
G a l a n i n  r e c e p t o r  l i g a n d s  
Johan Runesson 
Licentiate thesis 



ii 
 

  



iii 
 

 

 

Galanin receptor ligands 
Licentiate thesis 

Johan Runesson 



iv 
 

© Johan Runesson, Stockholm 2009 
 
ISBN 978-91-7155-915-9 
 
Printed in Sweden by Universitetsservice AB, Stockholm 2009 
Distributor: Department of Neurochemistry, Stockholm University 



v 
 

Close beneath our window sill the Earth is humming, 
Like an eager Christmas child the day is coming, 
Listen to the morning song it's singing. 
.. 
Like an antique ballroom fan your eyelids flutter, 
Sunlight streams across your eyes through open shutter. 
Now I think you're ready for the journey. 
 

Tom Paxton, from I give you the morning 
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Abstract 

In the nervous system galanin primarily displays a modulatory role. The 
galaninergic system consists of a number of bioactive peptides with a highly 
plastic expression pattern and three different receptors. The lack of receptor 
subtype selective ligands and antibodies have severely hampered the charac-
terization of this system. Therefore, most of the knowledge has been drawn 
from experiments with transgenic animals, which has given some major 
conclusions, despite the compensatory effects seen in several animal studies. 
Therefore, the production of subtype selective ligands is of great importance 
to delineate the galanin system and slowly experimental data from receptor 
subtype selective ligand trials is emerging. 

This thesis aims at studying galanin receptor-ligand interactions and to 
increase and improve the utilized tools in the galanin research field, espe-
cially the development of novel galanin receptor subtype selective ligands.    

Paper I demonstrates the potential to N-terminally extend galanin ana-
logues and the successful development of a galanin receptor 2 (GalR2) selec-
tive ligand. In addition, a cell line stably expressing galanin receptor 3 
(GalR3) was developed, to improve and simplify future evaluations of sub-
type selective galanin ligands.  

Paper II measures the affinities of M617 and M871 to GalR3 and demon-
strates that M871 preferentially binds GalR2. Furthermore, the relatively 
high affinity of M617 was evaluated by assessing the contribution in recep-
tor interaction of individual amino acid residues in the C-terminal part of the 
M617. 

In conclusion, this thesis has provided a novel design strategy for galanin 
receptor ligands and increased the understanding of ligand interactions with 
the GalR3. Furthermore, M1145 has together with new analogues proven to 
be highly GalR2 specific, holding promises to future delineation of the 
galaninergic system as a therapeutic target.   
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1. Introduction 

 
The brain serves as the seat of human consciousness: it stores our memories 
and enables us to feel emotions. In short, the brain shapes our thoughts, 
hopes, dreams and imaginations. Ultimately, it dictates the behaviour which 
allows us to survive and makes us who we are. It underlies not only the per-
sonality of individuals, but also our laws, traditions, and social interactions. 
It is the foundation on which our civilization is built. Trying to understand 
the human nervous system represents one of the great frontiers in modern 
science.  

The nervous system can be divided into the central nervous system (CNS) 
and the peripheral nervous system (PNS) and contains more than a thousand 
different cell types. To understand the diversified cellular communication 
taking place between all these cell types, is it pivotal to study the transmitter 
molecules responsible for this signal transduction.  

This thesis focuses on one of these transmitter molecules, the neuropep-
tide galanin. For more than 25 years, the galanin system has been studied 
and much has been learned about its biochemical and physiological actions, 
and its roles in normal and pathological functions. The galanin research field 
has been enlarged with the addition of other related bioactive peptides and at 
least three receptor subtypes have been isolated and studied, and some selec-
tive pharmacological tools are emerging. 
 

1.1 Neurotransmission 
Communication between cells in the nervous system is essential for life. The 
word synapse was introduced in the late 19th century as a denotation of the 
specialized sites of neuronal interconnections. There are two main types of 
synapses, chemical and electrical, but mixed synapses have also been de-
scribed. It is today established that neurons also use non-synaptic signalling 
to communicate, such as exocytosis at non-synaptic sites and transmembrane 
diffusion, for example the gaseous messenger nitric oxide (NO). Also 
emerging is the credit given to the importance of glial cells regarding cell 
communication in the nervous system. Nevertheless, the bulk of signal 
propagations in the nervous system is between neurons and is a result of 
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electrical impulses within the nerve cell generated by ions that flow through 
ion channels. Arrival of the electrical impulses to the presynaptic nerve ter-
minal causes opening of calcium channels and hence, influx of Ca2+

 

 ions, 
triggering neurotransmitter release from synaptic vesicles via exocytosis. 

1.1.1 Neurotransmitters 
Neurotransmitters are the information carrying molecules responsible for 
transferring neuronal signals from one cell to another. The major neuro-
transmitters can be divided into three categories 1) amines: acetylcholine, 
dopamine, adrenalin, noradrenalin (NA), serotonin (5-HT) and histamine 2) 
amino acids: glutamate, gamma-aminobutyric acid (GABA) and glycine or 
3) peptides: cholecystokinin (CCK), dynorphin, enkephalins, neuropeptide Y 
(NPY), somatostatin, substance P, vasoactive intestinal polypeptide (VIP) 
and galanin. Group one and two are often referred to as the “classic neuro-
transmitters”. 

Classic neurotransmitters are packed in small clear vesicles (SCVs, 40-60 
nm in diameter) and undergo fast phasic release at the active zone of the 
nerve terminal. In contrast, neuropeptides are condensed in large dense core 
vesicles (LDCVs, 90-250 in diameter) and stored away from the active zone. 
LDCVs can be released in the soma as well as in the nerve terminal away 
from the active zone. Generally, LDCVs require higher frequency stimula-
tion to undergo exocytosis than SCVs.  

The majority of neuropeptides receptors are G-protein coupled receptors 
(GPCRs), giving a slow onset but a longer lasting signal transmission than 
the classical neurotransmitters, which often signals through ligand gated ion 
channels, mediating short and rapid responses. 

Today, coexistence of multiple messenger molecules within a neuron is 
seen as a general feature of the nerve cells rather than an exception. And the 
neuropeptides do in most cases coexist with classical neurotransmitters, al-
though coexistence between neuropeptides has also been reported.  

1.2 Neuropeptides 
Neuropeptides are small protein molecules composed of 3-100 amino acid 
residues. They are expressed in neuronal tissue, modulating neurotransmis-
sion, per definition. The first reported neuropeptide, substance P, was pub-
lished as early as 1931 by von Euler and Gaddum (V Euler and Gaddum, 
1931), and was recognized as a neurotransmitter in 1953 by Lembeck (Lem-
beck, 1953). However, the exact structure of substance P did remain un-
known for almost 40 years after the first isolation (Chang and Leeman, 
1970). The discovery of novel neuropeptides and orphan receptors are ongo-
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ing, and so far more than 50 different neuropeptides have been identified and 
have been associated with more than 100 different GPCRs (Salio et al., 
2006). 

Modulation of different neuropeptidergic systems are attractive targets for 
drug development based on their ability to modulate neurotransmission, par-
ticularly when the nervous system is stressed, challenged or dysfunctional.  

1.3 Galanin 
Galanin was discovered by Professor Viktor Mutt and colleagues in 1983 
(Tatemoto et al., 1983) at the Karolinska Institute in Stockholm by using a 
chemical method for identification of amidated peptides followed by a ran-
dom search for peptides with this characteristic in porcine intestine. Using 
this approach, they found a 29 amino acid long peptide and named it galanin, 
after its N-terminal glycine and its C-terminal alanine. Galanin is a C-
terminally amidated peptide in all species where it is identified so far, except 
in humans where galanin is 30 amino acids long and display a free acid at its 
C-terminal end. The N-terminal end of galanin is crucial for its biological 
activity and the first 15 amino acids are conserved in all species except in 
one, cf. Table 1 (Kakuyama et al., 1997). Interesting, the C-terminal region 
(residue 17-29) varies and lacks receptor affinity, which also is true for N-
terminal fragments shorter than galanin(1-11) (Land et al., 1991b). 

Galanin is proteolytically processed from a precursor pro-peptide called 
preprogalanin organized into 6 exons, giving rise to a signal peptide, galanin 
itself and to the galanin message-associated peptide (GMAP). The galanin-
peptide family is now known to consist of galanin, GMAP, galanin-like pep-
tide (GALP) and alarin (Table 1).  
 

Table 1. Sequences of the galanin peptide family in various species. 

Peptide Sequence 

Human galanin GWTLNSAGYLLGPHAVGNHRSFSDKNGLTS 
Rat galanin GWTLNSAGYLLGPHAIDNHRSFSDKHGLT amide 
Mouse galanin GWTLNSAGYLLGPHAIDNHRSFSDKHGLT amide 
Porcine galanin GWTLNSAGYLLGPHAIDSHRSFHDKYGLA amide 
Bovine galanin GWTLNSAGYLLGPHALDNHRSFQDKHGLA amide 
Tuna galanin GWTLNAAGYLLGPHGIDGHRTLGDKPGLA amide 
Human GMAP ELRPEDDMKPGSFDRSIPENNIMRTIIEFLSFLHLKEAGAIDR-

LLDLPAAASSEDIERS 
Human GALP APAHRGRGGWTLNSAGYLLGPVLHLPQMGDQDGKRE-

TALEILDLWKAIDGLPYAHPPQPS 
Porcine GALP APVHRGRGGWTLNSAGYLLGPVLHPPSRAEGGGKGKTAL-

GILDWKAIDGLPYPQSQLAS 
Human alarin APAHRSSTFPKWVTKTERGRQPLRS 
Mouse alarin APAHRSSPFPPRPTRAGRETQLLRS 
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1.3.1 Molecular mechanisms of action 
All three galanin receptor subtypes are members of the G-protein coupled 
receptor (GPCR) superfamily, but the subtypes have substantial differences 
in their functional coupling and subsequent signalling activities (see Fig 1), 
which contributes to the diversity of possible physiological effects of 
galanin. 
 

 
Figure 1. Intracellular signalling pathways activated by the galanin receptors 
(GalR1-3). AC, adenylate cyclase; (p)BAD, (phosphorylated) BCl-2 associated 
death promoter; CaCC, Ca2+ dependent chloride channel; cAMP, 3’,5’-cyclic adeno-
sine monophosphate; (p)CREB, (phosphorylated) cAMP response element binding 
protein; DAG, diacylglycerol; GIRK, G protein-coupled inwardly-rectifying potas-
sium channel; IP3, inositol triphosphate; MAPK, mitogen associated protein kinase; 
MEK, mitogeninduced extracellular kinase; PDK-1, phosphoinosotide-dependent 
protein-kinase I; PIP2, phosphatidylinositol biphosphate; PIP3

 

, phosphatidylinositol 
triphosphate; PI3K, phosphatidylinositol 3-kinase; PKB, protein kinase B; PLC, 
phospholipase C; RhoA, Ras homolog gene family, member A. 

1.3.1.1 Galanin receptor type 1 
Galanin receptor type 1 (GalR1) has been cloned from human Bowes mela-
noma cells (Habert-Ortoli et al., 1994), Rin14B cells (Parker et al., 1995), 
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rat brain (Burgevin et al., 1995) and mouse (Jacoby et al., 1997; Wang et al., 
1997a). The homology between species is high, as 92 % of the residues in rat 
GalR1 are identical to those of human GalR1. Activation of GalR1 results in 
pertussis toxin-sensitive inhibition of adenylate cyclase (AC) through inter-
action with Gαi/αo

The GalR1 expression is regulated by cyclic adenosine monophosphate 
(cAMP) through the transcription factor CREB (Zachariou et al., 2001; 
Hawes et al., 2005). GalR1 mRNA was initially reported to be found in fetal 
brain, small intestinal tissue and in the gastro-intestinal tract (Habert-Ortoli 
et al., 1994; Lorimer and Benya, 1996). However, a later study identified the 
GalR1 expression to be exclusively in the central and peripheral nervous 
system (Waters and Krause, 2000), where it was detected in hypothalamus, 
amygdala, ventral hippocampus, thalamus, brainstem (medulla oblongata, 
locus coeruleus and lateral parabrachial nucleus) and dorsal horn of the spi-
nal cord (Gustafson et al., 1996), although broader central and peripheral 
tissue distribution has also been reported (Sullivan et al., 1997). GalR1 ex-
pression does not fluctuate during the development of the brain (Branchek et 
al., 2000; Burazin et al., 2000).  

 G-proteins (Habert-Ortoli et al., 1994; Wang et al., 
1997a) and mitogen associated protein kinase (MAPK) activity (Wang et al., 
1998) (Fig 1). 

 

1.3.1.2 Galanin receptor type 2 
Galanin receptor type 2 (GalR2) was cloned from rat hypothalamus (Howard 
et al., 1997a; Smith et al., 1997; Ahmad et al., 1998), mouse spleen (Pang et 
al., 1998) and from various human tissues (Borowsky et al., 1998; Bloom-
quist et al., 1998). The hGalR2 protein has a high sequence identity (87 %) 
and similarity (92 %) to rGalR2, although there is one notable difference, 
which is the 15 amino acid extension of the C-terminal end in human GalR2 
(Kolakowski et al., 1998). 

GalR2 has been ascribed the capacity to stimulate multiple intracellular 
pathways through multiple classes of G-proteins. GalR2 is able to activate 
the stimulatory pathway of Gαq/11 G-proteins. This triggers phospholipase C 
(PLC) activity and intracellular phosphatidylinositol turnover, increasing 
intracellular Ca2+ and opening Ca2+

GalR2 mRNA is more widely distributed than GalR1. It is found in sev-
eral peripheral tissues, including the pituitary gland, gastrointestinal tract, 
skeletal muscle, heart, kidney, uterus, ovary and testis, as well as in regions 
in the nervous system such as dentate gyrus, hypothalamus, and in the olfac-
tory and cortical regions, cerebellum, and in the brainstem and spinal cord 

-dependent channels. GalR2 activates 
MAPK through a protein kinase C (PKC) dependent mechanism (Wang et 
al., 1998). Furthermore, GalR2 affect phosphoinosotide-dependent protein-
kinase I (PDK-1) activity and is only weakly coupled to AC inhibition 
(Smith et al., 1997; Kolakowski et al., 1998; Ding et al., 2006) (Fig 1). 
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(Ahmad et al., 1998; Smith et al., 1997; Bloomquist et al., 1998; Waters and 
Krause, 2000; Xia et al., 2005).  

Unlike GalR1, GalR2 expression levels vary during the development of 
the rat brain with a broader distribution and a peak in expression before 
postnatal day 7, particularly in cortex and thalamus, and much reduced levels 
after postnatal day 14 (Burazin et al., 2000).  

 

1.3.1.3 Galanin receptor type 3 
Galanin receptor type 3 (GalR3) was first isolated from rat hypothalamic 
cDNA libraries (Wang et al., 1997b) and later from human cDNA (Kola-
kowski et al., 1998; Smith et al., 1998). The sequence of hGalR3 shares 36% 
amino acids identity with hGalR1 and 58% with hGalR2 and approximately 
90% with rGalR3 (Kolakowski et al., 1998). GalR3 actions are also medi-
ated by Gαi/Gαo

There is some general acceptance of a weak and narrow GalR3 expression 
pattern relative to GalR1 and GalR2 transcript levels that is most prominent 
in the hypothalamus (Wang et al., 1997b; Smith et al., 1998; Mennicken et 
al., 2002), although, some studies report a wider distribution of GalR3 
throughout the central and peripheral tissues (Kolakowski et al., 1998; Wa-
ters and Krause, 2000).  

 G-proteins strongly coupled to the inhibition of AC (Kola-
kowski et al., 1998) which results in an opening of the G protein-coupled 
inwardly-rectifying potassium channel (GIRK) (Smith et al., 1998) (Fig 1). 

 

1.3.2 Galanin receptor ligands 
Endogenous galanin has high affinity for all three galanin receptors, GalR1, 
GalR2 and GalR3 (Wang et al., 1997b) (Table 2). The N-terminal region 
(residue 1-15) is conserved in all species studied except the tuna fish (Kaku-
yama et al., 1997). The galanin fragment galanin(1-16) illustrates the impor-
tance of the N-terminal for receptor binding, since despite lacking half the 
complete sequence, it retains high affinity binding when compared to the 
striking reduction in receptor affinity observed for galanin(3-29) (Table 2). 
Several N-terminal truncated galanin fragments have shown to have a pref-
erence for GalR2 (Liu et al., 2001; Wang et al., 1997b) (Table 2), in concur-
rence with the fact that Gly1

GALP was first isolated and cloned from porcine hypothalamus (Ohtaki 
et al., 1999). GALP is a 60 amino acid, non-amidated peptide and is proc-
essed from a 115-120 amino acid precursor, depending on the species (cf. 
Table 1 and (Cunningham, 2004)). The amino acid sequence of GALP-(9-
21) is completely identical to that of galanin(1-13). GALP has the lowest 

 is of great importance for ligand binding to 
GalR1. 
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affinity towards GalR1, although, it binds to all three galanin subtypes (Lang 
et al., 2005; Ohtaki et al., 1999) (Table 2).  

The newest member of the galanin-peptide family, alarin, is a 25 amino 
acids long peptide originating as a splice variant of the GALP mRNA (San-
tic et al., 2006). The alarin peptide, has been isolated from murine brain, 
thymus, skin (Santic et al., 2007) and human neuroblastic tumors (Santic et 
al., 2006) and has no detectable affinity towards the galanin receptor sub-
types. 
 

Table 2. Affinities of galanin, GALP and galanin fragments for the three galanin 
receptor subtypes, determined as Ki

Ligand 

. 

 Ki   (nM) 
Reference 

GalR1 GalR2 GalR3 
Rat galanin(1-29) 1.0 1.5 1.5 (Wang et al., 1997b) 
 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) 
Galanin(1-16) 4.8 5.7 50 (Wang et al., 1997b) 
Galanin(2-11) >5000 (h) 88 271 (Lu et al., 2005a) 
 879 a 1.8  (h) - a (Liu et al., 2001) 
Galanin(2-29) 85 1.9 12 (Wang et al., 1997b) 
Galanin(3-29) >1000 >1000 >1000 (Wang et al., 1997b) 
Porcine GALP 4.3 0.24 - (Ohtaki et al., 1999) 
Human GALP 77 a 28  (h) a 10  (h) a (Lang et al., 2005)  (h) 
Displacement is performed on the rat galanin receptor unless indicated otherwise. (h) human; 
a presented as IC50

 
 values; - not determined. 

1.3.2.1 Chimeric peptides 
Several chimeric ligands have been synthesized, conjugating galanin(1-13) 
to other bioactive molecules (Table 3), M15 (also called galantide) (Bartfai 
et al., 1991), M32 (Wiesenfeld-Hallin et al., 1992b), M35 (Ögren et al., 
1992; Wiesenfeld-Hallin et al., 1992b; Kask et al., 1995), C7 (Langel et al., 
1992) and M40 (Langel et al., 1992; Bartfai et al., 1993). Although, they all 
maintain antagonistic properties in vivo at doses between 0.1 to 10 nmol 
when delivered intracerebroventricularly (i.c.v.) or intrathecally (i.t.) (Parker 
et al., 1995; Lu et al., 2005b), they all have a partial agonistic nature in vivo 
at doses higher than 10 nmol when delivered i.c.v. or i.t. (Kask et al., 1995; 
Lu et al., 2005b). Several other peptides have been synthesized and com-
pared with the above mentioned ligands by various groups (Yanaihara et al., 
1993; Kakuyama et al., 1997; Pooga et al., 1998).  

The first introduced chimeric peptide which acts as an antagonist of the 
galanin receptor family was M15 (Bartfai et al., 1991). Here, the galanin(1-
13) fragment, was coupled to a C-terminal fragment in substance P (residue 



 

8 
 

5-11), reported to have agonistic effect on the substance P receptor. M15 
showed an about 10-fold higher affinity than the endogenous galanin to un-
specified subtypes of the galanin receptor family in membrane preparations 
of rat tissues. Later, M35 was synthesized (Ögren et al., 1992) with an im-
proved in vivo stability (Wiesenfeld-Hallin et al., 1992b). M15, M32, M35 
and M40 have similar affinity as galanin and have been valuable tools in 
galanin research, but are limited by their relative non-specificity towards the 
different galanin receptors (Ögren et al., 1992) and by their weak interac-
tions with other receptors than the galanin receptors (Wiesenfeld-Hallin et 
al., 1992a). 

M617 (Table 5) resembles the M35 peptide, with the substitution of 
proline at position 14 to a glutamine, which results in a 25-fold selectivity 
for GalR1 over GalR2 in vitro (Table 3). This was later confirmed in several 
distinct in vivo models (Lundström et al., 2005a; Blackshear et al., 2007). 
M617 has been shown to produce anti-nociceptive effects (Jimenez-Andrade 
et al., 2006) and to delay the development of seizure in an animal model 
(Mazarati et al., 2006). The M871 peptide (Sollenberg et al. 2006) is N-
terminally truncated and has two additional amino acid residues compared to 
the M40 peptide (Table 5). M871 function as a partial agonist, selective for 
GalR2 (Table 3), which was later confirmed in vivo (Jimenez-Andrade et al., 
2006; Alier et al., 2007; Kuteeva et al., 2008). The importance of the devel-
opment of M617 and M871 and other subtype selective agonists and antago-
nists can almost not be overestimated and is the key to a successful delinea-
tion of galaninergic system and to identify its potential as a therapeutic tar-
get. Recently, several galanin analogues, all modified by introducing several 
cationic amino acid residues and a palmitoyl moiety was shown to exhibit 
improved bioavailability after systemic administration (Bulaj et al., 2008; 
White et al., 2009). One of these, the NAX5055, was shown to have anti-
convulsant effect in several tested animal models and further characteriza-
tion will probably identify other potential application of NAX5055 and other 
systemically active galanin analogues (White et al., 2009).  

 

Table 3. Affinities of commonly utilized peptidergic galanin receptor ligands at the 
three galanin receptor subtypes, determined as Ki

Ligand 

. 
 Ki   (nM) Reference GalR1 GalR2 GalR3 

M15 0.65 1.0 1.0 (Smith et al., 1998) 
M35 4.8 8.2 4.7 (Lu et al., 2005b) 
M40 1.8 5.1 63 (Lu et al., 2005b) 
M617 0.23 (h) 5.7 (h) - (Lundström et al., 2005a) 
M871 420 (h) 13 (h) - (Sollenberg et al., 2006) 
NAX 5055 3.5 (h) 51.5 (h) - (Bulaj et al., 2008) 
Displacement is performed on the rat galanin receptor unless indicated otherwise. (h) human; 
- not determined. 
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1.3.2.2 Non-peptide ligands 
Galnon was identified after screening a combinatorial peptidomimetic li-
brary. It acts as an agonist in functional studies both in vitro and in vivo (Ta-
ble 4) (Saar et al., 2002; Bartfai et al., 2004). It has been evaluated in models 
of anxiety and depression (Rajarao et al., 2007), feeding (Abramov et al., 
2004) and pain (Wu et al., 2003). Galmic is a non-peptide agonist with 
higher affinity for GalR1 compared to GalR2 (Table 4), which under condi-
tions of intrahippocampal administration was 6-fold more potent than galnon 
in inhibiting self-sustaining status epilepticus, an in vivo model for epilepsy 
(Bartfai et al., 2004; Ceide et al., 2004). Nevertheless, both galnon and gal-
mic potentials are limited by the fact that they have multiple sites of interac-
tions, i.e. D2 dopamine receptors, grehlin and melanocortin receptors, which 
produce unwanted physiological effects (Florén et al., 2005; Lu et al., 
2005b). 

The metabolite Sch 202596, originated from an Aspergillus sp. culture 
found in an abandoned uranium mine in Tuolemene County California, was 
found to have a modest affinity to GalR1 in vitro (Table 4) (Chu et al., 
1997). Sch 202596 was characterized as a molecule with a spirocouma-
ranone skeleton and has only partly been synthesized so far (Katoh et al., 
2002). Several 1,4-dithiins and dithiipine-1,1,4,4-tetroxides with binding 
affinity to GalR1 were identified at the R. W. Johnson Pharmaceutical Insti-
tute (Scott et al., 2000). The compound 2,3-dihydro-2-(4-methylphenyl)-1,4-
dithiepine-1,1,4,4-tetroxide was shown to be a submicromolar antagonist. It 
has an IC50

A series of 3-imonio-2-indolones was identified as specific GalR3 an-
tagonists, with K

 of 190 nM for GalR1 (Table 4) and above the highest tested con-
centration (30 μM) for GalR2, however, its reactive nature and its low solu-
bility makes it unattractive from a therapeutic point of view. Nevertheless, it 
has been used and evaluated in several studies (Mahoney et al., 2003; Kozo-
riz et al., 2006). 

i

 

 values for GalR3 as low as 17 nM and above tested 10 μM 
for the other receptors tested (Konkel et al., 2006a). One of these was re-
ferred as SNAP 37889 in Swanson et al. (2005). One drawback of the above 
mention indolones is theirs low aqueous solubility (less than 1 μg/ml) which 
motivated further studies, leading to the identification of a compound with 
an increased water solubility and selectivity (Table 4), 1,3-dihydro-1-[3-(2-
pyrrolidinylethoxy)phenyl]-3-[[3-(trifluoromethyl)phenyl]imino]-2H-indol-
2-one (Swanson et al., 2005; Konkel et al., 2006b). Another of the synthe-
sized indolones was evaluated in vivo by Barr and colleagues (2006), which 
together with the other articles and several patent applications (Konkel et al, 
2004) indicate that specific GalR3 ligands are in development. 
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Table 4. Affinities of commonly utilized non-peptid galanin receptor ligands at the 
three galanin receptor subtypes, determined as Ki

Ligand 

. 
 Ki   (nM) Reference GalR1 GalR2 GalR3 

Galnon 11700 (h) 34100 (h) - (Bartfai et al., 2004) 
Galmic 34200 (h) >100000 (h) - (Bartfai et al., 2004) 
Sch 202596 1700 (h) - - (Chu et al., 1997) 
Dithiepine-1,1,4,4-tetroxide 190 a >30000 (h)  a -  (h) (Scott et al., 2000) 
SNAP 37889 >10000 (h) >10000 (h) 17.4 (Swanson et al., 2005) 
SNAP 398299 >1000 (h) >1000 (h) 5.3 (Swanson et al., 2005) 
GalR3ant >10000 (h) >10000 (h) 15 (Barr et al., 2006) 
Displacement is performed on the rat galanin receptor unless indicated otherwise. (h) human; 
a presented as IC50

 
 values; - not determined. 

1.3.3 Clinical applications 
The galanin system has been ascribed a number of diverse functions. This 
requires the galanin system to have a highly plastic expression pattern, 
which has been portrayed numerous times in the literature. Galanin was 
early shown to be induced by estrogens (Kaplan et al., 1988; Howard et al., 
1997b), and its expression has thereafter been shown also to be upregulated 
by the leukemia inhibitory factor (LIF) (Corness et al., 1996) and downregu-
lated by the nerve growth factor (NGF) (Verge et al., 1995). Furthermore, an 
extensive upregulation is seen during development of sensory and motor 
systems (Gabriel et al., 1989; Xu et al., 1996). 

The first quarter of a century of galanin research did not produce any 
galaninergic therapeutic beyond the animal model stage. Even though, sev-
eral areas of research have given promising results; by which some, will 
shortly be outlined in the sections below.  

 

1.3.3.1 Mood disorders 
Several studies have documented that galanin affects noradrenalin (NA) and 
serotonin (5-HT) release in locus coeruleus (LC) and dorsal raphe nucleus 
(DRN), respectively (Razani et al., 2000; Kehr et al., 2002), two neuro-
transmitter systems known to be important in mood disorders. Furthermore, 
galanin downregulates the 5-HT1a

Administration of galanin i.c.v. reduces the efficacy of antidepressant 
therapy (Yoshitake et al., 2003). Together with data from a wide variety of 
studies in transgenic animals, this has boosted the interest for the galanin 
systems involvement in mood disorders lately. By utilizing one of several 
GalR3 antagonists taken from a patent application (Konkel et al., 2004), a 
number of papers have highlighted GalR3 as a promising target for antide-
pressive treatment (Swanson et al., 2005; Barr et al., 2006). Furthermore, 

 receptor (Kuteeva et al., 2008). 
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antidepressant effects of galanin have been shown in a clinical study on pa-
tients diagnosed with depression (Murck et al., 2004). 
 

1.3.3.2 Epilepsy 
Another active area of galanin research was early established when it was 
shown that galanin modulates hippocampal excitability by inhibiting gluta-
mate release, the major neurotransmitter responsible for epileptic seizures. 
Galanin knockout mice have, as well as mice succumbed to pharmacological 
blockade of the galanin receptors, lower threshold to induced seizures. Fur-
thermore, galanin overexpressing transgenic mice as well as mice transiently 
expressing galanin show an increased resistance to induced seizures (Ma-
zarati et al., 2000; Kokaia et al., 2001).  

It seems as if both GalR1 and GalR2 are involved in the anticonvulsant 
effect of galanin, where GalR1 affects the initiation phase while GalR2 af-
fects the maintenance phase of status epilepticus (Mazarati et al., 2004; Ma-
zarati et al., 2006), implicating a putative role for galanin receptor agonists 
as antiepileptic therapeutics (see (Lerner et al., 2008)). 

 

1.3.3.3 Neurogenesis 
Increased galanin concentration has shown to promote neuroprotection (Ma-
honey et al., 2003) and to play a trophic role in neurons (Hobson et al., 
2008). GalR2-KO mice have a reduced number of neurons in the dorsal root 
ganglion (DRG) and have an impaired regeneration after nerve crush injury, 
and cultured DRG mutant neurites is both less in numbers and in length 
(Hobson et al., 2006). Addition of exogenous galanin or galanin(2-11) can 
protect against glutamate, staurosporine and kainite induced hippocampal 
cell death (Elliott-Hunt et al., 2004). Galanin and galanin(2-11) also attenu-
ates β-amyloid induced cell death (Ding et al., 2006), implicating a potential 
for a GalR2 agonist to reduce neuronal damage in Alzheimer’s disease (AD).  

 

1.3.3.4 Alzheimer’s disease 
Galanin markers have been shown to be increased in basal forebrain struc-
tures of persons who are succumbed to AD, initially interpreted as an indica-
tion of that galanin potentiated the cognitive and behavioural impairments in 
AD (Chan-Palay, 1988). However, the growing evidence of the neurotrophic 
properties (see section Neurogenesis) of the galanin family suggests that the 
hyperinnervation may be an attempt to re-establish some equilibrium as the 
pathology progresses (Counts et al., 2006). 
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1.3.3.5 Cancer 
Expression of galanin has been detected in a variety of tumors, e.g., small 
cell lung cancer, prostate carcinomas, breast cancer and oral squamous cells 
(see (Berger et al., 2003; Berger et al., 2005)). Galanin has been shown to 
stimulate proliferation in lung cancer cells (Seufferlein and Rozengurt, 
1996), whereas it acts as an antiproliferative molecule in colon cancer (El-
Salhy and Sitohy, 2002).  
 



 

13 
 

2. Aims of the study 

This thesis is primarily focusing on designing and evaluating galanin recep-
tor ligands as a means of expanding the number of tools available for studies 
regarding the galanin system. 

 
Paper I: This paper presents a novel galanin receptor ligand, selective for 

GalR2. Furthermore, a stable GalR3 cell line was developed to facilitate the 
screening of subtype selective galanin ligands. 

 
Paper II: Here we evaluate the binding of existing galanin receptor 

ligands towards galanin receptor 3. Furthermore, this study was aiming at 
characterizing the net influence of individual amino acid residues located in 
the C-terminal part of the galanin receptor ligand M617 on receptor-ligand 
interaction. 
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3. Methodological considerations 

The methods used in this thesis are described in each contributed paper; con-
sequently, merely theoretical and methological aspects will be discussed 
here. The selections below are valid for both papers when nothing else is 
stated. 

3.1 Solid phase peptide synthesis 
All peptides used in this thesis were synthesized by solid phase peptide syn-
thesis (SPPS), a strategy introduced in 1963 by Bruce Merrifield (Merrifield, 
1963). SPPS strategy is based on anchoring the peptide to an insoluble sup-
port follow by coupling and deprotection of protected amino acids in re-
peated cycles. This enables the step wise peptide synthesis procedure to oc-
cur without purification and characterization steps of intermediates needed in 
solution based peptide synthesis.  

All peptides utilized in this thesis were synthesized anchored to a p-
methylbenzylhydrylamine (MBHA) resin to produce C-terminal amidated 
peptides, and all reactions were synthesized with fmoc protection chemistry. 
Peptides were thereafter cleaved from the resin using 95 % trifluoroacetic 
acid (TFA), 2.5 % triisopropylsilane (TIS) and 2.5 % H2

3.2 Design of galanin receptor ligands 

O. Following cleav-
age and extraction, peptides were subsequently freeze-dried. Crude peptide 
products were purified using semi-preparative reversed-phase high perform-
ance liquid chromatography (HPLC) and analyzed using a matrix-assisted 
laser desorption/ionization-time of flight (MALDI-TOF) mass spectrometer 
(MS). 

The M1145 peptide is a chimeric ligand constructed from fragments of 
GALP and M40 (Table 5). The GALP(9-21) is identical to galanin (1-13), 
wherefore the M1145 peptide could also be seen as a chimeric construct of 
the N-terminal fragment (RGRGN), galanin(2-13), fragment (VL) and the C-
terminal part from M40. The C-terminal part of M40 utilized in M1145 has 
also been utilized in the earlier published peptide, M871 (Table 5).   



 

15 
 

The Gly1

   

 residue in galanin has been shown to be of great importance for 
binding to GalR1, since N-terminal truncated forms of galanin fragments and 
chimeric peptides has reduced GalR1 affinity (Lu et al., 2005b; Sollenberg et 
al., 2006). Therefore, the glycine residue at the putative position 5 in M1145 
(corresponding to residue 1 in galanin) was replaced with an aspargine resi-
due to potentially disturb the binding to GalR1 (Table 5). 

Table 5. List of the discussed and synthesized peptides in Paper I. 

Peptide Sequence 

Rat galanin GWTLNSAGYLLGPHAIDNHRSFSDKHGLT amide 
Porcine GALP APVHRGRGGWTLNSAGYLLGPVLHPPSRAEGGGKGK-

TALGILDWKAIDGLPYPQSQLAS 
Galanin(2-11) GWTLNSAGYLL amide 
M35 Galanin(1-13)-bradykinin(2-9)-amide 

GWTLNSAGYLLGPPPGFSPFR amide 
M40 Galanin(2-13)-PPALALA-amide 

GWTLNSAGYLLPPPALALA amide 
M617 Galanin(1-13)-Gln14

GWTLNSAGYLLGPQPGFSPFR amide 
-bradykinin(3-9)-amide 

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

M1145 GALP(5-23)-PPPALALA-amide 
RGRGNWTLNSAGYLLGPVLPPPALALA amide 

 
In Paper II, amino acid residues in the C-terminal part of the M617 sequence 
was replaced by L-alanine to determine the importance of the chemical and 
physical properties of these particular amino acid residue side-chains in the 
interaction with the human GalR3. The side chain of L-alanine carries nei-
ther charge, hydrogen bonding ability, aromatic properties nor other reactive 
groups. Although, the relative small size of the alanine side chain is it large 
enough to at least partially avoid the introduction of flexibility which would 
occur by the alternative introduction of glycine. Therefore, L-alanine substi-
tution strategy was utilized to delineate important pharmacophores in the 
M617 peptide. 
 

3.3 Ligand binding to Galanin receptors 
Measuring the rate and the extent of binding by the aid of a radiolabeled 
ligand can provide information about the number of binding sites, and their 
affinities and accessibility for various novel ligands. Radiolabeling of 
galanin has been performed through the iodination of tyrosine residues in the 
galanin peptide from different species. Human 125I-galanin is available; how-
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ever, it is rarely used since it is labelled on a residue which participates in 
receptor interactions (Tyr9). Instead, the commonly used species is the por-
cine galanin (see Table 1), since the unique presence of an additional tyro-
sine residue (Tyr26

Throughout the displacement studies performed in this thesis, silanized 
plastic has been used to minimize peptide adsorption to the plastic. Protease 
inhibitors have been added to reduce receptor and ligand degradation and 
addition of bovine serum albumin (BSA) to block unspecific binding. Fi-
nally, polyethyleneimine (PEI) was used to minimize peptide adsorption to 
the glass fiber filters (Land et al., 1991a). 

) makes it more favourable to use (Land et al., 1991a). 

 

3.3.1 Competition binding assay 
Displacement assay with a radioligand has been a commonly used option in 
the first screening step for pharmacological drugs for decades. For studies of 
ligand interaction to the galanin receptors, competition displacement of 125

During preparation of this thesis, two variants of the protocol have been 
utilized, although with very minor differences. Cells have been detached by 
scraping in PBS, lysed on ice in EDTA containing buffers and collected 
through centrifugation, 8500 x g (Paper I) or 45000 x g (Paper II). The dis-
placement reaction was performed on 30 µg (Paper I) or 35 µg (Paper II) 
with 0.1-0.15 nM radiolabeled galanin. The binding reaction was incubated 
for 30 min at 37°C while shaking and terminated by rapid filtration over 
glass fiber filter plates.  

I-
labeled galanin has been used as the primary screening tool and was intro-
duced only a few years after the first galanin publication (Fisone et al., 
1989). 

 

3.3.2 Saturation binding assay (Paper I) 
In order to compare receptor density between the utilized cell lines, Bmax for 
the three cell lines were determined. The most accurate way to determine 
this is to keep the ligand concentration constant while the (hot) radioligand 
varies. This is commonly called hot saturation binding. An alternative is to 
keep the radioligand concentration constant while the (cold) ligand varies. 
This is commonly referred to as homologous competitive binding or cold 
saturation binding. The large amount of radioligand required for hot satura-
tion binding experiments makes it expensive and used to a less extent. How-
ever, cold saturation binding is only applicable if the labelled and unlabelled 
ligand has the same affinity to the receptor. The five residues difference, in 
the C-terminal part of the rat and porcine galanin peptides (see Table 1) is 
insignificant for receptor interactions (Borowsky et al., 1998), wherefore this 
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first assumption is valid. In addition, a second requirement is also essential; 
the concentration of the radioligand must be less than half the IC50

 

 of the 
cold ligand. All data analysis for displacement studies was performed with 
Prism 5.0 (GraphPad Software Inc., San Diego, CA, USA). 

3.4 Construction of an inducible GalR3 cell line 
The Flip-In TREx-293 cell line is a commercial available expression system 
for recombinant proteins, and here we developed a stable Flip-In TREx cell 
line with an inducible expression of hGalR3. Among others, this expression 
system has been used to stably express excitatory amino acid transporters 
(EAATs) (Melzer et al., 2005) and fibroblast growth factor-1 (FGF-1) (Wid-
berg et al., 2009). The integrated gene of interest is controlled by the strong 
cytomegalovirus (CMV) immediate early enhancer/promoter in combination 
with two inserted tet operator 2 (TetO2

 

) sequence, wherefore the presence of 
the Tet repressor inhibits the expression of the gene of interest. Conse-
quently, the addition of Tetracycline, results in an inhibition of this expres-
sion repression since it binds to the Tet repressor, resulting in a complex that 
is unable to bind the tet operator (Yao et al., 1998).   

3.4.1  Cloning of hGalR3 (Paper I) 
The human GalR3 sequence (GB Acc No: AY587582) was ligated into 
pcDNA5/FRT/TO plasmid cleaved by BamHI and XhoI. Thereafter, full 
length sequencing was performed, to demonstrate the presence of the correct 
sequence of the inserted human GalR3 gene.  
 

3.4.2 Transfection and selection (Paper I) 
The hGalR3 containing plasmid was transfected into Flip-In TREx-293 cells 
utilizing a transfection agent (Fu-GENE). Thereafter, the hGalR3 integrates 
into the genome using the Flp recombinase which inserts the hGalR3 gene 
into the flippase recognition target (FRT) site present in these cells. Follow-
ing transfection, positive clones were selected with Blasticidin and Hygro-
mycin B. Although not performed, additional selection is possible by utiliz-
ing the zeocin sensitivity or the lack of β-galactosidase activity in the posi-
tive clones. 
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3.5 Characterization of the human GalR3 cell line 
A series of initial experiments was performed to clarify the hGalR3 expres-
sion and the functional integrity of the transcript. Membrane preparation for 
receptor binding and GTPγS function were done with a series of centrifuga-
tions and the use of EDTA containing buffers which aimed at collecting 
receptor containing membranes, although several parameters differs from the 
parameters used in the rest of the thesis (see section 3.3.1 and section 3.5.3). 
 

3.5.1 Western blot (Paper I) 
Western blot was used to detect protein levels of hGalR3 after tetracycline 
induction and also the absence of protein before induction. The Western blot 
assay assesses the protein level of a specific protein in a given sample. The 
protein of interest is detected by the use of specific primary antibodies. 
Thereafter, a secondary antibody is used for visualizing were the primary 
antibody interacts with the protein of interest. Size of the protein is given by 
the aid of a standard with known molecular weights. The antibody used in 
this thesis was not galanin receptor subtype selective, as shown in the paper. 
This is a well know problem which also is discussed in the paper.  

 

3.5.2 Functional assay, GTPγS (Paper I) 
The functionality of the expressed protein was determined with assessing the 
GTP levels after stimulation by galanin and galanin in combination with the 
GalR3 antagonist, SNAP37889. Experiments with the selective GalR3 
ligand were performed to demonstrate the cloned galanin receptor subtype 
identity. 

The [35S]-GTPγS-binding assay is based on the fact that this non-
hydrolysable analogue of GTP traps the Gα subunit in an activated state. 
Therefore, without receptor stimulation, the Gα subunit with a GDP mole-
cule bound has none or only low interaction with the receptor and no ex-
change of GDP to GTP occurs. As the receptor is activated, GDP dissociates 
from the Gα subunit and [35

Several functional assays based on radiolabeled GTP analogues are avail-
able, and in the assay used in this thesis, the use of scintillation proximity 
assay (SPA) beads makes it easy to separate the receptor-G-protein-[

S]-GTPγS will be able to bind at a higher level.  

35S]-
GTPγS complex from free [35

 
S]-GTPγS. 
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3.5.3 Galanin receptor displacement (Paper I) 
Cells were homogenized using a polytron at 10000 rpm for 10 sec in cold 
buffer containing 10 mM EDTA, and collected in cold buffer containing 0.1 
mM EDTA through centrifugation twice at 48000 x g. The displacement 
reaction was performed on 20 µg with 0.25 nM radiolabeled galanin. The 
binding reaction was incubated for 120 min at RT and terminated by rapid 
filtration over glass fiber filter plates. 
 

3.6 Cell cultures 
Three characterized cell lines have been used as model system when study-
ing galanin receptor binding and signalling in this thesis; human bowes 
melanoma cells (Bowes), epithelial chinese hamster ovary (CHO) cells and 
human embryonic kidney (HEK) cells (Flp-In TREx-293). 

Bowes cells endogenously express galanin receptors and has been shown 
to exclusively express GalR1 (Heuillet et al., 1994), with a large number of 
high-affinity binding sites, 540 fmol/mg protein (Paper I). The CHO cell line 
is considered a good expression system for recombinant proteins, and the 
human GalR2 stable transfection cell line used in this study, is widely used 
for functional studies.  

Cells with a stable expression of the GalR3 have not been available and 
this has halted the ability to test galaninergic ligands. Therefore it was an 
important step when we succeeded in producing a stable human GalR3 cell 
line. 
 

3.7 Intracellular signalling by galanin receptors 
After confirmation of a novel receptor-ligand interaction, intracellular sig-
nalling assays are an indispensable step in the work flow. This is to deter-
mine the ability of the ligand to activate intracellular signalling cascades 
(agonist) or the ability to inhibit the induction from a known agonist (an-
tagonist).  

One point should be made regarding the usage of cell lines with expressed 
GPCRs at abnormal high level in the cell. Likely, the normal ratio between 
GPCR and G-proteins are disturbed, the high level of GPCR could lead to a 
deficit in G-proteins available for receptor interactions. Consequently, this 
could result in limited G-protein coupling or even interactions with other G-
protein subunits. 
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3.7.1 Inositol phosphate accumulation (Paper I) 
To measure the activation of Gq

The cells were prelabeled with 

-proteins, we exploited the production of 
tritium labelled inositol phosphate (IP) in the cells after stimulation. This 
strategy does not require any advanced equipments, therefore, is it naturally 
appealing in its simplicity. The method has been useful in pharmacological 
screening (Borowsky et al., 1998) although the lower sensitivity compared 
to analytical methods like gas chromatography/mass spectrometry (GC/MS).   

3H-myoinositol, which is incorporated into 
phosphatidylinositol 4,5-bisphosphate (PIP2) and subsequently into its hy-
drolyzed product IP3 and downstream metabolites, all which thus are 3H-
labelled. Downstream events of PIP2 occur at a high rate; consequently, this 
makes the detection of IP3-molecules unfavourable. The last step, where IP 
is recycled to myo-inositol can fortunately be blocked by addition of LiCl, 
wherefore accumulation can occur. The three forms of IPs: IP3, inositol  4,5-
bisphosphate (IP2

 

) and IP were extracted in the presence of perchloric acid 
and separated on an anion exchange column. Finally, radioactivity is meas-
ured in a β-counter and normalized to the total count in each sample.  
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4. Results and discussion 

The two papers in this thesis cover different parts of the development and 
characterization of novel galanin receptor analogues. Paper I, involved the 
development of a new stable recombinant cell system and the development 
of a new subtype specific galanin receptor ligand. Paper II, explores the op-
portunities that arises from the new cell system to characterize important 
pharmacophores in binding to GalR3.   
 

4.1 Development of a GalR2 selective agonist (Paper I) 
In Paper I we aimed to design and characterize a galanin analogue with re-
ceptor subtype selectivity for GalR2 over GalR1 and GalR3. We aimed at 
exploring the possibility to N-terminally extend the galanin analogue, a 
strategy which in the past have had very low success rate, given the nonap-
pearance of end products in the literature. Although, the presence of the 
endogenously GALP reveal the plausibility of this design strategy. 

After confirming the preferential binding towards GalR2 (see Table 6), 
M1145 evoked effects on intracellular signalling was elucidated in signalling 
through the preferential G-protein for the GalR2, the Gq

In conclusion, we have characterized a new galanin analogue with prefer-
ential binding for only one galanin receptor subtype. In addition, the agonis-
tic effect of M1145 in vitro was conclusively shown, both in absence and 
presence of galanin. However, contradictory results regarding receptor 
stimulus have earlier been reported for galanin ligands, when tested in vitro 
and in vivo (Florén et al., 2000; Lundström et al., 2005b). Consequently, 
delineating the evoked intracellular response by M1145 in vivo is of great 
importance. 

. M1145 was found 
to stimulate IP formation via GalR2, in concurrence with galanin. In addi-
tion, stimulation of the receptor by M1145 in the presence of galanin, re-
sulted in an additive effect.  

Preliminary results from experiments performed after publication of Paper 
I reveals that the new design strategy employed in Paper I can further be 
optimized to achieve galanin analogues with significantly higher receptor 
subtype selectivity. 
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Table 6. List of Ki

Peptide 

 values for galanin, galanin(2-11) and the developed subtype 
selective ligand on the galanin receptors. 

 Ki   (nM) Ki
K

 (GalR1) / 
i

K
 (GalR2) 

i
K

 (GalR3) / 
iGalR1  (GalR2) GalR2 GalR3 

Rat galanin 1.75 2.98 4.49 0.6 1.5 
Galanin(2-11) n.t. 16.6 199 n.t. 12 
M1145 587 6.55 497 90 76 
n.t., not determined. 

4.2 Development of a stable GalR3 cell line (Paper I) 
In paper I, we also aimed at improving the possibilities for receptor subtype 
screening of novel galanin analogues. The presentation of a cell system ex-
pressing GalR3 would be a well appreciated step forward in the galanin re-
search field. 

We utilized a commercially available expression system into which we 
cloned the human GalR3 sequence. The accuracy of the sequence of the 
plasmid was confirmed by full length sequencing. Thereafter, transfection of 
the correct plasmid was made and positive clones were selected in the pres-
ence of Hygromycin B according to the manufacturer’s instructions.  

Western blot analysis showed both a clear induction of the GalR3 protein 
after 24 and 48h of tetracycline treatment and showed no expression of the 
GalR3 protein in non-induced cells. In addition, the ability of galanin and the 
selective GalR3 antagonist SNAP37889 to inhibit 125

In order to further elucidate the functionality of the GalR3 transcript, re-
ceptor signalling was assessed by the GTPγS assay. Galanin was able to 
stimulate the GTPγS activity 75% over basal activity. Furthermore, 
SNAP37889 was able to dose-dependently inhibit activation induced by 
galanin, again, indicating that the transcribed GalR3 protein had the charac-
teristic that earlier has been ascribed the GalR3.  

I-galanin binding in 
receptor displacement studies, indispensably confirms the presence of a 
functional galanin receptor, and furthermore confirms the subtype identity.  

Finally, the level of protein expression was assessed in the new cell sys-
tem. When comparing the levels with the other cell systems used in this the-
sis, no conclusive difference could be seen, indicating that these cell systems 
are highly compatible with each other in screening for novel galanin ana-
logues. However, one should keep in mind that, using the method hot satura-
tion binding instead of the used homologues competitive binding, may have 
given more accurate results regarding receptor expression.  

In summary, we could present a stable hGalR3 cell line which exhibits af-
finities (see also table 6) and properties in line with the literature (Branchek 
et al., 2000; Lu et al., 2005a). 



 

23 
 

4.3 Characterization of GalR3-binding (Paper II) 
This study contains a GalR3 binding assessment of earlier published M617 
and M871 peptides. The M617 peptide has been used as a GalR1 preferential 
agonist in several papers, despite the absence of GalR3 binding experiments. 
M617 shows affinity towards the GalR3 and has a Ki

The affinity of the M871 peptide towards GalR3 was not analyzed in the 
original article, mainly due to the absence of a cell system expressing GalR3. 
Although, it was at that time thought that N-terminal truncated galanin ana-
logues retained a high affinity towards GalR3, mainly due to the fact that 
galanin(2-11) bind to GalR2 and GalR3 with similar affinity. Therefore, 
interpretation of results from studies performed with M871 has been done 
with the notion that the GalR3 evoked effects could not be excluded. Inter-
estingly, M871 appears to have no distinct GalR3 affinity (see Table 7). 

 around 50 nM (see 
Table 7). Furthermore, when comparing the GalR3 result with earlier pub-
lished affinities towards GalR1 and GalR2, M617 could still be seen as a 
GalR1 preferential agonist. However, since the affinity difference is quite 
small between the receptor subtypes, the design of the experimental setup for 
experiments with M617 is of great importance. Furthermore, when interpre-
tations of the seen M617 effects are made, consideration should be made 
regarding the possibility of diminutive effects mediated through the other 
receptor subtypes. 

 

Table 7. Sequence and receptor affinities for peptides tested in Paper II.    

Peptide Sequence Ki
K (nM) i (M617 analogue) / 
Ki

M871 
 (M617) 

WTLNSAGYLLGPEHPPPALALA amide >10000 - 
M617 GWTLNSAGYLLGPQPGFSPFR amide 49.2 1.00 
Ala16 GWTLNSAGYLLGPQPAFSPFR amide  M617 45.0 0.91 
Ala17 GWTLNSAGYLLGPQPGASPFR amide  M617 71.3 1.45 
Ala18 GWTLNSAGYLLGPQPGFAPFR amide  M617 56.5 1.15 
Ala19 GWTLNSAGYLLGPQPGFSAFR amide  M617 85.7 1.74 
Ala20 GWTLNSAGYLLGPQPGFSPAR amide  M617 224 4.55 
Ala21 GWTLNSAGYLLGPQPGFSPFA amide  M617 296 6.01 
 

In order to elucidate the mechanism behind the relative high affinity to-
wards GalR3 for M617 compared to M871, a number of alanine substitu-
tions were exploited. Substitution of the phenylalanine20 and arginine21 for 
alanine lowers the GalR3 affinity markedly. Consequently, the identity and 
order of amino acid residues in C-terminal part of galanin analogues, at least 
for the M617 peptide, are important for receptor binding. This may be seen 
as an expected result, although, interactions of galanin and galanin analogues 
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with galanin receptors are often simplified to be the result of interaction only 
made by the N-terminal part of galanin, i.e. galanin(1-16).   
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5. Conclusions 

This thesis has provided new data regarding interactions between galanin 
analogues and the galanin receptor subtypes. We clearly demonstrate that N-
terminal extension analogues of galanin are doable and may be even prefer-
ential when designing galanin receptor subtype specific ligands. Hopefully, 
this knowledge will allow us to take further steps towards unlocking the 
potential that resides in the galanin. 
 

 
Paper I: Introduces a new subtype selective ligand that is a promising tool to 
be used in future studies delineating the interplay between galanin and its 
receptors. Furthermore, a new cell system expressing GalR3 was introduced 
and characterized, simplifying future galanin receptor ligand screening stud-
ies. 
 
 
Paper II: Determines the GalR3 interaction for earlier published peptide 
ligands M617 and M871. It furthermore, characterizes the relative impor-
tance of the C-terminal amino acid residues in M617 in binding to GalR3. 
 
 
. 
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