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Introduction

The rodent pancreas consists of approximately 4000-5000 islets of Langer-
hans (1;2). Islets are composed of hormone-producing cells: insulin-
secreting beta-cells (60-70%); glucagon-secreting alpha-cells (25%), soma-
tostatin-secreting delta-cells (10%) and pancreatic polypeptide-secreting PP 
cells (1-5%). In recent years a new islet cell type called epsilon-cells has 
been identified that secretes grehlin (3). The islet core contains mainly beta-
cells, while the other cell types are located in the periphery. In addition, the 
islets contain nerves, fibroblasts, macrophages, dendritic cells and endothe-
lial cells. The function of the endocrine cells is to produce hormones, which 
regulate especially carbohydrate metabolism. 

Diabetes mellitus is one of the most common endocrine disorders. The dis-
ease is normally classified into two major groups, type 1 diabetes (insulin-
dependent) and type 2 diabetes (non-insulin dependent). Type 1 diabetes 
mellitus is caused by a destruction of the pancreatic beta-cells, rendering the 
pancreas unable to synthesize and secrete sufficient amounts of insulin. This 
form of the disease has two distinct phases: insulitis, characterized by the 
infiltration of autoimmune cells within the islets, and diabetes, when most of 
the beta-cells have been destroyed and there is no longer sufficient insulin 
production to regulate blood glucose levels, resulting in hyperglycaemia. 
Type 2 diabetes is primarily caused by impairment of the ability to secrete 
sufficient amounts of insulin together with insulin resistance in the target 
tissues. Type 1 diabetes results in a lifelong requirement of insulin therapy 
and usually affects younger people. Type 2 diabetes is more frequently seen 
in older people, and is associated with obesity. However, today the disease is 
seen also in younger age groups. For both diabetes groups, inadequate con-
trol of blood glucose levels induces severe complications such as retinopa-
thy, neuropathy and nephropathy. 

The aim of the present study was to investigate the expression and biological 
roles of somatostatin receptor subtypes (ssts) in pancreatic endocrine cells. 
For this purpose we used somatostatin analogues and antibodies specific for 
each receptor. Furthermore, we wanted to study if the pancreatic islet ex-
pression of different ssts is affected during the development of autoimmune 
diabetes in NOD mice. 
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Background
Somatostatin
In 1972, Brazeau et al isolated a peptide, somatostatin, from the hypothala-
mus of sheep (4). Somatostatin was found to be a cyclic polypeptide with 
two biologically active isoforms, somatostatin-14 (Fig. 1) and the N-terminal 
extended version somatostatin-28. Somatostatin-14 has subsequently been 
found with the same amino acid sequence in almost all vertebrates groups, 
and seem to be the most conserved peptide identified so far in vertebrates
(5). The primary structure of the N-terminal domain of somatostatin-28 has 
also been conserved, although to a lesser extent than somatostatin-14. The 
peptides’ first known function was to inhibit growth hormone secretion, but 
today somatostatin is known to be a multifunctional peptide, located in most 
brain regions as well as in peripheral organs (reviewed in (6-8)). In the pe-
riphery somatostatin is produced by the delta-cells of the pancreas, where it 
plays an important role in the control of both insulin, glucagon, somatostatin 
and pancreatic polypeptide (PP) secretion (5;9). Somatostatin is also pro-
duced in the gastrointestinal tract where it controls the release of hormones, 
such as VIP and cholecystokinin, and influences gastric acid secretion (8). 
Other actions of somatostatin also include modulation of other neuropeptides 
and neurotransmitter system and effects on gastrointestinal motility (5). 

Figure 1. Structure of somatostatin-14 (10) 

Somatostatin and beta-cells 
Insulin secretion from the beta-cells is subject to stimulatory, modulatory 
and inhibitory influences. Beta-cell secretion is reduced or blocked by a va-
riety of inhibitors, including galanin, somatostatin and noradrenaline, which 
reach the cells either via the islet vascular system or are released locally 
from sympathetic and peptidergic nerves terminating in the pancreas or by 
paracrine action (5;6;11). Somatostatin is considered to be an important 
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regulator of secretion of insulin, glucagon, and PP by beta-, alpha- and PP 
cells, respectively (5). The pancreatic islets receive a rich vascular supply 
and they get up to 10% of the total pancreatic blood flow although they only 
constitute 1% of the tissue (12-14). Afferent blood vessels penetrate close to 
the centre of the islet before branching out and returning to the periphery of 
the islet. Based on this hypothesis, the innermost cells of the islet therefore 
would receive arterial blood, which upon the further blood efflux may con-
tain insulin secretion that could affect peripheral islet cells (15-17). This 
implies that released somatostatin must pass through the systemic circulation 
before acting upon beta-cells. Other studies have shown that immunoneu-
tralisation of islet somatostatin resulted in a stimulation of insulin secretion, 
suggesting that intraislet somatostatin is a direct inhibitory regulator of beta-
cell secretion (12;18;19). Another explanation to the diversity of data may be 
the species differences in islet anatomy. In human pancreatic islets delta-
cells are not only located in the periphery of the islet but also in the core. 
Situated close to the beta-cells the secreted somatostatin from the delta-cells 
may directly affect insulin release (18). In the rodents, there is a more strin-
gent localisation of the islet cells, with beta-cells located in the centre of the 
islets and the alpha-, delta- and PP cells in the mantle zone (16;17). How-
ever, it is well known that hormones may act in a paracrine fashion and it is 
also feasible that somatostatin can be secreted and acts directly on islets cells 
in this manner.

Somatostatin receptors 
The wide spectra of cell or tissue responses to stimulation with somatostatin 
and the variety of physiological activities of the hormones indicated the exis-
tence of different somatostatin receptor subtypes (ssts). These ssts would be 
able to activate a variety of intracellular signalling mechanisms, leading to 
different cell responses. In 1992 the first receptor subtype was discovered 
(20) and so far five ssts have been cloned (sst1-5) and named according to the 
order of identification (20-22). The five ssts belong to a family of G-protein 
coupled receptors with seven transmembrane domains. The amino acid se-
quences for the ssts range in size from 364 (sst5) to 418 (sst2) amino acids 
and their sequence identity varies from 39-57% between receptor subtypes 
(5). Greater sequence identity is seen in the transmembrane domains than in 
the extracellular N- and intracellular C-terminal domains. The ssts can be 
divided in two groups according to sequence identity, sst1 and sst4, and sst2,
sst3 and sst5, respectively. The individual ssts also display a remarkable de-
gree of structural conservation across species. Somatostatin-14 and soma-
tostatin-28 bind with high affinity to all five ssts. The somatostatin receptor 
subtypes are distinguished by their pharmacological specificity for different 
somatostatin analogues, their tissue distribution, their regulation, and their 
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intracellular signalling pathways (5;6;23). Table 1 summarizes some of the 
properties for individual sst.  

Table 1. Summary of different properties for individual sst subtype. + = effect; - = 
no effect (5;6;23)

Properties sst1 sst2 sst3 sst4 sst5

Inhibition of hormones secreted from endocrine cells - + - - + 
Transfer a growth anti-proliferative signal + + - - + 
Inhibition of adenylyl cyclase activation + + + + + 
Induction of apoptosis - + + - - 
Coupling to MAP kinase activity + + - + + 
Coupling to Ca2+ channels - + - - + 

As previously mentioned, ssts are widely distributed throughout many tis-
sues and organs. The cloning of ssts genes made subtype specific probes 
available, which allowed the investigation of ssts expression at the mRNA 
level (24-26). Although some receptors show a higher expression in some 
particular areas, often multiple ssts are present. Recently developed antibod-
ies specific for the different ssts have been raised to investigate the more 
exact cellular distribution of ssts in various tissues by immunohistochemical 
methods (27-30).  

The pancreas is an important target for the action of somatostatin and 
immunohistochemical studies on rodent pancreas have demonstrated expres-
sion of sst2 on alpha-cells and sst5 on beta-cells, suggesting that sst2 regulates 
the glucagon secretion and sst5 the insulin secretion (28;31). This has also 
been confirmed by in vitro studies using isolated mouse and rat pancreatic 
islets (32-35). 

Somatostatin analogues 
Extensive efforts have been directed toward identification of different 
physiological roles of ssts and intracellular transducing mechanisms coupled 
to each sst subtype. Somatostatin was shown to reduce the hormone related 
symptoms in patients with carcinoid tumours, such as flushes and diarrhoea. 
The natural somatostatin binds to all five ssts with high affinity, but has un-
fortunately a very short half-life (about 90 sec), which makes somatostatin 
impractical for clinical use. To avoid the problem with the short half-life, 
more metabolically stable somatostatin analogues have been developed. 
Functional studies of the structure have shown that the amino acid residues 
phenylalanine (Phe), tryptophan (Trp), lysine (Lys) and threonine (Thr) form 
a  turn and are necessary for biological activity (36;37). In this way syn-
thetic peptides have been designed which show greater metabolical stability 
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and, for some, pharmacological selectivity to different ssts compared to 
natural somatostatin.  

One of the most frequently used analogues in the clinic today is octreotide 
(Fig. 2), first described in 1982 (38). This analogue binds to sst2 and sst5
with high affinity and sst3 with moderate affinity (see Table 2). Octreotide is 
used to treat patients with the carcinoid syndrome, VIPomas and glucago-
nomas (39-42). The half-life of octreotide is about 116 minutes after subcu-
taneous injection and the side effects are very few.  

Figure 2. Structure of octreotide (10) 

In order to investigate the regulatory role of individual sst receptors selec-
tive somatostatin analogues have been developed and studied (43;44). How-
ever, several studies revealed that a co-stimulation of several ssts were 
needed in order to get the maximal hormone inhibition (43;45). This has 
further been supported by the observation that ssts can homo- and het-
erodimerize. It was shown that sst5 dimers display different properties, such 
as binding affinity, ligand-induced internalization or up-regulation compared 
to monomers (46). Sst5 was also observed to heterodimerize with sst1, but 
not sst4, as well with the longer form of the dopaminergic D2 receptor 
(46;47). Sst2 and sst3 can also form heterodimers when co-expressed in HEK 
293 cells and this results in an inactivation of sst3 function (48). The devel-
opment of non-selective somatostatin analogues with high binding affinity 
for several of ssts has lead to SOM-230 that exhibit high affinity to all ssts 
except sst4 (see Table 2). The SOM-230 has a half-life about five times 
longer than octreotide and shows prolonged inhibitory effects on growth 
hormone and insulin growth factor 1 (IGF-1) release (10). In similarty to 
octreotide, SOM-230 was found to be a well tolerated drug with the same 
kinds of mild side effects (10).  
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Table 2. Relative affinity of sst1-5 of somatostatin and analogues; +++ denotes strong 
binding affinity; ++ denotes moderate binding affinity; + denotes weak binding 
affinity; - denotes no binding affinity to sst1-5. Data adopted from (10;49) 
Somatostatin 

analogues sst1  sst2  sst3  sst4  sst5

SST-14 +++ +++ +++ +++ +++ 
Octreotide - +++ + - ++ 
SOM-230 +++ +++ +++ - +++ 

BIM-23926 +++ - - - - 
BIM-23120 - +++ - - - 
BIM-23206 - - - - +++ 

Somatostatin and diabetes mellitus 
A new interesting field for somatostatin analogue treatment includes both 
obesity and the complications of diabetes mellitus, such as retinopathy, neu-
ropathy and nephropathy. 

Diabetic retinopathy is a specific microvascular complication, resulting in 
new vessel formation and retinal thickening. This represents the leading 
cause of blindness among individuals of working age (50). Ssts are ex-
pressed in the retina (51) and clinical studies have shown that octreotide is 
highly effective and the need for surgery was reduced in treated patients as 
compared to the control group (52-54). Octreotide is believed to have an 
effect on IGF-1 and vascular endothelial growth factor (VEGF) on retinal 
endothelial cells (54).

Octreotide has also been shown to reduce the weight of obese people 
without changes in life-style, diet or exercise. This effect was suggested to 
be due to the fact that octreotide could control insulin hypersecretion in 
obese people (55). The study could also conclude that the higher beta-cell 
activity was before treatment, the more weight was lost.  

Clinical studies have indicated that inhibitors of insulin release will be of 
benefit in treatment or prevention of diabetes. Administration of octreotide 
to newly diagnosed type 1 diabetes patients showed that the patients go ear-
lier and more frequently into remission and the duration was longer com-
pared to control group. The authors suggest that the beneficial effect of oc-
treotide can be explained by the ability of octreotide to block insulin secre-
tion, induce beta-cell rest and thus contribute to the recovery of beta-cells 
(56).

In conclusion, somatostatin analogues seems to be interesting tools for 
use in attempts to influence hormone producing cells during development of 
e.g. type 1 diabetes in which beta-cell rest could be beneficial. 
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NOD mouse model 
As the symptoms of diabetes appear late in the process of beta-cell destruc-
tion, it is difficult to study the early phases of disease in humans and there-
fore animal models have been developed. In 1974, the Non-Obese Diabetic 
(NOD) mouse was discovered and today these animals are used frequently as 
an experimental model of type 1 diabetes to explore the many features of 
type 1 diabetes in this model that are shared with the human form. This in-
cludes a gradual development of pancreatic insulitis accompanied with hy-
perglycaemia (57-61). The inflammatory process in the pancreatic islets of 
Langerhans in the NOD mouse starts around 3-4 weeks after birth. Antigen 
presenting cells such as macrophages and dendritic cells appear early, fol-
lowed by CD4+ and CD8+ T- and B-cells (62;63). The T-cells are likely to 
produce Th1-type cytokines, mainly IFN- , which may also be involved in 
the beta-cell destruction (64). Although insulitis is evenly distributed be-
tween sexes, the incidence of diabetes is much higher in females (~70%) 
than in males (<10%) in our colony, which is in line with incidence figures 
in other colonies (65). This pronounced female gender bias is not observed 
in humans. At an early stage, the insulitis is usually located around the islets 
(peri-islet), and at about 10 weeks of age, extensive infiltration of the pan-
creatic islets can be observed (intra-islet).  
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Aims

The specific aims of this thesis were to: 

1. Investigate the expression and distribution of sst1-5 in normal mouse, rat 
(Paper I) and diabetic NOD mouse (Paper II) pancreatic islets. 

2. Study the co-expression of sst1-5 together with the four major islet hor-
mones – insulin, glucagon, somatostatin and PP – in normal mouse, rat 
(Paper I) and diabetic NOD mouse (Paper II) pancreatic islets. 

3. Investigate if the islet expression of different ssts may be affected during 
the natural course of development of autoimmune diabetes in NOD mice 
(Paper II). 

4. Investigate the biological activity of non-selective and selective soma-
tostatin analogues on a human endocrine pancreatic tumour cell line 
(Paper III). 

5. Investigate the regulatory effect of non-selective and selective soma-
tostatin analogues on cultured rat pancreatic islets (Paper IV). 
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Materials and Methods 

Animals (Paper I + II + IV) 
Pancreatic specimens from adult male C57BL/6J mice (Paper I) (BK Uni-
versal, Sollentuna, Sweden) and adult male Sprague-Dawley rats (Paper I + 
IV) (Biomedical Center, Uppsala, Sweden) were examined. Inbred NOD 
mice (Biomedical Center, Uppsala, Sweden), originally obtained from the 
Clea Company, Aobadi, Japan, were used in Paper II. Altogether 142 pan-
creatic glands were collected from NOD mice (95 females/47 males), rang-
ing from 4 to 66 weeks of age. A NOD mouse was considered diabetic when 
the non-fasting blood glucose concentration exceeded 10 mmol/l. In Paper II 
the animals were collected at different occasions and among the females 31 
out of 95 (33%) were diabetic on the particular days of organ collection. 
None of the males were diabetic. The NOD mouse strain is derived from the 
ICR mouse, and therefore 5 + 5 ICR mice, aged 11 and 20 weeks, were stud-
ied as non-diabetic prone controls (Taconic Farm, Germantown, NY, USA).  

All experiments were approved by the local animal ethics committee at 
Uppsala University, Sweden. 

Cell culture (Paper III) 
BON-1, a human neuroendocrine pancreatic tumour cell line was a kind gift 
from C.M. Townsend, University of Texas Medical Branch, Galveston, TX 
USA. BON-1 cells were grown in Dulbecco’s modified Eagle’s medium 
(DMEM, Statens Vetrinärmedicinska Anstalt (SVA), Uppsala, Sweden) and 
F12K Nutrient Mixture (1:1, Invitrogen/Gibco, Carlsbad, CA, USA) sup-
plemented with 10% fetal calf serum (FCS, Sigma Chemical Co, St. Louis, 
MO, USA), 1% penicillin + streptomycinsulphate and 1% L-glutamine 
(SVA) until approx 75% confluence. The cell line was kept at 37°C in a 
humidified atmosphere of 5% CO2 in air. 

Islet isolation and culture (Paper IV) 
The animals were anesthetized (Mebumal 60 mg/kg) before they were killed 
by cervical dislocation. The abdomen was immediately opened by a trans-
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verse incision, followed by resection of the pancreas. Pancreatic islets were 
isolated from male Sprague-Dawley rats by collagenase digestion (66) and 
islets were hand-picked with a braking pipette under stereomicroscope. Islets 
were precultured 5-7 days before experiments in 5 ml RPMI 1640 medium 
(Sigma) containing 11.1 mM glucose, supplemented with 10% FCS, ben-
zylpenicillin (100 U/ml) and streptomycin (0.1 mg/ml), in an atmosphere of 
humidified air + 5% CO2. Cell culture medium was changed every second 
day. 

Somatostatin analogues (Paper III + IV) 
The somatostatin analogues octreotide and SOM-230 were kind gifts from 
Novartis Pharma AG, Basel, Switzerland and SST-14 purchased from ICN 
Biomedicals Inc, Aurora, OH, USA. The selective somatostatin analogues 
BIM-23926, BIM-23120 and BIM-23206 were synthesised and provided by 
Biomeasure Inc, Milford, MA, USA. The relative binding affinities for the 
compounds used in our experiments are shown in Table 2. 

Development of antibodies against different sst subtypes 
(Paper I + II) 
The selective ssts antibodies were originally raised against human sst recep-
tor sequences (30). However, these sequences are similar to the correspond-
ing sequences in mouse and rat. The peptide sequence used for sst1 is identi-
cal in humans, rats, and mice, whereas the sequences for sst2-5 differ in only 
a few amino acids located in parts of the peptide that are considered not to 
interfere with the cross-reactivity of the developed antibodies for the species 
used in Paper I and II. To verify this, the specificity of the human sst anti-
bodies on mouse and rat tissues was investigated by preincubating the sst 
subtype selective antibodies with the peptides used for immunisation. We 
were thereby able to completely block the staining for all receptors in both 
mice and rats. For detailed description, see Paper I “Materials and Methods”. 

Immunohistochemistry (Paper I + II) 
Tissue preparation
The animals were anesthetised (Mebumal 60 mg/kg) before they were killed 
by cervical dislocation. The abdomen was immediately opened by a trans-
verse incision, followed by resection of the pancreas, which was fixed in 
10% buffered formalin (Merck, Darmstadt, Germany) overnight. The tissues 



21

were stored in 70% ethanol until they were embedded in paraffin. Sections 5 
µm thick were cut and attached to POLYSINE™ glass slides (Menzel-
Gläser, Braunschweig, Germany). 

Single staining with sst1-5 antibodies
The pancreatic sections of normal mice, rats and NOD mice were stained for 
all five ssts. All solutions were diluted and sections were washed in Tris-
buffered saline (TBS, pH 7.6) and incubated in room temperature unless 
otherwise stated. The sections were pre-treated in the microwave oven for 10 
min in 50 mM Tris-HCl (pH 8.0). Non-specific binding of secondary anti-
body was blocked by incubation for 30 min with normal goat serum (Vector 
Laboratories, Burlingham, CA, USA). Incubations of the primary antibodies 
against sst1, sst2, sst3, sst4 and sst5, respectively, were performed at 4°C in a 
humidified chamber at titres of 1:300, 1:600, 1:500, 1:500, or 1:750, respec-
tively. Unbound antibody was washed away. The secondary antibody, bioti-
nylated goat f(ab’)2 anti-rabbit IgG (1:200, Southern Biotechnology, 
Burmingham, AL, USA), was applied to the tissues for 45 min. Unbound 
antibody was washed away. The immune reaction was amplified by an 
avidin-biotin complex coupled to alkaline phosphatase (Vectastain ABC-AP; 
Vector Laboratories) and visualised with Vector Red (Vector Laboratories) 
as substrate. Finally, the tissues were counterstained with Mayer’s hema-
toxylin (Histolab, Göteborg, Sweden) and permanently mounted with 
Mountex (Histolab) and coverslips.  

We performed a dilution series for each ssts antibody to find the most 
suitable concentration. However, it should be noted that a negative staining 
does not exclude the possibility of expression of the receptor below the de-
tection level of the staining protocol.  

Double fluorescence staining of sst1-5 and islet cells
The pancreatic sections were simultaneously stained for each of the five ssts 
together with insulin, glucagon, somatostatin, or PP. All solutions were di-
luted and sections were washed in TBS and incubated in room temperature 
unless otherwise stated. The sections were pre-treated in the microwave oven 
for 10 min in 50 mM Tris-HCl (pH 8.0). Non-specific binding of secondary 
antibody was blocked by incubation for 30 min with normal donkey serum 
(1:5, Jackson ImmunoResearch Laboratories, West Grove, PA). Each of the 
rabbit anti-sst1-5 antibodies was mixed with chicken anti-insulin (1:750, Im-
munsystem, Uppsala, Sweden), chicken anti-glucagon (1:400, a kind gift 
from Associate Professor Anders Larsson; raised against human glucagon 
(Novo Nordisk, Bagsvaerd, Denmark), sheep anti-somatostatin (1:25, Guild-
hay, Guildford, UK) or sheep anti-PP antibodies (1:25, SeroTech, Oxford, 
UK). The sections were incubated over night at 4°C in a humidified cham-
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ber. Unbound antibody was washed away and the pancreatic specimens were 
incubated a cocktail consisting of the secondary antibodies Cy3-conjugated 
anti-rabbit IgG (1:100, Jackson ImmunoResearch) + Cy2-conjugated donkey 
anti-sheep IgG ((1:100, Jackson ImmunoReserach) or Cy2-conjugated don-
key anti-chicken IgG (1:100, Jackson ImmunoResearch) for 45 min. Un-
bound antibody was removed and the tissues were mounted with mounting 
medium containing TBS and glycerol (1:1, Calbiochem, San Diego, CA, 
USA) and coverslips. 

Light microscope evaluation  
Intensity of the single ssts staining was scored semiquantitatively: - = nega-
tive staining; + = weak positive staining; ++ = positive staining; +++ = 
strong positive staining. Also the location of the positive staining of ssts 
were scored (centre/periphery), referring to whether the ssts was distributed 
at the centre of the islet or only in the periphery. 

The double immunofluorescence sections were examined in a Leica Leitz 
DMR fluoroscence microscope (Leica Microsystems, Wetzlar, Germany) 
equipped with filters of 492 nm to 510 nm for Cy2 (green) and 550 nm to 
570 nm for Cy3 (red). Pictures from a Zeiss Axiocam camera (Carl Zeiss, 
Oberkochen, Germany) of each pancreatic islet, using both filters, were 
merged together with Adobe Photoshop 7.0 software (Adobe, San Jose, CA, 
USA), in which a yellow colour indicated co-expression of ssts with any of 
the four islet hormones tested. The results were expressed as a percentage of 
ssts-positive cells in relation to the total number of the respective islet cell 
type in a specific pancreatic islet. For more detailed descriptions, see Paper I 
and II. 

Cyclic AMP content in BON-1 cells (Paper III) 
BON-1 cells were plated in 48 well dishes until sub confluence at a density 
of 7.5 x 104 cells per well. The cells were incubated at 37 C for 30 min with 
45 mM isobutylmethylxanthine (IBMX, Labora Chemicon, Upplands Väsby, 
Sweden) before adding 10 mM forskolin (Labora Chemicon) in the absence 
or presence of somatostatin analogues in increasing concentrations for 30 
min. The cells were washed twice with ice-cold PBS. After isopropanol 
(Labscan Ltd, Dublin Ireland) extraction, intracellular cAMP levels were 
quantified by a commercial radioimmunoassay (RIA) kit according to the 
instructions of the manufacturer (NEN, Life Science Products, Zaventem, 
Belgium). 
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CgA secretion in BON-1 cells (Paper III) 
BON-1 cells were plated in 35 mm diameter dishes at a density of 7.5 x 105

cells per dish and incubated at 37 C until sub confluence. The cells were 
serum deprived for 1 h at 37 C before adding somatostatin analogues in 
increasing concentrations for 24 h. CgA measurements on the cell super-
natant were performed with a RIA as previously described (67). 

MAP kinase activity in BON-1 cells (Paper III) 
BON-1 cells were plated in 60 mm diameter dishes at a density of 7.5 x 105

cells per dish and incubated at 37 C until sub confluence. After 18 h of se-
rum deprivation the cells were incubated at 37 C with 0.01 mM chole-
cystokinin-8 (CCK-8, Sigma) in the absence or presence of somatostatin 
analogues in increasing concentrations for 10 min. The cells were washed 
twice with ice-cold PBS and lysed with lysis buffer (50 mM TrisHCl, 150 
mM NaCl, 10% glycerol and 0.5% Triton X-100, pH 8.0) with protease in-
hibitors tablets (Roche, Mannheim, Germany). After a 15 min incubation at 
4 C, the lysate was collected and centrifuged at 13 000*g for 10 min at 4 C
to remove insoluble material. The samples were separated by Western Blot-
ting technique with a primary antibody against phospho-p42/p44 MAP 
kinase (1:1000, New England Biolabs, Ipswich, MA, USA). A secondary 
antibody horseradish peroxidase-conjugated anti-rabbit IgG (1:2000, Life 
Science Amersham, Freiburg, Germany) was used followed by ECL detec-
tion (Amersham Pharmacia Biotech, Freiburg, Germany). Estimation of 
relative molecular size was performed using a Rainbow coloured protein 
molecular weight marker (14.3-220 kDa) (Amersham). The Western blots 
were analysed by BioRads GS-710 and the data were generated using Bio-
Rads computer programme Quantity One. 

Insulin and glucagon accumulation and secretion in 
pancreatic islets (Paper IV) 
After the pre-culture, pancreatic islets in groups of 50 were transferred to flat 
bottom multi-well plates containing 2 ml RPMI 1640 supplemented with 
11.1 mM glucose and incubated with or without addition of the six soma-
tostatin analogues alone or in combination (10-9-10-6 M). After 48 h, samples 
were taken from the culture medium for insulin and glucagon determinations 
by ELISA (Mercodia AB, Uppsala, Sweden) and RIA (Linco Research, St. 
Charles, MO, USA), respectively. After culture, the islets were incubated 
short-term in the absence of somatostatin analogues. Triplicates of ten islets 
from each experimental group were transferred to glass vials containing 250 
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µl KRBH buffer (114.3 mM NaCl, 4.74 mM KCl, 1.15 mM KH2PO4, 1.18 
mM MgSO4, 25 mM NaHCO3, 10 mM HEPES, 4.26 mM NaOH, 2.54 mM 
CaCl2; pH 7.4) supplemented with 16.7 mM glucose and 2 mg/ml bovine 
serum albumin (BSA, ICN Biomedicals). After 1 h (37°C, O2:CO2 95:5) the 
medium was removed, the islets retrieved, homogenised in water and insulin 
extracted in acid ethanol for assessments of islet insulin content. The insulin 
and glucagon levels were determined as described above.  

In a separate study, experiments were designed to examine if putative 
stimulatory or inhibitory effects could be reversible. Islets in groups of 50 
were cultured with or without addition of the six somatostatin analogues in a 
concentration of 10-7 M. After 48 h, samples were taken from the culture 
medium for insulin and glucagon determinations. Islets were then incubated 
for 1 h as described above at 16.7 mM glucose, or cultured further for an-
other 3, 6, 24 or 48 h in the absence of somatostatin analogues, and subse-
quently tested during 1 h incubations.  

Statistical analysis
In Paper I, the statistical analysis was performed by comparing groups of 
data with Student’s t-test. The results were expressed as means ± SEM 
(n=5). Statistical analysis in Paper II was performed by comparing groups of 
data by the Fisher’s exact test or Student’s t-test. It is important to note that 
the number of animals varied considerably in different groups. For Paper III 
and IV; SST-14, octreotide and SOM-230 and the three BIM-analogues were 
measured at least four times in each assay. In each experiment the result was 
calculated as mean of the values obtained from three incubation vials and 
considered as one observation. Statistical analysis was performed by the 
non-parametric Mann-Whitney test (Paper III) and Student’s t-test (Paper 
IV).

A P–value < 0.05 was regarded significant. The computer program used 
was SigmaStat 2.0 (SPSS Science, Chicago, IL, USA). 
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Results and Discussions 

Staining with sst1-5

Pancreatic islets of normal mice and rats (Paper I) 
By single-staining with selective ssts antibodies we found that all ssts were 
expressed in the pancreatic islets of normal mice and rats. However, the 
staining intensity and distribution varied among ssts and species. By per-
forming double fluorescence staining on pancreatic islets of the same ani-
mals we were able to observe the co-expression of the five ssts in beta-, al-
pha-, delta- and PP-cells. Sst1, sst2, and sst5 were expressed in a majority of 
all beta-cells in the mouse, while only half of beta-cells co-expressed the 
same receptor subtypes within the rat pancreas. The fraction of cells display-
ing co-localisation of sst3 and sst4 in beta-cells did not significantly differ 
between species. The co-expression of ssts and glucagon in alpha-cells were 
found to be similar in mice and rats, with sst2 and sst5 being expressed in 
70%, while sst3 and sst4 were only expressed in 20%. The expression of sst1,
sst2 and sst5 in of delta-cells were about the same in both species. However, 
the rat pancreas had a somewhat stronger co-expression of sst3 and sst4 than 
the mouse. PP cells stained together with sst2-5 revealed a nearly 60% co-
expression in islets of the mice, while only 15% of the PP-cells in the rat 
expressed ssts.  

When comparing the degree of co-localization of ssts with the various cell 
types, we found intriguing differences between the two species. Several re-
ports have demonstrated that inhibition of insulin secretion is mediated via 
sst5 in rodents (33;68), which is in line with its high expression. It has been 
shown that sst1 and sst5 heterodimerize  in cells upon stimulation (46), this 
may explain why sst1 and sst5 are expressed in mouse islets to almost the 
same degree. An interesting possibility in this context is that receptor-
positive and receptor-negative cells may represent two different functional 
populations of beta-cells. Therefore, the former would be responsive to 
somatostatin-induced inhibition of insulin secretion, whereas the latter cells 
would not be affected by the hormone.  

We found that sst4 was the receptor subtype showing the most extensive 
expression in delta-cells in mouse and rat pancreatic islets. The significance 
of this finding is unclear because this receptor is the least studied and very 
little is known about its function in the pancreas. The role of the highly ex-
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pressed sst3 in delta-cells in rat pancreas is also unknown. Furthermore, only 
about 35% of the delta-positive cells expressed sst5. It may be suggested that 
sst2 and/or sst1, rather than sst5, are involved in the inhibition of somatostatin 
secretion in the pancreas.  

The most “conserved” islet cell type was the alpha-cell, with a fairly simi-
lar co-expression pattern in the two species for all five ssts. It has been re-
ported that sst2 is the main inhibitor of glucagon secretion in mouse and rat 
(32;69), but the results from the present study may suggest that the sst2 and 
sst5 act together to contribute to the inhibitory effect. Using sst2- and sst5-
selective analogues in an in vitro study of glucagon secretion may elucidate 
this possibility (Paper IV). 

Pancreatic islets of normoglycemic and diabetic NOD mice 
(Paper II) 
In this study we investigated the distribution and expression of sst1-5 in NOD 
mouse islets in relation to age, sex and rank of insulitis. 

With increasing age and presence of diabetes an increased fraction of 
mice showed positive sst3, sst4 and sst5 immunostaining. To rule out that this 
was merely an affect of age we also studied age matched non-diabetic prone 
ICR controls, which the NOD mouse is derived from. Staining for sst1-5 in 
the pancreatic islets of ICR of different ages revealed no differences in the 
expression pattern, suggesting that the observed alterations in ssts depend on 
the progression of disease and/or extent of insulitis rather than increasing 
age.

Since the female NOD mice have a higher risk of developing diabetes 
than males, we wanted to compare normoglycemic female and male NOD 
mice to see if there were any differences in ssts expression. No such altera-
tion was found, suggesting that the difference in diabetic animals is due to 
pathogenesis and/or symptoms of type 1 diabetes and not due to a gender 
difference.

The sst1 receptor was observed to be expressed mainly in the centre of the 
islet. In Paper I, most beta-cells in C57BL/6 mice were shown to be sst1
positive, but in the NOD mice only 35% of the normal females and 5% of 
the diabetic mice co-expressed sst1 on beta-cells. Moreover, the occurrence 
of insulitis led to a lower ssts expression on beta-cells compared to animals 
without invading immune cells. This finding suggests that the physiological 
regulation of sst1 in beta-cells is more influenced by the autoimmune in-
flammation of the pancreatic islets than by the hyperglycaemia/diabetes.  

About half of the normoglycemic females and males in this study expressed 
sst2 in their islets, whereas more than 80% of the diabetic animals displayed 



27

sst2 expression. We observed that some of the normal mice expressing sst2
showed a more pronounced peripheral immunostaining of the islet. As men-
tioned earlier, glucagon secretion may be regulated by sst2 in mice (32), 
which may explain a higher expression of sst2 in glucagon positive cells 
compared to other islet cells. This is in line with our observations showing 
that expression of sst2 in alpha-cells was close to 100% in diabetic animals 
and 73% in normoglycemic NOD mice. A peripheral islet cell expression 
pattern, however, was not seen in the diabetic NOD mice, which might be 
due to the fact that alpha-cells were more centred within the islets in the 
diabetic NOD mice.  

In the diabetic animals no beta-cells expressing sst2 were found, which 
could suggest that a somatostatin-induced inhibition of insulin release may 
not be possible to achieve in the hyperglycaemic mice. This would facilitate 
insulin secretion when insulin is lacking. Furthermore, this notion is cor-
roborated by the observation that beta-cell expression of sst5 decreased in the 
diabetic females, since the latter receptor subtype is important for inhibition 
of insulin secretion. The importance of increased expression of sst2 in delta- 
and PP-cells of diabetic animals is unclear. Insulitis itself did not affect al-
pha- and beta-cell expression of sst2, whereas it reduced the expression of 
this receptor in delta- and PP-cells. 

We found a higher frequency of animals expressing sst2 in pancreatic islet 
cells with infiltration of immune cells. Since somatostatin is able to inhibit 
alpha- and beta-cell function this might down-regulate glucagon secretion 
during a condition of increasing hyperglycaemia and render the remaining 
beta-cells less vulnerable to cytokine induced destruction during the devel-
opment of insulitis. Thus, the increased expression of islet sst2 receptors may 
reflect a defence mechanism by the islet cells against the secreted cytokines 
(70).

The expression pattern for sst3 was similar to sst1, but was only detected in 
about 25% of the pancreatic islets of the normal female NOD mice. How-
ever, the expression of sst3 was observed in about 60% of the islets of the 
diabetic animals. In comparison, normal mouse islets have been reported to 
only express sst3 in a minority of the islet cells (71). The expression seemed 
to be higher in diabetic animals compared to normal females in pancreatic 
sections with less islet inflammation i.e. rank B. The expression of sst3 on 
alpha-cells was found to be about 60% in diabetic NOD mice compared to 
10% in normoglycemic. However, animals without insulitis had also a high 
expression of sst3 on alpha-cells. In delta-cells almost half of the cells ex-
pressed sst3, while the PP cells in diabetic animals did not express sst3 at all 
in diabetic animals. This may suggest that sst3 expression is affected by the 
diabetes progression, but not by the influence of infiltrating immune cells. 
The function of sst3 in pancreatic islet cells is presently unknown and needs 
further investigation. 
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About 10% of the normal female NOD mice were found positive for islet 
sst4 expression. More diabetic animals compared to normoglycemic NOD 
mice showed expression of sst4. The distribution of the receptor was similar 
to sst1 and sst3. Normal mouse islet cells have been reported to express sst4 to 
a lower degree (71). Interestingly, the receptor was co-expressed in 50-80% 
in alpha-, delta-, and PP-cells in diabetic NOD mice, and not at all in beta-
cells. However, sst4 is the receptor subtype, that has been studied the least 
and the function of sst4 in islets cells is essentially unknown. 

About 50% of the normal females and 85% of diabetic NOD mice were 
found immunoreactive for sst5 in their islets. This receptor expression corre-
lated to increasing age and insulitis score B. A more pronounced peripheral 
immunoreactivity in the islets, as for sst2, was also observed in a majority of 
normal females. However, unlike sst2, this staining pattern was detected in a 
third of the diabetic females. Sst5 was found, together with sst2, to be ex-
pressed in 100% of alpha-cells in diabetic animals. The immunofluorescence 
study on diabetic animals showed 11% expression of sst5 on beta-cells com-
pared to 61% in normoglycemic animals in the same age group. Our results 
may indicate that sst5 is involved in several other functions besides inhibition 
of insulin secretion in the pancreatic islets, for example inhibition of gluca-
gon release.

In conclusion, the changed sst2-5 expression in the islets cells of diabetic 
mice may suggest either that ssts are a contributing factor to, or a defense 
response against, ongoing beta-cell destruction and hyperglycemia. We also 
found that the islet architecture and co-expression of ssts with islet hormones 
were altered in diabetic animals. The present investigation of sst subtype 
expression in islet cells of NOD mice at different stages of disease may pro-
vide useful information for understanding islet function, and if attempts are 
performed to modulate progression of type 1 diabetes by somatostatin ana-
logues.

Cyclic AMP content, CgA secretion and MAP kinase 
activity in BON-1 cells (Paper III) 
The forskolin induced cAMP accumulation in BON-1 cells in the presence 
of somatostatin analogues was measured. It was found that the selective sst2
an sst5 agonists inhibited cAMP accumulation in a dose-dependent manner. 
This was also seen for the natural ligand SST-14, which was the drug that 
inhibited cAMP the most, by about 80% at 10-6 M. Octreotide and the ana-
logue selective for sst1 failed to inhibit cAMP accumulation. 
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Previously, the effect of the somatostatin analogue PTR-3173, which 
binds to sst2, sst4, and sst5 was studied in BON-1 cells (72). In accordance to 
our results PTR-3173 inhibited cAMP accumulation. Moreover, the incuba-
tion of BON-1 cells with the selective sst2 and sst5 also revealed inhibition of 
cAMP in a dose-dependent manner, but not as strong as for SST-14. We may 
hereby conclude the inhibition of cAMP is mainly regulated by sst2 and sst5
and that a co-stimulation of different ssts may be needed. 

Secretion of CgA from BON-1 cells was inhibited at some concentrations by 
all five tested somatostatin analogues. Again, sst2 and sst5 selective agonists 
and SST-14 inhibited the secretion in a dose-dependent manner. Since the 
selective agonists also inhibited cAMP accumulation at the same concentra-
tions, this may indicate that for these receptors, the adenylyl cyclase-cAMP 
pathway is coupled to the hormone secretion pathway. Thus, these results 
support the notion that both sst2 and sst5 are important receptor subtypes in 
inhibiting secretion of hormones from endocrine cells.  

The cholecystokinin-8 (CCK-8) induced MAP kinase activity in BON-1 
cells in the presence of somatostatin analogues was measured. It was found 
that the selective analogue for sst1 activated the MAP kinase, while sst2 se-
lective agonist inhibited the same. The analogue selective for sst5 occasion-
ally inhibited MAP kinase, and no effect was observed in BON-1 cells incu-
bated with octreotide or SST-14. 

The activation of MAP kinase by BIM-23026 (sst1-selective) and inhibi-
tion of the same by sst2 and sst5 were in line with other studies (43;73;74). 
The incubation of BON-1 cells with SST-14 revealed no effect on MAP 
kinase activity. This may be explained by a conflict of interest since SST-14 
binds to all five ssts and sst1 was found to activate MAP kinase and both sst2
and sst5 inhibited MAP kinase. Furthermore, we also observed a U-shaped 
curve in the MAP kinase activity assay when the BON-1 cells were incu-
bated with BIM-23206 (sst5-selective). This may indicate that there is a con-
centration optimum for the analogue and that a higher concentration is not 
always more efficient.  

In summary, somatostatin analogues selective for sst2 and sst5 had an inhibi-
tory effect on cAMP accumulation, CgA secretion and MAP kinase activity 
in BON-1 cells, while the analogue with high affinity for sst1 inhibited the 
CgA secretion but stimulated the MAP kinase activity. SST-14 inhibited 
cAMP production and CgA secretion, while octreotide had an inhibitory 
effect on CgA secretion. 
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Insulin and glucagon accumulation and secretion in 
pancreatic islets (Paper IV) 
Effects of long-term exposure to somatostatin analogues 
When the rat pancreatic islets were cultured with somatostatin analogues for 
48 h, the insulin and glucagon accumulation into the culture medium was 
measured. It was observed that SST-14 and octreotide inhibited insulin ac-
cumulation in a dose-dependent manner and SOM-230 had the strongest 
inhibitory effect. On the other hand, the selective sst2 analogue mediated an 
increased medium insulin accumulation, while the other selective analogues 
tested failed to affect insulin accumulation. After the removal of the ana-
logues and the following 1 h incubation at 16.7 mM glucose, islets pre-
incubated with octreotide and SST-14 were found to show stimulated insulin 
secretion, while islets pre-incubated with SOM-230 continued to have an 
inhibition on the release. The removal of the selective somatostatin ana-
logues showed no differences compared to control islets, although in many 
groups the mean values increased. The insulin content was elevated in islets 
treated with octreotide, SST-14 and SOM-230, while the content was inhib-
ited by BIM-23926 (sst1-selective). No consistent effects of any of the ana-
logues tested were seen concerning the glucagon accumulation in the culture 
medium. 

Effects of long-term exposure with combinations of selective 
analogues
Since we observed that the analogues with binding affinity to several ssts 
inhibited insulin secretion, while the selective somatostatin analogues had a 
tendency to stimulate the hormone release, combinations of the selective 
analogues were studied. It was found that the combination the analogues 
selective for sst2 + sst5, respectively, inhibited the medium insulin accumula-
tion. The combination of sst1 + sst2 selective analogues had a tendency to 
inhibit insulin accumulation. After removal of the analogues, no differences 
were observed in insulin secretion when comparing the treated islets to con-
trol islets. The insulin content in the islets was higher in many of the groups 
of pancreatic islets treated with the two analogue combinations. The combi-
nation of sst1 + sst2 analogues caused a dose-dependent decrease in medium 
glucagon accumulation. 

Comparing our present data it appears that in order to obtain inhibitory ef-
fects more than one of the sst receptor subtypes must be activated. This is 
achieved by SST-14, octreotide and SOM-230. However, when the selective 
analogues were used alone, if anything, a stimulatory action on hormone 
accumulation was frequently observed for the sst2 (BIM-23120) and sst5
(BIM-23206) analogues. The results using combinations of the ssts agonists 
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suggest that a combination sst2 + sst5 agonists mediates inhibition of insulin 
secretion, whereas a combination of sst1 + sst2 agonists mediates inhibition 
of glucagon secretion. 

Reversible effects after long-term exposure to SST-14, octreotide 
or SOM-230 
Since we observed signs of a rebound effect on insulin secretion of the pan-
creatic islets after removal of the somatostatin analogues we aimed to inves-
tigate if such an effect was reversible. It was shown that the insulin secretion 
was elevated up to 6 h after withdrawal of SST-14 and after that the insulin 
levels returned back to control levels. SOM-230 inhibited the insulin release 
for about 3 h after drug removal and returned to control values afterwards. 
The effects of octreotide were already reversed at time point 0 h. Insulin 
content in the islets remained higher compared to control islets for 6-24 h 
after culture with SST-14 and SOM-230. The glucagon secretion showed an 
initial decline after culture with octreotide, while the other substances did 
not exert any changes during the 48 h follow-up.  

It remains to be investigated which intracellular signalling pathways are 
affected by prolonged exposure to octreotide and SST-14 leading to an en-
hanced insulin response. In contrast to octreotide and SST-14, an inhibition 
of glucose-stimulated insulin release remained after withdrawal of SOM-
230. Based on these findings we investigated whether the alterations in insu-
lin secretion were reversible or not after the culture with octreotide, SST-14 
and SOM-230 had been discontinued. It can be envisaged that during this 
recovery period various adaptations in gene expression and protein transla-
tions take place in the islet cells of importance for both regulation of insulin 
synthesis and secretion. 
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Conclusions

The main conclusions of this thesis are: 

1. All five ssts are expressed in pancreatic islets of normal mice and rats 
and NOD mice although the distribution, and expression intensity varies 
both between ssts as well as between species (Paper I + II).

2. Variations in expression patterns and co-expression with the islet hor-
mones for ssts between mice and rats were seen, which may reflect a dif-
ference in response to somatostatin in islet cells of the two species (Pa-
per I).

3. Pancreatic islet cells of diabetic NOD mice showed an increased islet 
expression of sst2-5 as compared to normoglycemic NOD mice. This cor-
related to extent of insulitis. The increase in sst2-5 expression in the islets 
cells of diabetic mice may suggest either a contributing factor in the 
process leading to diabetes, or a defence response, against ongoing beta-
cell destruction (Paper II). 

4. Somatostatin analogues selective for sst2 and sst5 had an inhibitory effect 
on cAMP accumulation, CgA secretion and MAP kinase activity in 
BON-1 cells, while the analogue with high affinity for sst1 inhibited the 
CgA secretion and stimulated the MAP kinase activity (Paper III).

5. Non-selective somatostatin analogues or combinations of somatostatin 
analogues selective for receptor subtypes inhibited insulin and glucagon 
secretion from cultured rat pancreatic islets (Paper IV).

6. Insulin secretion in rat pancreatic islets is mainly mediated via sst2 and 
sst5, while glucagon secretion is mediated via sst1 and sst5 (Paper IV).
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Svensk sammanfattning 

Ännu kan diabetes inte botas, men möjligheterna att behandla eller förebyg-
ga sjukdomen har avsevärt förbättrats genom intensiv forskning under de 
senare åren. Genom tillsats av hormonet somatostatin hoppas forskarna på 
att livskvaliteten för diabetespatienter ytterligare skall förbättras. 

Diabetes mellitus, två sjukdomar med liknande symptom: Diabetes mel-
litus, vardagligt kallat för sockersjuka, är en av våra vanligaste folksjukdo-
mar och ett samlingsnamn för två olika sjukdomar med delvis liknande 
symptom. Den ena, ungdomsdiabetes/typ 1 diabetes, drabbar ofta unga män-
niskor och förekommer i alla världsdelar, men de geografiska variationerna 
är stora. I de nordiska länderna är typ 1 diabetes vanlig jämfört med resten 
av Europa. Orsaken bakom detta är inte helt klart, men föreslagna faktorer 
kan vara arv, miljö, virusinfektioner m.m. Den andra typen av diabetes, ål-
dersdiabetes/typ 2 diabetes, drabbar oftast äldre och överviktiga personer. 
Den västerländska livstilen med snabbmat, lite motion och mycket stress 
bidrar starkt till den höga förekomsten av typ 2 diabetes.  

Diabetes är ett tillstånd av kroniskt höga blodsockervärden (glukos). Glu-
kos fungerar som en av kroppens viktigaste energikällor och tas upp i tarmen 
efter en måltid. När glukosmängden stiger över vad kroppen klarar av att 
hantera utsöndras glukos i urinen och man blir mycket törstig. Patienten går 
ner i vikt, blir trött och medtagen.   

Insulin, ett måste för kroppen: Att glukos tillåts bli så högt i kroppen beror 
på frånvaron av hormonet insulin, som transporterar glukos från blodet in i 
kroppens celler. Produktionen av insulin sker i specialiserade celltyper (beta-
celler), som ligger inne i ö-liknande strukturer i bukspottskörteln, ett organ 
beläget bakom magsäcken i bukhålan. När det finns för lite insulin i krop-
pen, eller kroppen inte reagerar tillräckligt på det insulin som finns, stannar 
glukoset kvar i blodet och cellerna får för lite energi. Bakgrunden till diabe-
tes mellitus kan antingen vara skador på cellerna i bukspottskörteln och där-
med utslagen produktion av insulin (typ 1) eller okänslighet för insulin (typ 
2). Patienter med typ 1 diabetes måste få dagliga injektioner av insulin för att 
överleva,  medan diabetesbehandlingen för typ 2 patienter vanligtvis är om-
läggning av kosten samt motion. Både diabetestyperna är kroniska tillstånd, 
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som kräver livslång behandling för att kunna förebygga eller lindra svåra 
följdsjukdomar i hjärta, kärl, njurar, ögon och nerver.  

Somatostatin, med uppgift att sänka insulin: Precis som insulin är soma-
tostatin ett hormon i kroppen och har bland annat till uppgift att sänka frisät-
tandet av andra hormoner, tex insulin. Även somatostatin tillverkas i buk-
spottskörtelns öar. För att somatostatinets budskap ska kunna tolkas inne i 
cellen finns fem specialiserade mottagare, somatostatinreceptorer 1-5, place-
rade på cellytan. De fångar upp somatostatin i blodet likt antenner och om-
vandlar signalen så att cellens inre reagerar på miljön utanför cellen.  

Diabetes och somatostatin, en ny tanke: När kroppen börjar utveckla 
diabetes innebär det att den minskade mängden insulin inte klarar av den 
ökade nivån av glukos i blodet. Denna stressfaktor belastar cellerna inne i 
öarna i bukspottskörteln och accelererar sjukdomsprocessen. En ny tanke 
inom diabetesforskning är därför att behandla nyligen upptäckta diabetespa-
tienter med somatostatin i ett försök att minska den yttre stressen på öarna. 
Därmed hoppas man bevara den naturliga insulinfrisättningen så länge som 
möjligt. Förhoppningen i ett längre skede är att få en lättare kontrollerad 
diabetes samt att skjuta de svåra följdsjukdomarna fram i tiden.  

Att somatostatinreceptorer finns uttryckta på ytan av öcellerna hos norma-
la råttor och möss visades i denna avhandling och från det gick man vidare 
till möss med en diabetesform som påminner mycket om human typ 1 diabe-
tes. Bland annat kan man se den för diabetes typiska invasionen av immun-
celler runt och i öarna, framförallt kring beta-cellerna där insulinet produce-
ras. I den studien ingick möss i olika åldrar, honor och hanar, friska eller 
insjuknade i diabetes.  

Somatostatin kan hjälpa diabetiker: Resultat från studien visar att diabe-
tiska djur har en klar ökning av somatostatinreceptorer på öcellerna jämfört 
med friska djur. Det visade sig också att åldern och grad av immuncellinva-
sion har påverkan på receptorerna. En observation som gjordes var att 
östrukturen ändrades väsentligt i de sjuka djuren. De insulin-producerande 
cellerna försvann och de glukagonproducerande cellerna tog över deras 
plats.

Att somatostatin hämmar insulin- och glukagonfrisättningen är sedan ti-
digare känt. Vilka receptorer som är ansvariga för regleringen har däremot 
inte studerats mycket. Det naturliga hormonet somatostatin bryts snabbt ner i 
kroppen och är därför inte kliniskt användbart. Därför har man utvecklat så 
kallade analoger, som liknar somatostatin men med högre stabilitet. Soma-
tostatinanaloger med olika attraktionskraft för de fem receptorerna har testats 
på tumörceller för att undersöka deras biologiska aktivitet. Analogerna visa-
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de sig påverka viktiga mekanismer i cellerna och därför gick man vidare till 
att studera reglering av insulin och glukagon i isolerade öar. Det visade sig 
att hämning av insulinfrisättning i huvudsak sker genom samarbete av soma-
tostatinreceptor 2 och 5. Glukagonhämningen föreslås att styras med hjälp av 
receptor 1 och 5.

Resultaten i avhandlingen pekar på en möjlighet att använda somatostatina-
naloger för att påverka hormonproducerande celler under utvecklingen av 
typ 1 diabetes där beta-cellsvila är fördelaktigt. 
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