in relation to LC, but GalR1 apparently not in LC neurons; however, 

galanin was shown to be expressed in several other regions such as the inferior colliculus, the 

pontine nuclei, the medial parabrachial nucleus and the cuneiform nucleus (Fig S2, Paper I). 

TPH2 is widely expressed in the DRN and the median raphe nucleus and in the reticular 

formation. GalR3 in Paper I was observed only in the DRN and lateral to the aqueduct, galanin 

and GalR1 were however expressed outside the raphe region. Thus, TH mRNA is diluted, and 

results for galanin and GalR1 are not selective for the LC region. In an additional qPCR 

experiment we employed laser capture microdissection (LCM) of the NA-LC cells (identified 

by the distinct pigmented neurons; but, note, single cells were not captured). Now mRNA levels 
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for TH was ~22 cycles for LCM samples compared to ~29 cycles for whole section. Similar 

values for GalR3 were observed with LCM samples: ~29 cycles after LCM and ~33 for whole 

sections, thus suggesting a dilution effect for these markers. 

5.3 Paper II.   

There are several limitations in this study, and here only a few will be mentioned. One of the 

major considerations is that the study is based on transcript and genomic DNA analysis, and 

that the translational potential to proteins has not been demonstrated (except for the galanin 

peptide, with RIA). However, reliable antibodies to galanin receptors are difficult to generate 

(Lu and Bartfai, 2009), making it more complicated to analyze protein expression in the human 

samples investigated.  

The differences in the transcript levels observed in Paper II are not dramatic, but it holds true 

also for several animal stress models, In a rat chronic social stress model the increase was 75% 

in locus coeruleus after 13 days (Holmes et al., 1995); a similar increase was seen 24 h after a 

saline injection in rats (Kuteeva et al., 2008); after 8 weeks of chronic mild stress of mice there 

was no increase at all (Wang et al., 2016); a 90% increase was recorded 2 h after a mild blast 

traumatic injury in rats (Kawa et al., 2016). These modest changes could be compared with the 

dramatic and acute up-regulation of GAL in DRG’s after peripheral nerve injury, where protein 

levels increase by 120x after 3 days with a corresponding increase in mRNA levels (Villar et 

al., 1989). 
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6 FUTURE PERSPECTIVES 

Here only a few aspects will be mentioned. The limitations noted in the previous section need 

to be addressed to the best extent possible in future studies. One step forward would be to 

expand on Paper I with a more complete study of, for example the DRN and the median raphe 

complexes; on Paper II with increased number of samples. In addition, the chemical phenotype 

of cells expressing galanin and its receptors must be characterized better in the pontine regions, 

but especially in prefrontal cortex and medulla oblongata, where no information exists; double 

in situ hybridization can be utilized to answer this question in the future. 

qPCR analysis of the dorsolateral prefrontal cortex in Paper II shows opposite changes for 

galanin expression in male Suicides versus female Suicides, where males show a decrease 

versus an increase in females. This is an interesting, possibly sex-specific difference, but it 

needs to be replicated and confirmed with more samples. The anterior cingulate cortex needs 

further analysis: it has been implicated as an important region in depression, but was virtually 

negative for changes in the galanin system. Also other subregions of the prefrontal cortex 

should be included.  

PET imaging using ligands specific for galanin receptors, specially GalR3, in depressed 

patients will help to confirm data in Paper II, and also identify potentially important regions 

which have not been analyzed in this thesis. 

Paper I and II highlight GalR3 as an important receptor, which, however, has emerged as a 

complex receptor. The signaling mechanism(s) of this receptor is not well known. Studies on 

stable cell lines expressing GalR3 could shed more light on this aspect. 

RNA transcriptomics or PCR arrays can be utilized to explore more neuropeptide systems in 

addition to galanin that could potentially be altered in depression. 
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7 CONCLUSIONS 

Several neuropeptide systems are activated in the brain in response to stress. Most studies 

utilize rodents to explore regular brain functions and mechanisms underlying brain diseases. 

Results from such experiments are also often not rarely a basis when searching for new drug 

targets. In this thesis, we decided to study the human brain, especially regions implicated in 

mood disorders, and to explore if species differences exist that need to be considered. The 

major question was to what extent the galanin system is involved in MDD. 

The main message of Paper I is that discrete species differences occur with regard to the 

galanin system and some other transmitters and that data from rodent studies cannot always be 

directly translated to humans. Thus, species differences must be taken into account when 

designing strategies for drug development. This said, it should also be mentioned that many 

similarities exist. For example, Krolewski et al. (2010) have shown that several key 

neuropeptide systems exhibit similar distribution pattern in the human and rodent 

hypothalamus. Based on Paper I, we believe that GalR3, which is expressed in NA-LC and 

presumably 5HT-DRN neurons, may be the important galanin receptor in certain nuclei of the 

human brainstem, and also an appropriate target for drugs aiming to treat disorders associated 

with the monoamine systems. In fact, GalR3 antagonists are available (Barr et al., 2006; 

Swanson et al., 2005).  

In Paper II, significant aberrations in the transcript and DNA methylation levels of galanin 

and GalR3 in the depressed suicide subjects were observed, especially in the LC and DRN. 

Thus, galanin and its receptor GalR3 are differentially methylated and expressed in brains of 

MDD subjects in a region- and sex-specific manner. These changes, especially in GalR3, a 

hyperpolarizing receptor, might contribute to the dysregulation of noradrenergic and 

serotonergic neurons implicated in the pathogenesis of MDD. Thus, one may speculate that 

a GalR3 antagonist could have antidepressant properties by disinhibiting the firing of these 

neurons, resulting in increased release of noradrenaline and serotonin in forebrain areas 

involved in mood regulation. 

Paper III, describes a notable species difference also for another neuropeptide system, i.e. NPS 

and its receptor. Here the NPS-expressing cluster adjacent to the LC, significantly expressed 

in rat and mouse, is almost missing in the human brain.  

Taken together, the results in the present thesis provide strong evidence for involvement of a 

neuropeptide system, i.e. galanin and its three receptors, in mood control, here specifically in 

MDD. The work also shows that results from the many animal studies on depression-like and 

anxiety behavior have a strong translational potential, although distinct and important species 

differences exist. The identification of such differences may be of decisive significance for 

deciding on targets for drug development and novel therapeutic strategies. Finally, the NPS 

system is to a large extent, but not completely, similar in human and rodents. Thus, results from 

animal studies on functions related to this neuropeptide system may represent an interesting 

and valid basis for further exploration.
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