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                                                                                                        Abstract 

Abstract 

Showing an extensive distribution in the nervous system, and often in co-
localization with the classical neurotransmitters, neuropeptides are function-
ing as important modulators of neuronal signaling. Subsequently, compel-
ling evidence has implicated a modulatory role for the neuropeptide galanin 
in several physiological functions. The effect of galanin is trancduced in-
tracellularly by three different receptors, and defining the explicit effect 
from these receptor subtypes is of outmost interest, and likely to result in 
future therapeutic utilization of the galanin system.  

The main aim of this thesis was to improve the development of subtype 
selective ligands utilized to differentiate between the galanin receptor sub-
types. To achieve this, we have designed and developed novel galanin recep-
tor ligands and characterized the molecular interactions necessary for ligand 
bindig at the GalR2 subtype.  

The major findings include the introduction and characterization of two 
galanin receptor ligands, selectively activating GalR1 or inhibiting GalR2. 
Although having moderate selectivity, the two ligands have been utilized in 
a number of studies, pursuing their initial presentation, in order to differenti-
ate between the galanin receptors and to establish their specific function. 
Further optimization is likely to improve the selectivity and utilization of 
these ligands. By identifying the major pharmacophores in the Gal(2-11) 
ligand and the residues in the GalR2 subtype participating in ligand binding, 
we have been able to characterize the binding site in this receptor subtype 
and interactions that are of significance for recognition of subtype specific 
ligands. Together, these findings on GalR2 and Gal(2-11) are of importance 
for future design of ligands acting on this receptor.    
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1. INTRODUCTION 

To understand the cellular communication taking place in the nervous sys-
tem, enabling us to think, sense, and move, one needs to study the transmit-
ter molecules responsible for this signal transmission. A large portion of the 
neuronal signal transduction occurs at chemical synapses, by release of a 
variety of neurotransmitters or neuropeptides. Particularly, the understanding 
and importance of neuropeptides as molecular neuromodulators are rapidly 
growing, and the availability of non-peptide ligands acting on the receptors, 
with reduced side effects compared to targeting classical neurotransmitter 
receptors, have increased the pharmacological value of neuropeptide recep-
tors. Galanin is a relatively novel neuropeptide with an extensive expression 
in the nervous system, often in co-localization with classical neurotransmit-
ters. Being a highly inducible neuropeptide, galanin shows distinct up-
regulation by pathological disturbances within the nervous system and has 
been implicated in several physiological functions including cognition, feed-
ing, nociception, seizures, and mood regulation. The effects of galanin are 
mediated via three G-protein coupled receptors (GPCRs) and despite exten-
sive research, very limited tools are available to pharmacologically differen-
tiation between the receptors. Decisively, better and more selective ligands, 
acting as agonists or antagonists on the galanin receptor subtypes, are re-
quired for further characterization of their specific contribution in galanin 
signaling and the concominant effect on the physiological functions modu-
lated by galanin. Thus, this study has been focusing on the development of 
subtype selective ligands acting on the galanin receptors, and on molecular 
characterization of ligand interactions at GalR2 in order to improve ligand 
selectivity for this receptor subtype.  

1.1 Neurotransmission 
The nervous system is divided into the central nervous system, CNS, includ-
ing the brain and the spinal cord, and the peripheral nervous system, PNS, 
made up of nerves connecting the CNS with sensory organs, other organs, 
muscles, blood vessels and gland in the body. Communication by transmis-
sion between cells in the nervous system is crucial for life. Within the neu-
ron, signal propagation is dependent on ions flowing through ion channels, 
building up the nerve impulse, the action potential. The action potentials are 
similar in size and duration and do not diminish as they are conducted 
downwards in the axon (Fig 1.1). When reaching the nerve terminal, the 
information of the action potential will be transferred to another neuron. 
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Chemical transmission is the major means by which neurons communicate 
with one another within the nervous system, and occurs at specialized con-
tact areas between two neurons called synapses. At the presynaptic nerve 
terminal, arrival of the action potential, and the concomitant depolarization 
of the terminal membrane, cause opening of calcium channels and hence, 
influx of Ca2+ ions resulting in elevated [Ca2+], triggering neurotransmitter 
release from synaptic vesicles via exocytosis (Fig 1.1).  

 

 
 
Figure 1.1. Schematic illustration of a synapse. Arrival of the axon potential 
triggers the release of presynaptically stored neurotransmitters into the synaptic 
cleft. Released transmitters act on pre- and post synaptically located receptors.   

 

1.1.1 Neurotransmitters 
The neurotransmitters can be described as the chemical messengers of the 
nervous system and are responsible for transfer of neuronal signals from one 
cell to another, producing the neuronal transmission. The major neurotrans-
mitters are divided into the following chemical categories 1) amines: acetyl-
choline, dopamine, epinephrine, norepinephrine, serotonin (5-HT) and his-
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tamine 2) amino acids: glutamate, GABA and glycine or 3) peptides: e.g. 
cholecystokinin (CCK), dynorphin, enkephalins, neuropeptide Y (NPY), 
somatostatin, substance P, vasoactive intestinal polypeptide (VIP) and 
galanin. The groups of amines and amino acids are often referred to as the 
“classical neurotransmitters”.  

Neuropeptides are stored in large dense core vesicles (LDCVs) located in 
the presynaptic terminal away from the active zone, while classical neuro-
transmitters are stored in small synaptic vesicles (SSVs), located close to the 
active zone of the nerve terminal. High frequency stimulation of the neuron 
generally results in concomitant release of neuropeptides co-localizing with 
classical neurotransmitters into the synaptic cleft (Hökfelt et al. 1980, Bartfai 
et al. 1988) (Fig 1.1). After release into the synaptic cleft, the neurotransmit-
ters are specifically recognized by pre- and post-synaptically located recep-
tors, which subsequently initiate intracellular responses in the receiving cell, 
thus, transmitting the neuronal signal (Fig 1.1). Neurotransmitter receptors 
either belong to the class of ligand gated ion channels or G-protein coupled 
receptors (GPCRs), where the majority of monoaminergic and peptidergic 
receptors belong to the latter class. Significant structural differences between 
the two classes of receptors explain their distinct rate of signal transmission, 
where ion channels mediate signals with rapid onset and short duration, 
whereas the signal mediated by GPCRs are slow in onset but are longer last-
ing. The GPCR signaling reflects activation of an intracellular cascade of 
second messengers where indirect activation of G-proteins from several 
distinct receptors allows signal amplification and cross-regulation between 
different receptor systems. 

1.2 G-protein coupled receptors 
G-protein coupled receptors comprise the largest family of membrane pro-
tein receptors, and because of their vast involvement in physiological modu-
lations, GPCRs are important drug targets, accounting for a large portion of 
clinically used drugs. Estimation of the number of GPCRs in the human 
genome varies widely. In in a recent analysis by Fredriksson et al, more than 
800 genes of potential GPCRs were listed (Fredriksson et al. 2003). Natural 
ligands have been assigned to approximately 250 of these receptors, around 
400 are olfactory GPCRs, responding to smell taste and vision, while ligands 
to the remaining receptors have not been identified and are referred to as 
orphan receptors. GPCRs are transmembrane proteins which transduce a 
large number of signals across the plasma membrane by binding a myriad of 
signal molecules, ranging from small ions, odorants and biogenic amines to 
peptides, lipids, hormones and proteins on the extracellular side of the recep-
tor. The GPCRs are named based upon their ability to recruit and activate 
heterotrimeric GTP-binding proteins (G-proteins) following binding of ex-
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tracellular ligands, an interaction that initiates intracellular signal transduc-
tion.  Consequently, the GPCRs function as sensors in molecular systems, 
connecting external signals with internal functions and responses.   

1.2.1 Classification  
Despite the large structural variety in GPCR ligands and the lack of overall 
receptor sequence homology, the receptors share a common architecture 
consisting of an extracellular N-terminus, seven transmembrane domains 
(TM) connected by three intracellular loops (ICL) and three extracellular 
loops (ECL), and ends with an intracellular C-terminus (Probst et al. 1992).  
The superfamily of GPCRs is divided into families, based on their structure 
similarities, where the rhodopsin-like family, family A, accounts for more 
than 90% of the receptors. This family is primarily recognized by its high 
degree of amino acid conservation in the transmembrane domains. Further 
division of family A includes six subfamilies where the neuropeptide recep-
tors, including the galanin receptors, are members of subfamily IV (Gether 
2000). The secretin-like receptor class, also called the gluca-
gons/VIP/calcitonin family, forms the GPCR family B, which is the second 
largest family with approximately 20 different receptors for peptide hor-
mones and neuropeptides. This class of receptors lacks the structural signa-
ture sequences present in the rhodopsin-like family, but in common they 
contain a large extracellular N-terminus, 60-80 amino acids, with several 
conserved cysteine residues, presumably forming a network of disulfide 
bridges, and is particularly important in ligand binding.  The family C of 
GPCRs is the metabotropic glutamate receptor family. This class of recep-
tors possesses an extraordinarily long N-terminal domain, 250-600 amino 
acids, which is organized into two distinct lobes separated by a cavity in 
which the ligand binds. Three additional minor classes of GPCRs (family D, 
E and F) are present in fungi and protista (Gether 2000). 

1.2.2 Rhodopsin 
The photopigment rhodopsin found in the visual system, is the most exten-
sively studied of all GPCRs. Rhodopsin is composed of the protein opsin 
covalently linked to 11-cis-retinal, which after absorption of a photon under-
goes an isomerization to all-trans-retinal, with a subsequent conformational 
change in the receptor, resulting in a interaction site for the G-protein on the 
intracellular side of the receptor. Crystallization of complex membrane pro-
teins has an inherent difficulty, but due to the abnormally high expression of 
the rhodopsin-like protein bacteriorhodopsin, in the membrane of halophilic 
bacteria, it became the first membrane protein with a defined 3D structure 
(Henderson et al. 1975, Henderson et al. 1990). Albeit the bacteriorhodopsin 
receptor is a proton pump which is not linked to G-proteins, and is deficient 
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in sequence homology to any GPCR, it was for long time used as a template 
for tertiary structure for GPCRs. The bovine rhodopsin protein was cloned 
as the first GPCR (Ovchinnikov Yu 1982, Hargrave et al. 1983) and exten-
sive research on the receptor have led to the development of a high-
resolution 3D structure of the entire protein (Palczewski et al. 2000). This 
structure is the only one present for any of the GPCRs, thus it is functioning 
as a model to understand the structure and function of other GPCRs. 

1.2.3 Conserved structural features  
Because of the limited structural information available on GPCRs, most 
studies are made on the rhodopsin protein or related receptors, belonging to 
the family A of GPCRs, which is why the characteristics presented below 
mainly are from this group of GPCRs. Although sharing modest sequence 
homology, approximately 25 %, the family A receptors exhibit identical 
structural organization. The seven α-helical TMs are arranged in a compact 
bundle forming the core of the receptor, and are arranged in a counterclock-
wise fashion when viewed from the extracellular side (Baldwin 1993, 
Schwartz 1994, Liu et al. 1995, Palczewski et al. 2000). A novel attribute for 
the GPCRs emerging from the crystal structure of rhodopsin was the helical 
conformation of the fourth cytoplasmatic loop, termed helix-8 (Palczewski et 
al. 2000), which is believed to function as a conformational switch for the 
receptor (Krishna et al. 2002) (Fig 1.2).  

Amino acids being conserved between the GPCRs are suggested to be in-
volved in structural elements important for common receptor functions like 
ligand binding, activation, and G-protein coupling. The majority of receptors 
contain a conserved pair of cysteine residues, linking the first and second 
ECL via a disulfide bond (Fig 1.2). The functional importance of this disul-
fide bond seems to vary between receptors, showing involvement in signal-
ing, ligand affinity and receptor trafficking. Even though the structural con-
straint introduced to the receptor via the disulfide bond stabilizes the active 
conformation of the receptor, the core structure does not seem to be affected 
by its removal (Baldwin 1994). Several GPCRs possess an additional disul-
fide bond, linking the N-terminal domain with the third ECL (Fig 1.2). This 
bond is present in GPCRs for biogenic amines, peptides and orphans and its 
removal results in loss of high affinity ligand binding, demonstrating the 
pivotal role of this linkage for correct ligand interaction at the receptor (Ho 
et al. 1999, Hoffmann et al. 1999). In addition, the crystal structure of 
rhodopsin locates the N-terminal tail of the receptor in proximity of ECL 3, 
supporting the existence of this disulfide bond (Palczewski et al. 2000).  
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Figure 1.2. Schematic representation of a family A GPCR, showing the location 
of conserved motifs, residues and modifications. 
 
 

A motif known to play an essential role in GPCRs is the three highly con-
served amino acids of the DRY triplet, located at the boundary of TM 3 and 
ICL 2 (Fig 1.2). The best characterized function for this triplet is the fully 
conserved Arg residue being the most important mediator in signal transduc-
tion. The majority of GPCRs contain a conserved sequence motif at the cy-
toplasmic end of TM 7, the N/DPXXY motif (Fig 1.2). This sequence un-
dergoes structural changes in rhodopsin upon activation, and both the Asn 
residue and the fully conserved Pro residue in this sequence are believed to 
be involved in receptor function, activation, and signal transduction (Gales et 
al. 2000, Fritze et al. 2003).  

1.2.4 Post-translational modifications 
GPCRs are synthesized, folded and assembled in the endoplasmatic reticu-
lum (ER), after which they are packed into vesicles for transportation to the 
Golgi. During their migration through the Golgi complex, the receptors un-
dergo post-translational modifications to attain mature status before final 
transport to the plasma membrane. Most GPCRs undergo post-translational 
modifications in the form of N-glycosylations, palmitoylations and phos-
phorylations. Potential glycosylation sites, at NXS/T motifs, for attachment 
of saccharides, are located extracellularly, usually in the N-terminal domain 
but can also be found in the loops of the receptor. The number of glycosyla-
tions and their positions are not conserved between the receptors, and the 
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functional relevance for this post-translational modification differs. Deficits 
in glycosylation usually cause minor effects on receptor function, whereas it 
is observed to affect receptor transport and expression (Rands et al. 1990, 
Michineau et al. 2004).   

Sites for phosphorylation by protein kinase A and C (PKA, PKC) and 
GPCR kinases (GRKs) are located at the ICL 3 and the C-terminal domain 
of GPCRs. The GRKs are specifically activated upon agonist stimulation 
and phosphorylates the agonist-occupied GPCR. Generally, phosphorylation 
inhibits GPCR interaction with the G-protein and recruits β-arrestins, result-
ing in receptor desensitization and internalization (Pitcher et al. 1998).  

Palmitoylation by attachment of an acyl chain occurs at intracellular cys-
teine residues located in the C-terminal domain of GPCRs. The putative 
helix-8 in rhodopsin is believed to end at the palmitoylation site, where the 
acyl chain is connected to the plasma membrane, thus disrupting the helical 
structure. This dynamic modification affects the hydrophobicity of the do-
main and is thought to modulate receptor activity by influencing the G-
protein coupling and phosphorylation sites (Marin et al. 2000). 

1.2.5 Ligand binding 
Ligand binding is the primary event in the action of agonists and antagonists 
at a receptor. Affinity of a ligand for its specifc GPCR varies depending on 
its size, and thus, the number of potential interaction sites it covers. In gen-
eral, affinities of neurotransmitters range from micromolar for small mono-
amines, nanomolar for the larger neuropeptides, and down to picomolar af-
finity for hormone peptides. Although GPCRs bind a myriad of ligands with 
various different structures, they share a similar tertiary structure, a denomi-
nator that has been hard to explain (Ballesteros et al. 2001).  

Given that more than 50 % of the available clinical drugs are targeting the 
GPCR superfamily (Sautel et al. 2000), defining the ligand binding site at 
these receptors is of considerable importance. Numerous studies have been 
performed on the family A receptors to identify domains involved in ligand 
binding. Among these, the binding sites for the small molecule ligands, like 
the retinal photochromophore in rhodopsin and catecholamines in adrenergic 
receptors, are probably the best characterized. The monoamines and cate-
cholamines are small polar molecules, with well defined and relatively rigid 
structure, which facilitates studies of ligand-receptor interaction. In contrast, 
peptides are larger, more flexible and generally do not have a defined struc-
ture in water solution, making these receptor interactions fairly complicated 
to determine. Furthermore, the size and nature of the ligand influence the 
modality and location of its binding at the GPCR. This is reflected by the 
deeply located interaction at the transmembrane domains for small amines, 
whereas peptide ligands bind more externally at the receptor, interacting 
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with both transmembrane domains and extracellular loops (Ballesteros et al. 
2001) (Fig 1.3).  

 
Figure 1.3. Schematic illustration of the different regions of the GPCR in-
volved in neurotransmitter (NT) and neuropeptide binding.  

 

Catecholamines  
The binding crevice for catecholamines and related biogenic amines are 
outlined by residues from TM 3, 5, 6 and 7, being common for both agonists 
and antagonists acting at the receptors (Gether 2000). For the β2-adrenergic 
receptor, the binding site has been shown to be deeply buried in the core of 
the protein (Tota et al. 1990), where the most important interaction is the 
proposed formation of a saltbridge between the charged amine of adrenergic 
ligands and the conserved aspartate acid residue, Asp113, in the receptor, thus 
serving as a systematic anchoring point for amine ligands (Strader et al. 
1988). Since this aspartate acid residue is being conserved among the bio-
genic receptors, it is proposed to interact with the positively charged head 
group of dopamine, serotonin, histamine, and acetylcholine (Gether 2000). 
In accordance, the analogous position, Glu113, in rhodopsin, is the counter-
ion for the lysine/11-cis-retinal shiff base formation (Sakmar et al. 1989). 
Accompanying interactions at the adrenergic receptor are constituted by 
hydrogen and aromatic bonding between the catechol ring and TM 5 and TM 
6 (Gether 2000), as well as  TM 7 (Suryanarayana et al. 1991).  

Peptides 
More than 50 different neuropeptides and hormones, associated with more 
than 100 different peptide GPCRs have been identified. For the greater part 
of the peptide receptors studied, there is evidence for major ligand interac-
tion at the N-terminus and at the extracellular loops of the receptor, while 
some peptides have additional interaction points in the superficial region of 
the transmembrane domains. Ligand binding at neurokinin (NK) receptors 
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and at the NPY Y1 receptor is discussed in this section to illustrate peptide 
binding at GPCRs. 

For the NK-1 receptor, three residues in the N-terminus, and one at each 
top of TM 3 and TM 7, are responsible for substance P binding (Fong et al. 
1992, Fong et al. 1992, Huang et al. 1994), giving no evidence for this pep-
tide to enter the transmembrane binding crevice. In accordance with these 
observations, binding of neurokinin A to the NK-2 receptor shows interac-
tions in the extracellular domains, although, being partly different (Bhogal et 
al. 1994). In contrast to substance P, there is evidence for neurokinin A to 
enter the transmembrane domain of the NK-2 receptor in order to interact 
with residues located in the middle of TM 5, an area of the binding site 
which is not utilized by substance P in the NK-1 receptor (Bhogal et al. 
1994). These characteristic interactions demonstrate the capacity of homolo-
gous peptides and receptors to develop distinct binding modes.  

Mutagenesis studies have suggested basic side chains in NPY to form 
electrostatic interactions with aspartate residues located in ECL 2 and TM 6 
of the Y1 receptor (Walker et al. 1994, Sautel et al. 1995, Sjödin et al. 2006). 
Ligand binding at this receptor further involves the formation of a hydro-
phobic pocket, in which the amidated C-terminus of NPY would interact, 
suggesting involvement of residues from TM 2, TM 6 and ECL 3, Y100, F286 
and H298, respectively (Sautel et al. 1995, Sjödin et al. 2006). The presence 
of a binding pocket, located in the transmembrane region of the receptor, 
allows the peptide to enter the core of the receptor to form additional interac-
tions simultaneously to extracellular interactions. Ligand binding in a trans-
membrane binding pocket is a feature utilized by a variety of peptides, in-
cluding angiotensin (Clement et al. 2005), somatostatin (Strnad et al. 1995), 
opioids (Befort et al. 1996) and galanin (Kask et al. 1998, Church et al. 
2002), while the vasopressin peptide, mainly shows transmembrane interac-
tions similarly to the catecholamines (Mouillac et al. 1995).   

Non-peptide ligands acting on peptide receptors 
The large group of peptide GPCRs has always been a potential drug target, 
but was long hampered by the low bioavailability and metabolic instability 
of their peptide ligands. Nevertheless, the outstanding discovery of the 
opioid receptors to have enkelphalin and endorphins as endogenous ligands, 
along with high affinity for the small non-peptide exogenous ligands mor-
phine and naloxone, were the first indications of non-peptide compounds to 
have high affinity at peptide receptors, both as agonists and antagonists 
(Hughes et al. 1975). Thus, the restrictions owned by neuropeptides to func-
tion as pharmaceuticals could be conquered by developing non-peptide 
ligands acting on their receptors. In almost all cases, the developed non-
peptide compounds possess no obvious structural similarity to the native 
ligand, and the majority of compounds function as antagonists with sub-
nanomolar affinity at the peptide receptor (Gether 2000). An intriguing find-
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ing for binding of these small non-peptide ligands to the peptide receptors 
was the distinct binding mode from the endogenous ligand. Therefore, it is 
today a generally accepted phenomenon that peptide receptors bind the en-
dogenous peptide ligand at the extracellular loops and the superficial region 
of the transmembrane domains, whereas small non-peptide antagonists are 
bound more deeply in the receptor, between the transmembrane helices.  

Studies on non-peptide NK-1 receptor antagonists have revealed a distinct 
binding mode of these substances, compared to substance P. The interaction 
is suggested to occur in a transmembrane crevice lined up by residues from 
TM 3, 5, and 6, which is not utilized by substance P, but the arrangement is 
similar to the observed binding pocket in biogenic amine receptors (Gether 
et al. 1995). Even though the first available non-peptide antagonist for the 
Y1 receptor, BIBP3226, showed several overlapping contact points with 
peptide agonist binding at its discovery (Sautel et al. 1996), a recent re-
evaluation indicate a divergent binding site for the two non-peptide antago-
nists, BIBP3226 and SR120819A, than what is proposed for the peptide 
ligand (Sjödin et al. 2006). For several other peptide receptors, the non-
peptide ligands interact in a transmembrane located binding pocket, includ-
ing the angiotensin, opioid, and CCK/gastrin receptors, while for e.g the 
melanocortin 4 receptor (Pogozheva et al. 2005) and the CCK 1 receptor 
(Martin-Martinez et al. 2005), the binding region is overlapping with the  
endogenous peptide.  

1.2.6 Receptor activation  
Understanding the function of GPCRs at a molecular level requires an un-
derstanding on how agonist binding at the receptor is converted into receptor 
activation and G-protein binding. In the simple and original terniary com-
plex model (TCM), ligand binding promotes a conformational change in the 
receptor, which couples to and activates the G-protein. However, the demon-
stration of constitutive receptor activation to occur indicated that GPCRs can 
couple to and activate G-protein also in the absence of agonist (Costa et al. 
1989).This attribute required an extension of the terniary complex model 
(ETC), in which the receptor exists in an equilibrium between an inactive 
conformation (R) and an active conformation (R*) (Samama et al. 1993) 
(Fig. 1.4 A). The inactive form is favored in the absence of agonist, but a 
certain level of receptors spontaneously adopts the active conformation, 
rendering it possible to couple and activate G-proteins in the absence of ago-
nist. The agonist possess highest affinity towards the active conformation of 
the receptor, and its binding shifts the equilibrium towards R*, promoting G-
protein coupling and activation. A more thermodynamically complete 
model, the cubic TCM (CTC), is furthermore used to explain the activation 
of GPCRs (Weiss et al. 1996) (Fig. 1.4 B). In this model, both the active and 
the inactive conformations of the receptor can form a complex with the G-
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protein, making it more complete, however, containing several parameters 
which are not possible to estimate. The ETC model is simpler to use but the 
choice of model depend on the importance of the inactive agonist-receptor-
G-protein state (ARG).   

A               B 
 
Figure 1.4. Terniary models of G-protein coupled receptor activation.  
(A) Extended ternary complex model. (B) Cubic ternary complex model. 

 

Intramolecular movements 
Activation of GPCRs by ligand binding is believed to disrupt intramolecular 
contacts which stabilize the ground state of the receptor, modifying the con-
formation and exposing binding epitopes stabilizing the interaction with G-
proteins. Introduction of specific mutations within the GPCR has been 
shown to enhance the basal activity of the receptor, and is therefore believed 
to mimic the agonist activity, favoring the active state of the receptor. These 
constitutive active receptor mutants (CAMs) have been observed for several 
receptors and help explain the mechanism behind receptor activation. A 
remarkable CAM observation was made when performing mutation of a 
single residue, Ala293, in the ICL3 at the α1B-adrenergic receptor, as substitu-
tion to any other amino acid resulted in a constitute activation of the receptor 
(Kjelsberg et al. 1992). The gain of function for these CAM receptors are 
believed to depend on loss of an intramolecular constraint, which in the case 
of agonist activation of the receptors are replaced by new molecular interac-
tions with the ligand, thus resulting in a conformational change following 
activation of the receptor.  

A key event for the conformational changes in transition between inactive 
and active state in GPCRs is the movement of the closely located TM 3 and 
TM 6 (Sheikh et al. 1996). Emerging evidence has indicated the highly con-
served DRY triplet to be involved in the activation process of GPCRs, and 
this is for example observed at the 5-HT2A receptors (Shapiro et al. 2002), 
the H  histamine receptors (Alewijnse et al. 2000), and the β2 2 adrenergic 
receptors (Ballesteros et al. 2001). Protonation of the conserved Arg residue 
in the triplet is believed to disrupt a potential ionic interaction between the 
cytoplasmatic ends of TM 3 and TM 6, causing a conformational rearrange-
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ment of TM 6 and receptor activation. Another means for receptor activation 
as a consequence of disrupted intramolecular interactions is believed to in-
volve the conserved N/DPXXY motif. Hydrophobic interactions with the 
N/DPXXY motif are reported for several receptors, including the muscarinic 
m1 receptor (Lu et al. 2000), rhodopsin (Decaillot et al. 2003), and the δ -
opioid receptor (Han et al. 1998). Disruption of these interactions is sug-
gested to cause a rotation of TM 6 and 7 relative to TM 3, leading to recep-
tor activation. In conclusion, different receptors may employ specialized sets 
of intramolecular interactions to produce the conformational changes needed 
to obtain the active form. 

1.2.7 G-protein signaling 
Agonist binding at the GPCR and the subsequent conformational change 
alter the architecture of the cytoplasmic loops, exposing receptor epitopes 
that can bind to and stabilize the interaction with the G-protein. Residues 
adjacent to the DRY triplet in ICL 3 or located in ECL 2 (Fig. 1.2), have 
shown to be decisive for G-protein activation (Burstein et al. 1998, Yama-
shita et al. 2000). Compelling evidence has made it generally accepted that a 
GPCR simultaneously can interact with G-proteins belonging to different 
families, leading to activation of multiple intracellular cascades with distinct 
effects (Hermans 2003). 

 
 
Figure 1.5. The functional activity of G-proteins. 
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Heterotrimeric G-proteins are membrane-attached intracellular proteins, 
composed of three subunits α, β and γ. The complexity and specificity of 
GPCR signaling partly depends on the large number of different subunits for 
assembly of the G-proteins; 23 Gα-subunits, divided into four families Gαi/o, 
Gαs, Gαq/11, and Gα12, 6 β-subunits, and 11 γ-subunits (Hermans 2003). G-
proteins exist in an active and an inactive form where GTP, respectively 
GDP, is bound to the α-subunit (Fig 1.5). Interaction of the activated recep-
tor with the G-protein catalyzes the rate limiting exchange of GDP to GTP in 
the active site of the α-subunit. Binding of GTP causes dissociation of the 
heterotrimeric complex, making both the GTP-bound α-subunit and the βγ-
complex able to interact with intracellular or membrane associated effectors, 
regulating second messenger systems. The actions are turned off by the in-
trinsic GTPase activity of the α-subunit, where GTP is hydrolyzed into GDP, 
restoring its initial inactive form and affinity for the βγ-complex (Fig 1.5). 

1.3 Neuropeptides 
Neuropeptides are small protein molecules expressed in neuronal tissue, 
modulating neurotransmission. As described above, nearly all neuropeptides 
exert their biological action by binding to transmembrane receptors, where 
coupling to G-proteins initiate the intracellular signaling cascade. Attempts 
have been made to classify the neuropeptides depending on their sequence 
and biological function, resulting in families like the hypothalamic peptides, 
the NPY family, opioid peptides, tachykinins, and the VIP-glucagon family. 
However, the localization of a given peptide is often extensive and its bio-
logical functions are complex, leaving several peptides unclassified and sole 
members in their group (Salio et al. 2006). The interest for neuropeptide 
research was initiated by the discovery of hypothalamic hormones to be 
identified as peptide molecules, followed by observation of widespread ex-
pression of hormones like thyrotropin releasing hormone, somatostatin, and 
corticotrophin releasing hormone in the brain. Concomitant with these ob-
servations, peptides like substance P, the tachykinins, the opioid peptides, 
and the gut hormone CCK, were detected in the brain during the 1960s and 
1970s (Hökfelt et al. 2000). Furthermore, the identification and isolation of 
neuropeptides were significantly improved when Mutt and co-workers com-
prehended C-terminal amidation to be a signature for these peptides. This in 
turn allowed specific extractions for amides, resulting in isolation of several 
additional peptides such as NPY, galanin, and peptide tyrosine tyrosine 
(Mutt 1980). The discovery of novel neuropeptides is still continuing and is 
greatly facilitated by usage of molecular biological techniques and for identi-
fication of ligands to orphan receptors.  
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1.3.1 Biosynthesis and release 
The synthesis of neuropeptides is a rather complicated process and several 
aspects are different compared to that of classical neurotransmitters. The 
supply of classical neurotransmitters in SSVs is replenished in nerve termi-
nals by local synthesis, and many neurotransmitters are recaptured after se-
cretion (Fig 1.1). In contrast, nearly all bioactive neuropeptides are synthe-
sized as their inactive precursor protein in the ER, before being transferred 
to the Golgi apparatus for packing into LDCVs, following axonal transport 
to the site of release (Fig 1.6). Hence, this process allows no synaptic re-use 
of peptide, precursor protein or LDCVs. The neuropeptide precursor protein 
is likely to include several different bioactive peptides or multiple copies of 
the same peptide and is processed inside the LDCV by convertases which 
cleaves out the bioactive peptide, mainly recognizing pairs of basic amino 
acid residues (Seidah et al. 1997). Also, C-terminal amidation, glycosyla-
tion, acetylation, phosphorylation and sulfation modifications may occur to 
produce the final secreted form of the peptide (Fig 1.6).  

 

 
Figure 1.6. Synthesis, storage and release of bioactive neuropeptides.  

 
 
The stimulated synaptic release of neuropeptides from LDCVs is different 
from that of classical transmitters. SSVs containing classical neurotransmit-
ters are located close to the active zone of the synapse, in vicinity to Ca2+-
channels, where they can attain a high local concentration of Ca2+ required 
for release (Fig 1.6).  In distinction, LDCVs containing neuropeptides have a 
more random distribution in the terminal, usually fused to the membrane at 
sites distant from the active zone, and exocytosis from LDCVs are triggered 
by small elevations in Ca2+ concentration in the bulk cytoplasm (Verhage et 
al. 1991) (Fig 1.6). The distribution and distinct Ca2+ sensitivity within the 
synaptic terminal explain why, in many cases, peptide release occurs away 
from the pre-synaptic membrane at high frequency stimulation of a neuron, 
and not at all at normal firing rates. Neuropeptides are considerably larger in 
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size compared to classical low-molecular weight neurotransmitters, and, 
consequently, possess additional receptor interaction sites, reflecting a 
higher binding affinity and selectivity for its receptor. Additionally, the half-
life of extracellulary released neuropeptides is relatively long, with reports 
on oxytocin and vasopressin of about 20 min in the brain (Mens et al. 1983) 
and approximately 1 h for galanin (Land et al. 1991). This supports the abil-
ity of peptides to diffuse over long distances, acting in a hormone-like man-
ner in other brain regions (Duggan et al. 1990). The slow rate of neuropep-
tide degradation, the diffusion ability and high affinity at the receptors, to-
gether explain the capacity of neuropeptides to exert a biological effect even 
when released at low quantities and why, in contrast to classical neurotrans-
mitters, they induce a longer lasting action at the neuron. 

1.3.2 Expression and co-existence 
A characteristic for neuropeptides is their conditional expression, reflecting 
the lack of re-uptake mechanism for peptides and the prerequisite de novo 
synthesis at the ribosome (Fig 1.6). As described by Hökfelt et al. the neu-
ronal expression of neuropeptides can be divided into three different modes 
(Hökfelt et al. 2000). In mode one, the peptide is expressed at substantial 
levels under normal physiological conditions, indicating constant availability 
of the peptide. The second mode of peptide expression is recognized by low 
or even undetectable levels at normal circumstances, while a distinct up-
regulation is observed under certain conditions, thus, the peptide requires a 
specific stimulation to become functionally relevant. The third peptide mode 
is expressed during the early development, usually with expression levels 
prenatally following down regulation postnatally. A connection is observed 
between the second and third expression modes as several peptides with 
transient expression during development can be re-activated in the adult state 
by certain stimulations, e.g. after nerve injury, illustrating the plasticity of 
peptide expression during normal and pathological conditions in relation to 
their pleiotropic functions.  

Neuropeptides are present in all parts of the nervous system; the brain, 
spinal cord, the gastrointestinal system, autonomic and sensory ganglia, 
where each peptide and its receptors are expressed in a specific pattern. A 
significant finding for understanding that neuropeptides function as synaptic 
transmitters was their co-existence in neurons together with other neuro-
transmitters (Hökfelt et al. 1987). The concurrent presence of several trans-
mitters in a neuron is now generally accepted, and for neuropeptides co-
existence has been observed with, other neuropeptides, the classical low 
molecular neurotransmitters, the gaseous transmitter NO (Dun et al. 1994, 
Xu et al. 1997), and neurotrophins (Salio et al. 2005). When a neuropeptide 
coexists with a classical neurotransmitter, the latter is generally believed to 
function as the principle transmitter, and the function of the peptide is likely 
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to be complementary to the classical transmitter, modulating its action, or it 
may play a completely different role, such as exerting a neurotrophic func-
tion (Hökfelt et al. 2000, Salio et al. 2006). 

1.3.3 Therapeutic target 
Neuropeptide receptors are attractive targets for drug development based on 
the characteristics which have been outlined above. Their co-existence with 
classical transmitters, being modulators of neurotransmission, and their par-
ticular role when the nervous system is stressed, challenged or afflicted by 
disease render the peptidergic systems as striking targets for novel therapeu-
tics. In general, the neuropeptide receptors have a regional specific distribu-
tion, thus, drugs targeting these receptors will most likely result in a milder 
action and fewer side-effects compared to compounds targeting the classical 
neurotransmitters. As neuropeptides are relatively large compounds with low 
bioavailability and metabolic instability, not able to pass the blood brain 
barrier and are subject for severe degradation by peptidases, the peptide it-
self is not suitable to deliver as a drug. However, the extraordinary finding 
of small non-peptide compounds to bind and modulate peptide receptors, 
mostly with an inhibitory action, greatly enhanced the interest for these re-
ceptors to function as pharmacological targets. (Hoyle 1998). 

Since the introduction of the first non-peptide antagonist asperlicin, acting 
at the CCK 1 receptor (Chang et al. 1985), the development has been exten-
sive targeting nearly all known peptide receptors. In addition, the utilization 
of non-peptide ligands has often rendered important in delineating the func-
tion of the receptor. Several non-peptide receptor antagonists show compel-
ling evidence for in vivo efficacy, however, only a limited number of these 
compounds have reached clinical trials, and a couple of those are briefly 
discussed below. The most thoroughly examined of the neuropeptides is the 
family of hypothalamic neurosecretory peptides oxytocin and vasopressin, 
which resulted in an early development of subtype selective peptide analogs. 
The arginine vasopressin peptide mediate abnormal water retention, and 
hence, vasopressin receptor antagonists are likely to become a treatment of 
euvolemic and hypervolemic hyponatremia, with the first non-peptide al-
ready being approved by United States Food and Drug Administration, and 
several others are in late stages of clinical trials (Greenberg et al. 2006). 
Another extensive studied neuropeptide group is the tachykinins, including 
substance P, neurokinin A, and neurokinin B and their respective preferred 
receptor NK-1, NK-2, and NK-3. Even though substance P is an important 
transmitter in nociceptive pathways, non-peptide NK-1 receptor antagonists 
has not been proven to function as analgesics in clinical pain models (Hill 
2000). Nevertheless, recently the first non-peptide NK-1 antagonist, aprepi-
tant, was introduced into clinical use for high emetogenic chemotherapy 
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(Massaro et al. 2005) and at least two NK-3 receptor antagonists are under 
trials for treatment of schizophrenia (Chahl 2006).     

1.4 Galanin  
The neuropeptide galanin was originally isolated from porcine intestine in 
1983 (Tatemoto et al. 1983), but has later been found in several species and 
to be ubiquitously expressed throughout the nervous system (Rökaeus et al. 
1984, Perez et al. 2001). The galanin peptide is 29 or 30 amino acid in 
length, where the N-terminal portion, residue 1-14, is highly conserved be-
tween species and, thus, is associated with biological activity and receptor 
interaction. Not being involved in receptor binding, the C-terminal sequence 
of galanin has been proposed to serve as a protector against proteolytic at-
tacks (Bedecs et al. 1995) however; the complete biological function of this 
part is not totally understood.  

Discovery of an additional neuropeptide with capacity to bind to the 
galanin receptors, revealed the presence of the 60 amino acid long galanin 
like peptide, GALP, which furthermore is structurally related to galanin by 
containing the conserved sequence Gal(1-13), at its position 9-21 (Ohtaki et 
al. 1999). With only two constituents, the galanin family is a relatively small 
group of neuropeptides, but the interest for discovering novel peptides are 
constant. Thereof, a splice variant of the GALP peptide named alarin was 
recently found in neuroblastic tumors, although this peptide did not show 
significant homology to any other known neuropeptides (Santic et al. 2006). 
As one of the attributes for neuropeptides, galanin is synthesized as its pre-
cursor protein preprogalanin, containing a signal sequence, the galanin pep-
tide and a galanin-message associated peptide, from which galanin is derived 
by proteolytic processing (Melander et al. 1986).  

Structural analyses in aqueous solution have shown the galanin peptide to 
be essentially unstructured, except for the N-terminal portion which forms a 
nascent helix, whereas galanin in SDS micelles has a higher tendency for 
forming a secondary structure (Morris et al. 1995, Öhman et al. 1998). The 
proposed model is that galanin adopts a hairpin structure with an α-helix in 
the N-terminal, followed by a β-turn around Pro13 and a more diffuse C-
terminal region.   

1.4.1 Regulation and expression of galanin  
Galanin is a biologically active peptide with diverse functions. To accom-
plish these, the galanin gene expression is highly plastic and, subsequently, 
the peptide expression is inducible, showing extensive up-regulation under 
certain physiological conditions. Early experiments showed galanin to be 
strongly regulated by estrogens, and a remarkable up-regulation of Gal 
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mRNA and Gal-like immunoreactivity (IR) levels were observed in rat ante-
rior pituitary following estrogen treatment (Kaplan et al. 1988, Vrontakis et 
al. 1989), and later, the estrogen responsive element, ERE, was identified in 
the promoter region of the galanin gene (Kofler et al. 1995) (Fig 1.7). 

 
 Figure 1.7. Conditions regulating the expression of galanin. 

 
In small dorsal root ganglia (DRG) neurons, the galanin peptide is expressed 
at low levels under normal conditions, however, subsequently to sciatic 
nerve axotomy, the expression of galanin mRNA is dramatically up-
regulated (Hökfelt et al. 1987, Villar et al. 1989). The leukemia inhibitory 
factor, LIF, has been shown to be important for the galanin up-regulation in 
DRG neurons after sciatic nerve injury (Corness et al. 1996, Sun et al. 1996), 
while in contrast, the nerve growth factor, NGF, is capable to reverse the 
induced peptide expression (Verge et al. 1995). Therefore, both factors are 
believed to contribute to the transcriptional regulation of galanin after sciatic 
nerve injury (Corness et al. 1998) (Fig1.7). Alteration in galanin mRNA and 
galanin-IR expression levels are furthermore seen by the extensive up-
regulation in the basal forebrain of patients with Alzheimer’s disease (AD) 
(Chan-Palay 1988, Counts et al. 2003) and during development of sensory 
and motor systems (Gabriel et al. 1989, Xu et al. 1996), while a rapid deple-
tion is observed by seizure activity (Mazarati et al. 1998) (Fig 1.7). 

In general, a relatively low expression level and modest effect is observed 
by endogenous galanin under normal physiological conditions. Throughout 
the brain, galanin is expressed at relatively high levels in cholinergic neurons 
of the forebrain and limbic systems, e.g. in hippocampal structures, hypo-
thalamus, locus coeruleus (LC) neurons and DRG neurons (Skofitsch et al. 
1985). The expression of galanin within the nervous system is co-localized 
with the expression of several classical neurotransmitters, including ACh, 
serotonin, glutamate, GABA, norepinephrine, and dopamine (Melander et al. 
1986, Hökfelt et al. 1987). Predominantly, galanin is acting as an inhibitory 
hyperpolarizing modulator on the release of neurotransmitters, inhibiting 
release of ACh from ventral hippocampus (Fisone et al. 1987, Laplante et al. 
2004), norephedrine and serotonin release in LC and DRN neurons, respec-
tively (Fuxe et al. 1998, Hökfelt et al. 1998, Kehr et al. 2002), glutamate 
release from hippocampal and hypothalamic slices (Zini et al. 1993), and 
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dopamine release from hypothalamic slices (Nordström et al. 1987, Ericson 
et al. 1999). Furthermore, galanin-IR co-localizes with the expression of 
other neuropeptides like enkephalin, NPY, substance P, vasopressin, calci-
tonin gene regulated peptide (Rökaeus et al. 1988, Zhang et al. 1993, Zhang 
et al. 1995) and, hence, they are believed to be released together. (Fig 1.7). 

1.4.2 Galanin receptors 
The biological effect of galanin is mediated via three cloned G-protein cou-
pled receptors, GalR1 (Habert-Ortoli et al. 1994), GalR2 (Fathi et al. 1997), 
and GalR3 (Smith et al. 1998), see (Branchek et al. 2000) for review. Se-
quence homology among the three receptors only reaches 40-50%, while on 
the other hand, their sequences are greatly conserved when comparing be-
tween different species. An immeasurable drawback when studying the 
galanin receptors is the fact that commercial antibodies, specifically recog-
nizing the different subtypes, have not yet been developed. Despite this, 
galanin binding sites have been mapped in human and rodent tissue, show-
ing an extensive distribution in the central nervous system and a tendency 
for region specific expression (Skofitsch et al. 1986, Melander et al. 1988, 
Kohler et al. 1990). In the rat brain, cellular localization of the receptors, by 
in situ hybridization, has revealed GalR1 and GalR2 mRNA to have a more 
widespread distribution, including the DRG and spinal cord, than what is 
observed for GalR3 (O'Donnell et al. 1999, Mennicken et al. 2002). Fur-
thermore, mRNA expression of galanin receptors in rats show GalR1 to 
solely be detected in the nervous system, with pronounced expression in 
spinal cord. For GalR2 and GalR3, expression is distributed in the nervous 
system as well as in peripheral tissue, where GalR2 was the only receptor 
with expression in tissue of heart and intestine (Waters et al. 2000, Bru-
movsky et al. 2006). Overall, the expression pattern for GalR3 in the CNS 
contains most contradiction and its precise location and involvement has 
therefore been hard to conclude (Wang et al. 1997, Smith et al. 1998, Men-
nicken et al. 2002). 

There is evidence for additional, not yet cloned, galanin receptors to exist. 
Receptor(s) with significant affinity for N-terminal truncated galanin frag-
ments such as Gal(3-29), that show low affinity at the cloned receptors, have 
been suggested in rat pituitary and rat jejunal preparations (Rossowski et al. 
1990, Wynick et al. 1993), while another potential galanin receptor with 
selectivity for Gal(1-15) is suggested in hippocampal neurons (Hedlund et 
al. 1994, Xu et al. 1999). Supporting these hypotheses, a novel receptor with 
homology to the established GalRs and low affinity for the galanin peptide 
was recently identified (Ignatov et al. 2004).  
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GalR signaling 
The galanin receptors show different functional coupling, activating distinct 
G-proteins upon ligand binding. GalR1 (Habert-Ortoli et al. 1994, Parker et 
al. 1995, Smith et al. 1998) and GalR3 (Smith et al. 1998) activate Gi/o, con-
sequently reducing cyclic adenosine monophosphate (cAMP) concentra-
tions, open G-protein coupled inward rectifying K+, GIRK, channels and 
stimulate mitogen–activated protein kinase, MAPK, activity (Fig. 1.8). All 
actions are regulated in a pertussis toxin (PTX) sensitive manner. The GalR2 
predominantly couples to G
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q/11, stimulating Ca2+ release via inositol phos-
phate (IP) hydrolysis and opening Ca2+-dependent channels in a PTX resis-
tant way (Fathi et al. 1997, Smith et al. 1997, Borowsky et al. 1998, Fathi et 
al. 1998). In addition, Gi/o activation has been observed for the GalR2 sub-
type (Wang et al. 1997) (Fig. 1.8).  

 

 
Figure 1.8. Intracellular signaling pathways activated by the galanin receptors. 

 

Internalization and dimerization of GalRs 
Studies with fluorescently labeled galanin receptors have provided insight to 
receptor trafficking and dimerization. In PC12 cells, GalR1 and GalR2 have 
been shown to undergo constitutive endocytosis and recycling, where both 
ligand dependent and ligand independent internalization use the clathrin 
dependent endocytosis pathway (Xia et al. 2004, Xia et al. 2005), however, 
the presence of constitutive internalization of GalR1 was not supported in 
the study by Wirz et al. (Wirz et al. 2005). Reduced agonist stimulated 
GalR1 internalization is shown in the presence of the adenylate cyclase (AC) 
activator forskolin, suggesting cAMP to induce intracellular PKA phos-
phorylation of GalR1 causing desensitization and down regulation of the 
receptor by binding of β-arrestins (Wirz et al. 2005).  
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Several GPCRs are known to undergo homo- and heterodimerization, re-
sulting in altered agonist binding, rate of internalization, receptor pharma-
cology and intracellular signaling. Dimerization of GalR1 at the cell surface 
was demonstrated after conducting fluorescence resonance energy transfer 
(FRET) studies, although the internalization step of the receptor is believed 
to occur as a monomer upon agonist stimulation (Wirz et al. 2005). Another 
means for receptor-receptor interactions have been described for galanin 
receptors with α2-adrenoreceptors and the NPY Y1 receptor, as galanin 
stimulation has an antagonistic effect of on cardiovascular response and 
ligand binding at respective receptor (Diaz-Cabiale et al. 2000, Diaz-Cabiale 
et al. 2006).  

1.4.3 Galanin receptor ligands 

Peptide agonists 
All three characterized galanin receptors reveal high affinity for the endoge-
nous galanin peptide. Exemplifying the importance of the N-terminal portion 
of galanin for receptor binding, Gal(1-16), despite lacking half the galanin 
sequence, retains high affinity binding (Table 1.1), while dramatic reduc-
tions in receptor affinity are observed for the Gal(3-29) fragment, > 1000 
nM (Wang et al. 1997). Consequently, the Gal(1-16) fragment has been fre-
quently utilized as a galanin receptor ligand to demonstrate the effect of 
galanin, however, attention should be given to the slightly different pharma-
cological profile of the peptide compared to galanin itself (Hedlund et al. 
1994, Xu et al. 1999). The two receptor subtypes GalR2 and GalR3 can be 
distinguished from GalR1 for their preserved affinity of the N-terminal trun-
cated form of the peptide, Gal(2-29) (Wang et al. 1997), while GalR2 is the 
sole receptor with significant affinity when substituting Trp2 to its D-
analogue, Gal(1-29)[D-Trp2] (Smith et al. 1998) (Table 1.1).  

The pharmacological and physiological roles of the three galanin recep-
tors have been difficult to delineate because of the lack of subtype selective 
ligands and, hence, the introduction of Gal(2-11) with selectivity for GalR2 
over GalR1 was eagerly awaited (Liu et al. 2001). However, additional in-
vestigations demonstrated the Gal(2-11) peptide to bind to GalR3 with simi-
lar affinity as it binds to GalR2, assigning the ligand a non-GalR1 selectivity 
and limiting its utilization for pharmacological definition of the galanin re-
ceptor subtypes (Lu et al. 2005) (Table 1.1).   

Peptide antagonists 
The early introduction of chimeric peptides with antagonist effect on the 
galanin receptors, M15 (Bartfai et al. 1991), M35 (Kask et al. 1995), M40 
(Bartfai et al. 1993) and C7 (Crawley et al. 1993) has helped to identify 
several physiological effects mediated by galanin. Of these antagonists, the 
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M35 and M40 ligands are the most widely used today (Table 1.1). Even 
though they present a partial agonistic effect in vitro (Bartfai et al. 1993, 
Kask et al. 1995), they are still the best tools to block the effect of galanin 
receptors, and the antagonistic nature is maintained in vivo at doses between 
0.1 to 10 nmol when delivered intracerebroventricular (i.c.v) or intrathecally 
(i.t) (Lu et al. 2005).  

Non-peptide agonists 
Based on the major pharmacophores in galanin involved in receptor interac-
tion, two small rationally designed galanin receptor agonists, galnon and 
galmic, have been synthesized using a tripeptomimetic scaffold (Saar et al. 
2002) respective an oxazole scaffold (Bartfai et al. 2004). The compounds 
are, in contrast to galanin analogues, systemically active and more resistant 
against degradation, however, the receptor affinity is relatively low and 
ligand binding is observed at additional receptors, which significantly ham-
per their usage (Florén et al. 2005, Lu et al. 2005) (Table 1.1).  

Non-peptide antagonists 
The presentation of the two compounds spirocoumaranon (Sch 202596) 
(Chu et al.) and later dithiepine-1,1,4,4-tetroxide (Scott et al. 2000) were the 
first reports of  non-peptide antagonists to function on the galanin receptors 
(Table 1.1). The compounds had low affinity and their chemical reactive 
nature might explain the lack of further optimization of the compounds and 
assessment in various model systems.   

The recent introduction of a number of high affinity compounds with se-
lectivity for GalR3 is likely to become a milestone in the search for galanin 
receptor subtype selective ligands. Starting with a US patent in 2004, Lun-
beck Research described 3-imonio-2-indolones to be GalR3 selective an-
tagonists with antidepressant-like effects (Konkel et al. 2004). From the 
compounds described herein, the two compounds SNAP 37889 and SNAP 
398299, have been studied in more detail, presenting two antagonists with 
high affinity and selectivity against GalR3 (Table 1.1) (Swanson et al. 2005, 
Konkel et al. 2006, Konkel et al. 2006). Selected from the same patent, Barr 
et al. evaluated an additional compound, GalR3ant (3-(3,4-
dichlorophenylimino)-1-(6-methoxypyridine-3-yl)indolin-2-one), with high 
affinity binding, 15 nM, and pronounced selectivity for GalR3 (Barr et al. 
2006).   
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Table 1.1. Commonly utilized galanin receptors ligands and their Ki values at the 
three receptor subtypes. 

Ki (nM) 
Ligand 
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Displacement is performed on the rat galanin receptors unless indicated by (h) human recep-
tor; 1 presented as IC50 values; - not determined. 

 
 

R1 R2 R3 
Reference 

    
Peptide ligands 

Rat Galanin(1-29) 1.0  1.5  1.5  (Wang et al. 1997) 
Rat Galanin(1-29) 0.3 (h) 1.6 (h) 12 (h) (Borowsky et al. 1998) 
Human Galanin(1-30) 0.4 (h) 2.3 (h) 69 (h) (Borowsky et al. 1998) 

Porcine Galanin(1-29) 0.23 (h) 0.95 (h) 9.8 (h) (Borowsky et al. 1998) 

Gal(1-16) 4.8 5.7 50 (Wang et al. 1997) 

Gal(2-29) 85 1.9 12 (Wang et al. 1997) 

Gal(1-29)D-Trp2 407 28 >1000 (Smith et al. 1998) 

GALP 4.3 0.24 − (Ohtaki et al. 1999) 

Gal(2-11) >5000 (h) 88  271  (Lu et al. 2005) 
 8791 (h) 1.81  − (Liu et al. 2001) 

M35 4.8 8.2 4.7 (Lu et al. 2005) 

M40 1.8 5.1 63 (Lu et al. 2005) 

    Non-peptide ligads 
Galnon 11.7 µM (h) 34.1 µM  − (Bartfai et al. 2004) 

Galmic 34.2 µM (h) >100 µM − (Bartfai et al. 2004) 

Spirocoumaranon, Sch 
202596 

1.41 µM (h) − − (Chu et al. 1997) 

Dithiepine-1,1,4,4-
tetroxide 

1901 µM (h) − − (Scott et al. 2000) 

SNAP 37889 >10,000 >10,000 17.4 (h) (Swanson et al. 2005) 

SNAP 398299 >1,000 >1,000 5.3 (h) (Swanson et al. 2005) 

GalR3ant >10,000 >10,000 15 (h) (Barr et al. 2006), 
(Konkel et al. 2004) 
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1.4.4 Ligand-receptor interaction 
In the search for subtype selective compounds acting on the galanin recep-
tors, identifying the molecular interactions responsible for high affinity bind-
ing at the receptors are of great value. Delineation of the galanin sequence 
by displacement studies of L-Ala substituted Gal(1-16) analogues on hypo-
thalamic galanin receptors (combination of GalR1-3) showed residues Gly1, 
Trp2, Asn5, Typ9 and Gly12 to be of significant importance for high affinity 
binding of galanin (Land et al. 1991). Subsequently, site directed mutagene-
sis studies and molecular modelling of hGalR1 have identified several strong 
interaction points, involving interaction of the aforementioned key pharma-
cophores in the galanin sequence, with residues mainly located in the super-
ficial transmembrane domains or in the ECL’s of the receptor (Berthold et 
al. 1997, Kask et al. 1998). In addition, the study by Church et al. confirms 
previous results and includes additional weaker interactions located in the 
ECLs, contributing to the overall strong interaction between the peptide and 
the receptor (Church et al. 2002). In summary, these reports characterize a 
hydrophobic binding pocket for galanin made up of His264 and His267 in TM 
6 and Phe282 at the very top of TM 7, interacting with residue Trp2 and Tyr9 

in galanin, respectively. Weaker interaction points are thought to be located 
in extracellular loops where a hydrophobic interaction between Phe186 in 
ECL 2 and Ala7 or Leu11 in galanin is likely to occur. The positive N-
terminus of galanin is suggested to interact with residue Glu271 in the ECL 3. 

1.4.5 The neurological function of galanin and its role as a 
therapeutic target 
The extensive distribution of galanin and its receptors in the nervous system, 
the co-localization of galanin with several neuromodulators and the distinct 
alteration in galanin expression as a response to various stressors, have re-
sulted in the participation of galanin in several high-order physiological 
functions such as cognition, seizure, nociception, spinal reflexes, affection, 
feeding, and neuroendocrine functions, for reviews see (Wrenn et al. 2001, 
Mazarati 2004, Robinson 2004, Lundström et al. 2005, Wiesenfeld-Hallin et 
al. 2005, Robinson et al. 2006). Consequently, contribution of galanin sig-
naling has been speculated for the patophysiology of disorders like Alz-
heimer’s disease, epilepsy, stroke, emotional disorders and drug addiction. 
When characterizing the effect of the galanin system in in vivo behavioral 
models, the general drawback has been the deficiency in highly selective 
ligands acting on the galanin receptor subtypes. This in turn, has put a lot of 
hope into the recent and ongoing generation of transgenic animals, which so 
far have contributed with some significant conclusions regarding the 
galaninergic system. Importantly, when analyzing results obtained on ge-
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netically modified animals it is necessary to always account for the compen-
satory effects developing in these animals.  

In the following section I will outline, in more detail, the most important 
results on the role of galanin in the behavioral models included in this thesis; 
nociception and feeding. The function of galaninergic signaling in seizures 
will be described since additional studies for the ligands presented within 
this thesis have been performed on this model. Also, the most recent obser-
vation for galanin in cognition and depression will be discussed, since these 
areas have attained large interest lately and serve as potential therapeutic 
targets.   

Nociception 
Expression of neuropeptides is dramatically altered in sensory neurons under 
pathological conditions, such as nerve injury and inflammation, suggesting a 
role in processes regulating survival and regeneration of injured neurons and 
in nociception. Galanin-like IR is observed in small size DRG neurons and 
in LDCVs in primary afferent terminals (Ch'ng et al. 1985, Zhang et al. 
1993). Transcripts for each of the three receptors have been detected in DRG 
and spinal cord (Waters et al. 2000) and, as shown by in situ hybridization, 
GalR1 and GalR2 are present at high levels in small to medium size DRG 
neurons, and to lower extent in the dorsal horn of the spinal cord (Burgevin 
et al. 1995, Parker et al. 1995, Xu et al. 1996, Sten Shi et al. 1997, O'Donnell 
et al. 1999, Brumovsky et al. 2006). This extensive expression suggests 
galanin to be participating in nociceptive transmission. Hence, peripheral 
nerve injury was shown to induce a rapid and extensive up-regulation of 
galanin-like immunoreactivity in DRG neurons of all sizes (Hökfelt et al. 
1987, Villar et al. 1989, Villar et al. 1991, Ma et al. 2001), suggesting an 
enhanced endogenous inhibitory role of galanin during these conditions, 
possibly through increased release, reducing neuropathic pain behavior and 
promoting regeneration.  

Modulation by galanin in nociceptive processes has shown to be complex, 
including evidence for both anti-nociceptive and pro-nociceptive effects (see 
(Liu et al. 2002) for review). Galanin has been shown to produce anti-
nociception in a variety of nerve injury pain models (Hao et al. 1999, Flat-
ters et al. 2002) and to inhibit nociception by potentiating the effect of mor-
phine (Wiesenfeld-Hallin et al. 1990). A biphasic effect has been observed 
by galanin under physiological conditions in the flexor reflex model with 
inhibition only at high doses and facilitation at low doses (Wiesenfeld-Hallin 
et al. 1988, Wiesenfeld-Hallin et al. 1989). A pro-nociceptive role for 
galanin at low concentrations has been further supported, and is believed to 
be mediated via GalR2, while GalR1 is responsible for the anti-nociceptive 
function (Liu et al. 2001, Jimenez-Andrade et al. 2004, Jimenez-Andrade et 
al. 2006). Although the majority of reports demonstrates an inhibitory effect 
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of galanin in pain transmission, some studies designate a clear excitatory 
effect (Cridland et al. 1988, Kuraishi et al. 1991, Reeve et al. 2000).   

Studies on galanin transgenic mice in models for nociception have gener-
ated evidence for endogenous galanin to play an even more complex role 
than previously predicted. Supporting an inhibitory effect of galanin in 
modulating nociception, Gal KO mice were shown to be more sensitive 
against noxious stimuli (Kerr et al. 2000). In accordance, over-expression of 
galanin by the platelet derived growth factor-B (PDGF-B) promoter 
(Blakeman et al. 2001), or by the c-Ret promoter to specifically produce 
over-expression in DRG neurons (Holmes et al. 2003), revealed elevated 
nociceptive thresholds for both thermal and mechanical stimulation. The 
inconsistency in the role of galanin appears to be of particular significance 
after nerve injury, when the galanin expression is up-regulated. Under these 
conditions, mice over-expressing galanin, with the dopamine β-hydroxylase 
(DBH) or the c-Ret promoter, showed decreased development of neuropathic 
pain-like behavior (Holmes et al. 2003, Hygge-Blakeman et al. 2004) and 
spinal cord sensitization (Grass et al. 2003), supporting an anti-nociceptive 
function of galanin. In contrast, Gal KO mice showed comprimised neuro-
pathic pain behavior (Kerr et al. 2000) and attenuated thermal hyperalgesia 
(Kerr et al. 2001), suggesting galanin to contribute to the nociceptive proc-
ess. A possible hypothesis for this discrepancy is that the absence of galanin 
throughout the development of sensory neurons may result in the loss of a 
neuronal population that is important for injury-related pain behavior. This 
theory is supported by the reduced number of DRG neurons observed in 
galanin KO mice (Holmes et al. 2000, Holmes et al. 2005). Also, the concen-
tration dependence showed by galanin in nociceptive processes, and its abil-
ity to function on several receptors subtypes with different intracellular 
pathways, are likely to contribute to the diverse effects observed in Gal KO 
and Gal OE mice. 

Altered galanin synthesis and expression under pathological conditions is 
known to affect the mRNA expression of GalR1 and GalR2 in DRG neu-
rons, indicating their involvement in sensory processing (Xu et al. 1996, 
Sten Shi et al. 1997). Absence of GalR1 expression, either by genetic knock-
out or treatment with PNA antisense oligonucleotides, demonstrated an in-
hibitory function of this receptor both at normal conditions and after nerve 
injury (Pooga et al. 1998, Blakeman et al. 2003). This function is further 
supported by the increased threshold against mechanical stimulation after 
activation with a GalR1 ligand (Liu et al. 2001). The GalR2 subtype has 
been assigned a pro-nociceptive effect at low concentrations of galanin (Liu 
et al. 2001, Jimenez-Andrade et al. 2004, Jimenez-Andrade et al. 2006), but 
recent reports by Hua et al. are suggesting a more complicated role for this 
receptor in spinal nociception, involving blockade of NK-1 receptor-
mediated hyperalgesia and prostaglandin E2 release (Hua et al. 2004, Hua et 
al. 2005). The initial studies presented on GalR2 KO mice strains have re-
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ported remarkably small differences from wild type mice (Gottsch et al. 
2005, Shi et al. 2006). However, the 16-20% reduction in DRG neurons in 
GalR2 KO mice reported by Shi et al. are in line with earlier observations of 
GalR2 to mediate the neurotrophic effect of galanin, stimulating neurite 
outgrowth from sensory neurons (Mahoney et al. 2003, Elliott-Hunt et al. 
2004). This neurotrophic role of GalR2 is also seen in the reduction of DRG 
neurons and nerve regeneration after nerve injury in mice lacking endoge-
nous galanin (Holmes et al. 2000), an effect which is not suggested to be via 
GalR1 (Blakeman et al. 2003).  

Feeding 
Galanin shows a broad distribution in the hypothalamus, with expression in 
several hypothalamic nuclei including the paraventricular nucleus (Gundlach 
et al. 2001). Several studies have shown central administration of galanin, 
the strongest effect observed in the paraventricular nucleus, to induce feed-
ing. This effect can be reversed by administration of galanin receptor an-
tagonist, which alone do not affect the consumption (Kyrkouli et al. 1986, 
Crawley et al. 1990, Corwin et al. 1993, Crawley et al. 1993). Galanin 
treatment has been found to cause a preferential increase in the consumption 
of fat and secondary on carbohydrate (Tempel et al. 1988) and, furthermore, 
galanin mRNA and expression levels are positively related to the amount of 
consumed fat. Treatment with galanin receptor antagonists or administration 
of an antisense oligonucleotide against galanin cause a decreased fat 
consumption, suggesting a direct control of galanin for diet rich in fat 
(Akabayashi et al. 1994, Odorizzi et al. 2002).  

Seizure  
Sustained excitability in the brain, by increased glutamate release, is the 
major mechanism of epileptic seizures. The hippocampus, particularly den-
tate gyrus, is a key structure for initiation and maintenance of seizures and 
receives large amounts of galaninergic innervation, both from catechola-
minergic input from LC, and cholinergic innervation from the sep-
tum/diagonal band complex (Melander et al. 1985, Lamour et al. 1988, Con-
solo et al. 1994, Hökfelt et al. 1998, Xu et al. 1998). Since galanin modu-
lates hippocampal excitability by inhibiting glutamate release and develop-
ment of long-term potentiation (LTP) in hippocampus (Zini et al. 1993, Zini 
et al. 1993, Sakurai et al. 1996), an anticonvulsant effect of galanin was re-
ported after administration into the lateral ventricle of rats (Mazarati et al. 
1992) (see (Mazarati 2004) for review). This effect was accompanied by a 
clear disapperance of galanin-immunoreactive fibers and galanin content in 
the hippocampus during status epilepticus, showing depletion of galanin 
during the progression of seizures (Mazarati et al. 1998). While galanin re-
ceptor agonists prevent induction of seizures, the activity is facilitated by 
galanin receptor antagonists (Chepurnov et al. 1998, Mazarati et al. 1998, 
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Mazarati et al. 2002, Saar et al. 2002, Bartfai et al. 2004), suggesting altered 
hippocampal excitability and anticonvulsant effect to be mediated via the 
galanin receptors. 

The physiological significance of galanin as an anticonvulsant has further 
been shown after genetic manipulation, where over-expression of galanin, 
under the PDGF-B promoter, the DBH promoter or the recombinant adeno-
associated viral vecor, increased the resistance to induced seizures, while in  
Gal KO mice, the threshold for developing seizures was lowered (Mazarati 
et al. 2000, Kokaia et al. 2001, Haberman et al. 2003, Lin et al. 2003). Con-
sequently, the reduction of seizure susceptibility has been proposed to occur 
by inhibition of presynaptic glutamate release during epiletic discharge, and 
by activating pre- and postsynaptic hyperpolarizing galanin receptors 
(Mazarati et al. 2000, Kokaia et al. 2001).  

In the context of mediating receptors, spontaneous seizures were observed 
in 25 % of the first line of GalR1 KO mice (Jacoby et al. 2002), most likely 
due to complex changes in neuropeptide expression in their hippocampal 
neurons (Fetissov et al. 2003). However, the presence of spontaneous sei-
zures is not a definitive evidence for the involvement of GalR1 in controlling 
seizures since this feature is neither observed in the majority of GalR1 KO 
mice nor in the Gal KO mice. Studies on GalR1 KO mice, or rats treated 
with PNA antisense oligonucleotides against GalR2 indicate two possible 
roles for GalRs in seizure development, GalR1 in the initiation phase and 
GalR2 during the maintenance (Mazarati et al. 2004, Mazarati et al. 2004). 
Indications from studies in Gal KO and Gal OE mice suggest the presence of 
galanin to prevent from neuronal injury induced by seizures (Mazarati et al. 
2000, Haberman et al. 2003), a protection that is supposed to occur by sig-
naling via both GalR1 and GalR2 (Mazarati et al. 2004, Mazarati et al. 
2004). A neurotrophic effect by galanin in hippocampus is further supported 
in a study by Elliot-Hunt et al., where agonist occupancy at GalR2 stimulate 
neurogenesis (Elliott-Hunt et al. 2004). 

Cognition 
Cholinergic projections to the hippocampus have been suggested to play an 
important role in attention, learning and memory (Everitt et al. 1997). 
Galanin is expressed in hippocampal formations in rodents (Skofitsch et al. 
1985, Melander et al. 1986, Perez et al. 2001), with galanin immunoreactiv-
ity located in noradrenergic, cholinergic, serotonergic and GABAergic fibers 
in the ventral hippocampus, while only noradrenergic nerve terminals in the 
dorsal hippocampus express galanin (Melander et al. 1985, Melander et al. 
1986, Melander et al. 1986, Xu et al. 1998). The release of ACh from ventral 
hippocampus is inhibited by galanin, shown both in vitro (Fisone et al. 1987, 
Fisone et al. 1991, Wang et al. 1999) and after intraventricular or intrahippo-
campal administration to rats (Fisone et al. 1987, Consolo et al. 1991, Ögren 
et al. 1996). Consequently, administration of galanin shows impairment of 
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cognitive performances when studied in several different memory tasks; 
working memory (Robinson et al. 1993, Robinson et al. 1994), spatial mem-
ory (Sundström et al. 1988, Ögren et al. 1996), and emotional memory 
(Kinney et al. 2002). Furthermore, galanin receptor antagonists have been 
shown to reverse the memory deficits induced by galanin (McDonald et al. 
1996) or when delivered alone, even facilitate spatial learning (Ögren et al. 
1992). The produced deficits in learning and memory tasks is suggested to 
be an inhibitory action of galanin on hippocampal cholinergic transmission, 
mediated via stimulation of galanin receptors located on cholinergic cell 
bodies. However, not all galanin actions are known to be directly inhibitory 
as enhanced ACh release has been seen by galanin in striatum (Ögren et al. 
1991, Amoroso et al. 1992, Pramanik et al. 1992), dorsal hippocampus 
(Ögren et al. 1999), and from basal forebrain cultures (Jhamandas et al. 
2002). The relation between galanin and basal forebrain cholinergic trans-
mission becomes even more complex with the observation that galanin en-
hances ACh release from ventral hippocampus and functions to facilitate 
spatial learning (Elvander et al. 2004).  

Similar to exogenous administration of galanin, transgenic mice over-
expressing galanin under the DBH promoter show reduced release of ACh 
from the hippocampus (Laplante et al. 2004), along with a reduction in LTP 
and glutamate release (Mazarati et al. 2000). As expected, Gal OE mice have 
been shown deficits in diverse learning and memory tasks known to be de-
pendent on an intact hippocampal function; spatial location (Steiner et al. 
2001, Wrenn et al. 2002), olfactory memory (Wrenn et al. 2003) and in emo-
tional memory (Kinney et al. 2002).  

Reinforcing the cognitive modulation of galanin, significant over-
expression is observed in the basal forebrain of patients with AD. The 
galanin-containing fibers hyperinnervate the surviving neurons and corre-
lates with the loss of cholinergic neurons. (Chan-Palay 1988, Chan-Palay 
1988, Beal et al. 1990, Mufson et al. 1993, Bowser et al. 1997). The over-
expression of galanin is accompanied by receptor plasticity, and in late 
stages of AD an increased number of galanin receptor binding sites are ob-
served within the cholinergic basal forebrain (CBF) (Chan-Palay 1988, Muf-
son et al. 1993, Rodriguez-Puertas et al. 1997, Deecher et al. 1998, Mufson 
et al. 2000). Consequently, galaninergic signaling is suggested to inhibit 
ACh release, and to be detrimental for remaining cholinergic neuronal func-
tions in AD and, thus, to contribute to the cognitive dysfunctions character-
izing the disease. Interestingly, galanin-immunoreactivity is found within 
amyloid plaques of patients with AD and in mice over-expressing the β-
amyloid precursor protein, suggesting the amyloid accumulations, and the 
following neuronal damage, to induce galanin over-expression in these areas 
(Kowall et al. 1989, Diez et al. 2000, Diez et al. 2003). Moreover, in the 
end-stage of AD, galanin innervation of surviving CBF neurons is most in-
tense at regions somewhat spared from neuronal loss, demonstrating a neu-
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roprotective effect from galanin in these neurons, maintaining cholinergic 
signaling (Chan-Palay 1988, Mufson et al. 1989, Vogels et al. 1990, Mufson 
et al. 2000, Counts et al. 2003). Supportive to this theory, Gal KO mice 
show a marked reduction in cholinergic neurons in the basal forebrain, asso-
ciated with age-dependent deficits in ACh release and cognition (O'Meara et 
al. 2000). Thus, there are evidence for both a detrimental and neuroprotec-
tive function of galanin during AD.  

Depression  
Modulation of the noradrenergic, serotonergic and dopaminergic systems 
has shown significant importance in mood disorders like depression, anxiety 
and stress. In rodents, galanin-like immunoreactivity has been detected in 
brainstem norephedrine-producing cells of LC, the serotonin-producing neu-
rons of dorsal raphe nucleus (DRN), and the midbrain dopaminergic ventral 
tegmental area (VTA) (Melander et al. 1986, Skofitsch et al. 1986, Hökfelt 
et al. 1998, Perez et al. 2001, Lu et al. 2005). Remarkably, galanin-like 
immunoreactivity shows approximately 90 % overlapping with 
noradrenergic and serotonergic markers in LC and DRN neurons, 
respectively (Melander et al. 1986, Xu et al. 1997, Xu et al. 1998). In the 
functional aspect, galanin is known to inhibit neuronal firing and release of 
monoamines including norephedrine, serotonin and dopamine (Pieribone et 
al. 1995, Weiss et al. 1998, Xu et al. 1998, Kehr et al. 2002, Yoshitake et al. 
2003). Brain areas involved in regulating mood disorders has shown an 
extensive distribution in galanin binding sites (Skofitsch et al. 1986, Kohler 
et al. 1990, Pieribone et al. 1995, Lu et al. 2005), which, by in situ 
hybridization studies, mainly are suggested to be representing the GalR1 and 
GalR2 sybtypes (O'Donnell et al. 1999) as GalR3 mRNA show a more 
discrete and restricted distribution (Mennicken et al. 2002).  

Delineating the effect of galanin in modulating depression-related behav-
ior has revealed some discrepancy. Administration (i.c.v or into the VTA) of 
galanin has been shown to produce an increased immobility in the rat forced 
swim test, a behavior connected to increased depressive-like behavior as 
decreased motor activity is one of the characteristic symptoms in depression 
(Weiss et al. 1998, Kuteeva et al. 2006). The observed immobility could be 
blocked by co-administration with galanin receptor antagonist (M35 or 
M15), which alone produced an antidepressive-like effect (Kuteeva et al. 
2006), (Weiss et al. 2005). In the same behavioral paradigm, increased 
galanin levels, under the PDGF-B promoter, in Gal OE mice caused en-
hanced release of noradrenalin and serotonin accompanied by increased 
depression-like behavior (Kehr et al. 2001, Yoshitake et al. 2004, Kuteeva et 
al. 2005). Importantly, this enhanced release during swim stress could be 
blocked by M35 (Yoshitake et al. 2004). Thus, the role of galanin is affected 
by stressfull conditions and galaninergic signaling is suggested to modulate 
monoamine levels and, consequently, be involved in the production of the 
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depression-related behavior. Augmented galanin signaling in depression-like 
behavior, is further supported by the increase in galanin receptor binding 
sites in DRN and reduced galanin-like immunoreactivity in DRN and hippo-
campus in a generic rat model for depression (Bellido et al. 2002, Husum et 
al. 2003).  

Antidepressant treatment, either with fluoxetine or clomipramine, or by 
physical exercise, has been shown to affect galanin signaling, with an up-
regulation of galanin mRNA in DRN and LC neurons and, increased GalR2, 
but not GalR1, binding in DRN neurons (O'Neal et al. 2001, Lu et al. 2005, 
Holmes et al. 2006). In these experiments, administration of M40 diminished 
the antidepressant effect of fluoxetine, suggesting that up-regulation of 
galanin, particularly acting on GalR2, contributes to the antidepressant effect 
of fluoxetine (Lu et al. 2005). Although it has been hard to show a clear 
antidepressant-like effect of galanin agonists, such effect was observed in a 
clinical study on patients diagnosed with depression (Murck et al. 2004). 
These observations are supported by the antidepressant effects shown by the 
galanin receptor agonists, galnon and galmic in rats (Bartfai et al. 2004, Lu 
et al. 2005), although, they have shown off-target actions (Florén et al. 2005, 
Lu et al. 2005). The observed discrepancy on galanin modulation in mood 
regulation could possibly be explained by activation of different signal 
transduction pathways, however, utilization of GalR1 or GalR2 KO mice has 
not yet been capable to clarify this hypothesis (Jacoby et al. 2002, Gottsch et 
al. 2005). 

Regardless of the sparse and discrete distribution of GalR3 in the brain, 
compelling evidence show various GalR3 antagonists to be the most promis-
ing modulators on galanin signaling affecting depression-like behaviour. 
These compounds, SNAP 37889, SNAP 398299 and GalR3ant, cross the 
blood brain barrier after systemic administration and produce both anxiolytic 
and antidepressant-like effects in preclinical tests in diverse animal models 
(Swanson et al. 2005, Barr et al. 2006). The hypothesis for their site of ac-
tion is attenuation of the inhibitory influence of galanin on serotonin 
transmission at the level of the DRN.  
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2. AIMS OF THE STUDY 

Understanding that galanin is modulating a variety of different physiological 
functions by signaling via its three galanin receptors, differentiating between 
the receptor subtypes is of outmost importance for a complete understanding 
of the galanin system, and for development of targeting therapeutics. How-
ever, the limited number of tools to selectively activate the galanin receptors 
has long been a major drawback. Hence, the main objective of this study was 
to improve the development of subtype selective ligands for the galanin re-
ceptors. The specific aims were to: 

 
 Design and development of subtype selective ligands for the 

galanin receptors; M617 and M871 (papers I and II). 
 

 Examine the pharmacological function of the ligands on respec-
tive receptor (papers I and II). 

 
 Determine the effect of the M617 ligand in in vivo models for 

nocicieption and feeding behavior (paper I). 
 

 Investigate which pharmacophores in Gal(2-11) that are involved 
in binding to the GalR2 subtype (paper III). 

 
 Delineate the galanin binding site in the GalR2 subtype (paper 

IV).  
 

 Identify residues in GalR2 that are responsible for subtype selec-
tive binding (paper IV).  
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3. METHODOLOGICAL CONSIDERATIONS 

The methods used in this thesis are described in detail in each contributed 
paper (paper I-IV). In this section I will merely discuss some theoretical and 
methodological aspects of the selected material and methods. 

3.1 Solid phase peptide synthesis  
The peptides examined in this thesis, Table 3.1, were synthesized by solid 
phase peptide synthesis, a method introduced in 1963 by Merrifield 
(Merrifield 1963). The principle of this technique is to build the peptide on a 
solid support, the resin, by step-wise coupling of preactivated amino acids 
with washing steps in between. Advantages of solid phase peptide synthesis 
over solution peptide synthesis are reduced time-demand, increased solubil-
ity of the peptide, elimination of purification and characterization steps of 
intermediates, and high yield and purity of the product. Galanin and galanin 
receptor ligands utilized in this thesis (Table 3.1) were synthsized with t-Boc 
protection of solid phase peptide synthesis. All galanin peptides, except hu-
man galanin, are naturally C-terminal amidated and, consequently, peptides 
amidated C-terminally were produced by using a p-
methylbenzylhydrylamine (MBHA) resin. 

3.2 Galanin receptor ligands (Papers I and II) 
The M617 peptide is a chimeric ligand constructed from fragments of 
galanin and the neuropeptide bradykinin (Table 3.1). The M617 ligand was 
identified by screening a handful of potential galanin receptor subtype 
ligands where the N-terminal portion of the galanin peptide, Gal(1-13), was 
left unmodified to retain high affinity for GalR1, while modifications were 
introduced in the sequence after Pro13.  

Utilization of the bradykinin sequence in chimeric galanin receptor 
ligands was introduced with the discovery of the mixed agonist/antagonist 
M35 by Kask et al. (Kask et al. 1995) (Table 3.1). The bradykinin neuropep-
tide is a nonapeptide, which is highly degraded by numerous enzymes, e.g. 
aminopeptidases removing the N-terminal arginine residue. Any cleavage of 
the bradykinin peptide completely inactivates it from action at its B2 recep-
tor (Stewart 2004) hence, the presence of a truncated form of bradykinin e.g. 
bradykinin(2-9) and bradykinin(3-9), in galanin receptor ligands can there-
fore not cause independent activation of the bradykinin B2 receptor.  
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The M871 peptide was constructed from the N-terminal truncated form of 
galanin, Gal(2-13), which is known to result in reduced GalR1 affinity 
(Wang et al. 1997, Lu et al. 2005) (Table 3.1). Long and bulky chimeric 
peptides are known to often function as receptor antagonists, whereupon a 
glutamic acid, a histidine and a proline residue were coupled to the C-
terminus of the galanin fragment followed by the C-terminal fragment, Pro-
Pro(Ala-Leu)2-Ala, of the non-subtype selective galanin receptor antagonist 
M40 (Table 3.1). Similarly to M35 and M40, this construction results in 
three adjacent Pro residues, likely be a reason for the antagonistic action of 
the peptides. 

 
Table 3.1 List of the synthesized and utilized peptides in this thesis 

Peptide Sequence 

rGalanin GWTLNSAGYLLGPHAIDNHRSFSDKHGLT amide 

Galanin(2-11) WTLNSAGYLL amide 

M617 Gal(1-13)-Gln14-bradykinin(3-9)-amide 
GWTLNSAGYLLGPQPGFSPFR amide 

M35 Gal(1-13)-bradykinin(2-9)-amide 
GWTLNSAGYLLGPPPGFSPFR amide 

M871 Gal(2-13)-EHPPPALALA-amide 
WTLNSAGYLLGPEHPPPALALA amide 

M40 Gal(1-13)-PPALALA-amide 
GWTLNSAGYLLGPPPALALA amide 

3.3 Study of receptor–ligand interactions 
Several strong molecular interactions participate in receptor binding of a 
ligand. Identifying these interactions is of great importance when character-
izing the ligand binding site, and when delineating selective recognitions at 
the receptor. Determining the involved interactions is often approached by 
combining ligand modification with receptor mutagenesis. Introduction of L-
Ala substitutions to the ligand renders it possible to determine pharmacopho-
res with particular importance for binding, and the corresponding interaction 
sites in the receptor can be identified by site-directed mutagenesis. Identifi-
cation of possible residues involved in the formed interactions are facilitated 
by generation of a 3D model of the receptor and its ligand, which for GPCRs 
are based on the electron density maps originating from the GPCR rhodopsin 
(Palczewski et al. 2000).  
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3.3.1 Ala analogues of Gal(2-11) (Paper III) 
Preceding studies on galanin binding to the GalR1 subtype have confirmed 
the N-terminal portion of the peptide to be responsible for 90% of the pre-
sent interactions with the receptor (Berthold et al. 1997, Kask et al. 1998). 
Therefore, the Gal(2-11) peptide which show high affinity against GalR2 
(Liu et al. 2001, Lu et al. 2005) was selected in this study when investigating 
the residues with considerable interaction ability in GalR2 binding. Conse-
quently, L-Ala analogues of the Gal(2-11) ligand were synthesized and 
tested for their possibility to displace 125I-galanin from the receptor. 

3.3.2 Mutagenesis of GalR2 (Paper IV) 

Cloning of GalR2 
The human GalR2 (hGalR2) was cloned by  RT-PCR from Chinese Hamster 
Ovary (CHO) cells stably over-expressing the receptor (a gift from Kathryn 
A. Jones and Tiina P. Iismaa, Garvan Institute, Sydney, Australia). The ob-
tained cDNA was subsequently ligated into the EcoR1 and Hind III cleaved 
pcDNA3 vector (Invitrogen, Stockholm, Sweden) and the presence of the 
correct sequence was verified by complete sequencing of the receptor. 

 

Introduction of site-directed mutations 
Site-directed mutagenesis was performed by the QuikChange II Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, USA). Synthetic oligonu-
cleotide primers, each complementary to the opposite strands of the GalR2 
cDNA and containing the desired mutations were utilized. The primers were 
extended using temperature cycling by PfuUltra polymerase, generating a 
mutated plasmid containing staggered nicks. Thereafter, the product was 
treated with Dpn I endonuclease, specifically targeting methylated and 
hemimethylated DNA in order to digest parental DNA. During the 
mutagenesis procedure, the GalR2 cDNA remained inside the pcDNA3 vec-
tor. The final mutated vector was transformed into XL1-Blue supercompe-
tent cells following plasmid purification and sequence analysis to reveal the 
presence of correct mutation within the hGalR2 cDNA.    
 

Selection of residues for site-directed mutation 
A number of mutations were introduced to the hGalR2 to identify the resi-
dues with significant importance for ligand binding and to delineate the 
binding pocket in the receptor. In order to interact with the binding ligand, 
the residue of interest needs to be located superficially in the membrane 
domain or in the extracellular loop. Preceding studies have shown the main 



3. METHODOLOGICAL CONSIDERATIONS 

 36 

ligand interactions in GalR1 to be located in the TM 6, ECL 3 and TM 7 
region (Kask et al. 1998, Church et al. 2002), thus, this area was selected as 
the main target for mutations in GalR2 with the anticipation to find subtype 
selective interactions (Fig 4.1). The residues selected for mutation were 
mainly the corresponding to residues in GalR1 that was vital for ligand bind-
ing, where some showed conservation between the two subtypes. In some 
cases, the residue was merely targeted due to its location and type of side 
chain. The selected residues were mutated to alanine, aiming to remove the 
functionality of the side chain, without disturbing the secondary structure of 
the receptor. 

The best strategy for determining which residues, both in the receptor and 
in the ligand, which could form important interactions with each other, is to 
perform a computer-based docking of the ligand into the predicted binding 
site at the receptor. Thus, to perform this has been a main objective through-
out this thesis. However, as the galanin peptide is essentially unstructured, 
except for the N-terminus which forms a nascent helix, and the fact that the 
GalR2 subtype shares less than 25% sequence similarity with rhodopsin, we 
have not been able to generate a model of the receptor and the ligand.  

3.4 Cell cultures  
 
Three characterized cell lines have been used as model system when study-
ing galanin receptor binding and signaling in this thesis; human bowes 
melanoma cells (Bowes), epithelial CHO cells and human embryonic cells 
(HEK293).  

Endogenous expression of galanin receptors are only known to be ex-
pressed in two different cell lines; Bowes and the rat insulinoma Rin m5F 
cell line (Rin m5F). Bowes cells has been shown to exclusively express 
hGalR1, with a large number of high-affinity binding sites, 135 fmol/mg 
protein (Heuillet et al. 1994), thus explaining its popularity as source for 
GalR1 binding sites.  Similarly, the Rin m5F cell line expresses high levels 
of galanin binding sites (Lagny-Pourmir et al. 1989), although both rGalR1 
and rGalR2 are expressed which limits its utilization for studying a specific 
galanin receptor subtype and has therefore not been used in this thesis.  

The CHO cell line is considered a good expression system for recombi-
nant proteins, and stable lines expressing either rat or human GalR2 (CHO-
rGalR2 or CHO-hGalR2) have therefore been generated and are widely used 
for functional studies. Both of these cell lines have been utilized in this the-
sis; CHO-hGalR2 in Paper I, III and IV and CHO-rGalR2 in paper II. How-
ever, since the human and rat GalR2 share 92 % homology, and no signifi-
cant difference is observed in their binding properties (Table 1.1) it is possi-
ble to compare the two receptors for studies of the galaninergic system 
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(Wang et al. 1997, Borowsky et al. 1998). The CHO cells were further used 
for transient expression of the hGalR2 mutants developed and investigated 
in paper IV.  

Similar to CHO cells, the HEK293 cell line is extensively used as an ex-
pression system for recombinant proteins and development of stable trans-
fectants of hGalR1 labeled with EGFP, for study of receptor internalization, 
was performed in the HEK293 cells.  

3.5 Galanin receptor displacement studies 

3.5.1 Competition binding assay 
The first step in screening for pharmacological drugs usually involves a ra-
dioligand displacement assay at the targeted receptor in order to identify 
ligands with desirable affinity. For studies of ligand binding at the galanin 
receptor, the competition displacement of 125I-labeled galanin has been ex-
tensively used as a primary screening tool and was introduced only a few 
years after discovery of the peptide (Fisone et al. 1989).  

During the time of this thesis work, three variants of protocols have been 
used for the competition binding assay at the galanin receptors, although 
with minor differences in performance. Membrane preparations have been 
made from the different cell cultures described above. Briefly, the cells have 
been detached by scraping in PBS, lysed on ice and resuspended in assay 
buffer, Hepes-magnesium or Tris-magnesium buffer supplemented with 
bovine serum albumin (BSA) and protease inhibitors. In paper I, the dis-
placement reaction was performed on 20 µg protein with 0.04 nM 125I-
galanin in a final volume of 400 µl while, in paper II-IV, 30-60 µg protein 
and 0.1-0.2 nM 125I-galanin were displaced in a volume of 200 µl in 96-well 
plates. The reaction was left to incubate for 30 min at 37°C or for 45 min in 
RT before termination by rapid filtration over glass fiber filter, either sepa-
rate filters or attached to the microtiter plate. The retained radioactivity on 
the filters were either determined directly in a γ-counter or after addition of 
scintillation liquid in a β-counter.  

Porcine 125I-galanin has been utilized as the radioligand in all displace-
ment assays performed. The unique presence of an additional tyrosine resi-
due at position 26 for 125I-labeling in the porcine galanin makes it more fa-
vorable and, hence, more commonly used as the radioligand in galanin dis-
placement studies (Table 3.1). However, all galanin peptides contain Tyr9 as 
iodination site and human 125I-galanin is therefore also available, although 
with the disadvantage of the labeled residue to participate in receptor inter-
actions (Land et al. 1991, Lundström et al. 2005). Consequently, an early 
study comparing the two 125I-labeled galanin species revealed different dis-
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placement binding properties of the two radioligands at the galanin receptors 
(Kolakowski et al. 1998).  

Silanisation of tubes and pipette tips used in the displacement assay has 
been performed in order to minimize peptide adsorption to the plastic. The 
presence of BSA to block unspecific binding and protease inhibitors to re-
duce receptor and ligand degradation are additional important issues per-
formed to optimize the binding assay.     

The human and rat galanin peptides show extremely high sequence simi-
larity (Table 3.1), only four residues differ, and they are shown to display 
unchanged binding properties when analyzed on the human receptors 
(Borowsky et al. 1998) (Also shown in Table 1.1). Hence, this enables 
utilization of the shorter and, thus, easier synthesized rat version of galanin, 
which subsequently has been used in all displacement studies within this 
thesis.  
 

Table 3.2. Sequence comparison of the galanin peptides utilized in this thesis 

Species Galanin sequence 

Human  GWTLN SAGYL LGPHA VGNHR SFSDK NGLTS 

Rat GWTLN SAGYL LGPHA IDNHR  SFSDK HGLT amide 

Porcine GWTLN SAGYL LGPHA IDNHR  SFHDK YGLA amide 

3.5.1 Saturation binding assay (Paper IV) 
When characterizing ligand binding at transiently transfected receptors, the 
receptor density at the cell membrane is of importance. In order to compare 
binding properties between the receptors, Bmax values for the receptors were 
determined. The most accurate way to determine receptor density is by per-
forming hot saturation binding, in which the ligand concentration is kept 
constant while the radioligand, in our case 125I-galanin, is added in increas-
ing concentrations. Consequently, this assay consumes large amounts of the 
labeled peptide, resulting in its rather impractical and expensive usage for 
screening of peptide ligands. However, if the unlabeled peptide ligand is the 
same as the labeled ligand one can perform a homologous competition bind-
ing assay, also called cold saturation binding, to determine receptor density 
at the membrane. With the assumption of one homologous ligand present in 
the assay, both labeled and unlabeled, it is possible to keep the concentration 
of the expensive 125I-galanin constant, while instead increasing the unlabeled 
galanin peptide. In the context of our assay, this presumes the differences 
between rat and porcine galanin, five residues in the C-terminal portion (Ta-
ble 3.1), to be insignificant for the ligand binding and therefore the receptors 
to have identical affinity for the two ligands (Borowsky et al. 1998). Ho-
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mologous competition experiments only results in quality data if the concen-
tration of the radioligand is less than half the IC50 of the cold ligand, conse-
quently the data was first analyzed with the one-site competition equation in 
order to determine IC50 values before continuous fitting to the homologous 
competition model. All data analysis for displacement studies was per-
formed with Prism (GraphPad Software Inc., San Diego, CA, USA).     

3.6 Intracellular signaling by galanin receptors 
After confirmation of ligand binding to a specific GPCR, the second step in 
characterization is determination of its ability activate intracellular signaling 
cascades. By studying the signal output from the G-proteins, one can distin-
guish between a positive stimulation at the receptor caused by an agonist, 
and an inhibitory stimulation caused by an antagonist. When delineating the 
effect of the galanin receptor ligands included in this thesis, we utilized a 
cAMP assay and an IP accumulation assay to measure activation of Gi/o and 
Gq proteins, respectively. 

Before discussing the specific methods used for studying intracellular 
signaling, an important issue to consider is the probability of a disturbed 
ratio between membrane receptors and G-proteins in a genetically modified 
cell line. The introduction of an additional GPCR, expressed at abnormally 
high levels in the cell, will most likely interfere with the overall availability 
of G-proteins for receptor interaction, resulting in limited G-protein cou-
pling. Therefore, we might be unable to assess the full effect on G-protein 
signaling when utilizing transfected cell lines.  

3.6.1 Cyclic AMP formation (Paper I) 
One of the downstream signaling pathways of ligand interaction at a GPCR 
is activation/inhibition of the AC enzyme, which can be monitored by meas-
uring the signaling molecule cAMP. Several methods are available for detec-
tion of cAMP levels, including earlier methods of radioimmunoassays and 
ELISA along with the more recent and improved immunological assays of-
fering easier and faster measurements. In this study we utilized a competi-
tive immunoassay for detection of cAMP levels after activation of the 
galanin receptors (CatchPoint cAMP Fluorescent Assay Kit, Molecualr De-
vices). As the galanin receptors have been shown to activate the Gi/o subunit 
of G-proteins, which inhibits AC, causing decreased levels of intracellular 
cAMP (Branchek et al. 2000), the cells were first stimulated with the AC 
activator forskolin. Degradation of cAMP in the assay was inhibited by addi-
tion of the phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine (IBMX). 
In the assay, the cellular cAMP competes with horse horse radish peroxidase 
(HRP)-labeled cAMP for binding sites on the anti-cAMP antibodies attached 
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on the assay plates, and consequently, increased levels of cellular cAMP 
competitively decrease the measurable HRP activity.   

The cAMP levels were determined after stimulation with either peptide 
alone, or in order to detect the ability of the ligand to reverse the effect seen 
by galanin, the peptide was added together with galanin at its EC50 value for 
cAMP inhibition, approximately 30nM.  

3.6.2 Inositol phosphate accumulation (Papers I and II) 
Analytical methods like gas choromatography/mass spectrometry (GS/MS) 
and HPLC offers the highest sensitivity for quantification of specific intra-
cellular IP levels, however, being time-consuming, laborious, and expensive 
they are not suitable for pharmacological screening of large compound li-
braries. In this thesis, we have utilized the more classical measurement of IP 
production, in which cells are prelabeled with 3H-myoinositol, yielding 
metabolic incorporation into phosphatidylinositol 4,5-bisphosphate (PIP2) 
and consequently into its hydrolyzed product IP3 and its downstream me-
tabolites resulting in [3H]IPs. This method is less sensitive than the analyti-
cal methods, but does not require the advanced equipment and analytical 
experience, and it has proven useful in pharmacological screening of several 
GPCRs (Mei et al. 1989, Borowsky et al. 1998).  

The IP3 molecule is extremely unstable with irreversible degradation into 
IP2 and IP within tens of second and additional phosphorylation forms IP4. 
Due to its sensitivity for degradation, detection of IP3 accumulation is highly 
inaccurate as no specific inhibitors are present against the phosphatases re-
sponsible for the two-step degradation of IP3 into IP. Nevertheless, the final 
step of the degradation cascade, when IP is recycled to myo-inositol, is 
blocked by LiCl, thus accumulation of the three forms of IPs: IP3, IP2 and IP, 
were measured after treatment with LiCl. The IPs were extracted in the pres-
ence of perchloric acid and separated on an anion exchanging resin. One-
step elution was performed with ammoniumformate. The amount of incorpo-
rated 3H-myoinositol was measured in a β-counter and normalized against 
the total amount of radioactivity present in each sample before chromatogra-
phy.      

3.7 Labeling of galanin receptors 

3.7.1 Immunodetection of GalR2 (Paper IV) 
Despite extensive research, commercial antibodies specifically targeting the 
galanin receptor subtypes are not yet available. Therefore, in order to detect 
recombinantly expressed GalR2 in CHO cells, tagging of the receptor was 
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required. We chose to introduce the FLAG epitope, DYKDDDDK, at the N-
terminus of GalR2, which is recognized by the anti-FLAG antibody, and 
hence, allows easy detection of the studied receptor when coupled to a fluo-
rescent secondary antibody. Immunodetection was performed to demonstrate 
proper membrane expression of the GalR2 mutants, not displaying sufficient 
affinity for the galanin ligand to show displacement of the radioligand.  

3.7.2 EGFP labeling of GalR1 (Paper I) 
Genetic fusion of proteins to fluorescent proteins has provided novel means 
to view the location and follow real-time protein trafficking in living cells. 
In paper I, construction of an EGFP-tagged GalR1 rendered it possible to 
follow ligand induced internalization of the receptor by confocal micros-
copy. The rat GalR1 was tagged with the fluorescent protein EGFP at its C-
terminus followed by generation of stable transfections in HEK293 cells and 
ligand treatment.   

3.8 Whole cell patch-clamp recording (Paper I) 
The LC neurons are known to express high levels of GalRs (O'Donnell et al. 
1999) and stimulation with galanin is known to cause a hyperpolarisation of 
these neurons. Since this effect is mainly mediated via GalR1 over GalR2 
(Ma et al. 2001), LC neurons were stimulated with M617 to confirm its pref-
erable activation of GalR1. The recordings were performed by whole cell 
patch-lamp on LC-containing horizontal slices from rat brain.  

3.9 Food consumption (Paper I)  
Central administration of galanin is known to induce feeding in rats, an ef-
fect that is reversed by co-administration of the chimeric galanin receptor 
antagonists, which do not stimulate feeding when administrated alone 
(Crawley et al. 1993, Abramov et al. 2004). In this model, peptides are de-
livered i.c.v. via a cannula inserted into the lateral ventricle of the rat brain. 
For behavioral testing, the rats are placed in an empty plastic tub cage in 
which the amount of food intake was measured in 10 min sessions. In paral-
lel, the activity of the animal was tested to exclude an abnormal activity 
pattern due to the treatment.  
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3.10 Flexor reflex model (Paper I) 
The flexor reflex model is a well characterized system to study spinal cord 
nociception that has been extensively used in studies on galanin receptors 
and its ligands (Wiesenfeld-Hallin et al. 1992). In paper I, this model was 
performed to determine the effects by the M617 ligand.  Prior experiment, 
an intrathecal catheter for peptide delivery was inserted along the spinal cord 
of the rat, with its tip at the lumbar enlargement. When testing, the flexor 
reflex was elicited by electric chock applied at the sural nerve innervation 
area at the left foot that activates A- and C-fibers. A conditioning stimulation 
(CS) was further used to elicit spinal cord hyperexcitability. The flexor re-
flex muscle response was recorded as electromyographic activity via elec-
trodes inserted in the ipsilateral posterior biceps muscles.  
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4. RESULTS AND DISCUSSION 

4.1 Development of a GalR1 selective agonist 
In paper I we aimed to design and characterize a galanin analogue with sub-
type selectivity for GalR1 over GalR2. For design of the M617 peptide, we 
utilized the chimeric peptide strategy, connecting the N-terminal sequence of 
galanin, Gal(1-13), to a fragment of the bradykinin peptide. This strategy for 
ligand design has previously been proven effective when developing galanin 
receptor antagonists, resulting in the extensively used chimeric peptides 
antagonists M35, M40, M15 and C7 (Bartfai et al. 1991, Bartfai et al. 1993, 
Crawley et al. 1993, Kask et al. 1995). The peptide sequence of M617 re-
sembles that of the M35 peptide, with only a minor amino acid change be-
tween the two peptide fragments (Table 3.1).      

Characterization showed the GalR1 subtype to have high affinity towards 
the M617 peptide; it even preceded that of the galanin peptide (Table 4.1). 
At the GalR2 subtype, an apparent reduction in affinity was detected for the 
chimeric ligand, resulting in a 25-fold selectivity of M617 for GalR1 over 
GalR2 (Table 4.1). Confirming a preferential action on GalR1, M617 was 
able to inhibit the spontaneous firing and cause hyperpolarization of LC 
neurons, an action assigned to GalR1 as no effect has been observed from 
the GalR2 selective peptide Gal(2-11) (Ma et al. 2001). Production of a re-
versible outward current, even when the afferent input to the LC is blocked, 
indicated a presynaptic location of GalR1 in LC neurons. Thus, although 
moderate, we concluded M617 to have selectivity for GalR1 over GalR2 
after assessment in two distinct models. Receptor internalization as a conse-
quence of M617 binding at GalR1 was illustrated by a clear redistribution of 
the GalR1-EGFP fluorescence from the plasma membrane to the intracellu-
lar compartment. Maximal efficacy was viewed 10-15 min after peptide 
addition, and the observations are in line with previous studies on galanin 
(Xia et al. 2005). 

By examining the intracellular response evoked by M617, measuring 
cAMP inhibition and IP accumulation, we were seeking at determining the 
agonistic or antagonistic effect of the ligand at the galanin receptors in vitro. 
We found M617, in concurrence with galanin, to produce a clear reduction 
in the forskolin stimulated cAMP levels on GalR1, and an apparent stimula-
tion of IP production via GalR2. Even though GalR1 showed somewhat 
higher affinity for M617 compared to galanin, we could not detect an in-
crease in signal transduction for this ligand. Interestingly, stimulation with 



4. RESULTS AND DISCUSSION 

 44 

M617 in the presence of galanin was not able to reverse the inhibitory effect 
seen by galanin on cAMP production, rather resulting in a moderate additive 
effect, concluding M617 to function as an agonist on the receptor. In fact, 
not even the antagonist M35 was able to overturn the inhibitory effect of 
galanin. Due to its chimeric nature, contradictory results have previously 
been reported on the peptide antagonists, functioning as partial agonists 
(Kask et al. 1995) or pure agonists (Heuillet et al. 1994) in vitro, while soley 
antagonistic effects are observed in vivo. (Florén et al. 2000). Therefore, the 
functional role of M617 on GalR1 could not be considered completely estab-
lished from the cAMP inhibition assay, demading further examination.  

Analyzing the food consumption in rats after i.c.v. administration of 
M617 significantly supported our preceding evidence for an agonistic effect 
of the ligand. A dose-dependent increase in food consumption, in line with 
reports on galanin (Crawley et al. 1993), was observed for M617. In con-
trast, but supported by earlier studies (Abramov et al. 2004), administration 
of M35 was not competent to affect the feeding behavior. Thus, in this be-
havioral model, M617 clearly functions as an agonist on the galanin recep-
tors, stimulating the food intake in rats and its effect is distinct from the 
closely related peptide antagonist M35. 

When studying nociception, i.t. administration of galanin is known to ex-
hibit a dose-dependent effect with both inhibitory and facilitating effects in 
the flexor reflex model (Wiesenfeld-Hallin et al. 1989), and to antagonize 
CS-induced reflex on unmyelinated afferents (Xu et al. 1991),  where both 
effects are blocked by galanin receptor antagonists (Wiesenfeld-Hallin et al. 
1992). In this study, we showed an initial brief facilitation of the flexor re-
flex for both galanin and M617, followed by the inability of pre-treatment 
with M617 to significantly affect the galanin induced facilitation, although 
an increase was seen at higher doses. These results are promoting for an 
agonistic effect by M617 on galanin receptors in nociception signaling. In 
addition, administration of M617 did not reduce the spinal effect of galanin, 
but produced an inhibitory effect on C-fiber CS at high doses. The inhibitory 
effect on C-fiber stimulation has previously been ascribed to the GalR1 sub-
type (Pooga et al. 1998) which is further sustaining the selectivity of M617 
for this receptor subtype. Supporting the inhibitory effects of M617 on no-
ciception presented in here paper I, Jimenez-Andrade et al. showed M617 to 
also produce an anti-nociceptive effect following peripheral injection of 
capsaicin, an effect that could be reversed by administration of M35 
(Jimenez-Andrade et al. 2006). Although not completely determined, the 
role for galanin receptors in nociceptive transmission has been extensively 
studied, and several lines of evidence point at an anti-nociceptive role for 
GalR. A selective GalR1 agonist is consequently suggested to be valuable 
for the treatment of neuropathic pain, or at least in supplement with other 
treatments (Liu et al. 2002). The introduction of M617 is, at least to our 
knowledge, the first galanin receptor agonist with selectively for GalR1. 
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Thus, improvement of the receptor selectivity of M617 and development of 
a non-peptide correspondence could result in an anti-nociceptive drug. 

Taken together, our results in paper I showed the characterization of the 
new galanin receptor agonist, M617, to have moderate selectivity for GalR1 
over GalR2. The minor deviation in primary peptide sequence from the M35 
peptide was illustraded to result in increase the affinity for GalR1 and to 
produce opposite effects on the receptor when determined in vivo. Conse-
quently, the increased GalR1 selectivity could be assigned the introduced 
glutamine residue at position 14, while exclusion of the first proline in the 
bradykinin sequence (Table 3.1) probable confers the transformation from 
antagonist to agonist. Even though M617 is binding to and activating GalR2, 
the inhibited firing from LC neurons and C-fiber stimulation in rats, mecha-
nisms which are known to be mediated by galanin by the GalR1 subtype, are 
outmost supportive for M617 to selectively act as an agonist on GalR1.  

Supporting the relevance for M617 in differentiating between the receptor 
subtypes, an additional study utilizes M617 together with galanin and Gal(2-
11) to discriminate the effects from galanin R1 and R2 subtypes in inhibiting 
kindling epileptogenesis. In accordance with galanin, treatment with M617 
produced a significantly delay in the development of seizures and the GalR1 
effect was concluded to occur via the Gi-GIRK pathway (Mazarati et al. 
2006).  

 
Table 4.1. List of Ki values for galanin and the developed  
subtype selective ligands on the galanin receptors. 
 

Ki (nM) 
Peptide 

R1 R2 R3 
Ki Ratio 

Rat galanin  1.1-1.4 1.5-2.5 - 1.4-1.8 

M617 0.23 5.7 - 25 

M871 420 13 - 32 

- Not determined; Ki ratio is calculated either for R1 or R2. 

 4.2 Development of a GalR2 selective antagonist  
Having characterized a galanin receptor agonist with selectivity against 
GalR1, our emphasis in paper II was to design and develop an antagonist 
acting on GalR2. We employed the established information that deletion of 
Gly1 in the galanin sequence attains GalR2 selectivity and that bulky chi-
meric peptides function as antagonists. Again, our peptide design was based 
upon one of the characterized galanin peptide antagonists, resulting in high 
sequence similarity between M871 and M40 (Table 3.1).  
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With similar approach as in paper I, M871 was determined for its ability 
to bind to the GalR1 and GalR2 receptor by radioligand displacement. As 
expected from the peptide design, the GalR2 subtype showed higher affinity 
for the M871 peptide, Ki= 13 nM compared to 420 nM for the GalR1 sub-
type, resulting in a 32-fold selectivity of M871 for GalR2. Although there is 
evidence for GalR3 to bind N-terminal truncated galanin analogues, and that 
this receptor subtype further bind Gal(2-11) with similar affinity as do 
GalR2, the affinity of GalR3 for M871 was not analyzed at the time of paper 
II. This deficit was mainly due to our absence of a GalR3 subtype with con-
siderable affinity for the galanin peptide in displacement studies.  

The augmented IP formation observed by galanin stimulation on GalR2 
was severely reduced in the presence of M871, even at low concentrations 
like 0.1 nM, concluding the ligand to function as an antagonist on the recep-
tor subtype. Only including in vitro data in paper II, the antagonistic effect 
of M871 were later confirmed in vivo. On the capsaicin-induced flinching 
behavior, M871 showed a dose-dependent reduction of the pronociception 
induced by intraplatar injection of Gal(2-11) (Jimenez-Andrade et al. 2006). 
Consequently, the ability of peripheral GalR2 to mediate a pro-nociceptive 
function (Jimenez-Andrade et al. 2004) can be blocked by the delivery of 
M871, indicating these receptors to be potential targets for antagonists in the 
treatment of peripheral pain.  

4.3 Characterization of residues in Gal(2-11) that 
are involved in binding to GalR2   

In paper III, we began our investigation of the ligand binding site at GalR2 
by identifying the outmost important pharmacophores of the Gal(2-11) 
ligand for its binding to the GalR2 subtype of galanin receptors. At the time, 
increased attention was given to this receptor subtype and its involvement in 
different physiological effects, with pro-nociceptive (Liu et al. 2001, 
Jimenez-Andrade et al. 2004) and neurotrophic effects (Mahoney et al. 2003, 
Elliott-Hunt et al. 2004) being the main findings. Much of this increased 
attention can be assigned to the discovery of the galanin fragment Gal(2-11) 
to function as a selective agonist at GalR2 with a 500-fold difference to 
GalR1 (Liu et al. 2001). This initial report on Gal(2-11) displayed a much 
higher affinity for GalR2 than we have been able to report in our studies 
here; papers III and IV, and in the study by Lu et al. (Lu et al. 2005). The 
reason for this discrepancy is not clear, but could probable be explained by 
the employment of 125I-human galanin, instead of 125I-porcine galanin in the 
earlier study, which previously has been shown to result in different binding 
properties (Kolakowski et al. 1998).   
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By introducing Ala substitutions at every position in Gal(2-11) we were 
able to examine, by receptor displacement, the residues playing a substantial 
role in receptor binding. Our results showed substitution to Ala at any posi-
tion in Gal(2-11) to reduce the affinity of the analogue to GalR2, as com-
pared to the native Gal(2-11). Substitution of either Trp2 or Asn5 resulted in 
a complete loss in receptor affinity, whereas exchange of Gly8 to a Ala resi-
due showed more than 100-fold reduction in receptor affinity. Furthermore, 
the Tyr9 and Leu10 residues showed importance for receptor binding as their 
Ala analogues of Gal(2-11) demonstrated a 75-fold and 55-fold reduction in 
affinity, respectively. Thus, we had identified three residues, Trp2, Asn5 and 
Gly8, with significant importance for binding of Gal(2-11), and two addi-
tional residues, Tyr9 and Leu10, were shown to participate in the interaction 
at GalR2. 

Secondary structural analysis of the Gal(2-11) peptide showed the identi-
fied pharmacophores to be situated on the same side of a helical structure, 
emphasizing an entire side of the Gal(2-11) helix to interact with the recep-
tor. This hypothesis could likely be an explanation for the importance ob-
served for residue Gly8 in Gal(2-11), which due to its lack of a pronounced 
side chain is known to have restricted interaction abilities. However, if not 
involved in direct receptor interactions, the Gly8 residue is possible stabiliz-
ing the secondary structure of the ligand, and its presence is positioning the 
important residues in a desirable orientation for interaction with the receptor. 
With the exception for Gly8, the postulated important residues for GalR2 
binding, Trp2, Asn5, and Tyr9, are further identified in Gal(1-16) to be sub-
stantial for interaction at hypothalamic galanin receptors, expressing a com-
bination of GalR1-3 (Land et al. 1991).  Also, the Trp2 and Tyr9 residues 
have been shown to be responsible for some of the strong interactions occur-
ring at binding to GalR1, as demonstrated by site-directed mutagenesis of 
the receptor (Berthold et al. 1997, Kask et al. 1998, Church et al. 2002). In 
conclusion, Trp2, Asn5 and Tyr9 seem to be of utmost significance for 
galanin and its analogues when interacting with galanin receptors and, in 
addition, Gly8 and Leu10 are pivotal for achieving high-affinity interaction of 
Gal(2-11) at the GalR2 subtype.  

Simultaneously to the observations presented in paper III, we showed, in 
another report, Gal(2-11) to also bind to GalR3 with similar affinity, but 
still, no affinity for GalR1 was observed (Lu et al. 2005). The Gal(2-11) 
ligand should therefore, in a more correct way, be referred to as a non-GalR1 
selective ligand, limiting the pharmacological practice of Ga(2-11). Conse-
quently, the pharmacophores presented in paper III are likely to also be cru-
cial for binding at GalR3, although specific studies need to be performed to 
confirm this. Furthermore, the physiological functions of galanin which has 
been assigned to GalR2, might as well be mediated via GalR3 and due the 
controversial reports on GalR3 expression in the CNS (Wang et al. 1997, 
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Smith et al. 1998, Mennicken et al. 2002) we can not with certainty tell 
which of the Gal(2-11) evoked effects that are mediated by GalR3.    

4.4 Studying receptor-ligand interactions at GalR2 
by mutagenesis        

Having identified the residues in Gal(2-11) forming the strong interactions 
with GalR2 upon binding, we pursued to investigate the binding site in the 
receptor. By performing a mutagenesis approach on GalR2, we are in paper 
IV presenting the first molecular characterization of the interactions respon-
sible for ligand binding at this galanin receptor subtype. Preceding reports 
on the GalR1 subtype has described a binding site model for galanin, includ-
ing two histidine residues, His264 and His267, in TM 6 and a phenylalanine, 
Phe282, in TM 7, interacting with Trp2 and Tyr9 in galanin, respectively. 
Weaker interaction points for the N-terminus of galanin are believed to be 
located in ECL 3, while Ala7 and Leu11 are suggested form hydrophobic 
interactions to ECL 2 (Berthold et al. 1997, Kask et al. 1998, Church et al. 
2002). Based on these observations, the main focus in paper IV was to eluci-
date the importance of residues in GalR2 corresponding to vital residues in 
GalR1, thus, the main area targeted by mutagenesis was the TM 6 – TM 7 
region of GalR2, including ECL 3, see Fig. 4.1 for the specific residues. 

When labeling the GalR2 with a FLAG-tag, facilitating determination of 
correct membrane expression, we surprisingly observed that the N-terminal 
tail of the receptor was sensitive for modulations. Introduction of the FLAG 
between Ser4 and Gly5 (4/5-FLAG), which is a similar approach as utilized 
for GalR1(Berthold et al. 1997, Kask et al. 1998, Church et al. 2002), com-
pletely abolished galanin binding, although the receptor was expressed at the 
plasma membrane. A potential receptor glycosylation site, at residues Asn2-
Ser4, and a possible disulfide bridge, linking the N-terminal tail and ECL 3 
via Cys6 and Cys258, was targeted by Ala-mutations in order to investigate 
the explanation for this loss of binding. Our results showed the constructed 
receptor mutants, NVS2,3,4AAA, C6A and C258A to bind the galanin pep-
tide, although a slight reduction in affinity was seen for the C258A mutant. 
As no reduced affinity was seen for the C6A mutant we concluded the effect 
from C258 rather to be dependent on its critical location, in vicinity to the 
suggested binding pocket for galanin. The failure of galanin binding at the 
4/5-FLAG receptor can further be hypothesized as a synergistic effect, inter-
fering with both a potential glycosylation site and formation of a disulfide 
bond. Moreover, introduction of the FLAG at this position is possible affect-
ing the secondary structure of the N-terminal tail and thus, interferes with 
ligand binding. However, further mutagenesis studies in the N-terminal tail 
are needed to completely explain its involvement in ligand binding.  
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Figure 4.1. Schematic model of hGalR2 based on its amino acid sequence. The 
locations of the mutated amino acids are shown in black together with their se-
quence number within the protein.  

 
 

When characterizing the ligand binding region of GalR2, we identified 
four residues, His252
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 and His253 located in the TM 6 and Phe264 and Tyr271 in 
the TM 7, to be fundamental as their Ala-mutants resulted in a complete loss 
of galanin binding. We concluded these residues to form and stabilize a 
binding crevice between TM 6 and TM 7 in the receptor, enabling the ligand 
to enter the core of the receptor to form high affinity interactions. In accor-
dance to Kask et al. (Kask et al. 1998), we propose Trp2 and Tyr9 in the 
galanin sequence to be interacting with the two histidines and the aromatic 
F264 residue inside the binding crevice, respectively (Fig 4.2). Location of the 
Y271 residue in the mid region of TM 7 in GalR2, is probably limiting its 
abilities to be involved in direct binding with the galanin peptide. Instead, 
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this residue is likely to be of structural importance for the receptor, and to 
stabilize the binding pocket. Formation of a binding pocket between the 
transmembrane domains is a characteristic feature seen for several neuropep-
tide receptors including NPY (Sautel et al. 1995, Sjödin et al. 2006), 
angiotensin (Clement et al. 2005), and somatostatin (Strnad et al. 1995). 
However, without performing a structural model of the receptor, based on 
the rhodopsin crystal structure (Palczewski et al. 2000) it is hard to deter-
mine the relative location of the transmembrane domains and the possibility 
of the specific side chains to interact. Since less than 25% sequence similar-
ity is shared between GalR2 and rhodopsin GPCRs it has not been possible 
to generate such a model, which is limiting our abilities to conclude interac-
tions in the binding site.  

 

 
Figure 4.2. Proposed model for the interaction of galanin with GalR2. Galanin is 
illustrated as a helix with a kink around Pro13, where the N-terminus part of the 
peptide is interacting with the receptor. TM 6 and TM 7 of the receptor are 
adopted from rhodopsin, where the specific residues are changed to their cor-
rensponding residues in GalR2. The color codes are; Trp2 
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black, His252 red, His253 
green, Leu10 green, Ile256 yellow, Tyr9 green, Phe264 yellow. The location of 
Tyr271 in TM 7 is indicated in the figure. 
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After identification of the binding pocket in the GalR2 subtype and some 
of the strong interactions responsible for galanin binding, we continued to 
determine the distinct interactions, if any, when binding a GalR2 selective 
ligand and its difference to a GalR1 selective ligand. Sequence comparison 
between the two galanin subtypes reveal the vital His267 in R1 to correspond 
to Ile256 in R2 and Glu271 in R1 to correspond to the Trp260 residue in R2, 
thus, the Ala-mutants of these particular residues were analyzed for ligand 
binding (Fig. 4.1). Analysis of the I256A mutant in GalR2 revealed galanin 
and M617 binding to occur but with approximately a 5-fold and a 10-fold 
reduction in affinity, respectively. In contrast, a complete deficit was ob-
served in Gal(2-11) binding, proposing the I256 residue to be concerned in 
subtype selective binding at this receptor subtype. In paper III, three residues 
in addition to Trp2 and Tyr9 were shown to be pivotal for Gal(2-11) binding 
to this receptor, suggesting either Asn5, Gly8 or Leu10 to be implicated in the 
interaction with Ile256. For the I256 residue in GalR2 to only be substantial for 
Gal(2-11) binding, its interaction with the peptide is likely to occur at a posi-
tion, which is not exposed in the galanin peptide for. The C-terminal end of 
Gal(2-11) is an apparent exposed region of the peptide, which in galanin and 
M617 most likely is concealed by the peptide itself and the proposed β-turn 
around Pro13. Thus, we predicted the Leu10 residue in Gal(2-11), to be inter-
acting with the Ile256 residue, located at the top of TM 6 in GalR2 (Fig. 4.1). 
The interaction occurring between these two residues is, consequently, pro-
posed to contribute to the subtype selective recognition of Gal(2-11) at 
GalR2. Although the Trp260 residue located in the ECL 3 of GalR2 has been 
suggested to be involved in selective binding at the GalR2 subtype (Church 
et al. 2002), we were not able to illustrate its participation in ligand binding 
at GalR2.  Furthermore, we could not confirm the importance of a Phe resi-
due in TM 3 of GalR1 for ligand docking or structural stabilization of the 
receptor (Berthold et al. 1997, Church et al. 2002). 
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5. CONCLUSIONS 

Compelling evidence has implicated a role for the neuropeptide galanin in 
several high-order physiological disorders. The modulatory effect of galanin 
is mainly associated with its extensive expression in the nervous system, 
where it often co-localizes with other neuromodulators and shows a distinct 
up-regulation after pathological disturbances. Three receptor subtypes, 
GalR1-3, are responsible for mediating the effect of galanin. Defining their 
specific role necessitate effective tools for distinct activation and inhibition 
of the subtypes, an attribute that is highly sought for. Recent studies, some 
included in this thesis, have introduced novel subtype selective ligands act-
ing on the galanin receptors, which together with the generation of galanin 
transgenic animals, are progressing our understanding of the specific func-
tions of the galanin receptor subtypes. 

In the present study we have introduced two new subtype selective 
ligands for differentiation of the galanin receptors, activating either GalR1, 
or inhibiting GalR2. Characterization of the M617 peptide displayed an ago-
nist with 25-fold selectivity against GalR1 over GalR2, and activated mecha-
nisms known to be mediated by GalR1. With 30-fold selectiveity for the 
GalR2 subtype in preference of GalR1, the M871 peptide was shown to 
function as an antagonist on the provoked galanin effect. Molecular delinea-
tion of ligand interactions at GalR2 revealed the binding site at this receptor 
subtype to engage four residues from TM 6 and 7, forming a crevice in the 
core of the receptor. The important pharmacophores for binding of the non-
GalR1 selective ligand, Gal(2-11), at GalR2 were determined, proposing an 
entire side of the peptide helix to interact with the receptor. Subtype selec-
tive recognition of this ligand at GalR2 probably comprises a strong interac-
tion with the the superficial region of TM 6 to the C-terminal end of the 
peptide. 

Conclusively, our results are substantial for improved development of 
subtype selective ligands acting on the galanin receptors. The development 
of non-peptide ligands containing some of the characteristics presented here 
are likely to function as future therapeutics on the galanin receptors, regulat-
ing processes like pain transmission and mood disorders.  
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Populärvetenskaplig sammanfattning på svenska 
Kommunikation mellan celler (neuroner) i nervsystemet är en 
grundläggande förutsättning för att vi ska kunna tänka, känna känslor samt 
röra oss. Denna signalöverföring (transmission) mellan två neuroner sker 
främst vid sk. synapser, och innebär frisättning av neuronala signalmolekyler 
(neurotransmittorer) från en cell, vilka diffunderar över synapsen och  binder 
till en mottagare (receptor) som sitter på en närliggande cell. När denna 
interaktion sker skickar receptorn signalen från neurotransmittorn vidare in i 
nästa cell. De vanligaste neurotransmittorerna som ansvarar för denna 
signalöverföring är acetylkolin, glutamat, noradrenalin, serotonin och 
dopamin, men det finns ytterligare en grupp av substanser som är 
involverade i denna process, nämligen neuropeptider. Neuropeptider liknar 
proteiner eftersom de består av sammankopplade aminosyror, men är 
betydligt kortare i längd, vanligen mellan 3-100 aminosyror. I den här 
avhandlingen har jag studerat neuropeptiden galanin som binder till och 
förmedlar sin effekt via tre olika galanin receptorer (subtyper), GalR1-R3. 
Dessa receptorer binder till specialiserade proteiner inne i cellen, G-
proteiner, som förmedlar signalen från galanin, och tillhör därför familjen 
för G-protein kopplade receptorer (GPCRs). Signalöverföring med hjälp av 
galanin sker då vi känner smärta, vid minne och inlärning, epilepsi, 
depression och matintag. Galaninsystemet är därför ett potentiellt mål för 
framtida läkemedel vid sjukdomstillstånd som är kopplade till dessa 
funktioner. Läkemedel som riktar sig mot receptorer för neuropeptider 
istället för de klassiska neurotransmittorerna, har sannolikt en mildare effekt 
och färre biverkningar eftersom uttrycket av neuropeptider är mer distinkt 
inom nervsystemet, i jämförelse med klassiska neurotransmittorer. För att 
utveckla läkemedel mot receptorer krävs att effekten från en specifik 
receptor subtyp är identifierad, samt att substansen i fråga är selektiv för 
endast denna subtyp. Möjligheterna att fastställa vilken receptor subtyp som 
aktiveras av galanin under särskilda betingelser har varit synnerligen 
begränsade, då ett mycket fåtal substanser (ligander) finns tillgängliga som 
selektivt aktiverar en specifik subtyp av galanin receptorerna. Följaktligen 
har syftet med den här avhandligen varit att, med hjälp av peptidesyntes, 
framställa subtypsselektiva ligander som aktiverar eller inhiberar en 
specifick galanin receptor. Ytterligare en målsättning har varit att på 
molekylär nivå identifiera vilka interaktioner som är essentiella för 
bindningen av olika galanin analoger till subtyp 2 av galanin receptorerna, 
GalR2.  

Resultaten i den här avhandling introducerar två nya subtypselektiva 
ligander; M617 som är en agonist (aktivator) på GalR1 och M871 som är en 
antagonist (inhibitor) på GalR2. Dessa ligander är konstruerade från tidigare 
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kända galanin receptor ligander och har 20-30 gångers selektivitet för sin 
receptorsubtyp. Vi har applicerat dessa ligander i ett antal olika 
modellsystem, både på cellnivå och i djurförsök, för att karakterisera deras 
effekt på galanin receptorerna. Trots sin relativt låga selektivitet, har dessa 
ligander fungerat som ett användbart verktyg för att studera signalering via 
galanin, och fortsatt optimering av dessa ligander öppnar möjligheter för 
utveckling av ytterligare ligander med förbättrad subtypsselektivitet.    

Genom att byta ut (mutera) ett antal aminosyror i proteinet för GalR2 
presenterar vi, för första gången, en molekylär karakterisering av den plats i 
receptorn där galanin binder. Vi understryker speciellt fyra aminosyror 
(His252, His253, Phe264 och Tyr271) i receptorn som är vitala för att bindning 
med galanin ska förekomma. Vidare identifierar vi fem stycken aminosyror i 
den GalR2 selektiva liganden, Gal(2-11), med signifikant effekt för dess 
bindning till GalR2, varav minst två skiljer sig från tidigare studier på 
GalR1. Vi föreslår dessutom att det är Leu10 i Gal(2-11) som interagerar med 
Ile256 i receptorn, den aminosyra som vi identifierat som delvis ansvarig för 
selektiv bindning till GalR2. Tillsammans är dessa observationer 
betydelsefulla för att möjliggöra utveckling  av förbättrade subtypsselektiva 
peptidligander mot GalR2, och i ett följande skede, utveckling av selektiva 
ligander av icke-peptide bakgrund som har högre biostabilitet, samt 
förmågan att passera blood-hjärn barriären. Dessa icke-peptid baserade 
galanin-receptorligander skulle då kunna appliceras som läkemedel och 
exempelvis fungera smärtlindrande eller som en antidepressiv substans.  
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