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RESEARCH DESIGN AND METHODS (detailed version): 
 

Lentiviral constructs. The expression cassette consisting of the rat insulin 2 (Ins2) promoter 

(RIPII) and the cDNA of a dominant-negative human glucose-dependent insulinotropic 

polypeptide receptor (GIPR
dn

) was described previously (1) and cloned into the lentiviral 

vector LV-pGFP (2) (Supplementary Figure 1) via the ClaI and SalI restriction sites. 

Recombinant lentivirus was produced as previously described (2). 

 

Generation of transgenic animals. Zygotes were collected from 6-month-old superovulated 

and artificially inseminated gilts after slaughter as previously described (3). As recipients six-

month-old estrus-synchronized gilts were used. Pig embryo transfers were performed 

laparoscopically as previously described (4). Animals investigated in this study were 

hemizygous male and female transgenic pigs and non-transgenic (littermate) control animals. 

Animals were trained carefully in all experimental procedures before the start of experiments. 

All animal experiments were carried out according to the German Animal Protection Law. 

 

Genotyping. Offspring were genotyped by PCR using DNA prepared from ear tips by 

application of the Wizard DNA Extraction Kit (Clontech, Mountain View, USA). Transgene-

specific primers were used (sense: 5´-TTT TTA TCC GCA TTC TTA CAC GG-3´ and 

antisense 5´-ATC TTC CTC AGC TCC TTC CAG G-3´). For Southern blot analysis, 

genomic DNA (aliquots of 8 µg) extracted from EDTA blood using the Blood and Cell 

Culture DNA Midi kit (Qiagen, Hilden, Germany), was digested with the restriction enzyme 

ApaI, electrophoresed in a 0.9% agarose gel, blotted onto nitrocellulose membrane, and 

hybridized with a 
32

P-labeled probe directed towards the RIPII promoter sequence. 

 

Expression analysis by RT-PCR. Total RNA was extracted using TRIzol
®

 Reagent 

(Invitrogen, Karlsruhe, Germany) with Linear Acrylamide (Ambion, Foster City, USA) as a 

co-precipitant according to the manufacturer’s instructions. 400 ng of total RNA were then 

reverse transcribed into cDNA using SuperScriptII reverse transcriptase (Invitrogen) and 

random hexamer primers (Invitrogen) after performance of a DNase digest using DNaseI 

(Roche, Mannheim, Germany). For PCR, the following transgene specific primers were used: 

sense: 5´-TTT TTA TCC GCA TTC TTA CAC GG-3´ and antisense 5´-ATC TTC CTC AGC 

TCC TTC CAG G-3´. 

 

Non-surgical and surgical implantation of central venous catheters. For the oral glucose 

tolerance test (OGTT), one central venous catheter (Cavafix
®

Certo
®

, B. Braun, Melsungen, 

Germany) was inserted non-surgically into the external jugular vein under general anesthesia 

according to the manufacturer’s instructions. For accomplishment of the intravenous glucose 

tolerance test (IVGTT) and GIP/Exendin-4 stimulation tests, two central venous catheters 

(Cavafix
®

 Certo
®

, B.Braun) were surgically inserted into the external jugular vein under 

general anesthesia using a modified method of Moritz et al. (5). At the start of the study 

period, all animals had fully recovered from the surgical procedure as evaluated by normal 

behavior and food intake. 

 

Oral glucose tolerance test (OGTT). The OGTT was performed in 11-week-old and 5-

month-old (20 ± 1 weeks) non-restrained, freely moving animals. After an 18-h overnight 

fast, animals were fed 2 g glucose/kg body weight (BW) (6) mixed with 50/100 g (11-week-

old/5-month-old) commercial pig fodder (Deuka primo care in 11-week-old pigs; Deuka 

porfina U in 5-month-old pigs; Deuka, Düsseldorf, Germany). The meal was eaten from a 

bowl under supervision. Blood samples were obtained from the jugular vein catheter at -10, 0, 

15, 30, 45, 60, 90 and 120 minutes relative to the glucose load in 11-week-old pigs and at -15, 
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-5, 0, 15, 30, 45, 60, 90, 120, 150 and 180 minutes relative to the glucose load in 5-month-old 

pigs. Serum glucose levels were determined using an AU 400 autoanalyzer (Olympus, 

Hamburg, Germany) while serum insulin levels were measured in duplicate using a porcine 

insulin radioimmunoassay (RIA) kit (Millipore, Billerica, USA) according to the 

manufacturer’s instructions. 

 

Intravenous glucose tolerance test (IVGTT). The IVGTT was performed in 11-week-old 

pigs, 5-month-old pigs (22.5 ± 1.5 weeks) and in 11-month-old pigs (45 ± 2 weeks). After an 

18-h overnight fast, a bolus injection of concentrated 50% glucose solution (0.5 g glucose/kg 

BW) (7) was administered through the central venous catheter. Blood was collected at -10, 0, 

1, 3, 5, 10, 20, 30, 40, 60 and 90 minutes relative to the glucose load in 11-week-old pigs, at  

-10, 0, 1, 3, 5, 7, 10, 15, 20, 30, 40, 50, 60 and 90 minutes relative to the glucose load in 5-

month-old pigs and at -15, -5, 0, 1, 3, 5, 10, 20, 30, 40, 50, 60, 120 and 180 minutes relative 

to the glucose load in 11-month-old pigs. Serum glucose and serum insulin levels were 

determined as described above (see OGTT). 

 

GIP/Exendin-4 stimulation test. The GIP/Exendin-4 stimulation test was performed in 11-

week-old non-restrained freely moving animals. Following an 18-h fasting period, 0.5 g 

glucose/kg BW were administered intravenously as a bolus of concentrated 50% glucose 

solution through the central venous catheter. Immediately after glucose administration, 

80 pmol/kg BW of synthetic porcine GIP (Bachem, Weil am Rhein, Germany) or 40 pmol/kg 

BW of synthetic Exendin-4 (Bachem) mixed with 1% of porcine serum albumin (Sigma-

Aldrich, Taufkirchen, Germany) were administered intravenously. Blood samples were 

collected at -10, 0, 1, 3, 5, 7, 10, 15, 20, 30, 40, 50 and 60 minutes relative to the glucose load. 

Serum glucose levels and serum insulin levels were measured as described above (see 

OGTT). All animals were studied on three occasions separated by at least 24 hours. 

 

Pancreas preparation and islet isolation. Pancreatic islets were isolated from three one year 

old (12 to 13 months) GIPR
dn

 transgenic pigs and three littermate control animals (~220 kg). 

After precise explantation of the pancreas in toto, the major pancreatic duct was canulated 

using a Cavafix
®

 Certo 18G catheter (B. Braun). Following separation from the rest of the 

organ along a clearly defined anatomical structure (see Supplementary Fig. 2), the left 

pancreatic lobe was distended with University of Wisconsin (UW) solution containing 4 PZ 

units NB8 collagenase (Nordmark, Uetersen, Germany) per gram of organ and 0.7 DMC units 

neutral protease (Nordmark). The pancreas was digested using a modification of the half-

automated digestion-filtration method as previously described (8). Purification of the isolated 

islets was performed with the discontinuous OptiPrep™ density gradient (Progen, Heidelberg, 

Germany) in the COBE 2991 cell processor (COBE Inc., Colorado, USA) (9). Purified islets 

were cultured in HAM’S F12 culture medium (Cell Concepts, Umkirch, Germany; 

supplemented with 10% FCS, 1% amphotericine B, 1% L-glutamine, 1% 

ampicilline/gentamycine and 50 mM nicotinamide) at 24°C and 5% CO2 in air. Islet numbers 

were determined using dithizone (DTZ) stained islet samples (10) (triplicates) which were 

counted under an Axiovert 25 microscope (Zeiss, Oberkochen, Germany) with a calibrated 

grid in the eyepiece, grouped into size categories and converted into islet equivalents (IEQ), 

i.e., islets with an average diameter of 150 µm. Purity of the islets was estimated by two 

independent individuals using dithizone stained samples (triplicates) of the islet suspension. 

For determination of islet vitality, an aliquot of the islet suspension was stained with freshly 

prepared fluorescein diacetate (FDA, Sigma-Aldrich) and propidium iodide solution (PI, 

Sigma-Aldrich) (11) and then evaluated by two independent individuals using a BX50 

fluorescence microscope (Olympus). 
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Quantitative stereological analyses. Quantitative stereological analyses were carried out in 

11-week-old and 5-month-old animals using the whole pancreas and in young adult (1-1.4-

year-old) animals using the pancreas without the left pancreatic lobe which was used for islet 

isolation (separation of the left pancreatic lobe from the rest of the organ is described above). 

Following prefixation (10% neutral buffered formalin), the pancreas was cut into 1 cm thick 

slices. Slices were tilted to their left side and covered by a 1 cm
2
 point-counting grid. For 

quantitative-stereological analyses, tissue blocks were selected by systematic random 

sampling, fixed in 10% neutral buffered formalin, routinely processed and embedded in 

paraffin. From a series of approximately 4 µm thick sections, one section was stained with 

hematoxylin and eosin (H&E) and the following sections were used for 

immunohistochemistry (see below). The volume of the pancreas (V(Pan)) before embedding 

was calculated by the quotient of the pancreas weight and the specific weight of the pig 

pancreas (1.07 g/cm
3
). The specific weight was determined by the submersion method (12). 

The volume densities of α-, β-, δ-, and pp-cells in the islets (Vv(α-cell/Islet), Vv(β-cell/Islet), Vv(δ-

cell/Islet), Vv(pp-cell/Islet)), the total volumes of α-, β-, δ-, and pp-cells in the islets (V(α-cell, Islet), V(β-

cell, Islet), V(δ-cell, Islet), V(pp-cell, Islet)) as well as the total volume of β-cells in the pancreas 

(referring to β-cells in the islets and isolated β-cells, V(β-cell, Pan)), and the total volume of 

isolated β-cells in the pancreas (V(isoβ-cell, Pan)), a parameter indicative of islet neogenesis (13-

15), were determined as described previously (16). Volume densities of the various endocrine 

cell types in the islets refer to the volume fraction of the particular endocrine cell type in 

relation to the cumulative volume of the various endocrine islet cells, thus excluding 

capillaries and other interstitial tissues in the islets. 

 

Proliferation/apoptosis rate of β-cells. Proliferation/apoptosis rates of β-cells were 

determined by double immunohistochemical staining for insulin and the proliferation marker 

Ki67 (17) or the apoptosis marker cleaved caspase-3 (18) (see below). A minimum of 10
4
 β-

cells per animal was included in the quantification of β-cell proliferation and apoptosis. Cell 

proliferation/apoptosis index was defined as the number of immunolabelled cell nuclei 

divided by the total number of cell nuclei counted, and expressed as the number of 

immunolabelled (Ki67+/Casp3+) cell nuclei per 10
5
 nuclei. 

 

Immunohistochemistry.  
The indirect immunoperoxidase technique was used for the detection of insulin, glucagon, 

somatostatin and pancreatic polypeptide while the indirect alkaline phosphatase method was 

used for the detection of insulin and cleaved caspase-3. For immunostaining of GIPR and 

GLP-1R the horseradish peroxidase-labeled streptavidin-biotin method was used while the 

avidin-biotin-complex technique was used for the detection of Ki67 (for antibodies, 

chromogens and counterstainings used for the different immunohistochemistries see table 

below). Cleaved caspase-3 immunostaining was validated for the pig in a tissue with a known 

high proportion of apoptotic nuclei (lymph node = positive control). In addition, the following 

negative controls were used: i) an irrelevant polyclonal antibody produced within the same 

species as the anti-cleaved caspase-3 antibody (polyclonal rabbit Ig G anti Mycobacterium 

Tuberculosis) and ii) omission of the first antibody (non-immune goat serum was left on the 

tissue sample as substitute for the primary antibody) (Supplementary Figure 6). 

 

Statistics. All data are presented as means ± SEM. The results of glucose tolerance tests and 

incretin stimulation tests were statistically evaluated by analysis of variance (Linear Mixed 

Models; SAS 8.2; PROC MIXED), taking the fixed effects of Group (wt, tg), Time (relative 

to glucose or hormone application) and the interaction Group*Time as well as the random 

effect of Animal into account (19). Results of the Linear Mixed Models analysis are shown in 

Supplementary Table 2. The same model was used to compare body weight gain of GIPR
dn
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transgenic and control pigs. Pancreas weight and the results of quantitative stereological 

analyses were evaluated by the General Linear Models (GLM) procedure (SAS 8.2) taking the 

effects of Group (wt, tg), Age (11 wk, 5 mo, 1-1.4 yr) and the interaction Group*Age into 

account. Results of the GLM analysis are shown in Supplementary Table 3. Calculation of 

AUCs was performed using Graph Pad Prism 4 software. Statistical significance of 

differences between tg and wt pigs was tested using the Mann-Whitney-U test in combination 

with an exact test procedure (SPSS 16.0). P values less than 0.05 were considered significant. 
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Table 1. Immunohistochemistry: antibodies, chromogens and counterstainings used for the different immunohistochemistries. 

Antigen Primary antibody Dilution Secondary antibody Dilution Chromogen Counterstaining 
       

GIPR Rabbit anti-human GIPR, 

polyclonal (Acris) 

2 µg/ml Goat anti-rabbit IgG, 

biotinylated (Dako) 

1:400 DAB Hemalaun 

       

GLP-1R Rabbit anti-human GLP-1R, 

polyclonal (Acris) 

2 µg/ml Goat anti-rabbit IgG, 

biotinylated (Dako) 

1:400 DAB Hemalaun 

       

Insulin Guinea pig anti-porcine Insulin, 

polyclonal (Dako) 

1:1000 Rabbit anti-guinea pig 

IgG, 

HRP-conjugated (Dako) 

1:50 DAB Hemalaun 

       

Glucagon Rabbit anti-human Glucagon, 

polyclonal (Dako) 

1:50 Goat anti-rabbit IgG, 

HRP-conjugated (Dako) 

1:50 DAB Hemalaun 

       

Somatostatin Rabbit anti-human Somatostatin, 

polyclonal (Dako) 

1:50 Goat anti-rabbit IgG, 

HRP-conjugated (Dako) 

1:50 DAB Hemalaun 

       

Pancreatic 

Polypeptide 

Rabbit anti-human Pancreatic 

Polypeptide, polyclonal (Dako) 

1:100 Goat anti-rabbit IgG, 

HRP-conjugated (Dako) 

1:50 DAB Hemalaun 

       

Mouse anti-human Ki67, 

monoclonal (Dako) 

1:8 

 

Goat anti-mouse IgG, 

biotinylated (Dako) 

1:200 

 

DAB 

 
Ki67 + Insulin 

Guinea pig anti-porcine Insulin, 

polyclonal (Dako) 

 

1:1000 Goat anti-guinea pig IgG, 

AP conjugated 

(Southern Biotech) 

1:100 BCIP/NBT 

Hemalaun 

       

Rabbit anti-human cleaved 

caspase 3, 

polyclonal (Cell signalling) 

1:200 

 

 

Donkey anti-rabbit IgG, 

AP conjugated 

(Dianova) 

1:100 

 

BCIP/NBT  Cleaved Caspase-3 

+ Insulin 

Guinea pig anti-porcine Insulin, 

polyclonal (Dako) 

 

1:1000 Donkey anti-guinea pig 

IgG, 

HRP conjugated 

(Dianova) 

1:200 DAB 

Nuclear Fast Red 

HRP: horseradish peroxidase, AP: alkaline phosphatase, DAB: 3,3´diaminobenzidine tetrahydrochloride, BCIP/NBT: 5-bromo-4-chloro-3-indolyl 

phosphate/nitroblue tetrazolium. 
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Supplementary Figure 1. Nucleotide sequence of the LV-RIP II GIPR
dn

 construct. grey: 5’-

LTR/3’-LTR; light green: polypurine tract (ppt); light blue: ClaI restriction site; yellow: RIP 

II promoter; red: hGIPR
dn

; dark blue: SalI restriction site; dark green: woodchuck hepatitis 

posttranscriptional regulatory element (W). 
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Supplementary Figure 2. Scheme of pancreas preparation for islet isolation and quantitative 

stereological analyses in young adult (1-1.4-year-old) pigs. White arrows indicate the 

separation site of the left pancreatic lobe from the rest of the organ using the left pancreatic 

lobe for islet isolation and the remnant organ for quantitative stereological analyses. 

 

 
 

 

 
Supplementary Figure 3. Normal fasting blood glucose and serum fructosamine levels in 

GIPR
dn

 transgenic pigs (tg) and non-transgenic littermates (wt). (a) Blood glucose levels of 

fed 28-day-old (before weaning) and fasted 35- up to 210-day-old GIPR
dn

 transgenic pigs (tg) 

and non-transgenic littermates (wt); (b) serum fructosamine levels of fed 28-day-old (before 

weaning) and fasted 41- up to 210-day-old GIPR
dn

 transgenic (tg) and non-transgenic 

littermates (wt); Data are means ± SEM. 
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Supplementary Figure 4. Immunostaining of GIPR and GLP-1R. Representative pancreas 

sections from a GIPR
dn

 transgenic pig (tg) and a non-transgenic control pig (wt) of all three 

age groups. Scale bar = 100µm. 
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Supplementary Figure 5. Immunostaining of insulin, glucagon, somatostatin and pancreatic 

polypeptide containing cells. Representative pancreas sections from a GIPR
dn

 transgenic pig 

(tg) and a non-transgenic control pig (wt) of all three age groups. Scale bar = 20µm. 
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Supplementary Figure 6. Positive and negative controls for cleaved caspase-3 

immunostaining. 

Representative consecutive histological sections from lymph node of a control pig using an 

anti-cleaved caspase-3 antibody (a, d), an irrelevant antibody (b, e) or showing omission of 

the primary antibody (c, f). Scale bar overview: 100 µm; scale bar insert: 10 µm. 

 

 

 


