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Introduction 

The basis for brain function – communication between 
neurons 
A human being is, at least according to our selves, an extraordinary creature. 
Besides the basal physiological functions required for staying alive we have 
adapted to living in environments as diverse as desert and tundra, we climb 
mountains and dive deep into the sea. In addition we are also capable of 
highly advanced mental functions, e.g. abstract thinking and planning, ex-
pressing and analyzing feelings and thoughts, communicating in different 
languages and solving theoretical problems. The unit responsible for these 
functions is our own brain. Paradoxically, despite the advanced functions of 
the human brain, it is probably not sophisticated enough to fully understand 
the mechanisms of its own functions.  

One of the most important functions of the human brain is to coordinate 
the regulation of food intake. Without this capability the individual will not 
survive. The regulation of food intake, as well as other brain functions, is 
based on communication between neurons. The human brain consists of 
billions of neurons which communicate through exchange of neurotransmit-
ters. These complex networks are very sensitive to disturbance, which con-
sequently is the cause of several diseases. In some situations even a function-
ing neurotransmission may cause problems due to environmental factors, as 
in the case of obesity. The key to curing or improving these conditions is 
hidden in the understanding of brain function. One neurotransmitter system, 
the neuropeptide Y (NPY) family of peptides and receptors, is involved in 
several functions of the brain and elsewhere in the body and constitutes one 
of the most important systems in appetite regulation. Despite its limited ex-
tent compared with the entire brain, many details about the NPY system 
remain to be clarified, perfectly illuminating the elusive complexity of the 
fascinating human brain.  
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The mammalian NPY family  

The peptides 

The three peptide members in the mammalian NPY family, NPY, peptide 
YY (PYY) and pancreatic polypeptide (PP) are all 36 amino acids long with 
an amidated C-terminus (Larhammar 1996). They have a similar three-
dimensional structure and form at high concentrations a specific hairpin 
structure, the so called PP-fold (Fig. 1) (Bettio et al 2002; Darbon et al 1992; 
Keire et al 2000; Li et al 1992).   

Life cycle of peptides in the NPY family 
The life cycle of the NPY-peptides is regulated by several enzymes. Interest-
ingly, truncation of the peptides may result in peptides with changed recep-
tor specificity. In this way the enzymes do not only work as on - off switches 
of peptide activity, but also regulate the specific function of the peptides. 
The peptide is synthesized in the endoplasmatic reticulum (ER) in the form 
of a large pre-pro-peptide which consists of a signal peptide, the specific 
peptide and a carboxyterminal extension. During the following translocation 
through the trans Golgi network into secretory vesicles, the signal peptide is 
removed by enzymatic cleavage and the remaining peptide and the extension 
form the pro-peptide (Lang 1999). This pro-peptide is then subjected to fur-
ther cleavage by prohormone convertases and carboxypeptidase, resulting in 
the mature peptide product. The mature peptide is amidated at the N-
terminal tyrosine by peptidylglycine �-amidating monooxygenase (PAM). 
For all NPY-family peptides the amidation is crucial for interaction with the 
receptors (Morley et al 1987).  

In the axon terminal, the NPY-peptides are primarily stored in large vesi-
cles (D'Hooge et al 1990; Fried et al 1985).  Exocytotic release of the pep-
tides is preceded by docking of the vesicles to the cell membrane by specific 
SNARE-proteins (Chapman 2002). The peptides are secreted into the ex-
tracellular space in response to depolarization of the cell membrane by proc-
esses activated by elevation of the intracellular Ca2+ concentration (Chapman 
2002).   

When the peptides have been released into the synaptic cleft their activity 
is determined by the presence of various NPY receptors as well as of differ-
ent peptidases. Specific binding of peptides to NPY receptors will result in 
intracellular processes in the target cell whereas the activity of peptidases 
determines the life time of the peptides and modifies their receptor specific-
ity. Degradation of NPY and PYY is known to be catalyzed primarily by 
arginine-specific endoproteases, while only limited data is available for PP 
(Ludwig et al 1996; Medeiros & Turner 1994). However, the degradation 
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processes differ between cell types. Other proteolytic processes which lead 
to partly hydrolyzed peptides are driven by aminopeptidase P and dipeptidyl 
peptidase IV (DPP IV) (Grandt et al 1993; Mentlein et al 1993). Removal of 
the first N-terminal amino acids changes the receptor specificity of the pep-
tide resulting in decreased affinity for the Y1 receptor while the affinity for 
the Y2 receptor is unchanged. In this way the activity of peptidases may 
modify the physiological effect of NPY and PYY (Dimitrijevic et al 2002; 
Jackson et al 2007).  

 
 

 
 
 

 

Figure 1. Schematic PP-fold structure 
of the NPY-family peptides represented 
by human NPY. Residues 1-8 (light 
gray) constitute a proline helix which is 
followed by a β-turn (residues 9-14, 
darker grey) and by an α-helix (resi-
dues 15-30, darkest grey) which ends 
up in the amidated C-terminus (31-36, 
white).  

NPY 
NPY was isolated from porcine brain in 1982 (Tatemoto 1982b). It was 
found to be one of the most conserved peptides in vertebrate evolution with 
only 2 amino acids varying among mammals and with identical sequences 
between for instance human and alligator (Larhammar 1996). NPY is widely 
distributed in both the peripheral nervous system (PNS) and the central 
nervous system (CNS) and functions as a neurotransmitter (Adrian et al 
1983). One of the major sites for NPY in the brain is the hypothalamus, par-
ticularly the paraventricular nucleus (PVN), arcuate nucleus (ARC), su-
prachiasmatic nucleus, median eminence and dorsomedial nucleus (DMN) 
(Kalra et al 1999). In addition, NPY is abundant in several other brain re-
gions, e.g. the basal ganglia, amygdala and nucleus accumbens (Adrian et al 
1983). NPY is primarily costored and coreleased with catecholamines (Fried 
et al 1985; May et al 1995) but has also been found to be coreleased with 
other signaling molecules such as opioid peptides in retinal amacrine cells 
(Jotwani et al 1994) and GABA in the arcuate nucleus (Horvath et al 2001). 
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NPY was early identified as one of the strongest orexigenic (appetite-
stimulating) neurotransmitters (Stanley et al 1986). Besides its role in appe-
tite regulation, NPY is involved in a variety of other physiological processes 
including anxiolysis (Heilig et al 1989; Thorsell & Heilig 2002), antino-
ciception (Hua et al 1991; Naveilhan et al 2001) and vasoconstriction 
(Grundemar & Ekelund 1996; Malmstrom 2002; Shine et al 1994).  

PYY and PP 
Contrary to NPY, both PP and PYY are primarily expressed in endocrine 
cells and act as hormones. They are released from the pancreas and the gas-
trointestinal (GI) tract, respectively (Ekblad & Sundler 2002; El-Salhy et al 
1982). PYY and PP have a half-life of about 10 and 6 minutes in blood, re-
spectively, when measured in dog (Chelikani et al 2005; Taylor 1985; Taylor 
et al 1979). PP was the first peptide in the NPY-family to be isolated in 1975 
(Kimmel et al 1975). PYY was isolated from porcine intestine in 1982 
(Tatemoto 1982a) and was named after the tyrosine (Y) residues at both ends 
of the peptide. In response to food intake, PP and PYY are secreted from F-
cells of the pancreas and L-cells of the GI mucosa, respectively (Adrian et al 
1985; El-Salhy et al 1983). The gastrointestinal effects of PP and PYY in-
clude inhibition of secretion from the gallbladder and pancreas and de-
creased gut motility (Ekblad & Sundler 2002). In the CNS, PYY messenger 
RNA (mRNA) is expressed in the brainstem and spinal cord, indicating a 
role for PYY also in the CNS (Jazin et al 1993b; Pieribone et al 1992). Ra-
dioimmunoassays of central PP distribution, however, have shown contra-
dictory results, but no PP mRNA expression has been detected in the rat 
CNS (Ekblad & Sundler 2002). The ambiguous results may be due to cross-
reactivity with related peptides of the NPY family. Central administration of 
PYY and PP in rats and mice results in a potent orexigenic effect (Morley et 
al 1985; Nakajima et al 1994), probably via receptors in the dorsal parts of 
hypothalamus. However, neither of these peptides is likely to reach these 
areas in the hypothalamus under normal physiological circumstances. 

PYY exists in two forms in the circulation, PYY(1-36) and PYY(3-36). 
The latter derives from N-terminal Tyr-Pro cleavage of the full length pep-
tide by the enzyme DPP-IV and constitutes 63% of total PYY in the post-
prandial state but only 40% of total plasma PYY in fasting subjects (Grandt 
et al 1994). The interest in PYY(3-36) and PP increased considerably when 
it was found that peripheral administration of these peptides produced a sati-
ety effect and thus decreased food intake in humans and rats (Asakawa et al 
2003; Batterham et al 2003a; Batterham et al 2002; Batterham et al 2003b).  
The appetite-decreasing effect of PYY(3-36) was initially questioned 
(Tschop et al 2004) but has later been confirmed by independent studies in 
both rats and humans (Chelikani et al 2006; Degen et al 2005). The doses 
used in these studies will be discussed further below. The difficulties in re-
producing the satiety effect of PYY(3-36) have been ascribed to the use of 
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animals which were insufficiently habituated to the experimental situation. 
According to this theory, the basal appetite of the animals was reduced in 
response to stress, thereby masking the anorexigenic (appetite-reducing) 
effect of PYY(3-36) (Halatchev et al 2004). The decreasing effect on food 
intake after administration of PP or PYY(3-36) has been suggested to in-
volve activation of receptors located in the area postrema (AP) (Dumont et al 
2007).  

The receptors 

The NPY-receptors  
The NPY-receptors belong to the G-protein coupled receptor (GPCR) family 
which is one of the largest gene superfamilies in the human genome. A 
schematic structure of the NPY receptors is presented in Figure 2. With more 
than 800 functional genes, the GPCR family constitutes about 2-3 % of the 
gene number in the human genome (Fredriksson et al 2003; Fredriksson & 
Schioth 2005).  

The GPCR family has been classified into families based on sequence 
identity and phylogenetic analyses, of which the NPY-receptors belong to 
class A (rhodopsin like) (Fredriksson et al 2003; Fredriksson & Schioth 
2005; Kolakowski 1994). The GPCRs are defined mainly by two characteris-
tics. Firstly, they all have seven transmembrane (TM) segments of 20-25 
amino acids, hydrophobic �-helices, which span the membrane to form a 
receptor with an extracellular amino terminus and an intracellular carboxy 
terminus. Secondly, they are all assumed to interact with G-proteins. Spe-
cific interaction of a ligand with the extracellular parts of the receptors or the 
outer parts of the TM regions may result in conformational changes of its 
intracellular parts, which then activate closely located G-proteins. In this 
way an extracellular “message” in the form of a molecule is converted into a 
cascade of intracellular chemical processes. These processes may cause 
physiological responses like secretion of a hormone or altered neuronal sig-
naling. The intracellular response initiated by ligand binding to the receptor 
is determined by the type of G-protein activated. 



 16 

 
Figure 2. Schematic serpent structure of the NPY-family receptors represented by 
the human Y2 receptor. The seven transmembrane regions are shaded. The most 
conserved amino acid in each transmembrane region of the rhodopsin-clan GPCRs is 
highlighted in grey and the numbers indicate their location according to the system 
by (Ballesteros & Weinstein 1995). The N-terminal glycosylated aspargine and the 
disulfide bridge on the extracellular side as well as the intracellular palmitoylated 
cysteine in the C-terminus are indicated by schematic molecular structures.   

The NPY-receptors activate G-proteins belonging to the pertussis toxin-
sensitive Gi and Go family leading to inhibition of adenylyl cyclase. How-
ever, ligand-interactions with NPY-receptors have been proposed to activate 
also other signaling pathways, e.g. the PLC pathway resulting in elevated 
intracellular Ca2+ levels (Michel 1998), the nitric oxide synthase (NOS) 
pathway resulting in elevated levels of nitric oxide, and the ERK1/2 pathway 
(ERK1/2 may also be activated indirectly by the NOS pathway) (Alvaro et al 
2008). Activation of these three pathways is probably mediated by G-
proteins (Alvaro et al 2008; Grouzmann et al 2001).  

The peptides of the mammalian NPY family exert their functions via five 
receptors named Y1, Y2, Y4, Y5 and y6 (the lower case indicates that it is a 
pseudogene in many mammalian species). The ancestral jawed vertebrate 
had no less than seven NPY receptors. Three of these have been lost in the 
lineage leading to primates (Figure 3) (Larsson et al 2008a; Larsson et al 
2008b). The receptors have been divided into three subfamilies based on 
phylogenetic analysis: the Y1 subfamily which consists of Y1, Y4 and y6, 
the Y2 subfamily with Y2 as the only member in mammals, and finally the 
Y5 subfamily with the Y5 receptor (Fredriksson et al 2003). The subfamilies 
display only approximately 30% sequence identity to each other (Larhammar 
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et al 2001). Receptors Y1, Y2 and Y5 with only 27-32% overall identity are 
the most different GPCRs that still bind the same peptide ligand (Larhammar 
et al 2001).  

 
Figure 3. The evolution of NPY receptors. Schematic picture of the NPY-receptor 
repertoires found in the ancestral gnathostome and primates. The crossed-through 
genes have been lost in the lineage leading to primates.  

Life cycle of the receptors in the NPY family 
The level of receptor expression depends on several processes which regu-
late the intracellular receptor transportation of both newly synthesized recep-
tors from the ER to the cell membrane and of internalized receptors from the 
cell membrane into the endosomes. Because the level of receptor expression 
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directly influences the magnitude of the cellular response to the ligands, the 
regulation of receptor expression has a great physiological impact. 

Similar to the NPY peptides, the members of the NPY receptor family are 
synthesized in the endoplasmatic reticulum (ER). After folding and assem-
bling in the ER, the receptors are packed into transport vesicles and are 
transported into the Golgi apparatus and the trans-Golgi network. During the 
processing in ER and Golgi the receptors undergo specific post-translational 
modifications e.g. formation of disulfide bridge between cysteines in ex-
tracellular loop (ECL) I and II (Cherezov et al 2007; Palczewski et al 2000), 
N-terminal glycosylation (consensus site: Asn-unspecified animo acid – 
serine/threonine) and palmitoylation of cysteine in the cytoplasmatic tail 
which anchors the receptor to the inside of the cell membrane (Holliday & 
Cox 2003). The N-terminal glycosylation of the Y-receptors has been sug-
gested to be crucial for correct expression at the cell surface (Robin-
Jagerschmidt et al 1998).  

The mature membrane receptors are translocated to the cell membrane 
(Duvernay et al 2005). Receptors targeted by specific binding of agonist 
ligands undergo conformational changes which lead to activation of intracel-
lular Gi/o-proteins. The exact molecular mechanisms of receptor-ligand inter-
action and receptor activation are not known but some studies suggest a 
process that includes multiple conformational steps (Kobilka 2007; Liapakis 
et al 2004). Stimulation by agonist ligands may lead to desensitization and 
internalization mediated by receptor kinases that phosphorylate the receptor 
and allow binding of arrestins (Premont et al 1995). The arrestins function as 
adaptor proteins and recruit transport proteins that mediate formation of en-
dosomes. When located in the endosomes, the receptors are sorted either for 
recycling to the cell membrane or to the lysosome for subsequent degrada-
tion (Tan et al 2004).   

Despite sharing a common ancestor the NPY-receptors have been found 
to differ in their ability to internalize upon agonist stimulation. Y1, Y4 and 
Y5 receptors have been shown to undergo desensitization and internalization 
upon receptor activation, while the processes of Y2 remain unclear 
(Berglund et al 2003b; Bohme et al 2008; Gicquiaux et al 2002; Lindner et al 
2009).  

Y1 
The Y1 receptor was initially cloned in human and rat and was the first Y-
receptor to be sequenced (Eva et al 1990; Herzog et al 1992; Larhammar et 
al 1992). The Y1 receptor is a 394 amino-acid protein in human and binds 
full length NPY and PYY with high affinity (Table 1). Y1 mRNA has been 
observed in brain, heart, kidney, smooth muscles and GI tract in human, rat 
and mouse (Larsen et al 1993; Nakamura et al 1995; Wharton et al 1993). In 
the rat brain, Y1 mRNA is primarily localized to the cerebral cortex, hippo-
campus, thalamus and hypothalamus (Parker & Herzog 1999). Y1 receptors 
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have been detected by histological techniques in the majority of the hypotha-
lamic nuclei (Fetissov et al 2004b) with a higher density of receptors in par-
vocellular PVN, DMN, ARC and the tuberal and perifornical areas in rat and 
mice (Caberlotto et al 1998; Kopp et al 2002). 

The peripheral and central Y1 receptors mainly mediate NPY-dependent 
effects; Y1 enhances vasoconstriction (Kellogg 2006; Shine et al 1994), 
increases food intake (Gehlert 1999; Kalra et al 1991) has anxiolytic effects 
and decreases depression (Heilig 2004; Redrobe et al 2002a; Redrobe et al 
2002b).   

Table 1. Ligand binding profiles of mammalian NPY receptors. The C-terminal 
NPY/PYY fragments represent NPY/PYY(2-36)through NPY/PYY(13-36) 

 

Y2 
The Y2 receptor effects oppose many of those mediated by Y1 receptors. 
The Y2 receptor is a 381 amino-acid receptor in human generally located 
presynaptically where it acts as an autoreceptor resulting in inhibition of 
neurotransmitter release (Wahlestedt et al 1986). Activation of Y2 receptor 
leads to increased anxiety and depression (Heilig 2004; Sajdyk et al 2002) 
and decreased food intake (Batterham et al 2002). In addition, the Y2 recep-
tor is responsible for NPY-induced delayed gastric emptying (Ishiguchi et al 
2001) and regulation of cortical and cancellous bone formation (Baldock et 
al 2006). Central Y2 receptors have been suggested to suppress osteoblast 
activity resulting in increased bone formation in Y2 knockout mice (Allison 
et al 2007). The ligand binding profile of the Y2 receptor is characterized by 
a high affinity for both full-length NPY and PYY as well as for truncated 
NPY and PYY (Table 1). Expression of Y2 mRNA has primarily been de-
tected in various parts of the CNS but to a lower degree also in peripheral 
tissues (Gehlert et al 1996). Expression of the Y2 gene in the brain has been 
identified in e.g. the periventricular, DMN, and ARC in the hypothalamus 
(Fetissov et al 2004a) as well as in amygdala and hippocampus (Stanic et al 
2006). Y2 receptor proteins have also been detected in AP (Dumont et al 
2000). These findings as well as results from a recent study by Dumont et al. 
that revealed accumulation of peripherally administered PYY3-36 in AP 
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(Dumont et al 2007) suggest that Y2 receptors in AP are activated to mediate 
the appetite inhibiting effect of PYY3-36.   

Y3 
The proposed Y3 receptor has not been possible to ascribe to a separate gene 
product why it is unlikely that it exists as a separate receptor protein (Jazin et 
al 1993a; Michel et al 1998). 

Y4 
The Y4 receptor is a 375 amino acid long receptor in human and is the most 
rapidly evolving member of the NPY-receptor family (Larhammar et al 
2001). In accordance with its high evolutionary rate, the binding profile of 
the Y4 receptor differs in comparison with the other NPY-receptors. 
Whereas the mammalian Y1, Y2 and Y5 receptors prefer NPY and PYY, the 
mammalian Y4 receptor prefers PP (Table 1) (Berglund et al 2003a; Michel 
et al 1998). The Y4 receptor mRNA is primarily found peripherally in the 
colon and small intestine (Lundell et al 1995) where the receptor mediates 
PP-induced functions in the GI-system, including inhibition of secretion 
from gallbladder and pancreas and decreased gut motility. The Y4 receptor 
is also distributed centrally and the Y4 receptor protein has been detected in 
e.g. the hypothalamus (ARC and PVN), rostral forebrain, medial amygdala, 
thalamus, substantia nigra, as well as in the brain stem nuclei; dorsal motor 
nucleus of the vagus, nucleus of the solitary tract (NTS) and AP (Whitcomb 
et al 1997; Whitcomb et al 1990). The nuclei in the brainstem have been 
proposed to mediate the appetite decreasing effect of peripherally secreted 
PP (Huda et al 2006). In line with this a recent study by Dumont et al. found 
enrichment of peripherally administered PP in AP, further highlighting this 
structure as a potential location for the appetite decreasing activity of PP 
(Dumont et al 2007).  

Y5 
The Y5 receptor is the largest NPY-receptor with 445 amino acids in human 
(Gerald et al 1996). It is characterized by an extended third cytoplasmic loop 
and has a shorter carboxy terminus than the other NPY-receptors. The Y5 
gene overlaps with the Y1 gene in the promoter region. The two genes are 
transcribed in opposite direction to each other and their transcriptional regu-
lation seems to be partially coordinated (Herzog et al 1997). In rat brain, Y5 
mRNA expression has been found in the same regions as Y1 mRNA (Parker 
& Herzog 1999) and the receptor proteins have been detected on the same 
cells (Wolak et al 2003). Coexpression of Y1 and Y5 has indeed been shown 
to result in heterodimerization and altered response to ligand interaction 
(Gehlert et al 2007). The Y5 receptor interacts with full-length NPY and 
PYY with high affinity (Table 1) (Berglund et al 2003a; Gerald et al 1996). 
Y5 receptor mRNA has primarily been detected in several brain areas e.g. 
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cortex, putamen, caudate and hypothalamus (Borowsky et al 1998; Jacques 
et al 1998). Furthermore, Y5 mRNA has been found to be located in the 
periphery at a lower expression level, in e.g. spleen, testis and pancreas 
(Statnick et al 1998).  The main focus of studies with Y5 receptors has been 
its appetite stimulating effects (Hu et al 1996; Levens & Della-Zuana 2003). 
In addition, the Y5 receptor has been shown to regulate brain excitability and 
seizures and to inhibit luteinising hormone release (Marsh et al 1999; Rapos-
inho et al 1999).  

y6 
The last member in the NPY-receptor family in mammals is the y6 receptor 
which corresponds to a pseudogene in humans and primates (Gregor et al 
1996) and is absent in rats, while it is expressed as a functional receptor in 
rabbits and mice (Burkhoff et al 1998). The pharmacological properties of 
the y6 receptor are poorly characterized. However, some studies report that 
y6 receptor has an Y1-like ligand binding profile (Mullins et al 2000).  

Ligand interactions to mammalian NPY-receptors Y1 
and Y2 
Site-directed mutagenesis of the NPY-receptors  
The G-protein coupled receptors constitute targets for a large number of 
endogenous ligands including odorants, neuropeptides, lipids, hormones, 
light etc. In agreement with this diversity of endogenous ligands, deviating 
GPCR functions has been shown to be involved in many diseases (Sadee et 
al 2001). Today about 60% of the prescribed drugs act on GPCRs 
(Lundstrom 2005). Consequently, GPCRs are considered to be very interest-
ing targets for drug development. However, the receptor specific drug design 
of synthetic GPCR ligands is hampered by the limited knowledge about the 
receptor structure. Because the GPCR protein transverses the cell membrane 
seven times, classical methods to reveal the protein structure often fail due to 
the difficulties in crystallizing or dissolving the GPCRs. Nevertheless, in 
2000, Palcewski et al. presented a high -resolution structure of bovine 
rhodopsin after X-ray crystallography (Palczewski et al 2000). Since then 
this structure has served as a template for modeling of other GPCRs from the 
rhodopsin clan. Recently, the knowledge of three-dimensional structures of 
GPCRs increased considerably when high-resolution structures of the crys-
tallized human β2-adrenergic receptor  (hβ2AR) (Cherezov et al 2007; Ras-
mussen et al 2007), the turkey β1-adrenergic receptor  (Warne et al 2008) 
and the human A2A adenosine receptor (Jaakola et al 2008) were determined. 
Receptor modeling in combination with other studies of receptor structure 
provides new information about receptor-ligand interactions. In fact, 
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mutagenesis and pharmacological and/or functional studies in combination 
with computerized modeling based on the bovine rhodopsin structure have 
contributed most to our knowledge of GPCR structure.  

The fact that the highly conserved peptides NPY and PYY, with well de-
fined three-dimensional structures, bind to the same three very different re-
ceptors (Y1, Y2 and Y5) makes the NPY family of peptides and receptors 
especially well suited for mutagenesis studies. NPY and PYY bind with high 
affinity to Y1 and Y2 receptors via interactions with the C-terminal portion 
of the peptides but differ in requirement for the N-terminal part (Gerald et al 
1995; Larhammar et al 1992; Rose et al 1995). Y1 requires an intact N-
terminus while N-terminally truncated NPY and PYY have high affinity for 
Y2, even as short variants as NPY(13-36) (Lindner et al 2008). A recent site-
directed mutagenesis study of the hY receptors using a complementary ap-
proach revealed different interaction sites for an Asp in TM6 of the hY1 and 
hY2 receptors. Whereas Asp6.59 (numbering according to location relative to 
the most conserved residue in each trans-membrane region (Ballesteros & 
Weinstein 1995)) of Y1 interacts with the Arg35 of NPY, the corresponding 
position in the hY2 receptor, Asp6.59, interacts with Arg33 of NPY (Merten et 
al 2007). Taken together, these observations suggest overlapping but non-
identical sites for peptide ligand interaction with receptors Y1 and Y2. In 
this view, evolutionarily well-conserved amino-acid residues in Y1 and Y2 
are candidates for receptor-ligand interaction and thus interesting positions 
for site-directed mutagenesis studies.  

Non-peptide antagonists for the human Y1 and Y2 receptor 
Most synthesized antagonists are non-peptidergic because of their ability of 
high receptor specificity and their ability to cross the blood-brain barrier. 
Antagonists are usually designed using parts of a selective peptide as tem-
plate. The non-peptidergic Y1 receptor antagonists BIBP3226 (Rudolf et al 
1994) and SR120819A (Serradeil-Le Gal et al 1995) (Fig. 4) were both syn-
thesized according to the C-terminus of NPY in year 1994 and 1995, respec-
tively. For the Y2 receptor, the non-peptidergic Y2 specific antagonist 
BIIE0246 has been widely used in order to reveal Y2 dependent effects (Fig. 
4) (Doods et al 1999; Dumont et al 2000). 
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Figure 4. Non-peptide antagonists for the mammalian Y1 and Y2 receptors. A: 
BIBP3226 (Y1), B: SR120819A (Y1), C: BIIE0246 (Y2) 

The human Y1 receptor and ligand interactions 
Earlier structural studies of the Y-receptors have to a large extent been fo-
cused on the human Y1 receptor (hY1) since this receptor is a potential tar-
get for appetite-suppressing pharmaceuticals (Silva et al 2002). However, the 
report about the appetite decreasing properties of PYY(3-36) (Batterham et 
al 2003a; Batterham et al 2002; Degen et al 2005), which is an endogenous 
truncated version of PYY, has turned the interest towards the PYY(3-36)-
preferring receptor Y2.   

The majority of the mutagenesis studies with hY1 receptor have been per-
formed using less commonly used expression systems, probably due to the 
difficulties in achieving sufficiently high functional expression with com-
mon systems (Du et al 1997; Sautel et al 1995; Sautel et al 1996; Walker et 
al 1994). Only three mutagenesis studies of the hY1 receptor with regard to 
ligand interactions using conventional expression systems have been pub-
lished, including Paper I in this thesis (Kannoa et al 2001; Merten et al 2007; 
Sjodin et al 2006). Despite some contradictory results, these studies point out 
a number of amino acids that are likely to be involved in ligand interactions 
with hY1 receptor.  

The initial hypothesis of peptide binding to Y1 receptors proposed inter-
actions of the basic NPY side chains with four aspartic residues in the recep-
tor protein, i.e. (first numbering according to position in the receptor protein 
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and in parenthesis numbering according to location relative to the most con-
served residue in each trans-membrane region (Ballesteros & Weinstein 
1995)); D104 (Asp2.68) in EL1, D194 (Asp5.21) and D200 (Asp5.27) in EL2 and 
D287 (Asp6.59) in TM6 (Walker et al 1994). However, results from later stud-
ies suggested that only two of the positions are involved in the interactions 
i.e. D104 (Asp2.68) and D287 (Asp6.59) (Kannoa et al 2001; Munch et al 1995; 
Sautel et al 1996). A recent publication by Merten et al. reported that the 
D287 (Asp6.59) interacts directly with NPY (Merten et al 2007). Using a com-
plementary approach they could localize a polar interaction between the D287 
(Asp6.59) of Y1 and the Arg35 of NPY. Furthermore, amino acid substitution 
of position Q219 (Gln5.46) resulted in drastically reduced binding of peptide 
ligands, indicating direct ligand interaction with this amino acid residue (Du 
et al 1997; Kannoa et al 2001; Sautel et al 1996). In addition, three amino 
acid residues have been reported to be critical in peptide binding in several 
studies, namely Y100 (Tyr2.64), F286 (Phe6.58) and H298 (His7.31) (Kannoa et al 
2001; Sautel et al 1995; Sautel et al 1996). They were suggested to form a 
hydrophobic pocket important for binding of the amidated C-terminus of the 
peptide ligands (Sautel et al 1995). However, one study reported that F286 
(Phe6.58) and H298 (His7.31) were probably not involved in interaction with 
peptide ligands (Du et al 1997). In Paper I we present an investigation of the 
roles of 17 residues in hY1 in interactions with peptide agonists and non-
peptide antagonists. These include the three positions in the proposed hydro-
phobic pocket. The positions were selected due to previously contradictory 
results and from evolutionary analysis of the different Y-receptor subtypes. 
In addition, we present a three-dimensional structural model of hY1 based 
on the high-resolution structure of bovine rhodopsin (Palczewski et al 2000) 
which further clarified the involvement of the investigated positions in re-
ceptor-ligand interaction.    

The human Y2 receptor and ligand interactions 
Only few studies have been published on site-directed mutagenesis and sub-
sequent binding studies of the human Y2 receptor (hY2) (Berglund et al 
2002; Merten et al 2007). The first study was published in 2002 by Berglund 
et al. and was based on reciprocal amino-acid substitutions between the hu-
man and the chicken Y2 receptor (Berglund et al 2002). Pharmacological 
characterization of the receptor mutants identified three positions involved in 
antagonist binding to the hY2 receptor, namely Gln3.32, Leu5.46 and Leu6.51. 
Recently, another site-directed mutagenesis study on the hY2 receptor re-
vealed two interaction sites between the receptor and NPY (Merten et al 
2007). Substitution of Glu5.24 by Ala reduced the binding affinity of NPY for 
the hY2 receptor 150-fold, whereas substitution of Asp6.59 by Ala resulted in 
a 500-fold decrease in the affinity of NPY. Substitution of Asp6.61 to Ala did 
not influence the interaction of the receptor with NPY. Furthermore, by test-
ing the interaction of Asp 6.59 with Ala-mutated NPY analogs, Merten et al. 
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revealed that this position interacts with Arg33 of NPY. In Paper II we pre-
sent a mutagenesis study of three positions in the hY2 receptor correspond-
ing to the three positions proposed to form a hydrophobic binding pocket in 
hY1 receptor (Sautel et al 1995). The three-dimensional locations of the 
positions were investigated by a hY2 receptor model based on the high-
resolution model of the h�2-adrenergic receptor as template (Cherezov et al 
2007). Together with results from previous mutagenesis studies this investi-
gation provides more information not only about receptor-ligand interaction 
of the hY2 receptor, but also about the differences between the hY1 and the 
hY2 receptor.    

The NPY-system in regulation of food intake in 
mammals 

NPY and hypothalamic appetite regulation 

The hypothalamus is considered to be the most important organizing centre 
in appetite regulation and constitutes the arena for numerous peripheral and 
central players in the game of appetite (Broberger 2005; Kamiji & Inui 
2007). The NPY peptide is the most potent orexigenic agent known so far. It 
exerts its effects via the arcuate nucleus – paraventricular nucleus (ARC-
PVN) axis in the hypothalamus (Kalra & Kalra 2004).  

The hypothalamic regulation of food intake is based on neuronal net-
works of tremendous complexity. In order to make the system a little bit 
more comprehensible it can be divided into anorexigenic and orexigenic 
pathways (Fig. 5). A brief description is given here of these two functionally 
antagonistic systems, for reviews see (Broberger 2005; Kamiji & Inui 2007). 
Two anorexigenic signals, leptin from adipocytes and insulin from the pan-
creas, reduce appetite directly via receptors in the ARC. The ARC is located 
near the median eminence where the blood-brain barrier is permeable and 
consequently this area is accessible for input signals from the periphery. 
Leptin activates leptin receptors located on the pro-opio-melanocortin 
(POMC)-neurons, leading to depolarization and release of α-melanocyte-
stimulating hormone (α-MSH). The anorexigenic α-MSH activates MC4 
receptors in the PVN. Furthermore, leptin hyperpolarizes NPY neurons lead-
ing to inhibition of NPY and AGRP release. Insulin binds to receptors in the 
ARC and inhibits NPY and AGRP release. One additional peripheral signal, 
PYY, is thought to act via ARC. PYY is secreted postprandially from the 
intestine and inhibits central NPY/AGRP release by activation of presynaptic 
Y2 receptors in the ARC. PYY probably also bind Y2 receptors in the AP. 
Another peripheral anorexigenic signal, PP is secreted from the pancreas 
postprandially and inhibits food intake via pathways from the vagus in the 
periphery and eventually via the NTS and AP by activation of Y4 receptors. 
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Ghrelin belongs to the orexigenic signals and is secreted from the stomach 
and stimulates food intake by activation of NPY/ agouti-related protein 
(AGRP)-expressing neurons in the ARC. The NPY/AGRP neurons from the 
ARC innervate several hypothalamic brain areas including the lateral hypo-
thalamic area (LHA), the ventomedial hypothalamus (VMH) and the PVN. 
NPY stimulates food intake by activation of Y1/Y5 receptors. AGRP, which 
is coexpressed with NPY, functions as an endogenous antagonist on the 
melanocortin 4 receptor (MC4). In this way the binding of the anorexigenic 
α-MSH to the MC4 receptor is blocked.  

The brain and periphery also communicate via the vagus nerve. The vagus 
nerve constitutes a reciprocal connection and its afferent part terminates in 
the brainstem, primarily at the NTS. The downstream system for regulation 
of food intake remains unclear but probably involves pathways including 
neurons expressing orexin or melanin-concentrating hormone (MCH). These 
pathways emanate from the LHA and project to the ARC. The LHA proba-
bly also communicates more directly with the cerebral cortex and is also 
innervated by neurons from nucleus accumbens. In this way the LHA may 
integrate signals from both the homeostatic system and the reward system.  

The hypothalamic NPY network is involved in the initiation and mainte-
nance of appetite-stimulating impulses resulting in an episodic appetitive 
drive (Kalra et al 1999). The daily secretion pattern of NPY is associated 
with the circadian rhythm, probably via direct or indirect interconnections 
with the suprachiasmatic nucleus in hypothalamus (Xu et al 1999). The ap-
petite-stimulating effect of NPY is achieved by three principal mechanisms 
(Kalra & Kalra 2004; Meister 2007): 1. NPY is released from neurons that 
originate in ARC and project to PVN. When released, NPY activates Y1 and 
Y5 receptors that are coexpressed in a subpopulation of neurons in the mag-
nocellular PVN leading to a direct stimulation of appetite. 2. The NPY neu-
rons in ARC co-express AGRP. This peptide antagonizes the anorexigenic 
�-MSH signaling via MC4 receptors in PVN and thereby enhances the effect 
of NPY. 3. The NPY neurons in the ARC and PVN also coexpress inhibitory 
gamma-amino butyric acid (GABA) which may potentiate the effect of NPY 
via GABAA receptors on POMC neurons in the ARC and PVN. Interest-
ingly, a hypothalamic population of POMC neurons has been suggested to 
corelease excitatory glutamate. The exact functions of GABA and glutamate 
in regulation of food intake remain unclear but these two neurotransmitters 
seem to be tightly coordinated with the other hypothalamic neurotransmitters 
including NPY (Meister 2007).  
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Figure 5. Schematic picture of some important pathways involved in the regulation 
of food intake. See text for details.  

PYY and PP as endocrine anorexigenic signals 
Central administration of PYY and PP increases food intake and stimulates 
gastric emptying (Asakawa et al 1999; Hagan 2002). These effects are 
probably mediated in the PVN via Y1 and Y5 receptors for PYY and via the 
Y5 receptor for PP (Ballantyne 2006; Kanatani et al 2000). However, it is 
unlikely that these endocrine peptides can reach these receptors under nor-
mal in vivo conditions. Despite the fact that both PYY and PP are peripher-
ally released hormones, their effect on food intake after peripheral admini-
stration was not fully investigated until a few years ago. In year 2002 and 
2003 two reports revealed that peripheral administration of PYY and PP 
resulted in a dramatic decrease of food intake in humans (Batterham et al 
2002; Batterham et al 2003b). In contrast to studies with leptin, the appetite-
decreasing effect by PYY(3-36) was prominent also in obese subjects sug-
gesting a non-saturating process in PYY signaling (Batterham et al 2003a). 
Some studies have detected lower endogenous secretion of PYY in obese 
compared to lean subjects (Alvarez Bartolome et al 2002; Batterham et al 
2003a; le Roux et al 2006). Administration of PYY may cause nausea and 
constipation symptoms (Wren & Bloom 2007), still the appetite-decreasing 
effect has been seen also in subjects not experiencing any side-effects sug-
gesting other mechanisms for the appetite inhibition (Batterham et al 2002; 
Degen et al 2005). Because of difficulties to repeat the study with PYY3-36, 
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its negative effect on food intake was questioned (Boggiano et al 2005; 
Tschop et al 2004). However, since several research groups have success-
fully repeated the study, the appetite-decreasing effect of PYY(3-36) can be 
considered as confirmed (Adams et al 2004; Chelikani et al 2006; Degen et 
al 2005; Neary et al 2005). The contradictory results may have been caused 
by the fact that stress may negatively influence the basal appetite and 
thereby mask the appetite-decreasing effect of PYY(3-36) (Halatchev et al 
2004). Considering that one study of dose-dependent inhibition of food in-
take found that the effect after administration of PYY(3-36) was achieved 
only at pharmacological plasma concentrations, the physiological signifi-
cance of PYY(3-36) in regulation of food intake needs to be studied further 
(Degen et al 2005).  

The appetite decreasing effect of PP has received less interest and is 
therefore not as carefully investigated as the effect by PYY(3-36). This 
could be due to the fact that the appetite decreasing effect of PP is achieved 
at even higher doses compared to PYY(3-36) (Batterham et al 2003b). Inter-
estingly, PP has recently been shown a negative effect on food intake also at 
lower doses (Jesudason et al 2007). Still, the dose was supra-physiological 
compared to endogenous postprandial release of PP. Transgenic PP-
overexpressing mice have been found to develop a lean phenotype (Ueno et 
al 1999). In Paper III we investigate the effect by peripheral administration 
of PP on food intake and behavior in six male beagle dogs. The results pro-
vide new information about the negative effect of PP on food intake. In addi-
tion, the study highlights particular difficulties with performing this kind of 
research with dogs living in constant controlled conditions.  

PP and PYY are released postprandially from the pancreas and intestine 
respectively.  PYY(3-36) has been found to accumulate in AP after intraperi-
toneal administration and in AP, subfornical organ and median eminence 
after intravenous administration (Dumont et al 2007) suggesting a direct 
central function in the regulation of food intake.  

PYY(3-36) binds to hypothalamic Y2 receptors with high affinity. Y2 re-
ceptors are found on NPY-expressing neurons in the ARC where activation 
leads to inhibited NPY release and consequently to disinhibition of anorectic 
POMC neurons (Batterham et al 2002; Raposinho et al 1999). Most probably 
also other Y2-dependent mechanisms for PYY(3-36) signaling are involved, 
e.g. peripheral pathways via the vagal nerve or via central pathways inde-
pendent of the POMC-neurons (Abbott et al 2005b; Halatchev et al 2004). 
Circulating PYY(3-36) probably reaches the central Y2 receptors by pene-
trating the blood-brain barrier (BBB) through semipermeable capillaries in 
for example the median eminence area near the ARC (Neary et al 2003). In 
addition to its influence on NPY release, PYY(3-36) is proposed to reduce 
the release of the potent orexigenic peptide ghrelin. Ghrelin is present in 
both gastric mucosa and the hypothalamus and is released before episodes of 
food intake in a periodic manner during the day. The PYY-dependent coun-
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terregulation of ghrelin release occurs either via the vagus nerve, via local 
cells in the GI-system, via the hypothalamus, or at all levels (Abbott et al 
2005a; Neary et al 2003). Like PYY, PP cannot cross the BBB and has been 
proposed to exert its effect in regions with an incomplete barrier such as AP, 
NTS and ARC of the hypothalamus. PP-preferring Y4 receptors have been 
detected in these areas though the exact details about PP binding to these 
regions remain to be investigated (Whitcomb et al 1997). Of these regions, 
AP appears to be the most relevant for regulation of food intake since PP 
accumulates in this particular region after both intravenous and intraperito-
neal administration (Dumont et al 2007).  
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The impact of personality in dogs  
Personality in dogs has been extensively investigated from several perspec-
tives during recent years (Diederich & Giffroy 2006; Jones & Gosling 2005). 
These tests have primarily been designed to address specific questions, e.g. 
interactions with humans (Gacsi et al 2005; Miklosi & Soproni 2006), play 
behavior (Rooney & Bradshaw 2002; Rooney et al 2000), aggression 
(Blackshaw 1996; Dodman et al 1996; McGreevy & Masters 2008; Netto & 
Planta 1997) or coping style in a stressful situation (Horvath et al 2007). 
There are also several tests developed in order to test for the dog’s suitability 
for certain tasks, e.g. police dogs (Slabbert & Odendaal 1999) or for general 
characteristics (Wilsson & Sundgren 1997b) and their heritability (Wilsson 
& Sundgren 1997a). Personality has been described as a consistency of be-
havioral patterns across time and a structure of behavioral correlations be-
tween functional contexts (Wolf et al 2007). According to this description 
the pattern of individual dog behavior is somewhat predictable, or is at least 
expected to correlate between different situations.  

The dog as a species displays an extraordinary number of morphological 
phenotypes and today more than 300 different breeds are recognized by the 
Fédération Cynologique Internationale (www.fci.be). The richness of pheno-
types together with the fact that dogs may develop many medical conditions 
similar to those found in humans make them highly interesting for use in 
human and veterinary medicine (Starkey et al 2005). Since the completion of 
the dog genome, dogs have also become potential subjects for association 
studies (Clark et al 2004; Hillbertz et al 2007; Karlsson & Lindblad-Toh 
2008; Lindblad-Toh et al 2005). In all animal research the validity is de-
pendent on controlled experimental conditions, including inherited proper-
ties. Genetic analyses of the dog species have revealed great variations 
across different dog breeds (Parker et al 2004) as well as large intra-breed 
variations (Bjornerfeldt et al 2008). The variation in genotypes between dogs 
could theoretically be reduced by using inbred strains, but there are today no 
commercially available inbred strains.  

Experimental research depends on both the experimental conditions and 
the properties of the materials or subjects investigated. These factors need to 
be extensively described in order to make the research replicable and to fa-
cilitate evaluation of the results. In all research that includes animals it is 
today customary to describe the experimental design as well as environ-
mental factors and the subjects in terms of sex, age, weight and genetic 
background. Surprisingly, despite the increasing knowledge about the impact 
of dog personality in other areas, there is no praxis to include personality in 
such descriptions. In order to investigate inter-individual differences in per-
sonality in dogs we developed a test for personality characteristics (TFPC) 
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which included stimuli that often occur in experimental situations (Paper 
IV). The TFPC was performed with sixteen dogs. Although the dogs were of 
the same breed (beagle or beagle cross-breed) and were born and housed in 
the same constant and controlled conditions, the test revealed considerable 
differences in how the dogs responded to certain stimuli.    
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Aims 

The overall aim of this thesis was to investigate the NPY system at both the 
molecular and the physiological levels. The peptides and receptors in the 
NPY family are involved in regulation of food intake. This thesis mainly 
deals with two aspects of their functions, namely the interaction of the 
ligands with the receptors at a molecular level and the effect of pancreatic 
polypeptide on food intake in dogs. In connection with the study on food 
intake, we optimized the method for this behavioral study and thus devel-
oped a standardized test for personality characteristics in dogs, which is also 
presented in this thesis.  

Paper I 
The aim was to investigate the role of 17 positions in the hY1 receptor in 
receptor-ligand interactions using site-directed mutagenesis studies and 
ligand binding studies with two peptide agonists and two non-peptide an-
tagonists. The positions were selected based on previous contradictory re-
sults and by evolutionary considerations.  

Paper II 
The aim was to investigate the importance of three positions in the hY2 re-
ceptor in receptor-ligand interactions using site-directed mutagenesis studies 
and ligand binding studies with five peptide agonists and one non-peptide 
antagonist. The positions correspond to positions that have previously been 
found to be crucial in peptide interaction with the hY1 receptor.  

Paper III 
The aim was to investigate the effect of administration of physiological 
doses of PP on food intake in beagle dogs. In addition the effect of PP on 
different behaviors during the feeding sessions was investigated.  

Paper IV 
The aim was to set up a standardized test to characterize personality in bea-
gle dogs living under controlled laboratory conditions. The test was designed 
to include situations that we considered likely to arise in many experimental 
contexts.  
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Materials and methods 

Paper I and II 

Site-directed mutagenesis 

The human NPY receptor gene (hY1 in Paper I and hY2 in Paper II) was 
used as template in a two-step PCR with a total of four primers, two mutant 
specific primers and two primers specific for the Gateway™ system. The 
PCR products were purified before cloning by Gateway™ recombination 
into expression vectors.  

Cloning of receptors 

The PCR product was cloned into the expression vector using the Gatway™ 
system. The Gateway™ system consist of a two-step cloning method with 
cloning into a donor vector before transfer into the expression vector (modi-
fied pCEP4 vector in Paper I and pcDNA vector with a gene for C-terminal 
GFP in Paper II). The system was based on recombination and resulted in 
specific positioning of the PCR product in the expression vector. All cloned 
NPY receptor genes were fully sequenced in order to confirm the introduced 
mutation and to secure that no other changes had occurred. 

DNA sequencing 

Sequencing of receptor DNA was done using BigDye V3 terminator se-
quencing kit and the products were analyzed on an ABI 310 sequencer.  

Expression of receptor proteins and cell harvesting 

The cells (human embryonic kidney (HEK) 293 EBNA-1 cells in Paper I and 
HEK 293 in Paper II) were transfected with respective expression vector 
containing the receptor cDNA. Transient expression was obtained by grow-
ing the cells in serum free medium the first 24 hours after transfection and 
then in medium with additional 10% fetal calf serum for 24 hours more. For 
stable expression the cells were selected using hygromycin (Paper I). The 
cells were harvested in PBS and collected by centrifugation. Before freezing 
in aliquots at -80 °C, the cells were resuspended in binding buffer. 
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Radioligand binding studies  
Aliquots of transfected cells were thawed, homogenized and diluted in bind-
ing buffer (25 mM HEPES, pH 7.4, containing 2.5 mM CaCl2, 1.0 mM 
MgCl2 and 2.0 g/L bacitracin). Radioligand binding studies were carried out 
in a final volume of 100 ul with 2 (Paper I) or 3 hours (Paper II) incubation 
at room temperature. Both saturation and competition assays were performed 
in at least duplicate with [125I]pPYY as a radioligand. The assay was re-
peated in at least three independent experiments for each receptor-ligand 
combination. Saturation experiments were performed with serial dilution of 
the radioligand whereas the competition experiments were performed with 
fixed concentration of the radioligand and serial dilution of the competitive 
ligand. The binding studies were terminated by filtration using a TOMTEC 
cell harvester. The radioactivity on the GF/C filters was measured using a 
Wallac 1450 Microbeta counter.  

Protein determination 

Protein concentrations of cell aliquots were determined by the Bradford 
method using the Bio-Rad Protein Assay or Bio-Rad DC Protein Assay with 
bovine serum albumin as standard. 

Construction of three-dimensional structure models of the Y1 
and Y2 receptors 

The receptor models were based on high-resolution crystal structure of bo-
vine rhodopsin (Paper I) or hβ2AR (Paper II) as templates. Alignment of the 
templates and respective receptor were used as input in Sybyl 6.9.1 software 
(Paper I) or Modeller 9v5 (Paper II) to generate homology model of each hY 
receptor. Regions that could not be correctly aligned were omitted from 
modeling. The validity and the stereochemical quality of the generated mod-
els were tested by the programs WHAT IF V4.99 and RAMPAGE in Paper I 
and WHATCHECK and PROCHECK in Paper II. 

Detection of receptor expression 

Paper I 
HEK 293 EBNA-1 cells transfected with vectors carrying the gene for hY1 
receptor and untransfected cells (reference sample) were grown on cover-
slips at 37°C for about 20 hours. The cells were fixed in paraformalde-
hyde/PBS and permeabilized with Triton X-100/PBS.  Nonspecific binding 
was blocked with fetal calf serum/PBS. The antibodies used were the pri-
mary antibody, anti-FLAG BioM2 and the secondary antibody, anti-biotin 
Cy3-conjugated. The cells were mounted on slides with VectashieldTM and 



 35

DAPI. The procedures were performed at room temperature and each step 
was preceded by extensive washing. Fluorescent cells were viewed using a 
Zeiss Axioplan 2 microscope and pictures were taken using an AxioCam 
HRm camera and the Openlab software by Improvision. 
 
Paper II 
Transfected HEK-293 cells with vectors carrying the gene for hY2 receptors 
linked to GFP as well as untransfected cells for use as reference were grown 
at 37°C for 20 hours on coverslips coated with 0.1 mg/ml Poly-D-lysine. The 
cells were washed with 37°C PBS at room temperature, dried at 37°C for 10 
minutes and mounted on slides with PBS. The fluorescence was viewed us-
ing a Zeiss Axioplan 2 microscope and pictures were taken using an Axio-
Cam camera and AxioVision 4.6 software. 

Statistical analyses 

The results from the binding studies were analyzed with nonlinear regression 
curve-fitting program using the Prism 4.0 software package. The Hill coeffi-
cients were calculated for all individual competition experiments which also 
were tested for one- and two-site fitting. The two-site model was accepted if 
each site accounted for >20% of the receptors and if it significantly im-
proved the curve fit (p<0.05; F test). The data from saturation experiments 
were analyzed with linear regression using Scatchard transformation. The 
affinity of the ligands for the receptors was expressed as Kd- or Ki- values. 
The affinity values for the mutant receptors were compared with the values 
for the WT receptors using one-way ANOVA test followed by Dunnett’s test 
for multiple comparison.   

Paper III and IV 

Animals and housing conditions 

Sixteen dogs, nine females and seven males, were characterized by the TFPC 
protocol. The dogs were born and housed at the animal facility of the De-
partment of Clinical Sciences, Swedish University of Agricultural Sciences, 
in Uppsala. Fourteen of the dogs were pure breed beagle dogs and two were 
beagle crossbreeds. The dogs had a body weight between 10 and 20 kg and 
were between 5 months and 9 years old. Six of the dogs were involved in the 
PP study (pilot studies not included) (Paper III). These six dogs were 2-9 
years old pure breed beagles with a body weight range of 11.5-19.5 kg. At 
the date for the TFPC test and the PP study the dogs had not been engaged in 
any research study for at least 2 weeks. Some of the dogs were relatives at 
various distances. In total the population contained five groups of full sib-
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lings: one group with four dogs, one with three dogs and three groups with 
two dogs each. 

The dogs were housed 2-4 dogs per room indoors at the animal facility 
which contained 6 rooms (23m2/room). The rooms were equipped with blan-
kets, a small cabin, toys and chewing bones. The dogs were kept in constant 
constellations under constant and controlled conditions. The daily routines in 
the facility such as feeding, cleaning and letting out to the exercise yard oc-
curred at standardized time points. The dogs spent about 8 hours daily in an 
outdoor exercise yard. In addition they were walked in the neighborhood at 
least once a week. The dogs were given food twice a day and had free access 
to water.  

Protocol for the test for personality characteristics (TFPC) 

The test was performed in a test arena (2.0 x 3.6 meter) built up in an exami-
nation room in the department. The dogs were used to be handled by stu-
dents in the examination room but were not familiar to the test arena. The 
arena contained an examination table and a cage of plastic-coated wire net. 
On the day for the test the dogs were fed with one half individual portion of 
food at 8.00 a.m. and were let out at the same time point as normal. The test 
order of the dogs was male and female in an alternating sequence. Females 
in estrus were tested last on the test day.  

The TFPC protocol started with the focusing test. In this test spontaneous 
change in object for focus of the individual dog was registered for 15 sec-
onds after entering a new environment (the test arena). Thereafter the dog 
was released and left alone in the arena for registration of locomotion and 
behavior for 1 minute (activity I). Thereafter, the assistant entered the arena 
in order to score the individual reaction and contact seeking behavior to-
wards an unknown human in the contact test. After the contact test, the care-
taker entered the arena and placed the dog on an examination table where the 
assistant performed a brief physical examination for scoring of the avoidance 
test. The dog was then placed in the wire net cage in 2 minutes for scoring of 
the restriction test. After the restriction the dog was released into the test 
arena and left alone for 30 seconds registration of spontaneous locomotion 
and behavior (activity II). When the time for activity II had expired, the 
noise test started in which the dog was exposed to two loud noises. The 
dog’s direct reaction to the noises as well as its locomotion and behavior 
after the noises was registered for 20 seconds (activity III). The appearance 
of locomotion was however too low to be included in the subsequent analy-
sis. After activity III the dog was offered a bowl with one deciliter of stan-
dard food for the consumption test. The bowl was placed in the centre of the 
test arena and the dog’s food intake was scored. If the dog consumed any 
food the bowl was refilled and placed inside the closed cage in order to test 
the dog’s attention toward the food bowl (food interest test).   
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Peptide and administration  

Canine PP is not commercially available why human PP was used. Human 
PP differs from canine PP in 2 of 36 amino acid residues. Administration of 
saline or peptide solution was done via a permanent intravenous blood col-
lection needle in one foreleg. The maximum injection volume was 5 ml per 
injection.  

Protocol for food-intake study 

Six male beagle dogs were tested in a cross-over design in order to monitor 
food intake and other behaviors after three peripheral injections of saline 
control or 30 pmol/kg PP (total dose of 90 pmol/kg PP per test day).  

The dogs were fasted with access to tap water ad libitum from 16 p.m. the 
day before the test. On each study day two subjects were tested, one receiv-
ing PP and the other saline. Each dog was studied on three test days with at 
least two days apart. Administration was done by three intravenous injec-
tions with 15 minutes interval. The dogs returned to their home room after 
the last injection. One hour later the dogs were fed in their individual cages. 
The meal corresponded to two normal individual portions and was divided 
into three servings given with 5 min interval. Food intake was measured by 
weighing bowls and trays before and after the feeding session. 

Blood sampling and hormone analysis 

Venous blood was collected from one of the forelegs into a lavender vacu-
tainer with EDTA. In pilot study 1, a total of 6 blood samples of 2 ml each 
were drawn per dog and test day and in pilot study 2 and the main study a 
total of 4 samples of 4 ml per dog and test day were drawn. Plasma was 
separated immediately by centrifugation and was transferred to new tubes 
and stored at -70 °C until it was analyzed. The plasma concentration of PP 
was determined using radio-immuno assay performed in a final volume of 1 
ml for each sample. The determined concentrations of peptide were con-
verted into pmol/ml plasma. 
 

Scoring and registration of behavior 

TFPC 
In the following test situations of the TFPC; contact, avoidance, restriction, 
noise, consumption and food interest, the individual behavior of the dogs 
was scored in direct observation by the observer. This scoring was done 
according to a predefined 5-step scale with higher numbers for increasing 
intensity or frequency of the behavior. In addition the whole test was re-



 38 

corded by a TV-video set up and four situations; focusing test and activity I, 
II and III, were evaluated by observing the video recordings. The manual 
registration was performed using the software Score v 3.3 registering la-
tency, duration and the frequency of the behaviors observed.  

PP-study 
The behavior of the dogs during the 15 minutes feeding session were re-
corded and registered afterwards by observing the video recordings. The 
behavior during each of the three servings was analyzed for 5 minutes. The 
manual registration was performed as described above by an observer un-
knowing of the dog’s individual treatment.  

Statistical analyses 

All statistical comparisons were performed using Statistica software pack-
age. The results were tested for normality distribution using Kolgomorov-
Smirnov test. None of the data conformed to normality why ranking statis-
tics were used (non-parametric tests). Also ordinal data were tested using 
non-parametric tests. Paired results were tested using Wilcoxon matched-
pair test and comparisons between groups using Mann-Whitney U test. Test 
for correlations were made with Spearman rank order correlations.  
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Results and discussion 

Paper I 
Receptor-ligand interactions of the human NPY receptor Y1 (hY1) were 
investigated using site-directed mutagenesis and ligand binding studies. 17 
mutants of the hY1 receptor were generated and receptor binding character-
istics of two peptide agonists NPY and PYY as well as two non-peptide an-
tagonists BIBP3226 (Rudolf et al 1994) and SR120819A (Serradeil-Le Gal 
et al 1995), were investigated. In addition, a three-dimensional model of hY1 
receptor based on the high-resolution structure of bovine rhodopsin was con-
structed. Previous reports of site-directed mutagenesis studies of the 17 in-
vestigated positions had shown contradictory results. The results obtained in 
the present study agreed with some previous results and contradicted others. 
Interestingly, substitution by Ala or Gly totally abolished binding of 
[125I]pPYY to the following five receptor mutants (first numbering according 
to position in the receptor protein and in parenthesis according to location 
relative to the most conserved residue in each trans-membrane region 
(Ballesteros & Weinstein 1995)); Y100 (Tyr2.64), Q219 (Gln5.46), F286 (Phe6.58), 
D287 (Asp6.59) and H298 (His7.31). Three of these positions, i.e. Y100 (Tyr2.64), 
F286 (Phe6.58) and H298 (His7.31) had previously been suggested to form a hy-
drophobic pocket interacting with the C-terminus of NPY. Our results con-
firmed the importance of these positions in receptor-ligand interactions of 
the hY1 receptor. However, our three-dimensional receptor model suggests 
that the three residues are too distantly located from each other to be able to 
form a binding pocket interacting with the same part of the peptide ligand. 
Furthermore, the three positions are not evolutionarily conserved between 
the different NPY receptor subtypes, hY1, hY2 and hY5. Provided that the 
Y1, Y2 and Y5 receptors interact with NPY in the same way, evolutionary 
conservation should be expected for the positions forming the binding 
pocket. Together these data suggest that these positions are critical for pep-
tide binding, but they do not form a binding pocket.  

Substitution of positions D287 (Asp6.59) and Q219 (Gln5.46) with Ala abol-
ished peptide interaction. The fact that substitution of D287 (Asp6.59) influ-
enced binding while substitution of two other aspartic residues in the same 
region, i.e. D194 (Asp5.21) and D200 (Asp5.27), did not influence on peptide 
interaction contradicted some previous studies and indicated that only D287 
(Asp6.59) is involved in peptide interaction (Kannoa et al 2001; Walker et al 
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1994). The loss of binding of [125I]pPYY to Q219 (Gln5.46) was in agreement 
with previous studies and confirmed the importance of this residue (Du et al 
1997; Kannoa et al 2001; Sautel et al 1996). Binding studies with the two 
non-peptide antagonists, BIBP3226 and SR120819A, revealed a new poten-
tial site for interaction at N116 (Asn3.38) and confirmed the importance of F173 
(Phe4.60) (Sautel et al 1996). The results indicate overlapping but non-
identical binding interactions for the two antagonists. Our mutagenesis study 
and radioligand binding studies of 17 receptor mutants, together with the 
three-dimensional model of the hY1 receptor, suggest new interactions for 
agonist as well as antagonist binding and clarify the importance of some 
previously investigated residues.  

Paper II  
Three positions in the human Y2 (hY2) receptor were investigated by site-
directed mutagenesis and subsequent binding studies with the five peptide 
agonists pPYY, pNPY, hPYY(3-36), pNPY(13-36) and [Leu31, Pro34]-NPY 
as well as the non-peptide antagonist BIIE0246. Selection of the three posi-
tions was based on results from our previous study of the human Y1 (hY1) 
receptor (Paper I) (Sjodin et al 2006). The positions correspond to the three 
positions previously found to be crucial for peptide interaction in the hY1 
receptor and suggested to form a hydrophobic binding pocket (Sautel et al 
1995).  

The binding pocket was suggested to interact with the Tyr36 and its amide 
in the C-terminus of peptide ligands. All three positions in hY2 receptor, i.e. 
Tyr2.64, Val6.58 and Tyr7.31, were substituted by Ala. In addition, Tyr2.64 was 
substituted by Phe and Tyr7.31 by His.  

Results from the radioligand binding studies demonstrated that five of the 
six ligands tested had a high affinity for the wild type hY2 receptor. How-
ever [Leu31, Pro34]-NPY had such a low affinity for the wild type and mutant 
hY2 receptors, that no accurate Ki values could be determined. Results from 
binding studies further revealed a total loss of detectable specific binding of 
iodinated pPYY ([125I]pPYY) to Tyr2.64Phe and Tyr7.31His mutant receptors, 
thus not allowing to determine the binding affinity of other ligands. Substitu-
tion of Tyr2.64 to Ala resulted in decreased affinity of pPYY, pNPY, 
hPYY(3-36) and pNPY(13-36) as well as BIIE0246 for this receptor mutant. 
No changes in affinity of either peptide or non-peptide ligands were seen for 
Val6.58Ala mutant receptor, whereas substitution of Tyr7.31 to Ala resulted in 
decreased affinity of the two truncated peptide ligands, hPYY(3-36) and 
pNPY(13-36). In order to monitor expression of receptor proteins at the cell 
surface, a GFP tag was connected to the C-terminus of each receptor (by 
adding a GFP gene sequence to the 3’ end of the receptor expression con-
struct) and detected by fluorescence microscopy. All receptors except the 
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Tyr2.64Phe mutant receptor were expressed, explaining the loss of binding of 
[125I]pPYY.  
 
The results obtained suggested that Tyr2.64 in hY2 is involved in receptor-
ligand interaction. In addition Tyr7.31 seemed to be somehow involved in 
interaction with peptide ligands. The fact that only the two truncated pep-
tides showed decreased affinity for Tyr7.31Ala indicated that other interac-
tions between the receptor and the full length peptides compensate for the 
loss of Tyr in this specific receptor mutant. In the previous study of the hY1 
receptor, Ala-substitution of the positions that correspond to Tyr2.64 and 
Val6.58 (position 6.58 is a Phe in hY1) showed a total loss of affinity of 
[125I]pPYY. In the Y1 study, substitution of the position corresponding to 
Tyr7.31 (His7.31) by Ala resulted in a receptor mutant with an immeasurable 
affinity of [125I]pPYY and substitution by Gly caused a total loss of detect-
able [125I]pPYY binding. Our previous structural modeling of the hY1 recep-
tor based on the high-resolution model of the bovine rhodopsin receptor 
revealed that even though important for peptide interaction, the distance 
between the three positions was too large to enable formation of a binding 
pocket. Similar results were obtained in our modeling of the hY2 receptor 
using as template the recently published high-resolution structure model of 
the human �2-adrenergic receptor (Cherezov et al 2007). Our results are in 
agreement with previous studies of receptor-ligand interactions of the hY1 
and hY2 receptors which have indicated overlapping but non-identical pat-
terns for interaction with peptide ligands of the two receptor subtypes 
(Lindner et al 2008).  

Paper III 
Pancreatic polypeptide (PP) is an endocrine hormone which has been associ-
ated with decreased food intake in humans and rodents. PP is released in 
response to food intake and exerts its effect mainly via the Y4 receptor. The 
effect of PP on food intake has not been fully investigated in dogs despite 
the fact that dogs, similar to humans, may develop food-related disorders 
like obesity and anorexia. Therefore, we wished to investigate the effect of 
PP on food intake and feeding behavior in six male beagle dogs. The dogs 
received three intravenously injected doses of pancreatic polypeptide (PP) 
with 15 minutes interval. When the last dose was administered the plasma 
concentrations of PP were similar to the postprandial plasma concentration 
of PP after endogenous secretion. The dogs showed large inter-individual 
variation of their postprandial plasma concentrations of PP. The postprandial 
plasma concentration of PP was positively correlated to the dogs’ body con-
stitution. In order to monitor the effect of PP on food intake the dogs were 
offered three servings of food (one serving every fifth minute) one hour after 



 42 

the injections. Food intake was measured by weighing the food bowls before 
and after feeding. The behavior of the dogs was recorded by a video camera 
during the feeding sessions and the records were manually analyzed regard-
ing five behaviors; food seeking, food intake, passivity, locomotion and fo-
cused attention. Administration of PP prolonged the time spent on consum-
ing food with 20% on average and decreased the initial time spent on food 
seeking with 71% on average. The dogs consumed all of the food after both 
saline and PP treatment with only one exception. The increased time for 
consuming a defined amount of food indicated that the motivation had de-
creased. Taken together, the reduction of the initial time spent on food seek-
ing and the prolongation of the time for food consumption indicate that PP 
reduced both the appetitive and the consummatory drive. The dogs showed 
no constipation symptoms after treatment with PP. The time spent inactive 
(still) was decreased and focused attention increased after PP treatment. To-
gether these parameters indicate that the treatment with PP did not cause a 
general effect on the wellbeing of the animals.  

The main feeding study was preceded by two pilot studies. The aim of pi-
lot study 1 was to test the experimental design and the study involved no 
treatment with PP or saline. Two dogs were repeatedly fed in order to induce 
satiety and their behavior was registered with a video camera. The dogs 
showed decreased food intake as compared to their normal appetite and this 
was interpreted as a result of stress caused by changed routines for feeding. 
In pilot study 2, two other dogs were tested for two different doses of PP, 30 
or 90 pmol/kg, or saline in order to check for any side effects. In addition, 
changes in the protocol that had been introduced based on the results of pilot 
study 1 were evaluated. The changes consisted of e.g. a postponed time point 
for feeding and exercise yard for all dogs in the facility, i.e., also for those 
that were not included in the study. Furthermore, the equipment for registra-
tion of behavior was kept out of sight for the animals as much as possible. 
Both dogs in pilot study 2 consumed all food served, also after treatment 
with saline which was interpreted to mean that the changed parameters had 
reduced the stress identified in pilot study 1. Because none of the dogs 
showed symptoms of constipation or other side effects, the higher dose of PP 
was used in the main study. One potential contributor to the reduced food 
intake in pilot study 1 was the constant controlled conditions under which 
the dogs were normally housed. Some studies have shown that mice kept in 
constant controlled conditions are more sensitive to environmental changes 
and respond differently to stimuli when compared to animals kept under 
varying enriched conditions (Wurbel 2001). The housing condition could 
thereby increase the risk that the dogs experience the experimental situation 
as stressful. In a study evaluating a stress-sensitive parameter like food in-
take, the stress reaction could reduce the validity of the test. Nevertheless, 
despite such difficulties the results presented here reveals that PP can reduce 
both the appetitive and the consummatory drive in dogs. 
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Paper IV 
The results from animal studies depend on both the experimental conditions 
and the properties of the animals investigated. All experimental conditions as 
well as the individuals investigated should therefore be described in detail in 
order to make the study repeatable and to facilitate evaluation of the results. 
It is today customary to describe the animal subjects in terms of sex, age, 
weight and genetic background. However, recent research studies have re-
vealed large differences in personality between individual dogs, both be-
tween and within breeds. Because personality influences the individual be-
havioral reaction in experimental situations we addressed the hypothesis that 
also some personality characteristics should be included in the description of 
the subjects. In order to test the hypothesis we developed and evaluated a 
standardized test for personality characteristics in dogs (TFPC) living in 
controlled laboratory conditions.  

The TFPC protocol was performed with 16 beagle dogs, nine female and 
seven male. The dogs were born and housed in the same animal facility in 
constant controlled conditions. The test included nine different situations 
that were investigated in a continuous flow chart. The test situations in-
volved stimuli as e.g. exposure to a new environment, contact with an unfa-
miliar person, handling, space restriction (caging), exposure to sudden noises 
and serving of food. The results revealed considerable differences in how the 
individual dogs responded in several of the evaluated situations. The largest 
differences among the dogs were seen for number of changes in object for 
focus after entrance into a new environment, spontaneous locomotion, in 
reaction to space restriction and in consumption when the dogs were offered 
food. The nine females showed a higher number of changes of object for 
focus than the male dogs after entrance into the test arena, which was a new 
environment for the dogs. In addition we found a positive correlation be-
tween the number of changes of object and spontaneous activity after en-
trance into a new environment, a negative correlation between how the dogs 
responded to the sudden noises and consummation of food in the last part of 
the test and a negative correlation between the level of activity when caged 
in the restriction test and how the dogs responded to the sudden noises. 
These correlations could be due to connections in a functional context, i.e. 
the underlying behavioral strategy. However, the correlations must be inter-
preted cautiously due to the lack of knowledge regarding possible advan-
tages of specific behaviors. The fact that most of the dogs did not consume 
any food served in the late part of the test was interpreted to be caused by 
stress or distraction. A relationship between stress and reduced food intake 
has been established also in other species (Halatchev et al 2004; Treasure & 
Owen 1997). The results in the consumption test led to the suggestion that 
food intake might be used as an indicator of stress or distraction also in other 
animal research than appetite studies. The results presented reveal consider-
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able differences in personality characteristics in the group of sixteen dogs 
despite the fact that they were all of beagle breed and were born and housed 
in the same constant controlled conditions.  

Correlations between personality characteristics (Paper IV) and 
the results in a study of food intake (Paper III) 

In order to investigate if the behavioral responses in the PP study (Paper III) 
were associated with individual behavior in the TFPC (Paper IV), a correla-
tion analysis was carried out (Spearman Rank order of correlation). The 
analyses comprised all behavioral parameters in the two studies (preliminary 
results, unpublished data). Some measures of latencies and behaviors of low 
occurrence were, however, excluded.  

A total of 25 behavioral categories in the TFPC (after exclusion of behav-
iors with low occurrence) which included results from detailed registration 
of behavior in activity I, II and III were tested against 12 categories in the PP 
study (latency were included only for food seeking and food consumption) 
for each treatment of PP or saline. Consequently the analysis consisted of 
300 tests for each treatment which resulted in an expected number of 3 sig-
nificant differences by chance for each treatment with a cut-off level at 
p<0.01. A further 9 behavioral categories from the TFPC which included 
results according to the PDS were tested against the 12 categories in the PP 
study for each treatment. This analysis consisted of 108 tests for each treat-
ment which resulted in an expected number of 2.16 significant differences 
by chance for each treatment with a cut-off level at p<0.02. 

The investigation of correlations between the results from the detailed 
registration of behavior in the TFPC and the results from the PP study identi-
fied 17 correlations after saline treatment and 16 correlations after treatment 
with PP (p<0.01). A further 4 correlations were found between the results in 
the TFPC according to the PDS and after saline treatment in the PP study 
and 2 correlations after treatment with PP (p<0.02). Thus, many more corre-
lations were found than expected by chance.  

The correlations were structurized into categories according to their type. 
All correlations and categories are presented in table 2. From a functional 
point of view the correlation coefficients of the relation between latency 
measures and the duration and frequency variables should be interpreted 
against the fact that a shorter latency means a higher level of responding.  

The highest numbers of correlations were found between the categories 
locomotion and food approach and between the categories reactivity and 
food approach. The number of correlations was equally distributed for the 
PP treatment and for the saline control treatment. The fact that variables are 
correlated does not necessarily mean that locomotion and reactivity causes 
food approach. The two variables are rather related to a common underlying 
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factor. Further analyses of the results will show if some behaviors cluster 
together and if it is possible to identify personality profiles for the individual 
dogs. Hopefully, these analyses will make it possible to interpret and explain 
some of the variance observed in the PP study. The preliminary results ob-
tained indicate that personality characteristics influence behavior and that 
this can be seen also in situations which differ from the ones in which the 
personality traits were characterized.  

The fact that the TFPC protocol revealed large inter-individual differ-
ences in personality characteristics in dogs of homogenous type and back-
ground and that these differences correlated to their behavior in a totally 
different study imply that personality characteristics are of importance for 
the results. One can assume that personality has even greater importance for 
the validity of studies comparing different groups of individuals, i.e. in stud-
ies that are not based on a cross-over design. Taken together, the correlations 
presented here support our hypothesis that personality characteristics should 
be included in the description of the investigated subjects in behavioral stud-
ies. In addition, this approach should be highly relevant also in studies of 
behavioral genetics which are dependent on individual characteristics. In a 
longer perspective, interpretation of variance in terms of personality could 
increase the validity of the results and thereby contribute to a reduction of 
the number of individuals needed in studies.  
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Table 2. Correlations of individual behavior in the TFPC and PP study 

Correlation P-value

Detailed description Detailed description

Locomotion Focus
Locomotion frq (III) Focused attention frq (1) 0.93 0.008
Locomotion frq (III) Focused attention frq (1) 0.94 0.005

Locmotion Food approach
Locomotion frq (III) Food seeking lat (2) -0.93* 0.008
Locomotion frq (III) Food seeking frq (2) 0.98* 0.0003
Locomotion dur (III) Food seeking dur (2) 0.93 0.008
Locomotion dur (III) Food seeking lat (2) -0.94* 0.005
Locomotion dur (III) Food seeking frq (2) 0.94 0.005
Activity II (PDS) Food consumption dur (1) 0.89 0.019
Locomotion frq (II) Food consumption lat (1) -0.99* 0.0003
Locomotion dur (II) Food consumption lat (1) -0.94* 0.005
Locomotion dur (III) Food seeking frq (1) 0.93 0.008
Locomotion dur (III) Food seeking dur (1) 0.94 0.005
Locomotion frq (III) Food consumption lat (2) -0.93* 0.008
Locomotion frq (III) Food intake dur (2) 0.93 0.008

Still Locomotion
Stand frq (II) Locmotion dur (1) -0.93 0.008

Still Still
Stand frq (III) Still dur (1) -0.93 0.008
Stand frq (III) Still dur (1) -0.93 0.008
Sit frq (III) Still dur (3) -0.94 0.005

Still Focus
Stand frq (III) Focused attention dur (1) 0.93 0.008
Stand frq (III) Focused attention dur (2) 0.93 0.008
Stand lat (III) Focused attention (3) 0.93 0.008

Still Food
Stand frq (III) Food seeking dur (1) -0.93 0.008
Stand frq (III) Food seeking lat (1) 0.93 0.008

Focus Food approach
Focusing (PDS) Food seeking dur (1) 0.90 0.015

Exploration Still
Rear frq (I) Still dur (3) 0.94 0.005

Exploration Focus
Locomotion frq (I) Focused attention frq (2) -0.93 0.008
Rear frq (I) Focused attention dur (3)

Exploration Food approach
Focusing (PDS) Food consumption dur 0.90 0.015
Rear frq (I) Food consumption lat (1) 0.93 0.008

Reactivity Still
Restriction (PDS) Still frq (3) -0.89 0.017
Restriction (PDS) Still dur (2) -0.89 0.017

Reactivity Focus
Rear frq (II) Focused attention frq (2) 0.93 0.008

Reactivity Food approach
Freeze frq (III) Food seeking dur (3) -0.94 0.005
Freeze dur (III) Food seeking dur (3) -0.97 0.001
Restriction (PDS) Food seeking dur (3) -0.89 0.017
Freeze frq (III) Food seeking lat (1) 0.93* 0.008
Freeze dur (III) Food seeking lat (1) 0.99* 0.0003
Rear frq (II) Food consumption lat (3) -0.93* 0.008

Shaded rows show result after PP-treatment,

*, indicates correlation to latency  

(I), (II), (II), results from detailed registration of behavior in Activity I, II and III in TFPC

(1), (2), (3), results from detailed registration of behavior in serving 1, 2 and 3 in PP-study

PDS, according to a pre-definaed scale, lat, latency; frq, frequency; dur, duration

Category in TFPC Category in PP-study
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Conclusions 

Paper I 
Three of the 17 investigated residues, i.e. Y100 (Tyr2.64), F286 (Phe6.58) and 
H298 (His7.31), were found to be crucial in receptor-ligand interactions of pep-
tide ligands with hY1 receptor. However, it is likely that they are too dis-
tantly located from each other to be able to form a hydrophobic binding 
pocket as previously suggested. Furthermore, of the three aspartic residues 
previously reported to be important of binding to peptide ligand, only one 
residue, D287 (Asp6.59), was found to influence binding of NPY. Investigation 
of receptor-ligand interactions with two non-peptide antagonists BIBP3226 
and SR120819A, revealed overlapping but not identical binding pattern. 
Taken together the study confirmed some previously published results and 
contradicted others as well as revealed new interesting candidate positions 
for receptor-ligand interaction of the hY1 receptor, leading to extensive revi-
sion of the structural model of human Y1 receptor. This has implications 
even for structural models of the other NPY receptor subtypes and may fa-
cilitate development of subtype-selective drugs for this important receptor 
family.  

Paper II 
The results from the site-directed mutagenesis study of the hY2 receptor 
suggested that Tyr2.64 in extracellular loop 1 and Tyr7.31 in extra cellular loop 
3 are involved in ligand binding, although their interactions with the investi-
gated peptide ligands differ from the interactions of the corresponding posi-
tions in Y1 receptor. Three-dimensional localization of the positions showed 
that the positions were too distantly located to be able to interact with the 
same part of the peptide. In agreement with previous studies of the hY1 and 
hY2 receptors, the results indicate that despite sharing a common ancestor 
and binding the same endogenous peptide ligands, the receptors interestingly 
seem to interact with native peptide ligands in different ways. Together with 
previously published data from mutagenesis studies of the human Y1 recep-
tor, these results will form a framework for more detailed computerized 
modeling of the human NPY Y1 and Y2 receptors.  



 48 

Paper III 
A physiological dose of PP decreased both the appetitive and the consumma-
tory drive in dogs, measured as a prolongation of the time for consuming a 
specified amount of food and of initial latency for food intake. The results 
indicated that PP functions as a general feedback reducer of food intake in 
mammals. However, its function seemed to be expressed somewhat differ-
ently in dogs than in the rodent and primate species that have been investi-
gated. In addition, the results obtained in the pilot studies highlighted the 
difficulties with doing research with animals housed in constant controlled 
conditions.  

Paper IV 
The test for personality characteristics in dogs revealed large inter-individual 
variation in how the dogs responded in the evaluated test situations. The 
largest variations were found in spontaneous locomotion, change of object 
for focus after entering a new environment, reaction to space restriction 
when placed in a net cage and in consumption when offered food. The fact 
that the dogs showed large inter-individual behavioral differences although 
all of them were beagle or beagle cross-breed and all were born and housed 
in the same constant controlled conditions, strengthens our idea that person-
ality traits should be included in the description of the investigated subjects.     
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Sammanfattning på svenska 

Funktionella Studier av Neuropeptid Y-systemet  
Receptor-Ligandinteraktion och Reglering av Födointag 
Att äta är centralt för både människans och andra djurs överlevnad. Dock 
kan även ett fungerande födointag i kombination med vissa miljöfaktorer 
leda till sjukdom, såsom fetma. Regleringen av födointag koordineras av 
hjärnan och bygger i likhet med andra hjärnfunktioner på kommunikation 
mellan hjärnceller. Kommunikationen består av signaler i form av neuro-
transmittorer, vilka kan utgöras av allt från små molekyler till långa kedjor 
av aminosyror, s.k. peptider. Regleringen av födointag är ytterst komplex 
och involverar flera olika transmittorsystem. Trots stora forskningsframsteg 
de senaste åren återstår mycket att reda ut av transmittorsystemens funktio-
ner och interaktioner. Två av de viktigaste systemen för födointagsreglering 
är belägna i hjärnstammen och hypotalamus och involverar medlemmarna i 
neuropeptid Y familjen. Denna består i däggdjur av tre peptider, neuropeptid 
Y (NPY), peptid YY (PYY) och pankreatisk polypeptid (PP), vilka i männi-
skan utövar sina effekter via fyra G-proteinkopplade receptorer, Y1, Y2 Y4 
och Y5. NPY fungerar som en neurotransmittor i hjärnan och är den starkas-
te stimulatorn av aptit som hittills identifierats. Till skillnad från NPY in-
söndras PP och PYY från bukspottkörteln respektive mag-tarmkanalen och 
fungerar som endokrina hormoner med dämpande effekt på födointag. Syftet 
med de fyra studier som utgör denna avhandling var att få ökad förståelse av 
NPY-familjens funktioner genom studier på både molekylär och fysiologisk 
nivå.  

I de första två delarbetena undersöktes hur receptorerna Y1 och Y2 in-
teragerar med såväl peptidagonister som icke-peptiderga antagonister. Kun-
skapen om hur ligander och receptorer interagerar används bland annat vid 
utveckling av receptorspecifika läkemedel. Eftersom G-proteinkopplade 
receptorer består av sju transmembranregioner i cellmembranet är det svårt 
att undersöka såväl receptorstrukturen som potentiella interaktionspunkter 
för ligander med hjälp av traditionell kristallisering av receptorproteinet. 
Studierna bygger därför på positionsspecifik mutagenes och farmakologisk 
karakterisering av receptormutanterna. Receptorerna i NPY-familjen är yt-
terst lämpliga för mutagenesstudier då flera av dem, trots låg inbördes likhet, 
interagerar med samma peptider. Genom att först ändra receptorernas ami-
nosyrasekvens och sedan jämföra receptormutanternas farmakologiska egen-
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skaper med egenskaperna hos den ursprungliga receptorn kunde vi identifie-
ra flera aminosyrepositioner som verkade viktiga för receptorernas interak-
tioner med de testade liganderna. I delarbete I undersöktes totalt sjutton posi-
tioner i Y1-receptorn med avseende på dess interaktion med NPY, PYY och 
de båda antagonisterna BIBP3226 och SR120819A. Flera av de undersökta 
positionerna hade givit motsägelsefulla resultat i tidigare studier från andra 
forskargrupper. Våra resultat visade att när aminosyran i vardera av fem 
positioner byttes ut mot alanin eller glycin, försvann helt receptorns förmåga 
att binda PYY. Tre av dessa positioner har tidigare visat sig viktiga för pep-
tidinteraktion och har även föreslagits bilda en bindningsficka för peptider-
nas C-terminal. Utöver dessa visade sig ytterligare fem positioner vara vikti-
ga för receptorinteraktion med både PYY och NPY, då substitution av dessa 
ledde till signifikant försämrad affinitet hos dessa peptider för receptormu-
tanterna. Bindningsstudierna med BIBP3226 och SR120819A visade att de 
två antagonisterna interagerar med överlappande men delvis olika positioner 
i receptorn. Utöver bindningsstudierna konstruerade vi en tredimensionell 
strukturmodell av Y1-receptorn som bygger på en högupplöst kristallstruktur 
för den besläktade rhodopsinreceptorn. Receptormodellen visar bland annat 
att de tre positionerna som föreslagits bilda en bindningsficka är lokaliserade 
alltför långt ifrån varandra för att möjliggöra interaktion med samma del av 
peptiden. De tre positionerna är inte heller evolutionärt bevarade i de olika 
Y-receptorerna vilket skulle förväntas av positioner i en bindningsficka hos 
receptorer som interagerar med samma peptider. Således verkar dessa posi-
tioner vara viktiga för ligandinteraktion men bildar troligtvis ej någon bind-
ningsficka. Vår studie bekräftar vissa tidigare resultat, motsäger andra och 
föreslår därtill nya positioner som verkar vara av betydelse för ligandinterak-
tion till den humana Y1 receptorn. Resultaten bidrar till ökad kunskap om 
Y1 receptorns struktur vilket kan komma till nytta vid utveckling av nya 
läkemedel.  

I delarbete II undersöktes receptor Y2 med avseende på de positioner som 
motsvarar de tre Y1-positioner som föreslagits bilda en bindningsficka. 
Även denna studie byggde på positionsspecifik mutagenes med efterföljande 
farmakologisk karaktärisering av bindning till fem peptidagonister, PYY, 
NPY, PYY(3-36), NPY(13-36) och [Leu31, Pro34]-NPY samt till den icke-
peptiderga antagonisten BIIE0246. Även i detta delarbete genererades en 
modell av receptorstrukturen. För receptorstrukturen användes en högupplöst 
kristallstruktur för den humana adrenerga β2-receptorn som mall.  Resultatet 
från delarbete II visade att endast en av de undersökta positionerna verkade 
viktig för interaktion mellan receptor Y2 och de testade fullängdspeptiderna. 
Ytterligare en av positionerna verkade viktig vid interaktion med förkortade 
peptidligander. Även enligt den nya receptormodellen var aminosyrepositio-
nerna belägna alltför långt ifrån varandra för att kunna bilda en bindnings-
ficka. Resultaten från vår studie av den humana Y2 receptorn kan tillsam-
mans med resultat från tidigare studier av den humana Y1 receptorn använ-
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das för att konstruera nya och mer detaljerade modeller av de båda NPY-
receptorerna. Sammantaget visar resultaten i delarbete I och II, i överrens-
stämmelse med nyligen publicerade studier från en annan forskargrupp, att 
peptiderna i NPY-familjen interagerar med delvis olika positioner i Y1 och 
Y2 receptorn trots att de två receptorerna härstammar från en och samma 
urtypsreceptor.  

Såsom tidigare nämnts har både PP och PYY visat hämmande effekt på 
födointag. PP och PYY insöndras naturligt efter måltider (postprandialt). 
Den aptitdämpande effekten har konstaterats hos både människa och vissa 
gnagare och uppkommer efter perifer administrering av peptiderna (intrave-
nöst eller intraperitonealt). Under de senaste åren har intresset för forskning 
på hundar av flera anledningar ökat markant. De främsta orsakerna till detta 
är troligen att hunden med sina över 300 raser erbjuder den största fenotyp-
variationen bland däggdjur samt att hundar kan utveckla sjukdomstillstånd 
som liknar människans. Tack vare ett väl dokumenterat avelsarbete finns det 
från många år tillbaka databaser med både stamträd och förekomst av ras-
specifika sjukdomar. Därutöver har hundens genom blivit kartlagt under 
senare år vilket avsevärt förbättrat förutsättningar för genetiska studier. Den 
aptitdämpande effekten hos PP är dock inte fullt utredd hos hundar. Med 
anledning av att hunden är evolutionärt skild från både människa och gnaga-
re och att många hundindivider i likhet med människor lider av fetma ansåg 
vi det intressant att undersöka hur perifer administrering av PP påverkar 
födointaget hos hund.  

I delarbete III undersöktes därför effekten av PP på födointag hos sex be-
aglehundar. Utöver mängden konsumerad föda analyserades även hundarnas 
beteende under måltiden för att få en mer detaljerad bild av effekterna. Hun-
darna fick totalt tre doser av PP som resulterade i en plasmakoncentration 
motsvarande hundarnas normala koncentration av PP efter födointag. Hun-
darna behandlades en annan dag med koksaltlösning på identiskt sätt för att 
få referensvärden. En timme efter att hundarna behandlats med PP eller 
koksaltlösning erbjöds de tre portioner mat med fem minuters mellanrum. 
Behandling med PP resulterade i att hundarna åt långsammare samt att de 
dröjde längre tid med att börja äta den första portionen. Samtliga hundar åt 
upp all mat som erbjöds, med undantag för en hund efter koksaltbehandling. 
Att behandling med PP förlängde tiden för att konsumera en bestämd mängd 
föda samt fördröjde start av födointag indikerade att PP sänkte hundarnas 
konsummatoriska och appetitiva motivation.  

Födointagsstudien föregicks av två pilotstudier. Resultatet från dessa vi-
sade tydligt på svårigheterna i att undvika att de experimentella förändring-
arna orsakar stress hos djuren. Då stressade djur ofta får minskad aptit är 
detta extra viktigt att ta hänsyn till i en studie på just födointag. Det faktum 
att hundarna var hållna under konstanta kontrollerade förhållanden, vilket är 
kutym i djurpopulationer som används i forskning för att undvika variation 
som beror på miljöfaktorer, kan tänkas ha ökat förekomsten av stressreaktio-
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ner. Tidigare studier har visat att djur som hålls under konstanta förhållanden 
är känsligare för stress och reagerar annorlunda vid förändringar jämfört 
med djur som lever i en varierande miljö. Därigenom kan strävan efter att 
minska variansen genom konstanta och kontrollerade levnadsförhållanden 
istället få motsatt effekt.  

Alla forskningsresultat påverkas av egenskaperna hos de individer som 
undersöks, även så i studier som omfattar djur. För att det ska vara möjligt 
att värdera och upprepa forskningsstudier är det därför mycket viktigt att alla 
omständigheter i och runt studierna är noggrant beskrivna. I forskning på 
hundar är det vanligt att hundarna beskrivs utifrån deras ålder, kön, ras och 
vikt liksom hur de lever och hanteras. Senare års forskning har visat att olika 
hundindivider skiljer sig mycket åt när det gäller deras personlighet, både 
mellan och inom samma ras. Då hundens personlighet i allra högsta grad 
påverkar hur den reagerar i olika situationer ställde vi oss frågan om be-
skrivningen av hundar i en beteendestudie även borde innefatta beskrivning 
av vissa personlighetsegenskaper. I delarbete IV utvecklade vi därför ett 
standardiserat test av personlighetsegenskaper och undersöker förekomsten 
av vissa individuella skillnader i personlighet. 
De testade hundarna var av rasen beagle och hade sedan födseln levt på 
samma djuravdelning under konstanta kontrollerade förhållanden. Personlig-
hetstestet byggde på nio olika situationer som kan förväntas uppstå i en ex-
perimentell studie, ex. möte med en ny miljö eller en okänd person, hanter-
ing, oförutsedda ljud samt att bli instängd i bur. Studien visade stora indivi-
duella skillnader i hur djuren reagerade på olika stimuli. De största skillna-
derna sågs i hur ofta djuren bytte objekt för fokus och i deras spontana 
förflyttning när de kom i en ny miljö samt hur de reagerade i bur och hur 
mycket de åt när de erbjöds mat i slutet av testet. Det faktum att hundarna 
visade stora individuella skillnader i respons, trots att de var av samma ras 
och var uppfödda och levde i samma kontrollerade miljö, har stärkt vår hy-
potes om att personlighetsegenskaper bör ingå i beskrivningen av hundar i 
forskningsstudier. 
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